
DOCTORA L  T H E S I S

Department of Human Work Sciences
Division of  Engineering psychology  

The use of haptics when 
interacting with in-car interfaces

Annie Rydström

ISSN: 1402-1544  ISBN 978-91-86233-21-1

Luleå University of Technology 2009

A
nnie R

ydström
   T

he use of haptics w
hen interacting w

ith in-car interfaces

ISSN: 1402-1544  ISBN 978-91-86233-XX-X     Se i listan och fyll i siffror där kryssen är

Luleå University of Technology





DOCTORAL THESIS 

The use of haptics when 
interacting with in-car interfaces 

ANNIE RYDSTRÖM 

LULEÅ UNIVERSITY OF TECHNOLOGY 
Department of Human Work Sciences 
Division of Engineering Psychology 

Luleå, Sweden
2009



Tryck: Universitetstryckeriet, Luleå

ISSN: 1402-1544  
ISBN 978-91-86233-21-1

Luleå

www.ltu.se



Abstract

Humans use all their senses when they explore and interact with the 
environment. In human-machine interaction, vision is the dominant sense and 
interfaces are seldom designed to provide haptic information, i.e. information 
that can be gathered by touch. There is a trend among car manufacturers to 
merge functions into multifunctional interfaces. These interfaces are generally 
based on one display and one main interaction device and have been criticized 
for being visually demanding to use while driving. To facilitate interaction 
with such an interface it is possible to utilize an interaction device, e.g. a rotary 
control, that can provide varying haptic information. The main purpose of this 
thesis was to investigate in-car human-machine interaction, with a primary 
focus on the use of haptics. Four experimental studies are included in the 
thesis. In study I the participants focused on the interaction with the 
experimental interface. In studies II, III and IV the interaction with the 
experimental interfaces was carried out while concurrently driving a car 
simulator. Study I demonstrated that congruent haptic and visual interface 
information can be transferred between the sensory modalities, but the 
transfer from haptics to vision seemed to be easier than from vision to haptics. 
Study II showed that, even though the eyes were kept on the road when only 
haptic interface information was provided, driving performance deteriorated. 
In studies I and II haptic interaction required serial processing of information 
which seemed to be trying. As a consequence the participants relied more on 
visual interface information when it was available. Study III demonstrated that 
well designed assisting haptics can facilitate interaction with a multifunctional 
interface. However, the study also indicated that it is important to carefully 
assess the use of the haptics since poorly designed haptics may confuse the 
user. Study IV compared an interface manoeuvred by a rotary control and a 
touch screen interface. The study showed that the optimal interface is 
dependent on the task being performed. However, it was shown that driving 
performance was affected to a greater extent when the touch screen interface 
was used, probably as a cause of the lower display position. 
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1 Introduction 
When we interact with objects in the real world we simultaneously perceive 
information from several sensory modalities. By looking at and touching an 
object we can perceive its colour, shape, size, surface texture and compliance. 
Multimodal perception gives us a rich representation of the environment and, 
since there is a transfer of information between the sensory modalities, input 
from one modality can compensate for sensory deprivation in another 
modality (Stein & Meredith, 1993). For example, we can identify an object in 
the dark using our sense of touch instead of vision. Even though multimodal 
perception has advantages, most of today’s human-machine interfaces, i.e. the 
means by which a user interacts with a machine, predominantly appeal to the 
visual sensory modality through a visual display (Hale & Stanney, 2004). 
Auditory information is provided to some degree, but human-machine 
interfaces are seldom designed to provide haptic information, i.e. information 
that can be gathered by touch. There is increasing interest in providing haptic 
information in human-machine interaction and the body of research in this 
field is growing fast (Hayward, Astley, Cruz-Hernandez, Grant & Robles-De-
La-Torre, 2004). A number of studies have investigated the use of haptics 
when the interaction with an interface is the primary task, such as when 
interacting with a personal computer (e.g. Akamatsu & MacKenzie, 1996; 
Campbell, Shumin, May & Maglio, 1999; Oakley, McGee, Brewster & Gray, 
2000). However, today we interact with computers and all sorts of equipment 
in a variety of environments. One of the most critical ones in our daily lives is 
when interacting with the different sets of controls while driving a car. The 
main purpose of this thesis was to investigate in-car human-machine 
interaction, with a primary focus on the use of haptics. 

The information input needed for driving a car is predominantly visual 
(Sivak, 1996). Hence, directing the visual attention away from the road can 
lead to devastating consequences. It has been found that inattention to the 
forward roadway is one of the major contributing factors to incidents and 
crashes (Dingus et al., 2006; McEvoy, Stevenson & Woodward, 2007). 
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Secondary task engagement, such as using an in-car interface, has been shown 
to be the most frequent source of inattention (Dingus et al., 2006). It is 
therefore important that in-car interfaces are designed to minimise visual, but 
also cognitive, attentional demands (Engström, Johansson & Östlund, 2005; 
Victor, Harbluk & Engström, 2005). Visual in-car displays require the eyes to 
be taken off the road and manual controls often require a hand to be taken off 
the steering wheel. However, while gaze has to be moved from the road to an 
in-car display to gather detailed information, the two hands can perform 
different tasks simultaneously, as long as large corrections of the steering 
wheel are not required (Wierwille, 1993). It has been suggested that haptic cues 
available through the interaction devices may have the potential to make the 
interaction with in-car interfaces safer, since it may make the interaction less 
dependent on vision (Bengtsson, Grane & Isaksson, 2003; Burnett & Porter, 
2001; Summerskill, Porter & Burnett, 2004; Vilimek, Hempel & Otto, 2007). 

According to Prynne (1995) conventional in-car interfaces are often 
designed “more for the eye than for the hand” (p. 30). Nevertheless, drivers 
seem to make use of haptic cues, such as panel recesses and large switch 
edges, in the interaction to be able to keep the eyes on the road. It has been 
shown that the interaction with an in-car interface can be facilitated if the 
controls and buttons are deliberately designed to provide assisting haptic 
information (Porter, Summerskill, Burnett & Prynne, 2005). However, the 
number of functions being implemented in cars has been increased to a level 
where it is difficult to have a dedicated button for each function (“Driver 
distraction,” 2005). To be able to integrate more functionality into the car 
without increasing the clutter of displays, controls and buttons, there is a trend 
among car manufacturers to merge functions into multifunctional interfaces 
(Ashley, 2001; Burnett & Porter, 2001). These interfaces are generally based on 
one display and one main interaction device, thus saving space on the centre 
panel.

Today, rotary control and touch screen are the most commonly utilized 
interaction devices for multifunctional in-car interfaces. One drawback of such 
interfaces is that the physical haptic cues that are, deliberately or not 
deliberately, available in conventional interfaces are removed. Thus, compared 
to conventional in-car interfaces, multifunctional interfaces have been 
considered to be visually demanding to use while driving (Burnett & Porter, 
2001; Sumerskill et al., 2004). To facilitate interaction with such an interface it 
is possible to utilize a control with the ability to provide a variety of haptic 
cues such as detents, limit stops and friction. By and large, the haptic cues 
provided in an interface can be designed to enable non-visual interaction or to 
assist visual interaction. Accordingly, the way visual and haptic information is 
combined in an interface has an effect on the way a user interacts with it. 
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1.1 Purpose of the thesis 

The main purpose of this thesis was to investigate in-car human-machine 
interaction, with a primary focus on the use of haptics. The experimental 
interfaces designed for studies I and II provided cross-modal information, i.e. 
the haptic information was designed to be congruent to the visual information. 
The experimental interfaces designed for studies III and IV contained 
functions typically included in multifunctional systems available on the 
market. In studies I, II and III the haptic information was provided through a 
rotary control and the visual information was provided through a display. In 
study IV two different multifunctional interfaces were compared. The 
purposes formulated for studies I-IV are outlined below. 

I The purpose of the first study was to investigate to what extent the haptic 
and visual information provided in an interface can be shared within and 
across the haptic and visual sensory modalities. 

II The purpose of the second study was to investigate whether haptic 
information can facilitate interaction with an interface while driving.  

III The purpose of the third study was to investigate whether the interaction 
with a multifunctional in-car interface manoeuvred by a rotary control 
can be improved if supporting haptics is provided. 

IV The purpose of the fourth study was to compare the effects of using a 
multifunctional in-car interface manoeuvred as a touch screen or by a 
rotary control. 

1.2 Limitations of the thesis 

Multimodal interfaces make use of several sensory modalities. Other than the 
visual and haptic sensory modalities, the auditory modality can be utilized in 
in-vehicle human-machine interfaces (Vilimek et al., 2007). Nevertheless, to 
investigate the use of audition was not a part of the purpose in this thesis.  

It is known that the sensory, perceptual and motor abilities and the 
ability to divide attention deteriorate with age (Meyer, 2004). However, age 
was not specifically addressed in this thesis. 
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2 Frame of reference 
The word haptic originates from a Greek term meaning “able to lay hold of” 
(Gibson, 1966). The term haptics was first introduced by Révész in 1931 
(Révész, 1950) and has since been used to describe the study of human sensing 
and manipulation through touch. The field of haptics is today interdisciplinary 
and includes research from many areas, such as psychology, neuroscience, 
computer science, engineering etc. (Minogue & Jones, 2006; El Saddik, 2007). 
Some topics must be described to understand the context in which this thesis 
is written. This theoretical frame of reference starts with a description of haptic 
perception. Next, since vision is vital in driving and as human-machine 
interfaces for the most part include visual information, the relation between 
the haptic and visual sensory systems is described. A review is then provided 
on the use of haptics in human-machine interaction. Last, since the main 
purpose of this thesis was to investigate the use of haptics in a driving context, 
relevant theory on multiple task performance is presented 

2.1 Haptic perception 

Pioneering work in the area of haptic perception was done by perception 
psychologists Gibson, Katz and Révész at the beginning of the 20th century 
(e.g. Gibson, 1966; Katz, 1925/1989; Révész, 1950). The work of these 
researchers is considered fundamental in the field of haptics since it states the 
concept of the active nature of the haptic system, i.e. the need of body 
movement to perceive haptic information (Jones & Lederman, 2006). This 
section includes a description of the human haptic system and an explanation 
of what properties we are able to perceive haptically. 
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2.1.1 The haptic system 

The haptic system involves both tactile and kinaesthetic perception (Hatwell, 
2003a). In tactile perception, information about mechanical deformation is 
coded by means of receptors located in different layers of the skin (Johnson, 
2001). In kinaesthetic perception, information about position and movement of 
the body parts is coded by means of receptors in muscles, tendons and joints 
(Gentaz, 2003; Wickens, 2005). Since haptic perception is active and requires 
voluntary movements the haptic system, in addition to tactile and kinaesthetic 
perception, also includes motor systems (Lederman & Klatzky, 1987; 
Srinivasan & Chen, 1993). Haptic perception is therefore generally referred to 
as active touch and tactile perception alone is referred to as passive touch 
(Hatwell, 2003a). The hand has both a perceptual and a manipulative function 
and is the main haptic organ (Craig & Rollman, 1999; Katz, 1925/1989). 
Sensory input is critical both for perception and manipulation, and the sensory 
and motor brain areas are constantly interacting (Goodwin & Wheat, 2004; 
Wickens, 2005). In sensory-motor control, sensory information flows up the 
hierarchy and motor commands flow down the hierarchy and cause the 
muscles to move (Pinel, 2006). 

2.1.2 Haptic perceptual properties 

By means of different receptors humans can passively perceive vibrations, 
applied forces and motion across the skin. Several different properties of an 
object can be extracted during active haptic exploration. A distinction can be 
made between spatial and material properties. Spatial properties are geometric 
properties such as shape, size, orientation, length and location, and material 
properties are properties defining a surface’s micro-structure, such as 
compliance and texture (Gentaz & Hatwell, 2003; Klatzky & Lederman, 2003). 
Texture, in turn, includes distinct properties, such as roughness, stickiness and 
spatial density (Klatzky & Lederman, 2003). Lederman and Klatzky (1987) 
identified some manual “exploratory procedures” humans use to perceive the 
different haptic properties of an object. Examples of exploratory procedures 
include: “lateral motion”, which provides knowledge about texture; 
“pressure”, which is used to explore compliance; “contour following”, which 
provides knowledge about shape and size; and “enclosure”, which is used to 
determine global shape. Haptic object perception is to a large extent sequential 
and the information obtained has to be kept in working memory until a 
unified representation of an object can be made (Hatwell, 2003a). 
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2.2 Haptics and vision 

Perception is multimodal, which means that sensory information is perceived 
through several senses at the same time (Stein & Meredith, 1993). All sensory 
systems begin as domain-specific visual, auditory, touch, olfactory and taste 
perception, but are quickly interpreted as a multimodal whole (Baars, 2007a; 
Ho & Spence, 2008). Hence, all senses begin with arrays of receptors and the 
sensory information is transmitted to the part of the brain dealing with the 
specific sensory information and, in addition, the sensory information is 
combined (Baars, 2007a). As a result, all sensory systems work together but 
might also compete with one another. 

2.2.1 Multisensory integration 

Combining input from several sensory modalities is often advantageous since 
additional information is obtained that is unavailable from a single modality 
(Stein & Meredith, 1993). Hence, information from multiple sensory systems 
provides a rich representation of the environment. In addition, multimodal 
perception provides flexibility since input from one modality can compensate 
for sensory deprivation in another modality (Stein & Meredith, 1993). For 
example, haptic perception allows blind people to acquire information about 
the environment (Robles-De-La-Torre, 2006) and allows people who can see to 
use haptic information instead of visual in the dark. People who can see can 
indeed close their eyes and identify common objects by touch (Klatzky, 
Lederman & Metzger, 1985). People who can see can even identify objects by 
touch that they have never touched before. This can be done since there is 
cross-modal transfer between vision and touch, i.e. a communication of 
information from one modality to another (Baars, 2007a). In a common 
procedure to evaluate cross-modal transfer, a property or an object is 
presented to one modality and a recognition test is given in another modality 
(Hatwell, 2003b). 

The different sensory modalities are tuned to perceive a number of 
similar and dissimilar properties. For example, colour can only directly be 
perceived visually and hardness can only directly be perceived haptically, 
whereas both the haptic and visual modalities can perceive properties such as 
shape, size and texture (Woods & Newell, 2004). An important difference 
between the haptic and visual systems is that haptic perception often requires 
hand movements and information is therefore gathered in sequence, whereas 
visual perception is said to be more holistic (Jones, 1981). In reality visual 
processing often has to be made in sequence as well, but the scanning is made 
extremely fast by saccadic eye movements (Findlay & Gilchrist, 2003). 
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2.2.2 Sensory dominance 

Haptic and visual stimuli can compete if they cannot be integrated into a 
combined experience (Baars, 2007a). When there is a conflict between haptic 
and visual information, vision generally dominates the integrated percept 
(Rock & Victor, 1964; Stein & Meredith, 1993). This dominance is called “visual 
capture”, which means that the conflicting haptic property is not taken into 
account or is not even instinctively activated (Hatwell, 2003b). However, the 
dominance is determined by an estimate of how reliably information can be 
derived (Ernst & Bülthoff, 2004). It has been shown that vision frequently 
dominates visual-haptic perception when judging spatial/geometric 
properties, such as shape and size, but haptics has been shown to be as 
efficient as vision for texture information (Lederman, Thorne & Jones, 1986). 
Sometimes, for extremely fine textures, haptic perception surpasses visual 
(Gentaz and Hatwell, 2004). Thus, the haptic system seems to emphasise 
information about material properties, whereas vision emphasises information 
about spatial/geometric properties (Katz, 1925/1989; Klatzky & Lederman, 
2003; Klatzky, Lederman & Matula, 1993).  

2.3 Haptics in human-machine interaction 

Haptic interface interaction is bidirectional, which means that haptic 
interaction devices allow a user both to feel and interact with an interface 
(Hayward et al., 2004). Traditionally haptic cues have been used to create 
haptically discriminable buttons and handles by the use of different physical 
shapes, sizes, textures and locations. Jenkins (1947) produced knobs for 
aircraft controls that could be haptically discriminable with gloved and 
ungloved hands. Moore (1974) designed haptically discriminable buttons for 
industrial equipment using different shapes and textures. Rydström, 
Michelitsch and Bengtsson (2006) used different shapes and locations to 
physically encode functions in an interface. One example of how physical 
haptic coding is used in a common interaction device is the markers on the F 
and J keys on a QWERTY keyboard, which helps a user place the fingers 
correctly. However, today much of the interaction with human-machine 
interfaces is made with a display and a single interaction device. Computer 
interaction devices such as the mouse, trackball and pointing stick do not 
normally provide much utilizable haptic feedback; the feedback is primarily 
visual through the visual display. There is increasing interest in providing 
haptic information through these interaction devices to make the interaction 
less dependent on vision. It should be mentioned that haptic devices are 
available for several different applications, such as devices for surgical 
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simulators, virtual environments, teleoperation, gaming and support systems 
for blind persons (e.g. Fager & von Wowern, 2004; Hayward et al., 2004; Stone, 
2001). This section primarily provides a review of research on the use of 
haptics in the interaction with personal computers and in-car interfaces. When 
interaction is made with a computer it can be considered the primary and only 
task. When driving a car the interface interaction can be considered a 
secondary task to the primary task of driving. In the automotive domain the 
use of vibrotactile stimuli in the primary driving task has been most 
investigated. It has been shown to be useful for warnings (Ho, Tan & Spence, 
2005; Lee, Hoffman & Hayes, 2004) and for providing navigation information 
(Van Erp & Van Veen, 2004). 

2.3.1 Interface interaction as a primary task 

Computer interaction devices that are capable of delivering haptic stimuli, 
such as texture, friction, gravity and force, are available today (Hayward et al., 
2004). Several studies have investigated the use of haptics in the interaction 
with computers. In an experiment by Campbell et al. (1999) participants had to 
steer a pointer through a tunnel with a pointing stick in various visual and 
haptic conditions. The tunnel steering task resembled menu navigation in a 
computer interface. In the conditions, consistent, inconsistent and no visual 
and haptic bumps were provided. The experiment showed a decrease in error 
rate and task time when consistent haptic and visual information was 
provided. When the haptic information did not match the visual information 
performance was not improved. In steering and target selection tasks in a 
graphical user interface, haptic information provided through a mouse has 
been shown to improve task completion times (Akamatsu & MacKenzie, 1996; 
Dennerlein, Martin & Hasser, 2000). A haptic device used in several human-
machine interaction studies is the PHANTOM, which is a point interaction 
device with three actuated degrees of freedom and three sensed orientations 
(Hayward et al., 2004). Oakley et al. (2000) reported that the number of errors 
made in targeting, searching and scrolling tasks on a computer was reduced 
when redundant haptic information, such as gravity and recess, was provided 
through the PHANTOM device. 

For people who can see, haptics is predominantly used to augment the 
visual interaction with human-machine interfaces; the haptic channel is rarely 
used as the primary channel for transmitting information. However, interfaces 
can be designed to enable non-visual interaction, i.e. the haptics provided in 
an interface can be designed to reflect corresponding visual information. 
Hoggan and Brewster (2006) define human-machine interaction as cross-
modal when different modalities are used to present the same information. 
Hence, it is possible in interfaces to utilize the possibility that some properties 
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can be transferred between the modalities. Such cross-modal information can 
provide flexibility in the interaction since, if there is a sensory deprivation in 
one modality, the same information can be achieved from another modality. 
Textures can be used as a cross-modal property for cross-modal interfaces 
appealing to the visual and haptic modalities. In addition, in non-visual 
interaction abstract messages can be conveyed to a user through “tactons”, or 
tactile icons. Tactons can consist of, for example, different discriminable 
vibration patterns (Brewster & Brown, 2004; Brown, Brewster & Purchase, 
2005).

2.3.2 Interface interaction as a secondary task 

According to Prynne (1995) drivers make use of haptic cues, such as panel 
recesses and large switch edges, in the interaction with in-car interfaces to be 
able to keep the eyes on the road. Prynne put forward that controls that are 
physically designed to fit the hand can facilitate interaction. It has also been 
suggested by others that haptic cues available through the interaction devices 
may have the potential to improve the interaction with in-car interfaces and, in 
addition, make the interaction less visually demanding (Bengtsson et al., 2003; 
Burnett & Porter, 2001; Vilimek et al. 2007). In a study by Porter et al. (2005) an 
in-car interface was designed in which the interface devices (three pods) were 
coded in terms of the haptic properties of size, shape and location. It was 
shown that the number and duration of glances made to the display and 
controls were reduced compared to a standard interface. 

The number of functions being implemented in cars has been steadily 
increasing (“Driver distraction,” 2005). In addition to the traditional radio, 
functions such as MP3 player, navigation system and internet are accessible in 
modern cars. To be able to integrate more functions in the car without 
increasing the clutter of displays, controls and buttons, there is a trend among 
car manufacturers to merge functions into multifunctional interfaces (Ashley, 
2001; Burnett & Porter, 2001). These interfaces are generally based on one 
display and one main interaction device, thus saving space on the centre 
panel. However, one drawback of these interfaces is that functions, which are 
directly accessible via dedicated controls in a conventional interface, may be 
available several layers down in a menu structure (Burnett & Porter, 2001). 
Multifunctional in-car interfaces have thus been considered to be visually 
demanding to use while driving, since several steps are needed in order to 
activate a function (Burnett & Porter, 2001; Summerskill et al., 2004). 

The way a user interacts with a multifunctional interface depends on the 
interaction device on which it is based. Rotary control and touch screen are the 
most commonly utilized interaction devices for multifunctional in-car 
interfaces today. It has been demonstrated that the two devices are better for 
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different types of tasks (Rogers, Fisk, Collins McLaughlin & Pak, 2005). Rogers 
et al. point out that a rotary control is generally better for precision tasks or 
repetitive tasks whereas a touch screen is better for discrete and pointing 
tasks. Several car manufacturers have chosen rotary control as the interaction 
device for their multifunctional interfaces. One advantage of using a rotary 
control is that it allows a high display position. In addition, a rotary control 
provides haptic feedback as mechanical detents (Rogers et al., 2005). To 
facilitate interaction with a multifunctional interface manoeuvred by a rotary 
control, it is possible to utilize a control with the ability to provide a variety of 
haptic cues such as detents, limit stops and friction (Badescu, Wampler & 
Mavroidis, 2002). Hence, a haptic rotary control can be programmed to imitate 
the feel of different conventional controls and can provide sensations that 
correspond to features in the graphics.

A number of car manufacturers have chosen the touch screen as the 
interaction device for their multifunctional interfaces. One documented 
advantage of utilizing touch screens in cars is that they are often easy to 
understand and use (Broström, Bengtsson and Axelsson, 2007; Rydström et al., 
2005). However, it is mentioned in the literature that touch screens may 
require considerable visual attention because of the lack of tactile feedback 
(Burnett & Porter, 2001; Dingus, Hulse & Barfield, 1998; Zwahlen, Adams & 
DeBald, 1988). Touch screens with the ability to provide tactile feedback are 
now available and can presumably ease the interaction with such interfaces. 
Serafin, Heers, Tschirhart, Ullrich and Ramstein (2007) found that individuals 
prefer touch screen implementations that incorporate haptic elements. 
However, since the interaction is made directly with a touch screen display, it 
generally needs to be mounted in a low position on the centre panel for the 
driver to be able to reach it easily. Therefore a driver has to move the gaze a 
longer distance from the normal driving forward field of view. Less 
information on lateral and longitudinal position is available from peripheral 
vision if the display is placed in a low position (Dingus et al., 1998; Lamble, 
Laakso & Summala, 1999; Wittman et al., 2006). 

2.4 Multiple task performance 

Driving a car is a complex skill; a driver has to be aware of traffic rules, deal 
with steering and speed control and at the same time pay attention to, and 
anticipate, the actions of other road users (Bruce, Green & Georgeson, 1996). 
The advances in technology have made it possible for us to operate a variety of 
in-car interfaces at the same time as we drive. However, it is challenging to 
perform multiple tasks at the same time. This section describes issues 
concerning divided attention in driving. It also describes how drivers’ ability 



12

to interact with an interface can be evaluated and how visual behaviour, 
driving performance and cognitive workload can be assessed. 

2.4.1 Dividing attention 

We have physical limitations for doing things; for example we have only two 
hands to manipulate things with and we can only look in one direction at a 
time. However, we do not only have physical limitations in performing tasks 
concurrently, we also have limitations in our attentional system (Baars, 2007b). 
Attention is a mechanism that is selective, which means that we can only 
attend to (or become conscious of) one ambiguous stimulus at any given 
moment (Baars, 2007a; Tsotsos, Itti & Rees, 2005). Hence, if we try to cope with 
two attentionally demanding tasks simultaneously, such as driving and a 
complex secondary task engagement, the two tasks will interfere. 

The most influential theory of attention in the automotive domain is the 
multiple resource theory (MRT) (Wickens, 2002; Wickens & Hollands, 1999). 
The MRT assumes that there are different specific resources, each with its own 
limited capacity, and the theory suggests that different resources will cause 
less interference in a dual-task situation than common resources. The MRT 
consists of a four dimensional multiple resources model consisting of stages of 
processing (perceptual/cognitive versus response), perceptual modalities 
(visual versus auditory), processing codes (spatial versus verbal) and visual 
channels (focal versus ambient). Hence, the MRT implies that the sensory 
modalities have independent pools of attentional resources. If two tasks 
engage different sensory modalities, there should be little dual-task cost as 
compared to if two tasks engage the same sensory modality. The MRT does 
not include a haptic/tactile modality, but on the basis of the MRT it can 
possibly be assumed that also the haptic/tactile modality is an independent 
resource (Sklar & Sarter, 1999). However, it has been discovered that that if 
two incompatible stimuli are presented through two different sensory 
modalities they do interfere since there are cross-modal attentional links across 
the modalities (Driver & Spence, 1998; Shimojo & Shams, 2001; Spence & 
Diver, 1997). Ho and Spence (2008) argue against the MRT model and stress 
that “multisensory integration seems to be the norm, not the exception” (p. 4). 
Accordingly, interference in attention can take place at the modality-specific 
level as well as the multisensory level. 

There is a way to overcome the interferences between competing tasks – 
by practicing. It is known that the more conscious involvement that is needed 
for each of the tasks in a dual-task situation, the more they will compete 
(Baars, 2007b). By practicing a task we can form sensory-motor processes, 
which are trained activities that can be performed with little cognitive effort 
(Koch, 2004). Land (2006) exemplified the effect of practice with the task of 
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learning to drive. For a novice driver, the driving task can be extremely 
difficult to carry out, since a novice is conscious of every action in the task. The 
skilled driver, on the other hand, can normally drive a car quite effortlessly 
and carry out many of the task components, such as gear change and pedal 
shifting, without thinking much about it. Hence, whereas novice drivers 
would have problems performing an additional task, the skilled driver can 
probably do it more easily. However, the driving task, just like most of our 
trained actions, not only includes unconscious control of action, it also 
includes different levels of conscious interpretation of visual information 
(Goodale & Milner, 2004). Hence, even for an experienced driver, an 
additional task while driving will affect performance. 

2.4.2 Interface interaction 

The usability measures of task completion time, the number of tasks which can 
be completed within a predefined duration, the number of errors made during 
a task and the number of keystrokes needed to complete a task are commonly 
used to quantify the performance of the interaction with an interface (ISO/TR 
16982). These measures are often referred to as secondary task measures when 
they are used to measure the efficiency of the interaction with an in-car 
interface.

2.4.3 Visual behaviour 

It is known that visual attention is closely related to eye movements since we 
usually move our eyes to what we attend to (Findlay & Gilchrist, 2003). When 
interacting with an in-car interface while driving, the eyes must often be used 
for two different tasks at the same time: attend to the road and attend to the in-
car display. Since the fovea of the eye has to be moved to the display in order 
to perceive detailed information (Findlay & Gilchrist, 2003) the visual system 
has to employ time-sharing, and thus the eyes are continuously switched 
between the roadway and an in-car display. The most common measures used 
to assess visual demand are the number of glances made to the in-car display 
during a task and the duration of the glances (ISO 15007-1). Studies carried out 
in real and simulated driving environments have shown that these measures 
vary with different in-vehicle tasks (Victor et al., 2005; Wikman, Nieminen & 
Summala, 1998). However, we do not always attend to what we look at. For 
example, a driver can be looking at the car ahead while the brake lights of the 
car are lighted, but still miss the information and take no action. This 
phenomenon is labelled “inattentional blindness” (Mack & Rock, 1998). The 
reason for this phenomenon is that the attention is on something else, for 
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example a cognitively demanding task such as a phone conversation. In 
addition to causing visual detection impairment, it has been shown that 
cognitive load causes gaze concentration towards the centre area of the road, 
which means that less time is spent looking at areas in the periphery and at 
mirrors and the speedometer (Harbluk, Noy, Trbovich & Eizenman, 2007; 
Recarte & Nunes, 2003; Victor et al., 2005). An alternative to the glance based 
ISO measures is the measure called percent road centre (PRC) (Victor et al., 
2005). The measure focuses on how much time is spent looking at the centre 
area of the road and can be used to evaluate visual behaviour during both 
visual and non-visual secondary tasks. In a study Victor et al. (2005) found 
that participants looked significantly less at the road centre area during a 
visual-manual secondary task and significantly more during a cognitive task, 
compared to baseline driving. 

2.4.4 Driving performance 

Secondary task engagement also affects the driving task, i.e. the primary task. 
It has been shown that visual-manual tasks, such as the interaction with an in-
car interface, leads to impaired lane keeping performance and, as a 
compensation for the lack of visual attention to the road, an increase in 
steering wheel activity (Engström et al., 2005; Forsman & Nilsson, 2006; 
Zwahlen et al., 1988). It has also been shown that cognitive load affects driving 
performance in terms of increased steering wheel activity (Engström et al., 
2005; Forsman & Nilsson, 2006). However, in contras to tasks including a 
visual component, cognitive tasks seem to have little effect on lane-keeping 
performance (Alm & Nilsson, 1995; Forsman & Nilsson, 2006; Horrey & 
Wickens, 2004). Engström et al. (2005) in fact found that cognitive tasks lead to 
improved lane-keeping performance. In addition, it has been shown that both 
visual-manual and cognitive tasks harm detection ability and increase brake 
reaction time (Alm & Nilsson, 1995; Lamble, Kauranen, Laakso & Summala, 
1999; Recarte & Nunes, 2003; Strayer & Johnston, 2001).

Several driving simulation software programs are available that evaluate 
the distraction caused by the interaction with in-vehicle interfaces. The 
simulations range from advanced ones that record numerous measures on 
both lateral and longitudinal performance to more hands-on ones that record 
one or a few measures. A hands-on simulation currently under investigation 
as an ISO standard is the lane change test (LCT) (ISO/DIS 26022). In this 
simulated environment, drivers are instructed to change lanes while 
interacting with an in-car interface.  
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2.4.5 Cognitive workload 

Tasks that are not well practiced and tasks that need conscious access involve 
higher levels of cognitive (or mental) workload than tasks that are well 
practiced (Baars, 2007c). The goal of cognitive workload measurement is to 
characterize the cognitive effort invested in a task. Cognitive workload can be 
assessed in different ways. Decrement in primary and secondary task 
performance measures, as described in the previous sections, are often 
considered to be one way to estimate cognitive workload (Eggemeier & 
Wilson, 1991). The reason for this is that the performance degradation in both 
the primary and secondary tasks in a dual-task situation can be considered a 
cause of an increase in cognitive workload. As also described, visual 
behaviour can indicate effects of workload. 

A performance based method increasingly used to indirectly measure 
cognitive workload while driving is the peripheral detection task (PDT). The 
PDT has proven to be sensitive to changes in workload for a wide range of 
tasks (Jahn, Oehme, Krems & Gelau, 2005; Olsson & Burns, 2000; Patten, 
Kircher, Östlund, Nilsson & Svenson, 2006; Van Winsum, Martens & Herland, 
1999). It measures the ability to detect light signals presented in the peripheral 
field of view, and it is used as a tertiary task performed concurrently with 
driving and the secondary task. Even though the light signals are highly 
expected, a driver responds more slowly and misses more of the signals when 
the cognitive load increases. It has been shown that the effect is the same 
regardless of whether the signal is visual, given in front of the driver or in the 
periphery, auditory or tactile (Engström & Mårdh, 2007; Engström, Åberg, 
Johansson & Hammarbäck, 2005; Merat & Jamson, 2008). A signal detection 
task is collected under an experimental condition and provides the ability to 
measure variation in workload. 

Other than performance based measures, physiological techniques can be 
used to assess cognitive workload. Physiological measures that are presumed 
to reflect cognitive workload are measures of brain activity, blink rate, pupil 
diameter, heart rate and skin conductance (Kramer, 1991). Physiological 
measures are collected under an experimental condition and provide the 
ability to measure variation in workload. 

A common way to evaluate cognitive workload is to use subjective 
assessment techniques. These techniques require a person to provide 
judgements of the cognitive effort associated with performing a task. 
Subjective methods are generally paper based, where a person rates factors 
related to workload on one or multiple scales. A well known subjective 
workload scale is the NASA-TLX (Task Load Index) (Hart & Staveland, 1988). 
It has been widely used in different experimental settings and has been shown 
to be a sensitive and reliable measure of cognitive workload (Eggemeier & 
Wilson, 1991; Hart & Staveland, 1988). The NASA-TLX is a multidimensional 
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rating method that gives an overall workload score based on the weighted 
average of six workload-related factors (mental demand, physical demand, 
temporal demand, performance, effort and frustration level). Other well 
known subjective workload scales are SWAT (Subjective Workload 
Assessment Technique) (Reid & Nygren, 1988) and MCH (Modified Cooper-
Harper) (Wierwille & Casali, 1983). Subjective measures are administered after 
a task is performed and provide an overall workload score. 
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3 Methods
The academic discipline of engineering psychology is closely related to 
experimental psychology (Wickens & Hollands, 1999), and a great part of the 
research is quantitative. Hence, control of variables, proper samples, reliable 
and valid procedures and appropriate statistical analyses are central 
(Goodwin, 2001). The studies reported in papers I-IV were all controlled 
laboratory studies and quantitative in nature. Study I was a desktop 
experiment, in which the participants interacted with the experimental 
interface while sitting at a computer. Thus, the interaction with the interface 
was the primary task. In studies II, III and IV the participants drove a car 
simulator and concurrently interacted with an experimental in-car interface. 
For interfaces operated in a driving context the interaction is a secondary task 
to the primary task of driving. Interaction performance measures, such as task 
completion time, are commonly used to evaluate interfaces. However, 
interaction performance measures may not be the only important measures to 
consider when evaluating in-car interfaces. As described in the previous 
section, the interaction with an interface while driving can increase the visual, 
motor and cognitive demands on the driver. It is therefore particularly 
important to also evaluate how the interaction with an in-car interface affects 
drivers’ visual behaviour, driving performance and cognitive workload. Study 
III included a short interview, i.e. a qualitative method, as a complement to the 
quantitative data collection. 

3.1 Participants

Students were recruited to take part in studies I and II. For study I, 54 
students, 18 women and 36 men, were recruited from a course in human-
machine systems at Luleå University of Technology. Their ages ranged from 
18 to 35 years (M = 22.4, S = 3.7). For study II, participants were recruited via 
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e-mail at Chalmers University of Technology. The test group comprised six 
women and 34 men ranging in age from 20 to 46 years (M = 26.8, S = 5.2). The 
criteria for participation were possession of a driver’s license and no need of 
eyeglasses (to ensure eye-tracking data of good quality). Studies III and IV 
used the same group of participants. For studies III and IV, invitations to 
participate were sent by letter to 100 women and 100 men. The sample was 
randomly drawn from the Swedish car owner register and fulfilled the criteria: 
1) resident of the Gothenburg area; 2) in possession for at least five years of a 
valid driver’s licence; and 3) ownership of a Volvo C30, S40, V50 or XC90 
model 2003 or later. The last criterion was set to gather a group with 
experience of similar in-car interfaces. The final test group comprised 12 
women and 13 men ranging in age from 27 to 69 years (M = 45.7, SD = 12.5). 

3.2 Data acquisition 

In all four studies the experimental interfaces were implemented in 
Macromedia Director (Adobe Systems Inc., USA). The interface programs 
managed the graphic scenes, the haptic information provided through the 
interaction device and task presentation. The programs also recorded the 
interaction performance measures. In study I, the interaction performance was 
measured in terms of the usability measures task completion time and the 
number of push and turn errors made (ISO/TR 16982). When the wrong item 
was selected in the interface, the action was recorded as a push error, and 
when the participants passed the right item in the interface without selecting 
it, the action was recorded as a turn error. In study II, the usability measures 
number of tasks completed during a driving track and the number of push 
and turn errors made were recorded. In study III, the usability measures task 
completion time and number of keystrokes made during a task were recorded. 
In study IV, the performance of the interaction with the experimental 
interfaces was measured in terms of task completion time. 

Studies II, III and IV used the faceLAB eye-tracking system (Seeing 
Machines, Australia) to record eye movements. The two eye-tracking cameras 
were mounted in front of the driver on the simulator dashboard. Study II 
included a non-visual (haptic) task condition. The eye movement data 
recorded in study II were therefore analysed in terms of percent road centre 
(PRC), since this measure does not require the gaze signal to be segmented 
into glances (Victor et al., 2005). In studies III and IV, visual information was 
available in the experimental interfaces and eye movements were therefore 
analysed in accordance with the ISO metrics number of glances and glance 
duration (ISO 15007-1). 

Studies II, III and IV were conducted using a fixed base Volvo XC90 
simulator. In the simulator, a driving scene was projected on a screen in front 
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of the participants. The driving simulation program used in study II was the 
lane change test (LCT) (ISO/DIS 26022). In the LCT simulation, a participant 
drives at a constant speed of 60 km/h on a straight, three-lane road on which 
no other cars are present. Signs on both sides of the road instruct the 
participant to change lanes. The LCT derives one measure of driving 
performance, which is the mean deviation from a normative path. 
Consequently, late perception of signs (or missed signs), slow lane change and 
poor lane-keeping result in greater deviation. Studies III and IV used a driving 
simulation that imitated a curved rural road. The radius of both the right and 
left curvatures was 1000 m and the signed speed limit was 90 km/h. There 
was on-coming traffic in the left lane, but no cars were present in the driving 
lane. In study III and IV standard deviation of lane position was used as a 
measure of driving performance and in study IV the measure steering wheel 
reversal rate was used as well. 

Studies I and II used the subjective assessment method NASA-TLX (Task 
Load Index) to estimate cognitive (or mental) workload (Hart & Staveland, 
1988). The NASA-TLX requires two steps – rating of the factors (mental 
demand, physical demand, temporal demand, performance, effort and 
frustration level) and pairwise comparisons of factors. The ratings and weights 
derived from the pairwise comparisons are combined to calculate an overall 
workload score. A modified PDT equipment called the visual detection task 
(VDT) was used in studies III and IV to measure cognitive workload 
(Engström & Mårdh, 2007). The VDT measures the ability to detect light 
signals presented in an LED positioned on the dashboard in front of the driver. 
In studies III and IV the visual stimuli were presented with a random 
temporal variation between three and five seconds and the participants 
responded by pressing a button attached to the index finger of the left hand. 
The performance in detection of the visual stimuli was measured in terms of 
response time. 

In study III the participants were asked at the end of the experimental 
sessions whether they experienced any differences between the experimental 
conditions (neutral vs. enhanced haptics) and, if so, whether they considered 
the enhanced haptics helpful. The short interview was held as a complement 
to the data collection to deepen the interpretation of the experimental findings. 
The interviews can be considered focused interviews since they were 
conducted after a stimulus and the impact of the stimulus was discussed 
(Flick, 2006). The interviews were tape recorded and transcribed verbatim. 
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3.3 Data analysis 

Since all the quantitative measures were on the interval or ratio scales, 
parametric statistics were used to test the statistical significance of differences. 
An alpha level of .05 was used in all four studies. 

Study I included two between-subjects factors (training condition and 
test condition) and one within-subject factor (block of tasks). A mixed three-
factor analysis of variance (ANOVA) was therefore used to analyse each 
dependent variable. However, the factor block of tasks was not present for the 
NASA-TLX scores; consequently, a two-factor, between-subject ANOVA was 
used for this measure. Study II had a between-subjects design. One-factor, 
between-subjects ANOVAs with experimental condition as the factor were 
used to analyse all the dependent variables. For the LCT and PRC measures, 
within-groups t-tests (two-tailed) were used to compare baseline and dual-
task performance for each experimental condition. In line with Mattes (2003), a 
relative decrease in performance was calculated for each participant by 
dividing the dual-task track value with the baseline value. This gave the value 
that was used in the between-subjects ANOVA. The Tukey HSD procedure 
was used in studies I and II for post hoc pairwise comparisons of means. To 
compare the two experimental conditions in study III, within-group t-tests
(two-tailed) were made separately for each task for all the dependent 
variables. Subsequent statistical analyses were conducted for the variables of 
VDT response time and standard deviation of lane position to examine 
whether the values for the tasks differed from the baseline values. Thus, for 
these variables, one-way repeated measures ANOVAs were also made and 
were followed up by simple contrasts. A two-factor, repeated-measures 
ANOVA with experimental condition and task as the within-subject factors 
was used to analyse each dependent variable in study IV. Sidak adjustments 
were used in study IV for post hoc pairwise comparisons of means. 

Data from the interviews were analysed by using a qualitative method 
inspired by Flick (2006). The text was first read several times to gain an overall 
understanding of the data. Comparisons between the participants’ statements 
were made with respect to similarities and differences, and statements with 
similar meanings were grouped together in categories. 
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4 Summary of appended 
papers

4.1 Paper I 

An experimental study was carried out to examine the extent to which 
interface information can be shared within and across the haptic and visual 
sensory modalities. 

Since textures can be effectively perceived both haptically and visually, a 
menu with four texture items was designed for the experiment. The 
experiment ran on a laptop computer, and a programmable haptic rotary 
control was used as an interaction device. Three conditions were included in 
the experiment: haptic (H), visual (V) and haptic plus visual (HV). In the H 
condition the rotary control provided the textures as haptic sensations, which 
were felt when the control was rotated. In the V condition the textures were 
visually displayed on the laptop monitor and the participants had to rotate the 
control to move a cursor in the menu. In the HV condition the texture 
information was given both haptically through the rotary device and visually 
on the laptop monitor. The experimental task was to repeatedly locate and 
select textures in the menu. The tasks were automatically presented to the 
participants both verbally in headphones and in written form on a monitor. To 
be able to measure the transfer of information, the participants practiced the 
experimental task in one condition and completed a test with 36 trials (divided 
into two blocks) in the same or a different condition. 

The results indicated that there was a cross-modal transfer, although it 
was not effortless, and the transfer from haptics to vision seemed to be easier 
than the transfer from vision to haptics. The participants performed better in 
cases with the same information in both training and test and in cases with 
visual information in the test. The asymmetry in the cross-modal transfer and 



22

the enhanced visual performance might be a result of the visual information 
being more useful for the task at hand. 

4.2 Paper II 

A driving simulator study was conducted to investigate whether haptic 
information can facilitate interaction with an in-car interface while driving. 

The experimental in-car interface was designed to display congruent 
information in the haptic and visual modalities. Since textures can be 
effectively perceived both haptically and visually, a menu with texture items 
was used. Four conditions of interface information were compared in the 
study: visual information (V), visual information and haptic ridges (VHr), 
visual information and haptic ridges and textures (VHrt) and haptic ridges 
and textures (Hrt). In the conditions including visual information, a menu was 
displayed on a screen at the centre panel of the simulator. The haptic 
information was provided through the interaction device, a rotary control 
mounted below the display on the centre panel. As the rotary control was 
turned in the conditions including visual information, a cursor moved in the 
visual menu shown in the display. The haptic sensations provided through the 
rotary control varied between the conditions. A smooth sensation was 
provided as the control was turned in the V condition. In the VHr condition 
salient ridges were incorporated between every texture item in the menu to 
indicate borders. The salient ridges also indicated borders in the VHrt and Hrt 
conditions and, in addition, representations of the textures were provided 
through the control. During the test the participants drove the LCT simulation 
and concurrently completed tasks with the experimental interface. The tasks to 
be completed were automatically presented verbally in headphones and were 
given visually on a display placed on the simulator dashboard in front of the 
participants. The participants located and selected the requested item in the 
menu by turning and pushing the rotary control. As soon as one interface task 
was completed, the next was initiated. 

The results revealed that one advantage of the Hrt condition was that the 
participants’ eyes remained on the road during the interaction. However, the 
experimental task took longer when only haptic information was used. The 
participants seem to have relied more on the visual information when it was 
available. The visual time on road did not differ between the conditions 
including visual information. It is therefore apparent that, although the 
driving task is predominantly a visual task, the haptic information was not 
actively used when visual interface information was provided. All four 
conditions caused degradation in driving performance, but the driving 
performance degradation metric did not differ between the experimental 
conditions. In addition, the subjective workload estimations did not differ 



23

between the conditions. Hence using either haptic or visual information seems 
to have induced a load on the driver. 

4.3 Paper III 

A driving simulator study was conducted to investigate whether the 
interaction with an in-vehicle multifunctional interface can be improved when 
assisting haptics is provided.  

The experimental interface consisted of a display mounted in a high 
position on the centre panel and an interaction device, a rotary control, 
mounted between the front seats. The interface was designed to contain 
functions typically included in multifunctional interfaces available on the 
market. The functions included were: MP3 lists, an FM radio frequency band, 
address input in a navigation system, number entry in a telephone system and 
sound settings adjustments. These functions were chosen since they represent 
different actions a multifunctional system needs to be able to assist, such as 
data entry and selection from continuous and discrete options. Two interface 
conditions were compared in the study, one in which neutral haptics (N) was 
provided through the rotary control and one in which enhanced haptics (E) 
was provided. In the N condition, the control emulated a mechanical rotary 
control with equal distance between the detents. In the E condition the haptic 
information was adjusted to support the interaction with the different 
functions. For example, when the E condition was used in the FM radio 
frequency band, the distance between the detents was smaller than in the N 
condition and the strong stations were haptically marked. In the study the 
participants drove on a curved rural road while performing tasks with the 
experimental interface. The tasks to be completed, e.g. “Enter Dallas as 
destination”, were shown on the interface display. 

The results of the study indicated that there were no differences between 
the conditions in terms of VDT response time or driving performance. 
However, the study showed that interaction was facilitated in some tasks, i.e. 
radio and settings task, when enhanced haptics was provided. When 
enhanced haptics was provided, the radio tuning was faster and fewer glances 
to the display were required and the sound settings adjustments were 
completed with reduced glance duration. The improved performance of these 
tasks was reflected in the interviews, where several of the participants stated 
that they found the haptic information in the radio and settings task as useful. 
However, for some of the tasks, most prominently the navigation and 
telephone tasks, the number of keystrokes increased in the enhanced 
condition. For these tasks the varying haptic information seems to not have 
been well adapted and made the users interact unsystematically. Accordingly, 
some participants said in the interview that they experienced the varying 
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haptic information in the enhanced condition as disturbing before they 
realized what it was intended for. It was also apparent in the interviews that 
only a few participants experienced the enhanced haptic information in the 
navigation and telephone tasks as useful. In addition, several of the 
participants said in the interview that, when they had become more skilled at 
interacting with the interface, they would probably make greater use of the 
haptic cues. 

4.4 Paper IV 

A driving simulator study was conducted to compare the effects of carrying 
out a variety of tasks using a touch screen interface and an interface 
manoeuvred by a rotary control. 

A touch screen interface (TS) and an interface manoeuvred by a rotary 
control (RC) with similar graphics were developed for the experiment. The 
experimental interfaces were designed to be similar to multifunctional systems 
available on the market. In the TS condition the display was mounted at a 
lower position on the centre panel so that the participants were able to reach it 
easily. In the RC condition the display was placed in a higher position and the 
rotary control was mounted between the front seats. The interfaces included 
the following functions: MP3 lists, an FM radio frequency band, address input 
in a navigation system, number entry in a telephone system and sound 
settings adjustments. These functions were chosen since they represent 
different actions a multifunctional system needs to be able to assist, such as 
data entry and selection from continuous and discrete options. In the study the 
participants drove on a curved rural road while performing tasks with the 
experimental interface. The tasks to be completed, e.g. “Enter Dallas as 
destination”, were shown on the interface display. 

The results indicated that, in terms of task completion time and the 
number of glances made to the display, the optimal interface is dependent on 
the task being performed. The TS was better for entering a destination or a 
phone number, i.e. alphanumeric input tasks, and the RC was better for the 
MP3 task and sound settings adjustments, i.e. list scrolling and continuous 
adjustments. It was also observed that tasks including alphanumeric input 
were more demanding than other tasks, independent of the interface used. 
Both interfaces affected lateral control performance, but this performance 
deteriorated to a greater extent when the TS was used, probably as a result of 
the lower display position. 
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5 Discussion

5.1 Results discussion 

The main purpose of this thesis was to investigate in-car human-machine 
interaction, with a primary focus on the use of haptics. In studies I and II the 
haptic and visual information provided in the experimental interfaces was 
designed to be cross-modal, i.e. the different modalities are used to present the 
same information (Hoggan & Brewster, 2006). Since haptics has been shown to 
be as efficient as vision for texture information in the real world (Lederman et 
al., 1986), the experimental interfaces were designed to include a menu 
consisting of four different texture items. The experimental conditions 
included either visual or haptic of both visual and haptic information.  

In study I there was an asymmetry in the cross-modal transfer. The 
transfer from haptics to vision seemed to be easier than the transfer from 
vision to haptics. In addition, the participants performed better in cases with 
the same information in both the training and the test and in cases with visual 
information in the test. Even though study II included a concurrent visual task 
(driving) the participants do not seem to have relied on the haptic information 
instead of the visual when both haptic and visual information were available 
(in the condition visual information and haptic ridges and textures). An 
important difference between the haptic and visual systems is that haptic 
perception often requires hand movements, and therefore haptic information 
is gathered in sequence, whereas visual perception is more holistic (Jones, 
1981). Accordingly, when using only haptic interface information in studies I 
and II, the participants had to go through the menu texture-by-texture, which 
was time-consuming, while the menu items could be visually perceived more 
simultaneously. Hence, the asymmetry in the cross-modal transfer in study I 
and the enhanced visual performance in study I and II might be a result of the 
visual information being more useful for the task at hand.



26

The dominance of a modality is determined by an estimate of how 
reliably information can be derived (Ernst & Bülthoff, 2004). The results of 
studies I and II indicate that there was a “visual capture”, which means that 
the haptic information is not instinctively taken into account when visual 
information is available (Hatwell, 2003b). Even though haptics is as efficient in 
the real world as vision in perceiving texture information (Lederman et al., 
1986) the same does not seem to hold for the simulated textures provided in 
studies I and II. This may have several reasons. With a haptic device the touch 
sensation is remote, received through a tool, rather than directly by the skin. 
Further, the perception of natural textures includes properties such as 
roughness, stickiness and spatial density (Klatzky & Lederman, 2003), whereas 
the simulated textures used in studies I and II can more be considered as items 
of different roughness. 

In study II all experimental conditions caused degradation in driving 
performance as compared to baseline driving, but the degradation did not 
differ between the experimental conditions. The multiple resource theory 
(MRT) (Wickens, 2002; Wickens & Hollands, 1999) implies that if two tasks 
engage different perceptual modalities, there should be little dual-task cost as 
compared to if two tasks engage the same perceptual modality. Hence, in 
relation to the MRT, and if driving is considered a visual task, a haptic 
secondary task should interfere less with driving than a visual secondary task. 
However, the obtained results are not in agreement with predictions of the 
MRT. The results are better supported by the explanation made by Ho and 
Spence (2008), that interference in attention can take place at the modality-
specific level as well as the multisensory level. Hence, the results support 
studies showing that there are cross-modal attentional links across the 
modalities (Driver & Spence, 1998; Shimojo & Shams, 2001; Spence & Diver, 
1997). In addition, the results in driving performance in study II are in line 
with results of studies showing that both visual and non-visual secondary 
tasks have an effect on driving performance (e.g. Engström et al., 2005; 
Forsman & Nilsson, 2006; Lamble, Kauranen, et al., 1999). The subjective 
workload estimations did not differ between the secondary task conditions in 
study II, which further supports all four conditions being demanding to some 
degree. Moreover, since the tasks were provided one after another in study II, 
most of the driving was spent with only one hand on the steering wheel. In 
view of the fact that LCT requires a great deal of manipulation of the steering 
wheel, there must have been substantial manual time-sharing for all 
conditions, which probably also affected the results. 

Perhaps other combinations of haptic and visual information are more 
appropriate than textures. In the domain of desktop interaction, augmenting a 
visual interface with haptic information has been shown to enhance 
interaction (Akamatsu & MacKenzie, 1996; Campbell et al., 1999; Oakley et al., 
2000). However, these studies indicate that perhaps it is better to use haptics to 
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facilitate the visual interaction, rather than trying to haptically replicate the 
visual information. 

In study III the haptics in the enhanced haptics condition was designed to 
facilitate the interaction with the visual interface and was adapted to the 
different functions. The haptics in the normal haptics condition was designed 
to replicate the feel of a mechanical rotary control. Study III demonstrated that 
well designed assisting haptics can facilitate interaction with a multifunctional 
interface in terms of task time, number of glances and glance duration. These 
results are promising. However, for the MP3, navigation and telephone tasks 
the enhanced haptics did not improve performance. Campbell et al. (1999) 
showed that when visual and haptic information do not match the visual 
performance is not improved. Hence, the results indicate that the varying 
haptic information was not well adapted for these tasks. Furthermore, the 
number of keystrokes was increased for some tasks, particularly the 
navigation and telephone tasks, in the enhanced condition. This result 
indicates that poorly designed haptics can even make a user interact 
unsystematically. Thus, it is important to carefully test the use of the haptics 
before implementing it into a commercial product. 

The experimental interfaces used in studies I, II and III were manipulated 
using a rotary control. There are also several other interaction devices on 
which interfaces can be based. Study IV compared the effects of using a 
multifunctional in-car interface manoeuvred by a rotary control or via a touch 
screen. It was shown that the touch screen was better for entering 
alphanumeric input, while the interface manoeuvred by a rotary control was 
better for list scrolling and continuous adjustments. Hence, it was apparent 
from the study that there is no single input device that is always the best 
choice; the different interaction devices are suitable for different kinds of tasks. 
The results are in line with what Rogers et al. (2005) point out, that a touch 
screen is generally better for discrete and pointing tasks whereas a rotary 
control is better for precision tasks or repetitive tasks. Interaction with either of 
the interfaces caused deterioration in lateral control performance. However, 
lateral control performance deteriorated to a greater extent when the touch 
screen interface was used. Therefore one can argue in favour of the interface 
manoeuvred by the rotary control.  

It is known that less information on lateral and longitudinal position is 
available from peripheral vision if the display is placed in a low position 
(Dingus et al., 1998; Lamble, Laakso, et al., 1999; Wittman et al., 2006). Hence, 
the greater deterioration in driving performance for the touch screen interface 
is probably a cause of the lower display position. However, it is not known 
whether it is due only to the display position. It has been brought up in the 
literature that touch screens may require considerable visual attention because 
of the lack of tactile feedback (Burnett & Porter, 2001; Dingus et al., 1998; 
Zwahlen et al., 1988). Prynne (1995) wrote that, in a conventional interface, 
drivers make use of haptic cues, such as panel recesses and large switch edges, 
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to be able to keep their eyes on the road during the interaction. It has also been 
shown that the interaction with an in-car interface can be facilitated if the 
controls and buttons are deliberately designed to provide assisting haptic 
information (Porter et al., 2005). Hence, just as physical haptic cues can ease 
the interaction with an interface, a touch screen with the ability to provide 
tactile feedback thus may facilitate the interaction. In view of this, Serafin et al. 
(2007) found that individuals prefer touch screen implementations that 
incorporate haptic elements. 

There is a way to overcome the interferences between competing tasks – 
by practicing. It is known that the more conscious involvement that is needed 
for each of the tasks in a dual-task situation, the more they will compete 
(Baars, 2007b). It can be assumed that a user becomes more skilled at 
interacting with an interface over time. Thus the results of studies II, III and IV 
must be seen in the light of the interfaces being new to the participants and the 
limited time the participants had to learn the systems. Moreover, several 
participants in study III said in the interview that, when they had become 
more skilled at interacting with the interface, they would probably make 
greater use of the haptic cues. 

5.2 Methodological considerations 

The experimental interfaces used in studies I and II were designed to test 
fundamental aspects of the use of haptic interface information. The 
experimental interfaces in studies III and IV were designed with a more 
immediate relation to real-world interfaces and can be considered as being 
more applied. However, the interaction with all four interfaces was controlled, 
i.e. the tasks were predefined and system-paced. In natural interaction, tasks 
are for the most part self-paced and, while driving, an individual often waits 
for a suitable moment to accomplish a task. Accordingly, in controlled studies, 
participants may be “forced” to solve tasks in situations in which they possibly 
would not normally solve tasks. However, there is always a trade-off in 
investigations between experimental control and ecological validity. Whereas 
field studies more closely match real-world situations, controlled studies 
provide the possibility to systematically compare different experimental 
conditions (Goodwin, 2001). Studies II, III and IV were carried out in a driving 
simulator. The ethical problems that must be considered in real traffic were 
thus avoided and it was possible to control the driving environment. 
However, the ecological validity of the driving task was reduced. The fixed-
based simulator used in the studies did not provide the driver with forces and 
vibrations sensed in real driving and, since the driving scene was projected 
only in front of the participants, no rear-view mirrors were used. Several 
studies have shown that results obtained in driving simulators are consistent 
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with results obtained in real driving (Engström et al., 2005; Lee, Cameron & 
Lee, 2003). Accordingly, measures obtained in a driving simulator can be 
considered to be valid. 

Between-subjects designs were used in studies I and II and within 
subjects-designs were used in studies III and IV. A within-subject design 
requires fewer participants and, since equivalent groups decrease the 
unsystematic variance, a within-subject design is more sensitive to differences 
between means (Keppel & Wickens, 2004). However, a within-subject design 
was not an alternative in study I since it was important that the participants 
were inexperienced in the test condition. In study II the experimental 
conditions of visual information and haptic ridges and textures and haptic 
ridges and textures were related and, to make sure that the participants were 
inexperienced in these two experimental conditions, a between-subjects design 
was used. A problem in between-subjects designs is to form equivalent groups 
of participants (Goodwin, 2001). The participants recruited for studies I and II 
were students, which is a rather homogeneous group. Thus the within-group 
variation was likely smaller than it would be if the participants were recruited 
from a wider sample of the population (Wright, 1998). The sample sizes must 
be taken into account in interpreting the results of studies I and II, especially 
in study I, since the number of participants in each experimental group was 
only six. In the more applied studies, III and IV, the group of participants was 
randomly selected from the Swedish car owner register. The sample can thus 
be seen as representative of Swedish car (or rather Volvo) owners. Hence, in 
contrast to the groups in studies I and II, the age span of the group in study III 
and IV was wide, ranging from 27 to 69 years, and thus the results can be 
considered generalizable over a larger population. 

Different ways of quantifying visual behaviour were used in studies II, III 
and IV. In studies III and IV the glance-based ISO metrics were used (ISO 
15007-1). In order to be able to measure visual behaviour during the non-
visual condition in study II as well (haptic ridges and textures) the measure of 
percent road centre (PRC) was used (Victor et al., 2005). In the driving 
simulation used in study II, the LCT (ISO/DIS 26022), the driving speed was 
system-controlled and therefore no glances at the speedometer were 
necessary. In addition, there were no rear-view mirrors to be viewed in the 
simulator. Since visual behaviour was different in the simulator than in real 
driving, there were relatively high values for the PRC value for baseline 
driving, over 90%. A real driving environment gives a value of about 70% 
(Victor et al., 2005). The high PRC value for baseline driving may have made it 
unfeasible to calculate an effect of gaze concentration. Although it was not 
possible to estimate an effect of gaze concentration, the PRC measure could 
still be effectively be used to quantify visual behaviour for the conditions that 
included visual information. 

The LCT is a constructed, driving-like task and gives the opportunity to 
relatively easily compare the effect of different secondary tasks on driving 
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performance. The LCT however derives a single measure of driving 
performance, i.e. the deviation from a normative path, and different 
characteristics of driving behaviour (for example missed signs, late response to 
signs or reduced path control) are not considered in isolation. It has been 
shown, for example, that visual-manual and cognitive tasks affect lateral 
performance somewhat differently (e.g. Engström et al., 2005). By using 
several different driving performance measures, instead of one combined as in 
the LCT, different effects on driving performance can be captured. Hence, 
commonly used measures on lateral control were measured in studies III and 
IV, i.e. standard deviation of lane position and steering wheel reversal rate. 

The NASA-TLX, which was used in studies I and II, is an unintrusive 
measure since it is conducted after an experimental task. A signal detection 
task, such as the VDT used in studies III and IV (Engström & Mårdh, 2007), is 
intrusive since it requires a participant to actively engage, i.e. respond to the 
signal. Merat and Jamson (2008) assessed the effect of detection tasks on 
secondary task performance, vehicle control and subjective ratings and found 
no significant effects, which would indicate that the additional load imposed 
by the task is insignificant. 

All four studies were laboratory studies and quantitative in nature. 
However, study III included a short interview, i.e. a qualitative method, as a 
complement to the quantitative data collection. Discussions often stress the 
different ways of relating to quantitative and qualitative research (Flick, 2006). 
However, the research strategies do not have to be seen as being in opposition, 
using several methods can be seen as a way to increase the trustworthiness of 
the conclusions drawn from a study (Bryman, 1992; Bryman & Bell, 2007). 
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6 Conclusions
The main purpose of this thesis was to investigate in-car human-machine 
interaction, with a primary focus on the use of haptics. From the four studies 
included in the thesis the following conclusions could be derived: 

 Cross-modal transfer of interface information is not effortless and the 
transfer from haptics to vision is easier than from vision to haptics. In 
addition, participants perform better when visual information is 
available. The asymmetry of a cross-modal transfer and enhanced visual 
performance is probably a result of the visual information being more 
useful for the task at hand. Hence, when the visual interface information 
is more easily achieved the haptic information is not instinctively taken 
into account. 

Even if interface interaction is made during a concurrent visual task 
(driving) users seem to rely on visual interface information instead of 
haptic. Although the eyes are kept on the road during haptic interaction, 
the engagement in a haptic task while driving has an effect on driving 
performance. An explanation for this is that haptic interaction is 
cognitively demanding, and therefore interferes with the task of driving. 
Hence, it is probably better to use haptics to facilitate the visual 
interaction, rather than trying to replace it. 

Well designed haptics can be used to assist the visual interaction with a 
multifunctional interface. However, haptics that is not well designed may 
instead confuse a user. It is therefore important to carefully test the use of 
the haptics before implementing it into a commercial product. 

The optimal interface is dependent on the task being performed. A touch 
screen interface is better for alphanumeric input and an interface 
manoeuvred by a rotary control is superior for continuous adjustments 
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and list scrolling. However, driving performance is affected to greater 
extent when a touch screen interface is used, probably as a result of the 
lower display position. Therefore one can argue in favour of the interface 
manoeuvred by a rotary control. 
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7 Further work 
In the studies included in this thesis, the experimental interfaces were new to 
the participants and they had limited time to practice. It would be interesting 
to study the use of haptic cues over a longer duration of time. The interaction 
device that provided the haptic cues was a rotary control. It would be 
interesting to investigate the use of haptics in other common interaction 
devices, such as touch screens and steering wheel controls. Different 
interaction devices are better for different kinds of tasks. Perhaps the 
interaction with multifunctional interfaces can be further improved if different 
interaction devices are combined or if new technologies are utilized. Hence, 
innovative ways to interact with in-car interfaces should be the subject of 
further research. 



34



35

Acknowledgements
I would like to thank Dr. Peter Bengtsson and Prof. Håkan Alm, my 
supervisors at the Division of Engineering Psychology, Department of Human 
Work Sciences, Luleå University of Technology, for giving me the opportunity 
to join this research project.  

I would also like to thank my research fellows, Camilla Grane, Anders 
Lindgren, Robert Broström and Staffan Davidsson, and my colleagues at the 
Vehicle HMI group at Volvo Car Corporation, Göteborg. You have all 
provided to a pleasant working atmosphere. Thanks also to my home 
department, the Department of Human Work Sciences, Luleå University of 
Technology.

Last, but not least, I would like to express gratitude to Johan, my family 
and friends. Your support is invaluable. 

The research project was financially supported by the Swedish Program Board 
for Automotive Research and Volvo Car Corporation. 

Göteborg, March 2009 
Annie Rydström 



36



37

References 
Akamatsu, M., & MacKenzie, I. S. (1996). Movement characteristics using a 
mouse with tactile and force feedback. International Journal of Human-
Computer Studies, 45(4), 483-493. 

Alm, H., & Nilsson, L. (1995). The effects of a mobile telephone task on driver 
behaviour in a car following situation. Accident Analysis and Prevention, 
27(5), 707-715. 

Ashley, S. (2001, March ed.). Simplifying controls. Automotive Engineering, 
109(3), 123-126. 

Baars, B. J. (2007a). A framework. In B. J. Baars & N. M. Gage (Eds.), Cognition, 
Brain, and Consciousness: Introduction to Cognitive Neuroscience (pp. 31-57). 
London: Elsevier/Academic Press. 

Baars, B. J. (2007b). Attention and consciousness. In B. J. Baars & N. M. Gage 
(Eds.), Cognition, Brain, and Consciousness: Introduction to Cognitive 
Neuroscience (pp. 225-253). London: Elsevier/Academic Press. 

Baars, B. J. (2007c). Thinking and problem-solving. In B. J. Baars & N. M. Gage 
(Eds.), Cognition, Brain, and Consciousness: Introduction to Cognitive 
Neuroscience (pp. 293-315). London: Elsevier/Academic Press. 

Badescu, M., Wampler, C. & Mavroidis, C. (2002). Rotary haptic knob for 
vehicular instrument controls. In Proceedings of the 10th Symposium on 
Haptic Interfaces for Virtual Environments and Teleoperator Systems (pp. 342-
343). Orlando, FL. 

Bengtsson, P., Grane C., & Isaksson J. (2003). Haptic/graphic interface for in-
vehicle comfort functions – A simulator study and an experimental study. In 



38

Proceedings of the IEEE International Workshop on Haptic, Audio and Visual 
Environments and their Applications (pp. 25-29). Ottawa, Canada.

Brewster, S. A., & Brown, L. M. (2004). Tactons: Structured tactile messages for 
non-visual information display. In Proceedings of the 5th Australian User 
Interface Conference (pp. 15-23). Dunedin, New Zealand. 

Broström, R., Bengtsson, P. & Axelsson, J. (2007). Perceived styling and 
usability in integrated panel layouts as a function of interaction style and age. 
In D. de Waard, G. R. J. Hockey, P. Nickel & K. A. Brookhuis (Eds.), Human 
Factors Issues in Complex System Performance (pp. 193-204). Maastricht, The 
Netherlands: Shaker Publishing. 

Brown, L. M., Brewster, S. A., & Purchase, H. C. (2005). A first investigation 
into the effectiveness of tactons. In Proceedings of World Haptics (pp. 167-
176). Pisa, Italy. 

Bruce, V., Green, P. R., & Georgeson, M. A. (1996). Visual Perception: 
Physiology, Psychology, and Ecology (3rd ed.). Hove, UK: Psychology Press. 

Bryman, A. (1992). Quantitative and qualitative research: Further reflections 
on their integration. In J. Brannen (Ed.), Mixing Methods: Quantitative and 
Qualitative Research (pp. 57-80). Aldershot, UK: Avebury. 

Bryman, A., & Bell, E. (2007). Business Research Methods (2nd ed.). Oxford: 
Oxford University Press. 

Burnett, G. E., & Porter, J. M. (2001). Ubiquitous computing within cars: 
Designing controls for non-visual use. International Journal of Human-
Computer Studies, 55(4), 521-531.

Campbell, S. C., Shumin, Z., May, K. W., & Maglio, P. P. (1999). What you feel 
must be what you see: Adding tactile feedback to the Trackpoint. In M. A. 
Sasse & C. Johnson (Eds.), Human-Computer Interaction – Proceedings of 
INTERACT’99 (pp. 383-390). Amsterdam: IOS Press. 

Craig, J. C., & Rollman G. B. (1999). Somesthesis. Annual Review of 
Psychology, 50, 305-331. 

Dennerlein, J. T., Martin, D. B., & Hasser, C. (2000). Force feedback improves 
performance for steering and combined steering-targeting tasks. In 
Proceesings of the SIGCHI Conference on Human Factors in Computing 
Systems (pp. 423-429). The Hague, The Netherlands. 



39

Dingus, T. A., Hulse, M. C., & Barfield, W. (1998). Human-system interface 
issues in the design and use of advanced traveller information systems. In W. 
Barfield & T. A. Dingus (Eds.), Human Factors in Intelligent Transportation 
Systems (pp. 359-395). Mahwah, NJ: Erlbaum. 

Dingus, T. A., Klauer, S. G., Neale, V. L., Petersen, A., Lee, S. E., Sudweeks, J. 
et al. (2006). The 100-Car Naturalistic Driving Study, Phase II – Results of the 
100-Car Field Experiment (Rep. No. DOT HS 810 593). Blacksburg: Virginia 
Tech Transportation Institute.  

Driver distraction: Trends and issues. (2005, February/March ed.). Computing 
& Control Engineering Journal, 16(1), 28-30. 

Driver, J., & Spence, C. (1998). Crossmodal attention. Current Opinion in 
Neurobiology, 8(2), 245-253. 

Eggemeier, F. T., & Wilson, G. F. (1991). Performance-based and subjective 
assessment of workload in multi-task environments. In D. L. Damos (Ed.), 
Multiple-Task Performance (pp. 217-278). London: Taylor & Francis. 

El Saddik, A. (2007, February ed.). The potential of haptics technologies. IEEE
Instrumentation & Measurement Magazine, 10(1), 10-17. 

Engström, J., Johansson, E., & Östlund, J. (2005). Effects of visual and cognitive 
load in real and simulated motorway driving. Transportation Research Part F: 
Traffic Psychology and Behaviour, 8(2), 97-120. 

Engström, J., & Mårdh, S. (2007). SafeTE Final Report (Rep. No. 2007:36). 
Borlänge: Swedish National Road Administration. 

Engström, J., Åberg, N., Johansson, E., & Hammarbäck, J. (2005). Comparison 
between visual and tactile signal detection tasks applied to the safety 
assessment of in-vehicle information systems. In Proceedings of the Third 
International Driving Symposium on Human Factors in Driver Assessment, 
Training and Vehicle Design. Rockport, ME. 

Ernst, M. O., & , Bülthoff, H. H. (2004). Merging the senses into a robust 
percept. Trends in Cognitive Sciences, 8(4), 162-169. 

Fager, P. O., & von Wowern, P. (2004). The use of haptics in medical 
applications. The International Journal of Medical Robotics and Computer 
Assisted Surgery, 1(1), 36-42. 



40

Findlay, J. M., & Gilchrist, I. D. (2003). Active Vision: The Psychology of 
Looking and Seeing. Oxford: Oxford University Press. 

Flick, U. (2006). An Introduction to Qualitative Research (3rd ed.). London: 
Sage.

Forsman, Å., & Nilsson, L. (2006). Effects of Cognitive and Visual Load in Real 
and Simulated Driving (Rep. No. 533A). Linköping: Swedish National Road 
and Transport Research Institute. 

Gentaz, E. (2003). General characteristics of the anatomical and functional 
organization of cutaneous and haptic perceptions. In Y. Hatwell, A. Strieri & E. 
Gentaz (Eds.), Touching for Knowing: Cognitive Psychology of Haptic Manual 
Perception (pp. 17-31). Amsterdam: J. Benjamins. 

Gentaz, E, & Hatwell, Y. (2003). Haptic processing of spatial and material 
object properties. In Y. Hatwell, A. Strieri & E. Gentaz (Eds.), Touching for 
Knowing: Cognitive Psychology of Haptic Manual Perception (pp. 123-159). 
Amsterdam: J. Benjamins. 

Gibson, J. J. (1966). The Senses Considered as Perceptual Systems. Boston: 
Houghton Mifflin. 

Goodale, M., & Milner, D. (2004). Sight Unseen: An Exploration of Conscious 
and Unconscious Vision. Oxford: Oxford University Press. 

Goodwin, A. W, & Wheat, H. E. (2004). Sensory signals in neural populations 
underlying tactile perception and manipulation. Annual Review of 
Neuroscience, 27, 53-77. 

Goodwin, C. J. (2001). Research in Psychology: Methods and Design (3rd ed.). 
New York: Wiley.

Hale, K. S., & Stanney, K. M. (2004). Deriving haptic design guidelines from 
human physiological, psychophysical, and neurological foundations. IEEE
Computer Graphics and Applications, 24(2), 33-39. 

Harbluk, J. L., Noy, Y. I., Trbovich, P. L., & Eizenman, M. (2007). An on-road 
assessment of cognitive distraction: Impacts on drivers’ visual behaviour and 
braking performance. Accident Analysis and Prevention, 39(2), 372-379. 

Hart, S. G., & Staveland, L. E. (1988). Development of NASA-TLX (Task Load 
Index): Results of empirical and theoretical research. In P. A. Hancock & N. 



41

Meshkati (Eds.), Human Mental Workload (pp. 139-182). Amsterdam: 
Elsevier.

Hatwell, Y. (2003a). Introduction: Touch and cognition. In Y. Hatwell, A. 
Strieri & E. Gentaz (Eds.), Touching for Knowing: Cognitive Psychology of 
Haptic Manual Perception (pp. 1-14). Amsterdam: J. Benjamins. 

Hatwell, Y. (2003b). Intermodal coordinations in children and adults. In Y. 
Hatwell, A. Strieri & E. Gentaz (Eds.), Touching for Knowing: Cognitive 
Psychology of Haptic Manual Perception (pp. 207-219). Amsterdam: J. 
Benjamins. 

Hayward, V., Astley, O. R., Cruz-Hernandez, M., Grant, D., & Robles-De-La-
Torre, G. (2004). Haptic interfaces and devices. Sensor Review, 24(1), 16-29. 

Ho, C., & Spence, C. (2008) The Multisensory Driver: Implications for 
Ergonomic Car Interface Design. Aldershot, UK: Ashgate. 

Ho, C., Tan, H. C., & Spence, C. (2005). Using spatial vibrotactile cues to direct 
visual attention in driving scenes. Transportation Research Part F: Traffic 
Psychology and Behaviour, 8(6), 397-412. 

Hoggan, E., & Brewster, S. A. (2006). Mobile crossmodal auditory and tactile 
displays. In Proceedings of HAID 2006: First International Workshop on 
Haptic and Audio Interaction Design (pp. 9-12). Glasgow, UK. 

Horrey, W. J., & Wickens, C. D. (2004). Examining the impact of cell phone 
conversations on driving using meta-analytic techniques. Human Factors, 
48(1), 196-205. 

ISO 15007-1:2002. Road vehicles – Measurement of driver visual behaviour 
with respect to transport information and control systems – Part 1: Definitions 
and parameters. 

ISO/DIS 26022 (standard under development). Road vehicles – Ergonomic 
aspects of transport information and control systems – Simulated lane change 
test to assess driver distraction. 

ISO/TR 16982:2002. Ergonomics of human-system interaction – Usability 
methods supporting human-centred design. 

Jahn, G., Oehme, A., Krems, J. F., Gelau, C. (2005). Peripheral detection as a 
workload measure in driving: Effects of traffic complexity and route guidance 



42

system use in a driving study. Transportation Research Part F: Traffic 
Psychology and Behaviour, 8(3), 255-275. 

Jenkins, W. O. (1947). The tactual discrimination of shapes for coding aircraft 
type controls. In P. M. Fitts (Ed.), Psychological Research on Equipment 
Design (pp. 199-205). Washington, DC: U.S Government Printing Office. 

Johnson, K. O. (2001). The roles and functions of cutaneous mechanoreceptors. 
Current Opinion in Neurobiology, 11(4), 455-461. 

Jones, B. (1981). The developmental significance of cross-modal matching. In 
R. D. Walk & H. L. Pick, Jr. (Eds.), Intersensory Perception and Sensory 
Integration (pp. 109-136). New York: Plenum Press.  

Jones, L. A., & Lederman, S. J. (2006). Human Hand Function. Oxford: Oxford 
University Press. 

Katz, D. (1989). The World of Touch (L. E. Krueger, Trans.). Hillsdale, NJ: 
Erlbaum. (Original work published 1925) 

Keppel, G., & Wickens, T. D. (2004). Design and Analysis: A Researcher’s 
Handbook (4th ed.). Upper Saddle River, NJ: Prentice Hall. 

Klatzky, R. L., & Lederman, S. J. (2003). Touch. In I. B. Weiner (Series Ed.) & A. 
F. Healy & R. W. Proctor (Vol. Eds.), Handbook of Psychology: Vol. 4. 
Experimental Psychology (pp. 147-176). New York: Wiley. 

Klatzky, R. L., Lederman, S. J., & Matula, D. E. (1993). Haptic exploration in 
the presence of vision. Journal of Experimental Psychology: Human 
Perception and Performance, 19(4), 726-743. 

Klatzky, R. L., Lederman, S. J., & Metzger, V. A. (1985). Identifying objects by 
touch: An “expert system”. Perception and Psychophysics, 37(4), 299-302. 

Koch, C. (2004). The Quest for Consciousness: A Neurobiological Approach.
Englewood, CO: Roberts & Company Publishers. 

Kramer, A. F. (1991). Physiological metrics of mental workload: A review of 
recent progress. In D. L. Damos (Ed.), Multiple-Task Performance (pp. 279-
328). London: Taylor & Francis. 

Lamble, D., Kauranen, T., Laakso, M., & Summala, H. (1999). Cognitive load 
and detection thresholds in car following situations: Safety implications for 



43

using mobile (cellular) telephones while driving. Accident Analysis and 
Prevention, 31(6), 617-623. 

Lamble, D., Laakso, M., & Summala, H. (1999). Detection thresholds in car 
following situations and peripheral vision: Implications for positioning of 
visually demanding in-car displays. Ergonomics, 42(6), 807-815. 

Land, M. F. (2006). Eye movements and the control of actions in everyday life. 
Progress in Retinal and Eye Research, 25(3), 296-324. 

Lederman, S. J., & Klatzky, R. L. (1987). Hand movements: A window into 
haptic object recognition. Cognitive Psychology, 19(3), 342-368. 

Lederman, S. J., Thorne, G., & Jones, B. (1986). Perception of texture by vision 
and touch: Multidimensionality and intersensory integration. Journal of 
Experimental Psychology: Human Perception and Performance, 12(2), 169-180. 

Lee, H. C., Cameron, D., & Lee, A. H. (2003). Assessing the driving 
performance of older adult drivers: On-road versus simulated driving. 
Accident Analysis and Prevention, 35(5), 797-803. 

Lee, J. D., Hoffman, J. D, & Hayes, E. (2004). Collision warning design to 
mitigate driver distraction. In Proceedings of CHI 2004: Conference on Human 
Factors in Computing Systems (pp. 65-72). New York: ACM Press. 

Mack, A., & Rock, I. (1998). Inattentional Blindness. Cambridge, MA: MIT 
Press.

Mattes, S. (2003). The lane-change-task as a tool for driver distraction 
evaluation. In H. Strasser, K. Kluth, H. Rausch & H. Bubb (Eds.), Quality of 
Work and Products in Enterprises of the Future (pp. 57-60). Stuttgart, 
Germany: Ergonomia Verlag. 

McEvoy, S., Stevenson, M., & Woodward, M. (2007). The prevalence of, and 
factors associated with, serious crashes involving a distracting activity. 
Accident Analysis and Prevention, 39(3), 475-482. 

Merat, N., & Jamson, A. H. (2008). The effect of stimulus modality on signal 
detection: Implications for assessing the safety of in-vehicle technology. 
Human Factors, 50(1), 145-158. 

Meyer, J. (2004). Personal vehicle transportation. In R. W. Pew & S. B. Van 
Hemel (Eds.), Technology for Adaptive Aging (pp. 253-281). Washington, DC: 
National Academies Press.  



44

Minogue, J., & Jones, M. G. (2006). Haptics in education: Exploring an 
untapped sensory modality. Review of Educational Research, 76(3), 317-348. 

Moore, T. G. (1974). Tactile and kinaesthetic aspects of push-buttons. Applied
Ergonomics, 5(2), 66-71.

Oakley, I., McGee, M. R., Brewster, S., & Gray, P. (2000). Putting the feel in 
‘look and feel’. In Proceedings of the SIGCHI Conference on Human Factors in 
Computing Systems (pp. 415-422). The Hague, The Netherlands. 

Olsson, S. & Burns, P. C. (2000). Measuring driver visual distraction with a 
peripheral detection task. NHTSA Internet Distraction Forum. Retrieved 
February 15, 2009, from http://www-nrd.nhtsa.dot.gov/departments/nrd-
13/driver-distraction/Topics033080006.htm

Patten, C. J. D., Kircher, A., Östlund, J., Nilsson, L., & Svenson, O. (2006). 
Driver experience and cognitive workload in different traffic environments. 
Accident Analysis and Prevention, 38(5), 887-894. 

Pinel, J. P. J. (2006). Biopsychology (6th ed.). Boston: Pearson Allyn & Bacon. 

Porter, J. M., Summerskill, S. J., Burnett, G. E., & Prynne, K. (2005). BIONIC – 
‘eyes-free’ design of secondary driving controls. In Proceedings of the 
Accessible Design in the Digital World Conference. Dundee, UK. 

Prynne, K. (1995, summer ed.). Tactile controls. Automotive Interiors 
International, 30-36. 

Recarte, M. A, & Nunes, L. M. (2003). Mental workload while driving: Effects 
of visual search, discrimination, and decision making. Journal of Experimental 
Psychology: Applied, 9(2), 119-137. 

Reid, G. B., & Nygren, T.E. (1988). The subjective workload assessment 
technique: A scaling procedure for measuring mental workload. In P. A. 
Hancock & N. Meshkati (Eds.), Human Mental Workload (pp. 185-218). 
Amsterdam: North-Holland. 

Révész, G. (1950). Psychology and Art of the Blind. London: Longmans, Green 
& Co. 

Robles-De-La-Torre, G. (2006). The importance of the sense of touch in virtual 
and real environments. IEEE Multimedia, 13(3), 24-30. 



45

Rock, I. & Victor, J. (1964). Vision and touch: An experimentally created 
conflict between the two senses. Science, 143(3606), 594-596. 

Rogers, W. A., Fisk, A. D., Collins McLaughlin, A., & Pak, R. (2005). Touch a 
screen or turn a knob: Choosing the best device for the job. Human Factors, 
47(2), 271-288. 

Rydström, A., Bengtsson, P., Grane, C., Broström, R., Agardh, J., & Nilsson, J. 
(2005). Multifunctional systems in vehicles: A usability evaluation. In A. 
Thatcher, J. James & A. Todd (Eds.), Proceedings of the Fourth International 
Cyberspace Conference on Ergonomics. Johannesburg, South Africa: 
International Ergonomics Association Press.  

Rydström, A., Michelitsch, G., & Bengtsson, P. (2006). Mode selection by 
means of shape or location. In Proceedings of EuroHaptics (pp.131-134). Paris, 
France.

Serafin, C., Heers, R., Tschirhart, M., Ullrich, C., & Ramstein, C. (2007). User 
experience in the U.S. and Germany of in-vehicle touch screens with 
integrated haptic and auditory feedback. In Proceedings of the SAE World 
Congress. Detroit, MI. 

Shimojo, S., & Shams, L. (2001). Sensory modalities are not separate 
modalities: Plasticity and interactions. Current Opinion in Neurobiology, 
11(4), 505-509. 

Sivak, M. (1996). The information that drivers use: Is it indeed 90% visual? 
Perception, 25(9), 1081-1089. 

Sklar, A. E., & Sarter, N. B. (1999). Good vibrations: Tactile feedback in support 
of attention allocation and human-automation allocation in event-driven 
domains. Human Factors, 41(4), 543-552. 

Spence, C., & Driver, J. (1997). Cross-modal links in attention between 
audition, vision, and touch: Implications for interface design. International
Journal of Cognitive Ergonomics, 1(4), 351-373.

Srinivasan, M. A., Chen, J. (1993). Human performance in controlling normal 
forces of contact with rigid objects. In Proceedings of the ASME Winter 
Annual Meeting: DSC-Vol. 49. Advances in Robotics, Mechatronics, and 
Haptic Interfaces (pp. 119-125). New Orleans, LA. 

Stein, E. S., & Meredith, M. A., (1993). The Merging of the Senses. Cambridge, 
MA: MIT Press. 



46

Stone, R. J. (2001). Haptic feedback: A brief history from telepresence to virtual 
reality. In S. Brewster & R. Murray-Smith (Eds.), Lecture Notes in Computer 
Science: Vol. 2058. Haptic Human-Machine Interaction (pp. 1-16). Berlin, 
Germany: Springer. 

Strayer, D. L., & Johnston, E. A. (2001). Driven to distraction: Dual-task studies 
of simulated driving and conversing on a cellular phone. Psychological 
Science, 12(6), 462-466. 

Summerskill, S. J., Porter, J. M., & Burnett, G. E. (2004). Feeling your way 
home: The use of haptic interfaces within cars to make safety pleasurable. In 
D. McDonagh, P. Hekkert, J. Van Erp & D. Gyi (Eds.), Design and Emotion: 
The Experience of Everyday Things (pp. 287-292). London: Taylor & Francis. 

Tsotsos, J. K., Itti, L., & Rees, G. (2005). A brief and selective history of 
attention. In L. Itti, G. Rees & J. K. Tsotsos (Eds.), Neurobiology of Attention
(pp. xxiii-xxxii). Amsterdam: Elsevier.  

Van Erp, J., & Van Veen, H. (2004). Vibrotactile in-vehicle navigation system. 
Transportation Research Part F: Traffic Psychology and Behaviour, 7(4-5), 247-
256.

Van Winsum, W., Martens, M. & Herland, L. (1999). The Effects of Speech 
versus Tactile Driver Support Messages on Workload, Diver Behaviour and 
User Acceptance (Rep. No. TM-99-C043). Soesterberg, The Netherlands: TNO.

Victor, T. W., Harbluk, J. L., & Engström, J. A. (2005). Sensitivity of eye-
movement measures to in-vehicle task difficulty. Transportation Research Part 
F: Traffic Psychology and Behaviour, 8(2), 167-190. 

Vilimek, R., Hempel, T., & Otto, B. (2007). Multimodal interfaces for in-vehicle 
applications. In J. Jacko (Ed.), Lecture Notes in Computer Science: Vol. 4552. 
Human-Computer Interaction (pp. 216-224). Berlin, Germany: Springer. 

Wickens, A. (2005). Foundations of Biopsychology (2nd ed.). Harlow, UK: 
Prentice Hall. 

Wickens, C. D. (2002). Multiple resources and performance prediction. 
Theoretical Issues in Ergonomic Science, 3(2), 159-177. 

Wickens, C. D., & Hollands, J. G. (1999). Engineering Psychology and Human 
Performance (3rd ed.). Upper Saddle River, NJ: Prentice Hall. 



47

Wierwille, W. W. (1993). Demands on driver resources associated with 
introducing advanced technology into the vehicle. Transportation Research 
Part D: Emerging Technologies, 1(2), 133-142. 

Wierwille, W. W., & Casali, J. G. (1983). A validated rating scale for global 
mental workload measurement applications. In Proceedings of the Human 
Factors Society 27th Annual Meeting (pp. 129-133). Santa Monica, USA. 

Wikman, A. S., Nieminen, T., & Summala, H. (1998). Driving experience and 
time-sharing during in-car tasks on roads of different width. Ergonomics,
41(3), 358-372. 

Wittman, M., Kiss, M., Gugg, P., Steffen, A., Fink, M., Pöppel, E., & Kamiya H. 
(2006). Effects of display position of a visual in-vehicle task on simulated 
driving. Applied Ergonomics, 37(2), 187-199. 

Woods, A. T., & Newell, F. (2004). Visual, haptic and cross-modal recognition 
of objects and scenes. Journal of Physiology – Paris, 98(1-3), 147-159. 

Wright, D. B. (1998). People, materials, and situations. In J. Nunn (Ed.), 
Laboratory Psychology: A Beginner’s guide (pp. 97-116). Hove, UK: 
Psychology Press. 

Zwahlen, H. T., Adams, C. C., Jr., & DeBald, D. P. (1988). Safety aspects of CRT 
touch panel controls in automobiles. In A. G. Gale, M. H. Freeman, C. M. 
Haslegrave, P. A. Smith & S. P. Taylor (Eds.), Vision in Vehicles II (pp. 335-
344). Amsterdam: North-Holland. 



48



Paper I 

Rydström, A., & Bengtsson, P. (2007). Haptic, visual and cross-modal 
perception of interface information. In D. de Waard, G. R. J. Hockey, P. Nickel 
& K. A. Brookhuis (Eds.), Human Factors Issues in Complex System 
Performance (pp. 399-409). Maastricht, The Netherlands: Shaker Publishing. 

Reprinted, with permission, from Shaker Publishing. 





In D. de Waard, G.R.J. Hockey, P. Nickel, and K.A. Brookhuis (Eds.) (2007), Human Factors Issues in 
Complex System Performance (pp. 399 - 409). Maastricht, the Netherlands: Shaker Publishing.

Haptic, visual and cross-modal perception  
of interface information 

Annie Rydström & Peter Bengtsson 
Luleå University of Technology, Luleå 

Sweden 

  Abstract 

A cross-modal interface uses different modalities to present the same information. 
The objective of the present experiment was to investigate to what extent 
information provided in an interface can be shared across the haptic and visual 
modalities. The experiment had three feedback conditions, haptic, visual and haptic 
plus visual. The feedback was displayed haptically through a rotary device and 
visually on a computer monitor. The experimental task was to repeatedly locate and 
select textures in a menu of four rendered textures. The participants practiced the 
textures in one feedback condition and completed a test with 36 trials in the same or 
in a different feedback condition. There was a cross-modal transfer, although not 
effortless, and the transfer from haptics to vision seemed to be easier than from 
vision to haptics. The participants performed better in cases with the same feedback 
in both the training and test and in cases with visual feedback in the test. The 
asymmetry of the cross-modal transfer and the enhanced visual performance might 
be a result of the visual information being more useful for the task at hand. 

  Introduction 

Humans are adapted to be able to simultaneously use information from several 
sensory modalities, and information can also be shared across modalities (Stein & 
Meredith, 1993). Hence, a lack of information from one modality can be 
compensated for by sensory information from another modality. For example, in the 
dark, haptic cues can substitute for vision. Since input from one modality can 
substitute for another, reliable information from multiple sensory systems provide 
flexibility when interacting with complex systems. In human-machine interaction 
(HMI) activities where visual information is not sufficient or is not optimal for 
conveying interface information, haptic cues can prevent an overload of vision (Hale 
& Stanney, 2004). Burnett and Porter (2001) recommended the use of haptic cues in 
the interaction with in-car equipment, to allow drivers keep their eyes on the road. 

Although the visual, auditory and haptic senses can be utilized in HMI, most 
interfaces predominantly appeal to the visual sense. Unlike vision and audition, 
haptic interaction involves both sensing and manipulation (Hayward et al., 2004). 
Accordingly a haptic HMI device allows a user both to feel and interact with an 
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interface. Computer devices such as the mouse and keyboard are not true haptic 
devices since the feedback is primarily visual through a visual display. Previous HMI 
research has shown that interfaces that appeal to both the visual and haptic sense 
have behavioural benefits over unimodal visual interfaces. For example, Grane and 
Bengtsson (2005) carried out an experiment in which participants were asked to 
identify and choose among five haptically and visually rendered textures. The 
textures were haptically displayed through a rotary type interaction device and 
visually displayed on a monitor. It was shown that haptic and visual feedback was 
preferable to visual feedback regarding accuracy and workload. Oakley et al. (2000) 
reported that the number of errors made in targeting, searching and scrolling tasks on 
a computer was reduced when redundant haptic feedback, such as gravity, friction 
and texture, was provided through the interaction device (a PHANToM force 
feedback device). Campbell et al. (1999) carried out an analogous experiment with a 
task equivalent to menu interaction with a pointing stick. In various visual and tactile 
feedback conditions with consistent, inconsistent and no tactile bumps the 
participants had to steer a pointer through a tunnel. There was a decrease in error 
rate and task time when consistent haptic and visual feedback was provided. 

Information can either be modality specific or can be perceived through different 
senses. The perception of temperature is unique to the haptic system, and the 
perception of colour is unique to the visual system. Properties such as size, shape 
and texture can be perceived both visually and haptically, and the information can 
consequently be shared across the two modalities (Woods & Newell, 2004). Hoggan 
and Brewster (2006) defined HMI as multimodal when each modality is used to 
transmit a different type of information, and cross-modal when different modalities 
are used to present the same information. 

Although information is shared across the haptic and visual modalities, the 
modalities experience the world in different ways. A sequence of impressions must 
often be gathered to identify an entity haptically (Lederman & Klatzky, 1987), while 
impressions through vision are gathered more in parallel (Hatwell, 2003). For 
geometric properties, such as size and shape, cross-modal transfer seems to be easier 
from haptics to vision than from vision to haptics (Hatwell, 2003). Switching from 
haptics to vision does not seem to increase cognitive load, while switching from 
vision to haptics seems to negatively affect cognitive processing (Hale & Stanney, 
2004). Visual perception frequently dominates the visual-haptic percept when 
judging geometric properties but haptics have been shown to be as efficient as vision 
for texture information (Lederman et al., 1986). Ernst and Banks (2002) proposed a 
model that statistically determines the degree to which vision or haptic dominates. 
The modality that perceives the highest precision (the lowest variance) of the 
property to be estimated dominates a perception. The perception of natural textures 
includes attributes such as roughness, elasticy and viscosity (Loomis & Lederman, 
1986). With haptic devices the touch sensation is remote, received through a tool, 
rather than directly by the skin, and it is a challenge to render reliable and useful 
sensations. However, it is shown that rendered textures provided through a haptic 
device can lead to a reliable sensation of roughness (Klatzky & Lederman, 2006). 
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The objective of the present experiment was to investigate to what extent 
information provided in an interface can be shared within and across the haptic and 
visual modalities. For the experiment a menu with different textures were rendered 
haptically, visually and haptically plus visually. 

  Method 

  Participants 

A total of 54 engineering students, 18 females and 36 males, participated in the 
experiment. Their ages ranged from 18 to 35 years (M = 22.4, SD =3.7), and all but 
six were right-handed. 

  Equipment 

The experiment ran on a laptop computer, and a programmable haptic rotary device 
(ALPS Haptic Commander, ALPS Automotive Products Division, Japan) with a 
knob diameter of 3.5 cm was used as an interaction device (Figure 1). The rotary 
device was mounted such that the participants’ right arm was supported and the 
device could be grasped and operated comfortably. The experimental program was 
implemented in Macromedia Director 8.5 (Adobe Systems Inc., USA). The program 
managed the haptic feedback in the rotary device and the graphical scenes on the 
laptop computer. The presentation of the tasks was done orally in headphones and 
written in a 6.4” display. The program also recorded performance data for each 
participant. An audio stream of pink noise was played at a comfortable level through 
the headphones to block out sounds created when turning the rotary device. A similar 
experimental set-up was used by Grane and Bengtsson (2005). 

Figure 1. The experimental set-up, comprising a laptop computer (1), a 6.4” display (2), a 
haptic rotary device (3) and headphones (4) 

  Experimental conditions 

With the intention that the participants would be able to comfortably rotate the 
device through a menu of four textures without changing their grasp, the total travel 
for a texture was limited to 30°. The haptic texture feedback was rendered as 
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repeated and evenly distributed clicks, i.e. alternated high and low torque. To limit 
the number of possible textures, the peak torque was constrained to 10 mN·m. It was 
possible with these restrictions on angle and torque to design nine textures (with 0, 1, 
2, 3, 5, 6, 10, 15 and 30 click repetitions). Eight participants were asked in a test to 
compare the textures in pairs in order to determine whether the textures felt the same 
or different. Textures with 0, 3, 6 and 30 repetitions were assessed to be the easiest 
to discriminate. Salient click effects were incorporated between every texture in the 
menu to indicate borders. The click angle was 10° and the amplitude of the elastic 
torque was 50 mN·m. The total angle of operation with the rotary device was 
consequently 150º. Restricting walls outside the scale limits on each end of the menu 
were also incorporated, and a damper torque made the forces increase and decrease 
with control speed. In a second test participants were asked to sketch visual 
representations of the haptic textures. Different graphical texture profiles were 
created from these sketches (three different profiles for each texture), and in a third 
test six participants were asked to match the haptic sensation with a representative 
visual image of the sensation. The outcome of these tests resulted in the haptic and 
visual feedback used in the cross-modal experiment.  

The three feedback conditions, haptic (H), visual (V) and haptic plus visual (HV), 
are presented in Figure 2, where the textures are termed A, B, C and D. In the H 
feedback condition the rotary device provided the textures as haptic sensations, and 
no visual information was provided. In the V feedback condition the textures were 
visually displayed on the laptop monitor, but no textures or clicks in between could 
be felt through the rotary device. The participants thus had to rotate the device to 
move a transparent blue cursor in the texture menu. The textures were horizontally 
arranged, and each had a height and width of 25 mm. In the HV condition feedback 
was given both haptically through the rotary device and graphically on the laptop 
monitor.

Figure 2. A representation of the haptic feedback provided through the rotary device and the 
visual feedback provided on the laptop display in the H, V and HV conditions. The textures 
are presented in alphabetical order from A to D. In the V and HV conditions the active 
texture was marked with a transparent blue cursor 

  Design and procedure 

The experiment used a 3 x 3 between-subjects design and the independent variables 
were Training Condition (H, V and HV) and Test Condition (H, V and HV). The 
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participants were randomly assigned to the resulting nine cases, so that each group of 
six participants was comprised two females and four males. Participants were 
informed that they would repeatedly locate textures among four textures. It was 
stated whether the discrimination would be by touch only, vision only or by touch 
and vision together, although it was not said that the test part for most of the 
participants was to be conducted in another feedback condition. After listening to 
instructions for the experiment, the participants were allowed to practice the four 
textures in two training series. In the first series the participants were free to explore 
a menu in which the textures were provided in alphabetical order. The name of the 
active texture (A, B, C or D) was displayed on the laptop display as the device was 
turned. The participants told the experimenter when they had learned the textures 
and were ready to continue. In the second training series the participants practiced 
the experimental task. The task was to repeatedly locate and select textures in the 
menu by turning and pushing the rotary device. The tasks, e.g. “Locate C”, were 
automatically presented to the participants orally in the headphones and written in 
the 6.4” monitor. The target texture and the positions of the textures changed for 
every trial. However, if the wrong texture was selected, the textures stayed in the 
same order until the right texture was selected. After a successfully completed task a 
jingle was given as feedback. The device was programmed to start at the leftmost 
texture for every new trial, and the participants were to initially turn the device 
clockwise. The reset was not felt, and thus it was not necessary for the participants to 
let go of the device. The participants had to successfully complete 12 tasks in a row 
to pass the training series. 

After the training series the participants were informed about whether they would do 
the test in the same or another condition in 36 trials. The participants were instructed 
to perform the tasks to the best of their ability, but were not informed about the 
recorded performance measures. To the greatest extent possible, the placement of the 
textures in the menu and the order in which the textures were displayed as targets 
were balanced so that each texture occurred in each position equally often and was 
equally often displayed as a target. A new task started every 13th second. If the 
participants did not finish a task during that time, the task time was logged as a 
missing value. When the wrong item was selected, the action was recorded as a push 
error: hence the participants had to select the right texture for the task to be 
completed. When the participants passed the right texture without selecting it, the 
action was recorded as a turn error. After the test the participants were asked to fill in 
a form with demographic information. To investigate whether the participants’ 
perceived mental workload showed a similar pattern as the performance measures, 
the participants were asked to respond to NASA-TLX (Task Load Index) forms. 
NASA-TLX is a multidimensional workload scale in which the magnitudes of six 
workload-related factors (Mental Demand, Physical Demand, Temporal Demand, 
Performance, Effort and Frustration Level) are combined to derive an estimation of 
workload (Hart and Staveland, 1988). 
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  Data analysis 

Floor effects were present for most of the cases for the variables missing value and 
push error, and the data were therefore examined only on a percentage basis by 
calculating the total number of missing values and push errors for each case and 
divide it by the total number of tasks (36 x 6). Reiteration of a task may cause 
learning effects or fatigue-like effects. To check for these effects the time on task and 
turn error data were divided into two blocks with 18 tasks in each. The data were 
then analysed with mixed three-factor ANOVAs, with Block (1 and 2) as a within-
subject factor, and Training Condition (H, V and HV) and Test Condition (H, V and 
HV) as between-subjects factors. The subjective workload (NASA-TLX) scores 
were analysed with a two-way between-subjects ANOVA, with Training Condition 
(H, V and HV) and Test Condition (H, V and HV) as factors. An alpha level of .05 
was used in the analyses. The Tukey HSD procedure was used for post hoc pairwise 
comparisons of means. 

  Results 

  Missing values 

There were few missing values in the experiment for most of the cases (fewer than 
2% of the tasks were not completed in time). In the V-H (visual training and haptic 
test) and HV-H (haptic plus visual training and haptic test) cases, 13% and 10% of 
the tasks were not completed in time. Of the few missing values, 73% were made 
during the first block. Missing values were replaced by the maximum allowed task 
time, 13 s, in the task time data. 

  Task completion time 

For task completion time the mixed three-factor ANOVA indicated a significant 
Block x Training Condition x Test Condition interaction, F(4, 45) = 4.38, p<.01, and 
a significant Training Condition x Test Condition interaction, F(4, 45) = 3.62, p<.05. 
The analysis also indicated significant main effects for Block, F(1, 45) = 47.86, 
p<.001, and Test Condition, F(2, 45) = 36.52, p<.001. In Figure 3 and Figure 4 
mean task completion time is plotted as a function of Training Condition (H, V and 
HV) and Test Condition (H, V and HV) for Block 1 and Block 2. The figures reveal 
improvements for most of the cases over the two blocks. Within-groups t-tests made 
for each case over the blocks revealed that the improvements were significant for the 
cases H-HV, V-H, HV-V (p<.01), and H-V, V-V, HV-H (p<.05), but not for the 
cases H-H, V-HV and HV-HV. The interactions were further explored by conducting 
two separate two-way ANOVAs, one for each block. 



 haptic, visual and cross-modal perception of interface information 405 

Figure 3. A plot showing mean task completion time for the first 18 tasks in seconds (and 
associated standard errors) as a function of Training Condition (H, V and HV) and Test 
Condition (H, V and HV) 

Figure 4. A plot showing mean task completion time for the last 18 tasks in seconds (and 
associated standard errors) as a function of Training Condition (H, V and HV) and Test 
Condition (H, V and HV) 

The analysis for the first block (Figure 3) indicated a Training Condition x Test 
Condition interaction, F(4, 45) = 4.88, p<.01, and a main effect was found for Test 
Condition F(2, 45) = 27.56, p<.001. The main effect was interpreted in light of the 
significant interaction effect, and one-way ANOVAs were conducted for each 
training condition. There were no significant differences in the test when participants 
had gone through H training, but significant differences were found in the test when 
participants had gone through V training, F(2, 15) = 15.49, p<.001, and HV training 
F(2, 15) = 15.88, p<.001. Pairwise comparisons revealed that the H test condition 
was performed significantly slower than the V and HV test conditions, for both V 
and HV training. No significant differences were found among the V and HV test 
conditions. 
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For the second block (Figure 4) a main effect was found for Test Condition, F(2, 45) 
= 36.12, p<.001. Pairwise comparisons of the three test conditions showed that the H 
test condition was performed significantly slower than the V and HV test conditions. 
These results indicate that interaction was faster in the test when visual information 
was provided, except at the beginning of the test (Block 1) when participants had 
gone through H training. H-H, H-V and H-HV were then conducted equally rapidly. 

  Push error 

In the V-H case 7% of the tasks included a push error, and in the HV-H case 13% of 
the tasks included a push error. Few push errors were made in the other cases (fewer 
than 3%), and case HV-HV included no push errors at all. Of the few push errors, 
56% were made during the first block. 

  Turn error 

For turn error the mixed three-factor ANOVA indicated a significant main effect of 
Test Condition, F(2, 45) = 5.99, p<.01. Pairwise comparisons of the three test 
conditions showed that the H test condition generated significantly more turn errors 
than the V and HV test conditions. 

  NASA-TLX 

No significant effects were found in the analysis of the NASA-TLX scores. 
However, Figure 5 gives an indication of a difference between cross-modal cases H-
V and V-H. The workload seems to be lower going from the H training to the V test 
than when going from the V training to the H test. 

Figure 5. A plot showing the mean weighted workload score (and associated standard 
errors) as a function of Training Condition (H, V and HV) and Test Condition (H, V and 
HV). A high score indicates high workload 

  Discussion 

This experiment investigated the extent to which information provided in an 
interface can be shared between the haptic and visual modalities. In the experiment 
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menu information was coded in terms of textures. In the within-modal cases and the 
cases including visual feedback in both training and the test (H-H, V-V, V-HV, HV-
V and HV-HV), there were no or small improvements in terms of time over the 
blocks, while there were clear improvements for the cross-modal cases (H-V and in 
particular V-H) (Figure 3 and Figure 4). These improvements indicate that the cross-
modal transfer was not effortless and included learning. If the visual and haptic 
textures had been perfectly equivalent, the transfer would probably have been 
effortless. The task times for the H-V case would have been the same as for the V-V 
case, and the task times for the V-H case would have been the same as for the H-H 
case. The task times differed for Block 1 (H-V  V-V and V-H  H-H) but were 
almost equal for Block 2 (H-V = V-V and V-H = H-H). Hence, although the initial 
transfer was somewhat poor, the interaction became more rapid during the test. The 
HV-H case is not cross-modal but, even though bimodal information was provided 
during training, the participants performed no better initially on the test than when 
unimodal visual information had been provided during training (V-H). Since humans 
optimise the perception of haptic and visual information (Ernst & Banks, 2002), the 
visual information might have been perceived as being more useful for the task at 
hand, and the participants did not actively utilize the haptic information in the 
training. For the H-HV case there was also an improvement over the blocks, most 
likely for the reason that the participants initially utilized the somewhat more slow 
haptic interaction and after a while started to utilize the visual information also, with 
the result that the interaction became faster. That visual interaction is faster than 
haptic interaction was also observed by Grane and Bengtsson (2005). 

In terms of missing values and push errors made, going from a training condition 
including visual cues to a unimodal haptic test condition (V-H, HV-H) seems to have 
been more troublesome than when the test condition included visual information. 
Hatwell (2003) and Hale and Stanney (2004) proposed that, for geometric 
properties, switching from haptics to vision is easier than switching from vision to 
haptics. This seems also to be the case for the textures used in this experiment. The 
workload scores point towards a lower workload going from the H training to the V 
test than going from the V training to the H test. 

Both when interacting with the real world and in HMI haptic information is generally 
gathered in sequence and visual information is gathered to a greater extent in 
parallel. Hence, to perceive the textures haptically in this experiment, the 
participants went through the menu texture-by-texture, while the textures could be 
visually perceived simultaneously. The sequential versus simultaneous processing 
can be viewed in terms of turn errors. A comparison between textures could be made 
visually without turning the device, while the device had to be turned in order to 
perceive the textures in a haptic discrimination, and consequently more turn errors 
were made. The type of processing made may also explain that tasks including visual 
feedback were carried out faster. An issue that may have negatively affected the 
haptic processing was some unwanted buzzing in the device, and, when the device 
was moved over a texture, it was easy to accidentally slip over to the next. 
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Grane and Bengtsson (2005), Oakley et al. (2000) and Campbell et al. (1999) 
suggested redundant haptic to visual information in an interface. No significant 
difference between the V-V and HV-HV cases was found in this experiment. 
However, haptic or visual information can be more or less useful depending on the 
task at hand. In this experiment the participants could focus on the task. Perhaps 
haptic feedback could be used in a redundant fashion to facilitate interaction in 
visually demanding environments. Benefits of cross-modal and multimodal 
interfaces should be further investigated with realistic interaction tasks in different 
situations. When studying the interaction with in-vehicle systems, eye movements 
and distraction-related measures are probably more important to consider than task 
time and the number of errors made. 
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Abstract

There has been an increasing interest for in-vehicle interfaces that make use of 
haptic information. A simulator study was conducted to investigate whether 
haptic information can facilitate the interaction with an interface while 
driving. The conceptual in-car interface consisted of a visual menu of four 
textures displayed on a screen and corresponding haptic information 
displayed through the interaction device – a rotary device. The experimental 
conditions included either visual or haptic or both visual and haptic 
information. One advantage of the condition including only haptic 
information was that the participants’ eyes remained on the road during the 
interaction. However, since the haptic interaction necessitated serial 
processing, the experimental task took longer when using only haptic 
information. Therefore the participants seem to have relied more on the visual 
information when it was available. The degradation in driving performance 
and mental workload assessment did not differ between the conditions. 

Keywords: In-car interfaces; Haptic information; Driver distraction 

1 Introduction 

The information input needed for driving a car is predominantly visual (Sivak, 
1996) and the major output is generally manual by the hands (steering wheel 
and gear shift) and by the feet (accelerator, break pedal and clutch). Visual in-
vehicle displays require the eyes to be taken off the road and manual controls 
often require the hands to be taken off the steering wheel. While gaze has to be 
moved from the road to an in-vehicle display to gather detailed information, 
the two hands can perform different manual tasks simultaneously (Wierwille, 
1993). According to Wierwille it is easier to time-share driving and manual in-
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vehicle tasks than driving and visual in-vehicle tasks, as long as large 
corrections of the steering wheel that require the use of both hands are not 
needed. It is a challenge for vehicle manufacturers to design in-vehicle systems 
that can be operated safely while driving. It has been suggested that haptic 
cues available through the interaction devices may have the potential to make 
the interaction with in-car interfaces safer since the interaction may be less 
visually demanding (Burnett and Porter, 2001; Vilimek et al., 2007). 

Humans can passively perceive vibrations, applied forces and motions. In 
the automotive domain the use of vibrotactile stimuli has been most 
investigated and has been shown to be useful as warnings (Ho et al., 2005; Lee 
et al, 2004), as well as to provide navigation information (Van Erp and Van 
Veen, 2004). Humans can actively, through hand movements, perceive shapes, 
sizes, textures and locations. The perceptions resulting from these active 
movements are sequential and form what is called haptic perception (Hatwell, 
2003). Haptic interaction implies the ability to both sense and manipulate an 
interface (Hollis, 2004). Hence, haptic cues can be used to create haptically 
discriminable buttons and switches (Moore, 1974). Haptic cues can also be 
provided through one single interaction device, which can change its 
mechanical properties just as a graphic display can change its optical 
properties (Hayward et al., 2004). In the domain of desktop interaction, 
augmenting a visual interface with usable haptic information through the 
interaction device (e.g. a computer mouse), such as texture, friction, gravity 
and force, has been shown to result in a decrease in task completion time 
(Akamatsu and MacKenzie, 1996; Campbell et al., 1999) and decrease in 
workload and the number of errors made (Grane and Bengtsson, 2005; Oakley 
et al, 2000). Although there are in-car interfaces available on the market 
providing haptic cues through single multifunctional interaction devices 
(Rydström et al., 2005), there has not yet been sufficient research on the use of 
haptic cues while driving (Bengtsson et al., 2003). In a study by Porter et al. 
(2005) an in-car interface was designed in which the interface devices (three 
pods) were coded in terms of the haptic properties size, shape and location. It 
was shown that the number and duration of glances made to the display and 
controls were reduced compared to a standard interface. However, in the 
applied study by Porter et al. the comparison between the interfaces was not 
entirely systematic since the haptically coded interface and the standard 
interface differed in many aspects. 

Studies carried out in real and simulated driving environments have 
shown that interaction with equipment within the car while driving cause 
changes in visual behaviour and driving performance. It has been shown that 
visual-manual tasks, such as interacting with a mobile phone or manipulating 
a car radio, leads to frequent and long periods of visual time off road and 
impaired lane-keeping performance, harmed detection ability and increased 
brake reaction time (Lamble et al., 1999; Strayer and Johnston, 2001; Wikman 
et al., 1998; Zwahlen et al., 1988). It has also been revealed that non-visual 
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withdrawal of attention, for example a phone conversation, leads to impaired 
driving (Lamble et al., 1999). There are several different ways to measure 
drivers' visual behaviour and driving performance. One limitation of the ISO 
metrics glance frequency and glance duration (ISO 15007-1) is that these 
measures only can be used to measure visual behaviour during visual 
secondary tasks. It has been shown that non-visual secondary tasks can lead to 
gaze concentration towards the centre of the road (Recarte and Nunes, 2003; 
Victor et al., 2005). Hence, an alternative to glance based measures is the 
measure called Percent Road Centre (PRC) (Victor et al., 2005). This measure 
focuses on how much time is spent looking at the centre area of the road and 
can be used to evaluate visual behaviour during both visual and non-visual 
secondary tasks. Several driving simulation software programs are available 
for evaluating the distraction caused by the interaction with in-vehicle 
systems. The simulations range from advanced ones that record numerous 
measures on both lateral and longitudinal performance to more hands-on ones 
that record one or a few measures. An applied driving simulation software 
currently under investigation to be an ISO standard is the Lane Change Test 
(LCT) (ISO 26022). In this PC simulated environment drivers are requested to 
change lanes while interacting with an in-car interface. The perception and 
reaction to lane-change signs shows the driver's awareness of the environment 
and the lane-keeping shows the driver's ability to control the vehicle (Mattes, 
2003). The LCT derives a single measure of driving performance – the mean 
deviation from a normative path. Mattes showed that results from the LCT 
correlates with results from a high end moving base driving simulator. Since 
not only visual and manual, but also mental workload, leads to impaired 
driving (Lamble et al., 1999) it is central to also consider the mental workload 
imposed by different secondary tasks. Mental workload can be measured by 
using subjective assessment techniques. 

The objective of the present simulator study was to investigate whether 
haptic information can ease the interaction with an interface while driving. 
The conceptual interface used in the study provided visual or haptic or both 
visual and haptic information. Secondary task performance, eye movement 
behaviour, driving performance and subjective assessment of mental 
workload were measured. 

2 Method

2.1 Participants

Forty participants (six women and 34 men) were recruited to take part in the 
study. The majority of the participants were students recruited via e-mail at 
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Chalmers University of Technology. Their ages ranged from 20 to 46 (M = 26.8, 
SD = 5.2). The criteria for participation were possession of a driving license 
and no need of eyeglasses (to ensure eye-tracking data of good quality). The 
participants were to be able to wear contact lenses if vision correction was 
needed.

2.2 Equipment

The study was conducted using a fixed base Volvo XC90 driving simulator 
(Fig. 1). A 140 cm wide and 110 cm high driving scene was projected on a 
screen approximately 200 cm in front of the participants. The driving 
simulation used was the Lane Change Test (LCT) (ISO 26022). In the LCT 
simulation a participant drives at a constant speed of 60 km/h on a straight, 
three-lane road on which no other cars are present. Signs on both sides of the 
road instruct the participant to change lanes. The information appears 40 
metres ahead of the sign. In the LCT, the deviation from a normative path is 
recorded. Consequently, late perception of signs (or missed signs), slow lane 
change and poor lane-keeping result in greater deviation (Mattes, 2003). An 
LCT track takes three minutes to complete, and 18 lane changes are made 
during a track. An LCT analysis software was used to compute the mean 
deviation for the participants. 

The secondary task interface was implemented in Macromedia Director 
8.5 (Adobe Systems Inc., USA). A visual menu was displayed on an 8.5'' screen 
in the centre panel of the simulator (Fig. 1). The interaction with the interface 
was made with a haptic rotary device (ALPS Haptic Commander, ALPS 
Automotive Products Division, Japan) mounted on the centre panel. The 
device had a knob diameter of 3.5 cm. The interface program managed the 
sensations provided through the rotary device and the graphical scenes 
displayed on the centre panel display. The program also managed the task 
presentation – orally in headphones and written on a 6.4'' display placed on 
the dashboard in front of the participants (Fig. 1). faceLAB 4.1 (Seeing 
Machines, Australia) was used to record eye movements. By means of video 
signals from two cameras, the faceLAB system measures 3D head position and 
gaze direction at a rate of 60 Hz. The two eye-tracking cameras were mounted 
on the dashboard in front of the participants (Fig. 1). To improve data quality 
face markers were placed on the participants' face. An analysis software, 
Visual Demand Measurement (VDM) Tool (Victor et al., in press), was used to 
analyse the eye movement data. 
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Fig. 1. The LCT driving scene and Volvo XC90 simulator, including a secondary task 
interface display (1), a haptic rotary device (2), a display presenting the secondary tasks to be 
completed (3) and eye-tracking cameras (4). 

2.3 Secondary task interface 

The secondary task interface was designed to contribute to the central theme 
of haptic and visual information and did not consist of real vehicle functions. 
The interface was designed to display congruent information in the haptic and 
visual modalities. Since textures can be effectively perceived both haptically 
and visually (Gentaz and Hatwell, 2003) a menu with texture items, or more 
specifically items with different roughness, was designed. 

The four secondary task conditions were named: visual information (V),
visual information and haptic ridges (VHr), visual information and haptic 
ridges and textures (VHrt), and haptic ridges and textures (Hrt). As the rotary 
device was turned in the conditions including visual information, a 
transparent blue cursor moved in the menu displayed in the centre panel 
display (Fig. 2). The four menu items, A, B, C and D, were arranged 
horizontally, and each texture had a height and width of 25 mm. The graphical 
representations of the textures were identical for the three conditions 
including visual information. The visual menu was not displayed in the Hrt 
condition.
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Fig. 2. The visual menu displayed in the centre panel display in the secondary task 
conditions including visual information (V, VHr and VHrt). The textures are here presented 
in alphabetical order from A to D. In the experiment, the active texture was marked with a 
transparent blue cursor. 

The haptic sensations provided through the rotary device varied between 
the conditions (Fig. 3). The total angle of operation was 150° for all conditions. 
Hence, a participant was able to comfortably rotate the device through the 
menu without changing the grasp. Restricting walls were incorporated outside 
the scale limits on each end of the menu, and a damper torque made forces 
increase and decrease with device speed. A smooth sensation was provided in 
the V condition as the device was turned. In the VHr condition salient ridges 
were incorporated between every texture in the menu to indicate borders. The 
angle of the ridges was 10° and the amplitude of the elastic torque was 50 
mN·m. The salient ridges indicated borders in the VHrt and Hrt conditions 
and, in addition, representations of the textures were provided through the 
device. The haptic textures were rendered as repeated and evenly distributed 
ridges, i.e. alternated high and low torque. The peak torque of the textures was 
10 mN·m and textures A, B, C and D had 0, 3, 6 and 30 ridges, respectively. 

Fig. 3. A representation of the haptic sensations provided through the rotary device in the 
four secondary task conditions: V (1), VHr (2), VHrt and Hrt (3). 

2.4 Task

The tasks to be completed with the secondary task interface, e.g. "Locate C", 
were automatically presented to the participants orally in the headphones and 
provided in written form on the 6.4" display in front of the participants. The 
participants located and selected the requested item in the menu by turning 
and pushing the rotary device. As soon as one task was completed, the next 
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was initiated. The target texture and the positions of the textures changed for 
every trial. If the wrong texture was selected, the textures stayed in the same 
order until the right texture was selected. A beep was given as feedback after a 
task was completed successfully. The device was programmed to start at the 
leftmost texture for every new trial, and the participants were to initially turn 
the device clockwise. The reset was not felt, and it was therefore not necessary 
to let go of the device. 

2.5 Procedure

The experiment had a between-subjects design and the participants were 
randomly assigned to the four secondary task conditions, V, VHr, VHrt and 
Hrt. During the test the test leader sat in the front passenger seat of the 
simulator and controlled the equipment and read test instructions aloud from 
a manuscript. A brief description of the experiment as a whole was given at 
the beginning of a session. The participants were then instructed to adjust the 
seat, markers were placed on the participants' face, and the eye-tracking 
cameras were calibrated. The participants were given instructions about the 
LCT and were specifically informed to change lanes quickly, as soon as the 
information appeared on the signs. Each participant then drove three LCT 
tracks, of which the first two were training tracks and the third was a baseline 
driving track, i.e. driving without secondary task. Eye movements and driving 
performance were recorded for the baseline track. 

Subsequent to baseline driving the participants practiced the secondary 
task in isolation in two training series. In the first series the participants were 
to learn which letter represented which texture and were free to explore a 
menu in which the menu items were provided in alphabetical order. As the 
rotary device was turned, the name of the active item (A, B, C or D) was 
displayed on the centre panel display. In the second training series the 
participants practiced the secondary task as it would be displayed while 
driving. The participants had to successfully complete 12 tasks in a row to pass 
the training. 

Following this training the participants completed two dual-task driving 
tracks, i.e. driving with secondary task, of which the first was a training track. 
For the second track, data were recorded on secondary task performance, eye 
movements and driving performance. Since it may be tempting to adopt a 
strategy where secondary tasks are completed on the straight sections between 
the lane changes, the participants were instructed to perform as well as they 
could on both the primary and secondary tasks. The participants finally drove 
a second baseline track, for which data on eye movements and driving were 
recorded. After the test the participants were asked to fill in a participant 
characteristics form (concerning gender, age, handedness etc.) and mental 
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workload (NASA-TLX) forms. A whole session took altogether about one 
hour.

2.6 Dependent measures 

Secondary task performance was measured in terms of the number of tasks 
completed and the number of push and turn errors made. When the wrong 
item was selected, the action was recorded as a push error, and the action was 
recorded as a turn error when the participants passed the right item without 
selecting. The eye movement data were analysed in terms of percent road 
centre (PRC) (Victor et al., 2005). In the PRC analysis the road centre area was 
defined as a circle with a radius of 10°. LCT driving performance was 
measured in terms of mean deviation (ISO 26022). The NASA-TLX rating 
method was used to measure subjective mental workload. NASA-TLX is a 
multidimensional rating method that gives an overall workload score based 
on the weighted average of six workload-related factors (mental demand, 
physical demand, temporal demand, performance, effort and frustration level) 
(Hart and Staveland, 1988). 

3 Results

An alpha level of .05 was used for all statistical tests. 

3.1 Secondary task performance 

Figure 4 shows the number of tasks completed in the four secondary task 
conditions. A between-subjects ANOVA with secondary task condition (V, 
VHr, VHrt and Hrt) as the factor was used to test the statistical significance of 
differences. The number of tasks completed was found to be significantly 
different between the conditions, F(3, 36) = 21.1, p<.001. The Tukey HSD 
procedure, used for post hoc pairwise comparisons of means, showed that 
there were no significant differences between the V, VHr and VHrt conditions. 
However, significantly fewer tasks were completed with the Hrt condition as 
compared to the other conditions (all p<.001).
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Fig. 4. The number of tasks completed for the four secondary task conditions. The error bars 
represent 95% confidence intervals for the means. 

In terms of push error, floor effects were present for the V, VHr and VHrt 
conditions, whereas 10% of the tasks in the Hrt condition included a push 
error. Figure 5 shows the percentage of tasks that included a turn error. To 
rectify the differences between group variances the turn error data was 
transformed by taking the square roots of the values. A between-subjects 
ANOVA with secondary task condition (V, VHr, VHrt and Hrt) as the factor 
was used to test the statistical significance of differences. The number of turn 
errors made was found to be statistically different between the conditions, F(3,
36) = 14.5, p<.001. The Tukey HSD procedure showed that there were no 
significant differences between the V, VHr and VHrt conditions. However, 
significantly more turn errors were made with the Hrt condition as compared 
to the other conditions (all p<.001).

Fig. 5. The percentage of tasks including a turn error in the four secondary task conditions. 
The error bars represent 95% confidence intervals for the means. 
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3.2 Eye movements 

Figure 6 shows the PRC values for baseline and dual-task driving for the four 
conditions. Since each participant conducted two baseline tracks, mean PRC 
values were calculated. Within-groups t-tests (two-tailed) were used to 
compare the PRC values between baseline and dual-task driving. The PRC 
values decreased drastically when tasks including visual information were 
performed: t(9) = 14.77, p<.001, for the V condition, t(9) = 16.50, p<.001, for the 
VHr condition and t(9) = 9.19, p<.001, for the VHrt condition. No significant 
difference was found between baseline and dual-task driving for the Hrt 
condition.

Fig. 6. PRC values for baseline and dual-task driving for the four secondary task conditions. 
The error bars representing 95% confidence intervals for the means have been adjusted in the 
figure to suit within-subject comparisons (Loftus and Masson, 1994). 

To compare the PRC values between the conditions, the relative decrease 
or increase in PRC was calculated for each participant by dividing the dual-
task value with the baseline value. More time spent looking at the centre area 
of the road in the dual-task condition as compared to the baseline leads to a 
higher quotient (>1) (V: M = 0.62, SD = 0.07; VHr: M = 0.64, SD = 0.07; VHrt: M
= 0.69, SD = 0.10; Hrt: M = 1.03, SD = 0.06). A between-subjects ANOVA with 
secondary task condition (V, VHr, VHrt and Hrt) as the factor was used to test 
the statistical significance of differences. The quotient was found to be 
statistically different between the conditions, F(3, 36) = 60.9, p<.0.001. The 
Tukey HSD procedure showed that there were no significant differences 
between the V, VHr and VHrt conditions. However, the time spent looking at 
the centre area of the road as compared to the baseline was significantly higher 
for the Hrt condition as compared to the other conditions (all p<.001).
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3.3 Driving performance 

Figure 7 shows the mean deviation for baseline and dual-task driving tracks 
for the four conditions. Since each participant conducted two baseline tracks, 
mean baseline deviation values were calculated. Within-groups t-tests (two-
tailed) were conducted to compare the mean deviation between baseline and 
dual-task driving. There was a significant increase in mean deviation from 
baseline driving to dual-task driving for all conditions: t(9) = -3.1, p<.05, for 
the V condition, t(9) = -2.8, p<.05, for the VHr condition, t(9) = -2.8, p<.05, for 
the VHrt condition and t(9) = -5.06, p<.01, for the Hrt condition. 

Fig. 7. Mean deviations for baseline and dual-task driving for the four secondary task 
conditions. The error bars representing 95% confidence intervals for the means have been 
adjusted in the figure to suit within-subject comparisons (Loftus and Masson, 1994). 

To compare the decrease in performance between the conditions, the 
relative decrease in performance was calculated for each participant by 
dividing the dual-task value with the baseline value (Mattes, 2003). 
Performing poorly in the dual-task condition as compared to the baseline 
leads to a higher quotient (>1) (V: M = 1.11, SD = 0.12; VHr: M = 1.06, SD = 
0.08; VHrt: M = 1.16, SD = 0.18; Hrt: M = 1.20, SD = 0.13). A between-subjects 
ANOVA with secondary task condition (V, VHr, VHrt and Hrt) as the factor 
was used to test the statistical significance of differences. Degradation in 
driving performance did not differ significantly between the conditions. 

3.4 Subjective mental workload 

The mean weighted workload scores (V: M = 58.3, SD = 11.0; VHr: M = 62.4, 
SD = 14.7; VHrt: M = 54.0, SD = 18.9; Hrt: M = 62.9, SD = 6.9) were not 
significantly different between the secondary task conditions. 
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4 Discussion

Fewer tasks were completed in the Hrt condition in comparison with the other 
three conditions. When using solely haptic information the menu had to be 
sequentially processed texture-by-texture, which was time-consuming, 
whereas the menu items in the V, VHr and VHrt conditions could be visually 
processed more simultaneously. Analogously, more turn errors were made in 
the Hrt condition. A comparison between textures could be made visually 
without turning the device (V, VHr and VHrt), while the device had to be 
turned in order to compare textures haptically (Hrt), which resulted in an 
increased number of turn errors. Furthermore, and interestingly, it can be 
concluded that there were no significant differences between the three 
conditions including visual information, irrespectively of whether redundant 
haptic information was provided or not. Studies have shown that vision often 
dominates an integrated percept (Ernst and Bülthoff, 2004). Thus, visual 
dominance in combination with the fact that the visual information in this 
experiment could be processed faster and more precise than the haptic seem to 
have led to a reliance on visual information when it was available. Rydström 
and Bengtsson (2007) also observed in a desktop experiment that haptic 
texture information was often ignored by the participants if corresponding 
visual information was provided. Even though the present experiment 
included a concurrent visual task (driving) the participants do not seem to 
have used the redundant haptic information instead of or even as a 
complement to the visual. Nonetheless, in the domain of desktop interaction, 
augmenting a visual interface with usable haptic information through the 
interaction device has been shown to enhance the interaction (Akamatsu and 
MacKenzie, 1996; Campbell et al., 1999). However, one difference in these 
interfaces is that the haptics is designed to enhance the visual interaction 
rather than replace it. Research in human-computer interaction has also shown 
that workload is decreased when a visual interface is augmented with usable 
haptic information (Grane and Bengtsson, 2005; Oakley et al, 2000). However, 
the reported mental workload did not differ between the secondary task 
conditions in this study. In view of the fact that the haptic interaction was 
more time consuming and less precise it is notable that it was not 
demonstrated that haptic interaction was more mentally demanding.

The PRC measure showed that the eyes were kept on the road during the 
non-visual Hrt condition. From this view, it is apparent that there is a potential 
for haptic interaction. In contrast, the PRC values were significantly lower for 
the V, VHr and Vhr conditions compared to baseline driving. Further, in terms 
of the PRC values, the visual behaviour did not differ between the V, VHr and 
VHrt conditions. Hence, complementing visual information with 
corresponding haptic information did not increase the time the participants 
spent looking at the road. Interestingly, from a traffic safety point of view the 
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non-visual haptic condition might be advantageous, even though it is more 
time consuming and less precise, as concluded above. A practical implication 
of this would be that when visual information is not needed it should not be 
provided. For example volume controls sometimes has a graphical 
representation in a display when the volume is increased or decreased. The 
visual information may make the driver look at the display instead of only 
rely on the auditory and haptic information. 

When using the LCT, which is a PC simulated environment, the road 
scene is projected only in front of the participants, and no rear-view mirrors 
are used. In addition, no glances at the speedometer are necessary since the 
driving speed is system-controlled. In this experiment there were therefore 
relatively high values in the PRC value for baseline driving, over 90%. Real 
driving normally gives a PRC value of about 70% (Victor et al., 2005). This 
may have made it infeasible to calculate an effect of gaze concentration caused 
by attention to a non-visual secondary task (Recarte and Nunes, 2003; Victor et 
al., 2005). It should also be mentioned that glances at the display presenting 
the tasks to be completed may have induced some noise in the data. 

Compared to baseline driving, all four secondary task conditions caused 
an increase in mean deviation. This finding supports research showing that 
both visual and non-visual secondary tasks have a negative influence on 
driving performance (Lamble et al., 1999; Zwahlen et al., 1988). Furthermore, it 
was shown that the participants performed similarly in all conditions. It could, 
however, perhaps be expected that the degradation in driving performance 
should be less for the Hrt condition since the eyes were kept on the road. One 
possible explanation for the absence of this effect could be that the lane-change 
signs in the LCT are highly expected. A participant can therefore adopt a 
strategy in which the tasks are solved using visual information at the straight 
sections between the signs. Alternatively, since the tasks were provided one 
after another during the dual-task track, most of the driving was spent with 
only one hand on the steering wheel. In view of the fact that LCT requires a 
great deal of manipulation of the steering wheel, and large corrections of the 
steering wheel often actually require the use of both hands (Wierwille, 1993), 
there was substantial manual time-sharing for all conditions. However, since 
the LCT derives a single measure of driving performance, different 
characteristics of driving are not considered in isolation. Perhaps other 
measures, such as response to an unexpected external event, could capture 
any differences. 

Porter et al. (2005) found that an in-car interface designed with 
consideration to haptics was preferable to a conventional one in terms of the 
number and duration of eye glances. The study of Porter et al. indicates that 
haptic interaction has the potential to facilitate the interaction with in-vehicle 
equipment. The present study showed that during the condition including 
only haptic information the participants’ eyes remained on the road during the 
interaction. Even if the experimental task took longer when using only haptic 
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information, the degradation in performance and mental workload assessment 
did not differ from the conditions including visual information, which is a 
result of vital importance for future implementations of haptics. However, the 
haptic information needs to be improved. Multifunctional, menu-based 
systems are common in cars today (Rydström et al., 2005). These systems 
include a wide range of different functions, and the interaction often requires 
several steps of visual and manual interaction. This experiment serves as a 
basis for investigating the use of haptic and visual information in the 
interaction with such systems. The next step will be to implement haptic and 
visual information in combination with a more genuine in-car interface. 
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Abstract

A driving simulator study was conducted to investigate whether interaction 
with an in-vehicle multifunctional interface maneuvered by a rotary control 
can be improved if assisting haptics is provided. Two conditions were 
compared in the study, one in which neutral haptics was provided through the 
rotary control and one in which enhanced haptics was provided. Participants 
drove on a curved rural road while performing tasks such as list scrolling, 
radio tuning, address and number entry and sound settings adjustments. 
When enhanced haptics was provided the radio tuning was faster and fewer 
glances to the display were required and the sound settings adjustments were 
completed with a reduced duration of the glances. However, improvements 
are needed for the other tasks. Enhanced haptics seems to facilitate interaction 
with functions in which the sensations can be incorporated in an intuitive way. 

Index terms: Automotive; Graphical user interfaces; Haptics applications; 
Haptic I/O 

1 Introduction 

Along with the extensive evolution in computer technology the number of 
information and entertainment functions available in cars, such as MP3 player, 
navigation system and mobile telephone, is steadily increasing. Several of 
these functions are not related to the driving task but make the driving more 
convenient and pleasurable. To deal with the growth in functions, many 
automotive manufacturers have merged functions into multifunctional 
interfaces. These interfaces are generally based on one display and one main 
interaction device, thus making the centre panel less cluttered with displays, 
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controls and buttons. However, functions that are directly accessible via 
dedicated controls and buttons in a conventional interface may be available 
several layers down in the menu structure in a multifunctional interface. The 
time it takes to activate a function and the duration of time the driver looks 
away from the road may therefore be prolonged. Developing multifunctional 
interfaces without compromising safety has become a challenge for car 
manufacturers. It has been suggested that haptic cues available through the 
interaction device may have the potential to make the interaction with an in-
car interface less visually demanding [1], [2], [3]. This study focuses on 
whether haptic cues can facilitate the interaction with a multifunctional in-car 
interface maneuvered by a single rotary control.

1.1 The use of haptics 

Prynne [4] noted that styling is important in designing conventional in-car 
interfaces and, accordingly, interfaces are often designed “more for the eye 
than for the hand” (p. 30). However, Prynne [4] explained that, even though 
interfaces are not deliberately designed for blind operation, drivers make use 
of haptic cues, such as panel recesses and large switch edges, to be able to keep 
their eyes on the road during the interaction. Thus, to facilitate the interaction 
with an in-car interface, the controls and buttons can be deliberately designed 
to provide haptic information that would enhance their handling. In a study 
by Porter et al. [5] an in-car interface was designed in which the interface 
devices (three pods) were coded in terms of the haptic properties size, shape 
and location. It was shown that the number and duration of glances made to 
the display and controls were reduced compared to a standard interface. 

When merging functions into a multifunctional interface maneuvered by 
a single rotary control, physical haptic cues that are, deliberately or not 
deliberately, available in a conventional interface are eliminated. To facilitate 
interaction with such an interface it is possible to utilize a control with the 
ability to provide a variety of haptic cues such as detents, limit stops, friction 
and vibration. Hence, a haptic rotary control can be programmed to imitate 
the feel of different conventional controls and provide sensations that 
correspond to features in the graphics. Multifunctional in-car interfaces 
providing assisting haptic cues are available on the market today; BMW’s 
iDrive and Mercedes-Benz’s COMAND are two examples (www.bmw.com, 
www.mercedes-benz.com). Both these interfaces consist of an LCD screen 
mounted in a high position on the dashboard and a rotary control mounted 
between the seats. BMW’s iDrive and Mercedes-Benz’s COMAND make use 
of, for example, haptic limit stops at the end of lists, adapted step angles for 
different functions and haptic markings of different selections. However, 
although multifunctional interfaces providing haptic cues through the 
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interaction device are commercially available, a systematic analysis of the use 
of haptic information in the interaction with such interfaces is lacking. 

A great deal of the information in multifunctional in-car interfaces is 
structured in menus, but there are also several other actions the interfaces 
need to support. Burnett [6] described different actions that a navigation 
system must be able to assist, such as moving through the system (within and 
between menus), entering alphanumeric data and selecting from continuous 
and discrete options. The same actions hold for multifunctional interfaces. 

The menus in multifunctional interfaces maneuvered by a rotary control 
are often arranged in vertical lists. It was demonstrated by Körner [7] that the 
length of a list is a significant factor in terms of selection time when a 
mechanical rotary device is used. However, other interaction patterns can be 
designed with a programmable haptic rotary device. Svenberg [8] compared 
different ways of browsing through long lists with a haptic rotary device. In 
one condition, the rotary device was programmed to resemble a mechanical 
rotary device with an equal distance between steps. In another condition, the 
rotary device was programmed so that the angle between the steps decreased 
as the turning speed increased. In a further condition, the rotary device was 
programmed as a jog/shuttle dial. Hence, instead of rotating the control, it 
was held at an angle to scroll in the list, and a larger angle gave a faster 
scrolling speed. Once the control was released, it sprang back to the middle 
position and scrolling stopped. It was revealed that, in terms of time, the 
second concept, rotation with an acceleration, was the most preferable 
technique. Snibbe et al. [9] proposed another way to handle long lists, which 
was a non-visual alphabet MP3 browser. The browser used a haptic rotary 
device and an auditory display. A spoken and felt alphabetic index was 
provided when the device was turned. During a rapid turn, the first letter 
from each entry was heard and, at slower rates, the full titles emerged. 
Corresponding haptic feedback was given – large clicks for a new letter in the 
alphabet and small clicks for individual titles. It was reported that audio 
feedback alone seemed to be somewhat useful, but that the haptic information 
seemed to improve the speed and accuracy of the navigation. 

The simplest and most commonly used way to input alphanumeric data 
with a rotary device is to use the control to scroll and highlight characters 
shown in the display and to press the control to select a highlighted character. 
This way of inputting data is called the date stamp method [10]. The graphical 
arrangement of the characters differs between in-car interfaces using a rotary 
control as an input device. The characters can be graphically placed in a line, 
as in the destination input in the BMW iDrive and Mercedes COMAND 
interfaces. Alternatively, the characters can be graphically arranged in a circle 
to make use of the circular movement of the control, as in the Audi MMI 
interface (www.audi.com). In interfaces using the date stamp method, haptics 
can be used for example to mark options that are not characters, such as a 
delete option. If the characters are graphically placed in a circle, the control 
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can also be programmed to make use of the haptic property position, so that a 
rotation of the rotary device equals the same degree of rotation in the graphics. 

When using a rotary device for continuous tasks, such as adjustments, 
haptic cues can be used to mark different selections. Snibbe et al. [9] suggested 
haptic annotations, such as a texture, that gradually rise and fall around an 
interesting object, so called foreshadowing. Swindells et al. [11] proposed that 
the interaction device could provide sensations with emotional content. For 
example, risky settings could feel “unpleasant” and conservative settings 
could feel “pleasant”. 

1.2 Secondary task engagement 

The usability of an interface refers to the ease with which a user can interact 
with it. Task completion time is a widely used measure of usability [12]. It is 
important to consider completion time when evaluating an in-car interface 
task since this shows the efficiency of the interaction as well as the time of 
exposure to distraction. In addition, the number keystrokes needed to 
complete a task can be used to measure the efficiency of the interaction [12]. 
However, for interfaces operated in a driving context, the interaction is a 
secondary task to the primary task of driving. It is therefore particularly 
important to also evaluate how the interaction with the interface affects 
drivers’ visual behavior, driving performance and cognitive workload. When 
a driver interacts with an in-vehicle interface while driving, the eyes must 
often be used for two different tasks at the same time. It is known that drivers 
look at the display more often and for longer periods of time when the 
secondary task becomes more visually demanding and when the task 
difficulty is increased [13], [14]. Several studies have shown that the visual 
demand imposed by the interaction with an in-vehicle interface causes 
impaired lane-keeping performance [15], [16]. Moreover, there are several 
ways to measure cognitive workload, such as different subjective assessment 
techniques and physiological parameters. One method that is being used more 
and more to indirectly measure cognitive workload while driving is the 
peripheral detection task (PDT) [17], [18]. The PDT measures the ability to 
detect light signals presented in the peripheral field of view. 

1.3 Objective of the study 

The overall objective of this study was to investigate whether interaction with 
a multifunctional interface maneuvered by a rotary control can be improved if 
assisting haptics is provided. Based on previous research, it was hypothesized 
that:
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the time it takes to complete a task is shorter when enhanced (adapted) 
haptic information is provided than when neutral (fixed) haptic 
information is provided [8], [9]. 
the number of glances needed to complete a task is fewer when enhanced 
haptic information is provided than when neutral haptic information is 
provided [5]. 
the duration of glances is shorter when enhanced haptic information is 
provided than when neutral haptic information is provided [5]. 

2 Method

2.1 Participants

Invitations to participate in the study were sent by letter to 100 women and 
100 men. The sample was randomly drawn from the Swedish car owner 
register and fulfilled the criteria: 1) resident of the Gothenburg area; 2) in 
possession of a valid driving license for at least five years; 3) ownership of a 
Volvo C30, S40, V50 or XC90 model 2003 or later. The last criterion was set to 
gather a group with experience of similar in-car interfaces. The age span of the 
sample corresponded to the age span of potential customers. The final test 
group comprised 12 women and 13 men ranging in age from 27 to 69 years (M
= 45.7, SD = 12.5). A majority of the participants drove their car every day and 
were accustomed to mobile phones and computers. The participants were paid 
SEK 300 (  30) in gift coupons for their participation. 

2.2 Equipment

The study was conducted using a fixed base Volvo XC90 simulator. The 
simulator had an automatic transmission and was equipped with logging 
apparatus for the collection of driving performance data. A 2.1 m wide and 
1.6 m high driving scene was projected on a screen about 2.5 m in front of the 
driver. The road used in the study was a curved rural road. The radius of both 
the right and left curvatures was 1000 m, each lane was 3.2 m wide and the 
signed speed limit was 90 km/h. There was meeting traffic in the left lane, but 
no cars were present in the driving lane, i.e. the right lane. A 7’’ TFT-LCD 
display (Deltaco, Sweden) was placed in a high position on the centre panel 
(Fig. 1) and the interaction device, a programmable haptic rotary device (ALPS 
Haptic Commander, ALPS Automotive Products division, Japan), was 
mounted between the seats. 
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The experimental interface was implemented in Macromedia Director 
MX (Adobe Systems Inc., USA). The interface program managed the 
sensations provided through the rotary control and the graphical scenes 
displayed on the centre panel display. A modified PDT equipment called the 
visual detection task (VDT) was used to measure cognitive workload [19]. In 
the VDT, a single LED is used that is positioned in the central field of view 
rather than in the periphery (Fig. 1). The visual stimuli were presented with a 
random temporal variation between three and five seconds, and the 
participants responded by pressing a button attached to the index finger of the 
left hand. Reaction time within three seconds after a stimulus was recorded. If 
a participant did not respond to the visual stimuli, the response time was 
counted as three seconds. Eye movements were recorded using faceLAB 4.3 
(Seeing Machines, Australia). The two eye-tracking cameras were mounted on 
the dashboard in front of the participants (Fig. 1). An analysis software, the 
Visual Demand Measurement (VDM) Tool [20], was used to analyze eye 
movement data. 

Fig. 1. Illustration of the Volvo XC90 simulator showing the position of the display (1), the 
rotary control (2), the VDT LED (3) and the eye tracking cameras (4). 

2.3 The experimental interface 

The experimental interface was designed to contain functions typically 
included in multifunctional interfaces currently available on the market. In a 
multifunctional interface, a user must often go down several layers in the 
menu structure before reaching the desired function. To make the interaction 
with the interface more authentic, the experimental interface therefore 
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included three levels: a main menu (a short list), a middle menu (a short list) 
and the core level. The short lists included six items, which were all visible in 
the display. It should be noted, however, that only the core level functions are 
included in the analysis. The core level included: MP3 lists, an FM radio 
frequency band, address input in a navigation system, number input in a 
telephone system and sound settings adjustments (Table 1). 

Two conditions were compared in the experiment, one in which neutral
haptics (N) was provided through the rotary device and one in which
enhanced haptics (E) was provided. The related properties for a rotary device 
are angle and torque. In the N condition, the device emulated a mechanical 
rotary device in which each detent was separated by 15º and the maximum 
torque was 25 mN m. While the same haptic information was provided in all 
functions in the N condition, the haptic information varied between the 
functions in the E condition (Table 1). A damper, i.e. a friction proportional to 
the knob velocity, was added for all functions in both the N and E conditions 
(30 mN m s).

A clockwise rotation of the control equaled a downward movement in 
the MP3 lists. To be able to scroll quickly, the step angle and maximum torque 
were adjusted in the MP3 lists and the FM radio frequency band in the E 
condition [13]. In addition, to make the interaction with the FM radio 
frequency band less dependent on vision, there were haptic markings for the 
strong stations [14]. To provide consistency between the movement of the 
control and the corresponding movement in the display, the step angles for 
the navigation and telephone input were adjusted in the E condition so that 
one 360º rotation with the rotary control equaled 360º in the graphics. In 
addition, the torque was increased before, between and after the non-
alphanumeric options of delete and guide/dial [14]. With this design of the 
markings, it was expected that it would be easy to reach the first and last 
characters (A and Z, 1 and 0). To make it possible to reach the midpoint in the 
sound settings adjustments without looking at the display, the endpoints and 
midpoint at the bars were haptically marked in the E condition [14]. 
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Table 1. An explanation of the functions at the core level 

2.4 Tasks

A beep indicated to the participant that a new task was initiated and the task, 
e.g. “Enter Dallas as destination”, was shown at the secondary task display. 
The participant pressed “OK” (by pressing the control) to start, after which the 
main menu was shown. For every task, the participants had to choose the right 
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option in the main menu and the middle menu and finish the task correctly at 
the core level. In the MP3 task, the participants had to mark the correct music 
track and press the control to confirm. In the radio task, the participant had to 
place the marker at the correct strong station and press the control to confirm. 
In the navigation and telephone tasks, the participant had to type in the right 
destination or number and then mark the guide/dial option and press the 
control to confirm. All bars had to be set at the midpoint in the settings task. If 
the participant made an error, such as selecting the wrong item in a list, 
selecting the wrong radio station, verifying an incorrectly spelled destination 
or wrong number or adjusting a bar in the sound settings incorrectly, a view 
was shown in the display in which the task description was repeated. The only 
option in this view was “Back”, which returned the participant to the previous 
view, and the participant then continued the task. When a task was completed 
correctly, a beep was given as feedback and the screen turned black until the 
next task was initiated. A new task started 15 seconds after the previous one 
was completed. To reduce practice effects, the tasks, i.e. MP3 tracks, radio 
frequencies, navigation destinations, telephone numbers and settings 
adjustments, did not repeat throughout the experiment. However, all tasks 
were similar, e.g. all destinations were well known and included six 
characters, the telephone numbers included six numbers and were easily 
chunked (e.g. 17 18 19) and all target tracks in the MP3 lists were roughly as 
far down in the lists. 

2.5 Procedure

Upon arriving to the laboratory, each participant was given a brief description 
of the experimental procedure, was offered the opportunity to ask questions 
about the study and was asked to complete a consent form. When the eye 
tracking cameras had been calibrated, the participant was informed about the 
VDT. The participant then practiced driving for a couple of minutes to become 
acclimated to the simulator and was instructed to try to respond to the visual 
stimuli.

The experiment had a within-subject design. The two experimental 
conditions included in this article are two of the four conditions tested during 
the experiment. The other two conditions were based on other interface 
configurations, i.e. touch screen and alternative display position. Results from 
these additional conditions are reported elsewhere (e.g. [21]). A major concern 
observed in previous experiments with similar conditions and pilot testing 
was that there is a considerable learning effect over time in terms of driving 
and simultaneous secondary task engagement. Therefore, to minimize these 
learning effects, the study was divided into a training session, where the 
participants trained at interacting with all conditions, and a subsequent 
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experimental session. To keep the time between conditions constant, the 
conditions were presented in the same randomized order in the experiment as 
in the training. 

During the training session, the participants were not instructed about 
the differences in the sensations provided through the rotary control in the 
different conditions. The participants went through five stationary practice 
trials for each condition and then went through the same trials while driving. 
They were given a break after the training session, during which they were 
asked to complete a background questionnaire. The experimental session was 
analogous to the training session, but the tasks differed. During the 
experimental session, a 30-second long baseline, i.e. driving without 
performing secondary tasks, was taped in each condition. All tasks, including 
the baseline, were randomized over the conditions so that the participants did 
not solve the same tasks with the same condition and in the same order. The 
participants were instructed to try to stay in the centre of the lane and to 
maintain the speed limit indicated by the signs (90 km/h). The participants 
were also instructed to solve the secondary tasks and respond to the visual 
stimuli to the best of their ability. The participants were asked at the end of the 
experimental sessions whether they experienced any differences between the 
concepts and, if so, whether they considered the haptics helpful. A whole 
session took a total of about two hours. 

2.6 Dependent variables 

Performance of the interaction with the experimental conditions was 
measured in terms of task completion time and number of keystrokes [12]. 
Every step with the control and all presses of the control were recorded as 
keystrokes. The number of keystrokes over the optimal number of keystrokes 
to complete a task was included in the analysis. Eye movements were 
analyzed in accordance with the ISO metrics number of glances and glance 
duration [22]. The detection performance of the visual stimuli (VDT) was 
measured in terms of response time [19]. Lateral control performance was 
measured in terms of the variation in lateral position, i.e. standard deviation of 
lane position. VDT response time and standard deviation of lane position was 
also collected for baseline driving. 

3 Results

To compare the neutral haptics (N) and enhanced haptics (E) conditions, 
within-group t-tests (two-tailed) were made separately for each task for all the 
dependent variables. Subsequent statistical analyses were conducted for the 
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variables of VDT response time and standard deviation of lane position to 
examine whether the values for the tasks differed from the baseline values. 
Thus, for these variables, one-way repeated measures ANOVAs were also 
made and were followed up by simple contrasts. An alpha level of .05 was 
used for all statistical tests. All results are graphically summarized in Fig. 2. 

3.1 Secondary task performance 

In terms of task completion time, it was shown that the participants solved the 
radio task significantly faster when using the E condition than when using the 
N condition, t(24) = 5.15, p<.001. Task completion time did not differ 
significantly between the conditions for the MP3, navigation, telephone and 
settings tasks. The results showed that the number of keystrokes was 
significantly higher for the radio, navigation and telephone tasks when the E 
condition was used, t(24) = -2.15, p<.05, t(24) = -3.62, p<.001 and t(24) = -2.70, 
p<.05 respectively. In contrast, the number of keystrokes was significantly 
lower for the settings task when the E condition was used, t(24) = 2.56, p<.05.
The number of keystrokes did not differ significantly between the conditions 
for the MP3 task. 

3.2 Eye movements 

Errors in the eye tracking data collection caused corrupted data for six of the 
participants, and the data from these participants were thus excluded in the 
analysis. Hence, eye movements were analyzed for 19 participants, for whom 
a satisfactory quality of the tracking was available. 

The results showed that the number of glances to the display was 
significantly fewer when participants solved the radio task with the E 
condition t(24) = 3.05, p<.01. The number of glances did not differ significantly 
between the conditions for the MP3, navigation, telephone and settings tasks. 
In terms of glance duration, it was shown that the participants’ glances were 
significantly shorter when the E condition was used for the settings task, 
t(24) = 3.20, p<.01. Glance duration did not differ significantly between the 
conditions for the MP3, radio, navigation and telephone tasks. 
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Fig. 2. The graphs summarize the results for all dependent variables. Significant differences 
from the t-tests (two-tailed) are indicated as are significant differences from the simple 
contrasts, where each task value was compared to the baseline value. The error bars 
representing 95% confidence intervals have been adjusted in the graphs to suit within-subject 
comparisons [23]. 
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3.3 VDT response time 

There were no significant differences between the N and E conditions in terms 
of VDT response time. However, the subsequent ANOVAs including baseline 
showed that a significant difference was present in both the N and E 
conditions, F(3.16, 75.74) = 9.27, p<.001 and F(2.99, 71.84) = 2.85, p<.05, 
respectively. Mauchly’s test of sphericity indicated that the assumption of 
sphericity had been violated; the degrees of freedom were therefore corrected 
using Greenhouse-Geisser estimates of sphericity [24]. For the N condition, the 
simple contrasts showed that VDT response time was significantly different 
from baseline for the MP3, radio, navigation, telephone and settings tasks, 
F(1, 24) = 5.44, p<.05, F(1, 24) = 4.94, p<.05, F(1, 24) = 19.51, p<.001, 
F(1, 24) = 18.47, p<.001 and F(1, 24) = 6.16, p<.05, respectively. For the E 
condition the simple contrasts showed that the navigation and settings tasks 
were significantly different from baseline, F(1, 24) = 7.55, p<.05 and 
F(1, 24) = 4.74, p<.05, respectively (telephone p=.052).

3.4 Lateral control performance 

While no significant differences were found between the N and E conditions in 
terms of the standard deviation of the lane position, the subsequent ANOVAs 
including baseline showed that there was a significant difference for the N 
condition, F(3.02, 72.58) = 3.01, p<.05. However, the ANOVA for the E 
condition showed no significant difference, F(1.48, 35.60) = 1.82, p=.184.
Mauchly’s test of sphericity indicated that the assumption of sphericity had 
been violated; the degrees of freedom were therefore corrected using 
Greenhouse-Geisser estimates of sphericity [24]. For the N condition, the 
simple contrasts showed that the standard deviation of lane position was not 
significantly different from baseline for any of the tasks (telephone p=.051).
Even though the ANOVA did not indicate a significant difference in the E 
condition, the simple contrasts showed that the navigation task was 
significantly different from baseline, F(1, 24) = 5.00, p<.05.

3.5 Interview question 

About two thirds of the participants stated that they experienced a difference 
between the sensations provided through the interaction device in the two 
experimental conditions. Some of these participants said that they experienced 
the varying haptic information in the E condition as disturbing before they 
realized what it was intended for. More than half of the participants who felt a 
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difference between the conditions said that they experienced the faster 
scrolling and haptic markings in the radio frequency band, and the markings 
at the midpoints in settings, as useful. A few of the participants who 
experienced a difference between the conditions stated that the haptic 
markings of the “delete” and “guide/dial” options in the navigation and 
telephone functions were helpful as reference points. In addition, several 
participants commented that, in the long run, when they had become more 
skilled at interacting with the interface, they would probably make greater use 
of the haptic cues. 

4 Discussion

The results of this study indicate that the radio task was solved more rapidly 
when the enhanced condition was used; thus, for this task, the hypothesis that 
interaction is faster when enhanced haptic information is provided was 
confirmed. However, the results also indicate that this effect did not hold for 
the MP3, navigation, telephone and setting tasks. Moreover, the number of 
keystrokes was higher in the enhanced condition for the radio, navigation and 
telephone tasks, whereas the number of keystrokes was significantly lower for 
the settings task.  

There were somewhat contrasting results between task completion time 
and number of keystrokes made for the radio task; the radio task was solved 
significantly faster when the enhanced condition was used, but the number of 
keystrokes was significantly higher. These results may indicate that it was 
easy to pass the target in the fast scrolling, thus increasing the number of 
keystrokes. With more prominent haptic markings of the strong stations, it 
should not be possible to pass a marking without noticing it. Moreover, there 
were no significant differences in terms of task completion time between the 
conditions for the navigation and telephone tasks, but the number of 
keystrokes was higher in the enhanced condition for these tasks. Hence, the 
haptic cues used for these tasks did not facilitate interaction as expected. It 
seems that the varying haptic information somehow made the participants 
interact unsystematically. In the interview, some of the participants actually 
said that they experienced the varying haptic information in the enhanced 
condition to be disturbing before they realized what it was intended for. It was 
also apparent from the interviews that only a few participants experienced the 
enhanced haptic information provided in the navigation and telephone tasks 
as useful. Other haptic cues and interaction patterns that may facilitate 
alphanumeric input should be evaluated. For example, an improvement might 
be to utilize a spelling function, like those found in today’s navigation 
systems, where characters become ineligible depending on the possible 
entries. In addition, the most relevant nextcoming characters could be 
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indicated haptically. In the settings task, there where were no differences 
between the neutral and enhanced conditions in terms of task completion 
time, but the number of keystrokes was lower in the enhanced condition. 
Here, the haptic marking seems to have been helpful when locating the middle 
position. Moreover, no significant differences in terms of time and number of 
keystrokes were found between the conditions for the MP3 task in this study. 
Previous research has shown that the length of a list is a significant factor in 
terms of selection time [7], and haptics can make list scrolling more effective 
[8]. In view of the fact that the MP3 lists in this study included only 48 items, 
they may have been too short to show any advantages of the enhanced 
haptics. However, it would be interesting to implement and test the non-visual 
alphabet MP3 browser of Snibbe et al. [9] since this concept allows the user to 
keep the eyes on the road, or to at least implement large clicks for a new letter 
in the alphabet and small clicks for individual titles. 

Previous research has shown that the number and duration of glances 
made to the display are reduced when an interface is designed with usable 
haptics cues [5]. This study hypothesized that the number of glances needed to 
complete a task is fewer when enhanced haptic information is provided 
through the interaction device. This hypothesis was only confirmed for the 
radio task. For this task, the fewer number of glances made to the display can 
be attributed both to the ability to scroll faster and to the haptic markings of 
strong stations. It was also hypothesized that the duration of glances is shorter 
when enhanced haptic information is provided. This hypothesis was 
confirmed only for the settings task. This indicates that the participants relied 
to some extent on the haptic markings. In view of these results, it is interesting 
to make an association with the interview results since several of the 
participants stated that they found the haptic information in the radio and 
settings tasks to be useful. The reason for the enhanced haptics having 
facilitated the interaction with these particular functions is probably that it 
was intuitive and easy to grasp. 

There were no differences between the conditions in terms of VDT 
response time, which indicated that there were no differences in cognitive 
workload between the conditions. In the neutral condition there were 
significant differences between baseline and all tasks. In the enhanced 
condition it was shown that the navigation and settings tasks increased VDT 
response time as compared to baseline. These results point towards that the 
secondary task engagement induced some cognitive workload on the 
participants, but to a lesser extent in the E condition. 

There were no differences between the conditions in terms of lateral 
control performance. The results indicated that the participants swerved on 
the road significantly more during the navigation task than during baseline in 
the enhanced condition. However, overall, the secondary task engagement 
does not seem to have affected driving performance to a large extent. It should 
nevertheless be noted that the test leaders noted large individual differences in 



16

how secondary task engagement affected lateral control performance; some 
participants stayed tightly in the lane while others had difficulty to properly 
control the vehicle. 

This study shows that interaction is better in some tasks, i.e. in radio and 
settings task, when enhanced haptics is provided. These results are promising. 
The shorter time a driver is distracted by a task and the less time spent at 
looking at the in-car display during interaction the better. However, 
improvements are needed – particularly for alphanumeric input. This study 
shows that it is important to carefully test the use of the haptics before 
implementing it into a commercial product. On the other hand, the results of 
this study must be seen in the light of the interface being new to the 
participants and the limited time the participants had to learn the system. 
Although the participants trained at interacting with the interface for almost 
an hour before the experiment, this may not have been long enough for the 
participants to learn the system thoroughly. Several participants said that, 
when they had become more skilled at interacting with the interface, they 
would probably make greater use of the haptic cues. Prynne [4] wrote that, in 
conventional interfaces, drivers make use of haptic cues, such as panel recesses 
and large switch edges, to be able to keep their eyes on the road during 
interactions. This perhaps holds for haptic cues provided through a single 
rotary device when the user has learned the system more thoroughly. 

The driving task was made as realistic as possible in this experiment, 
within the limitations of a fixed base driving simulator. However, there is 
always a trade-off in experiments between experimental control and ecological 
validity. The driving demand varies over time in real driving. By controlling 
the driving environment, it was possible to keep the demands of the driving 
task constant and was thus also possible to systematically compare the 
different experimental conditions. The experimental interface included a 
single interaction device. Systems currently on the market vary in terms of 
graphics, interaction devices and interaction patterns. For example, in the 
BMW iDrive, the rotary control can also be slid in four directions, while this is 
not possible in the rotary control in the Audi MMI, which instead makes use of 
additional buttons. In addition, these interfaces can be maneuvered by 
steering wheel controls, which allow interaction with the interface while still 
keeping the hands on the steering wheel. It would be interesting to investigate 
the use of haptics in steering wheel controls and other kinds of in-car 
interaction devices. 
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Abstract

A driving simulator study was conducted to investigate the effects of carrying 
out a variety of tasks using two different types of contemporary in-car 
multifunctional interfaces: a touch screen interface and an interface 
manoeuvred by a rotary control. Participants drove on a curved rural road 
while performing tasks such as list scrolling, radio tuning, alphanumeric input 
and continuous adjustments. The results indicate that, in terms of task 
completion time and the number of glances made to the display, the optimal 
interface is dependent on the task being performed. The touch screen interface 
was better for alphanumeric input tasks and the interface manoeuvred by a 
rotary control was better for continuous adjustments and list scrolling. It was 
also observed that tasks including alphanumeric input were more demanding 
than other tasks, independent of the interface used. It was apparent in this 
simulator study that both interfaces affected the lateral control performance, 
but lateral control performance deteriorated to a greater extent when the touch 
screen interface was used, probably as a result of the lower display position. 

Keywords: Secondary task; Multifunctional interface; Touch screen; Rotary 
control

1 Introduction 

There has been an extensive evolution in computer and communication 
technologies in the past decade and, accordingly, the number of functions 
being implemented in cars has been steadily increasing. Hence, in addition to 
the traditional radio, functions such as MP3 player, navigation system and 
telephone are accessible in modern cars. To be able to integrate more 
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functionality in the car without increasing the clutter of displays, controls and 
buttons, there is a trend among car manufacturers to merge functions into 
multifunctional interfaces. These interfaces are generally based on one display 
and one or a few interaction devices, thus saving space on the centre panel. 
However, one drawback of such interfaces is that functions, which are directly 
accessible via dedicated controls in a conventional interface, may be available 
several layers down in a menu structure. 

While a great deal of the information in multifunctional interfaces is 
structured in menus, there are also several other actions the interfaces need to 
support. Burnett (2008) described different actions a navigation system must 
be able to assist, such as move through the system (within and between 
menus), enter alphanumeric data and select from continuous and discrete 
options. The same actions hold for multifunctional interfaces.  

The way a user interacts with a multifunctional interface depends on the 
interaction device on which it is based. Touch screen and rotary control are the 
most commonly utilized interaction devices for multifunctional in-car 
interfaces today. A touch screen can be categorised as a direct device since it 
allows straightforward interaction with the screen, while a rotary control can 
be categorised as an indirect device since it requires translation between the 
hand and the screen (Rogers, Fisk, McLaughlin & Pak, 2005). The two devices 
have advantages and disadvantages. Rogers et al. point out that direct devices 
are generally best for discrete and pointing tasks whereas indirect devices are 
better for precision tasks or repetitive tasks.  

A number of car manufacturers, such as Jaguar and Lexus, have chosen 
the touch screen as an interaction device for their multifunctional interfaces. 
One documented advantage of utilizing touch screens in cars is that they are 
often easy to understand and use (Broström, Bengtsson & Axelsson, 2007; 
Rydström, Bengtsson, Grane, Broström, Agardh & Nilsson, 2005). However, it 
is mentioned in the literature that touch screens may require considerable 
visual attention because of the lack of tactile feedback (Burnett & Porter, 2001; 
Dingus, Hulse & Barfield, 1998; Zwahlen, Adams & DeBald, 1988). In addition, 
since the interaction is made directly with the display, it generally needs to be 
mounted in a low position on the centre panel for the driver to be able to reach 
it easily. The driver must thus move the gaze a long distance from the normal 
driving forward field of view to look at the display.

Several car manufacturers, such as BMW and Audi, have instead chosen 
rotary control as an interaction device for their multifunctional interfaces. One 
advantage of using a rotary control is that, since the control is separated from 
the display, it allows a high display position. Hence, the display in systems 
based on this interaction device is often placed in a high position on the centre 
panel and the interaction device is often placed between the front seats. In 
addition, a rotary control provides tactile feedback as detents (Rogers et al., 
2005; Rydström et al., 2005). It has been reported, however, that users 
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experience such interfaces as more difficult to understand and use than touch 
screen interfaces (Broström et al., 2007). 

The usability of an interface refers to the ease with which a user can 
interact with it. Task completion time is a widely used measure of usability 
and shows the efficiency of the interaction (ISO/TR 16982). However, task 
completion time may not be the only important measure to consider when 
evaluating in-car interfaces. When interacting with an interface while driving, 
visual, motor and cognitive demands are increased. It is therefore particularly 
important to evaluate how the interaction with an interface affects drivers' 
visual behaviour, driving performance and cognitive workload.  

A time-sharing behaviour is adopted by the driver when performing a 
secondary task while driving, and thus the eyes continuously switch between 
the roadway and display. The most common measures for assessing visual 
demand are the number of glances made to the in-car display during a task 
and the duration of the glances (ISO 15007-1). These measures have been 
shown to vary between different visual in-vehicle tasks (e.g. Tijerina, Parmer 
& Goodman, 1998) and it has been shown that drivers look at the display more 
often and for longer periods of time when the secondary task becomes more 
difficult (Victor, Harbluk & Engström, 2005). On the other hand, it has also 
been indicated that the number of glances to the display is associated more 
with the time it takes to complete a task than the visual-cognitive demand of a 
task (Blanco, Biever, Gallagher & Dingus, 2006).  

The main function of vision while driving is to provide the motor system 
with information (Land, 2006). Hence, a driver needs to monitor the forward 
roadway to be able to maintain control of the vehicle. Considerable research 
has been done to study the effect of secondary task engagement on driving 
performance. For example, it has been shown that visual task load causes lane-
keeping performance to deteriorate and gives an increase in small corrective 
steering wheel movements. (Engström, Johansson & Östlund, 2005; Forsman & 
Nilsson, 2006; MacDonald & Hoffman, 1980; Zwahlen et al., 1988). The 
increased steering wheel activity aims to correct for heading errors built up 
during visual task load (Engström et al., 2005). It has also been shown that the 
display position is essential. More information on lateral and longitudinal 
position is available from the peripheral vision if the display is placed in a 
central and high position than in a low position, far from the normal driving 
forward field of view (Dingus et al., 1998; Lamble, Laakso & Summala, 1999; 
Wittman, Kiss, Gugg, Steffen, Fink, Pöppel et al., 2006).

Moreover, it has been shown that not only visual, but also cognitive, load 
affects drivers’ visual behaviour and driving performance (e.g. Engström et al., 
2005; Victor et al., 2005). Visual in-car tasks include a cognitive component 
since the information provided in the interface has to be processed. Thus, the 
amount of cognitive processing required to solve a task depends on the 
complexity of the task. There are several ways to measure cognitive workload, 
such as different subjective assessment techniques and physiological 
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parameters. One method increasingly used to indirectly measure cognitive 
workload while driving is the peripheral detection task (PDT) (e.g. Jahn, 
Oehme, Krems & Gelau, 2005; Patten, Kircher, Östlund, Nilsson & Svenson, 
2006). The PDT measures the ability to detect light signals presented in the 
peripheral field of view. 

It is already known that certain interaction devices are more suitable for 
certain kinds of tasks (Rogers et al., 2005). However, research comparing 
interaction devices has concentrated on situations in which the interaction 
with an interface is the primary task. For interfaces operated in a driving 
context, the interaction is a secondary task to the primary task of driving. A 
systematic analysis of the interaction with different types of contemporary 
multifunctional in-car interfaces is lacking. The overall objective of the present 
study was therefore to compare the effects of using a touch screen interface 
and an interface manoeuvred by a rotary control while driving. To replicate 
real-world multifunctional interfaces, different display heights were used for 
the experimental interfaces: a lower position for the touch screen interface and 
a higher position for the interface manoeuvred by a rotary control. The 
experimental interfaces included a variety of functions that are typically found 
in multifunctional interfaces today. The first hypothesis was that the task 
completion time is shorter and the number of glances made to the display is 
fewer in alphanumeric input tasks when the touch screen interface is used. 
The second hypothesis was that, for continuous adjustments, the task 
completion time is shorter and the number of glances made to the display is 
fewer when the interface is manoeuvred by a rotary control. The third 
hypothesis was that the variation in lateral position and the steering wheel 
activity increase during secondary task engagement but that they are 
increased to a greater extent when the touch screen interface is used. 

2 Method

2.1 Participants

Invitations to participate in the study were sent by letter to 100 women and 
100 men. The sample was randomly drawn from the Swedish car owner 
register and fulfilled the criteria: 1) resident in the Gothenburg area; 2) in 
possession of a valid driving licence for at least five years; 3) owning a Volvo 
C30, S40, V50 or XC90 model 2003 or later. The last criterion was set to gather 
a group with experience of similar in-car interfaces. The final test group 
comprised 12 women and 13 men ranging in age from 27 to 69 years (M = 45.7, 
SD = 12.5). The age span of the sample was broad in terms of age and was 
representative of potential customers. Most of the participants drove their car 
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every day and were accustomed to mobile phones and computers. The 
participants were paid SEK 300 (  30) in gift coupons for their participation. 

2.2 Equipment

The study was conducted using a fixed base Volvo XC90 simulator. The 
simulator had an automatic transmission and was equipped with sensors and 
logging apparatus for the collection of driving performance data. A 2.1-m 
wide and 1.6-m high driving scene was projected on a screen about 2.5 m in 
front of the driver. The road type used in the study was a curving rural road. 
The radius of both the right and left curvature was 1000 m. Each lane was 
3.2 m wide and the signed speed limit was 90 km/h. There was oncoming 
traffic in the left lane, but no cars were present in the driving lane, i.e. the right 
lane. To replicate real-world multifunctional interfaces, different display 
heights were used for the experimental interfaces. In the touch screen 
condition, a 7'' TFT-LCD display (Deltaco, Sweden) was attached at a lower 
position on the centre panel so that the participants were able to reach it easily 
(Fig. 1). The same display was used in the condition in which the interface was 
manoeuvred by a rotary control but was then moved to a higher position (Fig. 
1). In the latter condition, a rotary control (ALPS Haptic Commander, ALPS 
Automotive Products Division, Japan) was mounted between the front seats.  

Fig. 1. The set-up for the touch screen interface is shown to the left and the set-up for the 
interface manoeuvred by a rotary control is shown to the right. The illustration shows the 
position of the display for touch screen interface (1), the position of the display for the 
interface manoeuvred by a rotary control (2), the placement of the rotary control (3), the VDT 
LED (4) and the eye-tracking cameras. 

Both interfaces were implemented in Macromedia Director MX (Adobe 
Systems Inc., USA). A modified PDT equipment called the visual detection 
task (VDT) was used (Engström & Mårdh, 2007). In the VDT a single LED is 
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used which is positioned in the central field of view rather than in the 
periphery (Fig. 1). The visual stimuli were presented with a random temporal 
variation between 3 and 5 seconds and the participants responded by pressing 
a button attached to the index finger of the left hand. Eye movements were 
recorded using faceLAB 4.3 (Seeing Machines, Australia). The two eye-
tracking cameras were mounted on the dashboard in front of the participants 
(Fig. 1). An analysis software, the Visual Demand Measurement (VDM) Tool 
(Victor, Blomberg & Zelinsky, in press), was used to analyse the eye 
movement data. 

2.3 The experimental interfaces 

Two interfaces, a touch screen interface (TS) and an interface manoeuvred by a 
rotary control (RC), with similar graphics were developed. To acquire 
ecological validity of the study, the experimental interfaces were designed to 
be similar to multifunctional interfaces currently available on the market. In a 
multifunctional interface, a user must often go down several layers in the 
menu structure before reaching the intended function. To make the interaction 
more authentic the experimental interfaces therefore included three levels: a 
main menu (a short list), a middle menu (a short list) and the core level. The 
short lists included six items that were all visible in the display. It should be 
noted, however, that only the core level functions are included in the analysis. 
The reason for this is that several of the dependent measures are time 
dependent. Enough data could be collected for the core level, whereas the 
interaction with the short lists was too fast to be able to gather sufficient data. 
The core level included the following functions: MP3 lists, an FM radio 
frequency band, address entry in a navigation system, number entry in a 
telephone system and sound settings (Table 1). When interacting with the TS, 
the items were highlighted when selected. The first item was marked when a 
new list was entered with the RC, and the subsequent items were highlighted 
as the control was turned. A clockwise rotation of the control equalled a 
downward movement in the lists. The control was pushed to select an item. 
Each detent in the rotary control was separated by 15º and the max elastic 
torque was 25 mN m. An ABC keyboard was used for the TS instead of a 
QWERTY keyboard for the address entry in the navigation system since it was 
considered to be better comparable to the graphics used for the RC. It is often 
possible in touch screen interfaces available on the market to choose between 
ABC and QWERTY keyboards. 
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Table 1. An explanation of the functions at the core level

Function Touch screen  
interface (TS) 

Interface manoeuvred by  
a rotary control (RC) 

Graphics Description  Graphics Description 

MP3 list 48 song titles are 
listed in 
alphabetical order. 
The list moves 
one item when a 
button with a 
single arrow is 
pushed and 
moves six items 
when a button 
with a double 
arrow is pushed. 

48 song titles are 
listed in 
alphabetical order. 
The list moves 
when the marker 
reaches the second 
last or the second 
top object. 

FM radio 
frequency 
band 

Strong stations 
are marked. A 
push on the right 
or left arrow 
button causes the 
frequency band to 
move one step. 
An arrow button 
has to be held to 
scroll in the 
frequency band. 

Strong stations are 
marked. A step with 
the rotary control 
causes the 
frequency band to 
move one step. 

Navigation 
system – 
address 
input 

An ABC keyboard 
is used. There is a 
delete (arrow) and 
guide option. 

The alphabet is 
arranged in a circle 
to make use of the 
circular movement 
of the control. 
There is a delete 
(arrow) and guide 
option. 

Telephone 
system – 
number 
input 

A standard 
telephone keypad 
is used. There is a 
delete (arrow) and 
dial option. 

The numbers are 
arranged in a circle 
to make use of the 
circular movement 
of the control. 
There is a delete 
(arrow) and dial 
option. 

Sound 
settings
adjustments 

Plus and minus 
buttons are used 
to set the level at 
a bar. The active 
bar is marked with 
a frame. To 
activate a bar it 
has to be pushed. 

The control is 
rotated to adjust the 
level at a bar. The 
active bar is 
marked with a 
frame. The control 
is pushed to 
activate the next 
bar.
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2.4 Tasks

A beep indicated to the participant that a new task was initiated and the task, 
e.g. "Enter Dallas as destination", was shown in the secondary task display. 
The participant pushed "OK" (at the touch screen in the TS and by pushing the 
rotary control in the RC) to start, and the main menu was then shown. For 
every task, the participant had to choose the correct option in the main menu 
and the middle menu and finish the task correctly at the core level. In the MP3 
task, the participants had to choose the correct song title. In the radio task, the 
participant had to choose the correct strong station. In the navigation and 
telephone tasks (i.e. alphanumeric input) the participant had to type in the 
correct destination or number and then confirm by pushing the guide/dial 
option. All bars had to be set at the midpoint in the sound settings task (i.e. 
continuous adjustments). If the participant made an error, such as selecting the 
wrong item in a list, selecting the wrong radio station, verifying the wrong 
destination or number or adjusting a bar in the sound settings incorrectly, a 
view was shown in the display in which the task description was repeated. 
The only option available was "Back", which returned the participant to the 
previous view, and the participant then continued the task. When a task was 
completed correctly, a beep was given as feedback and the screen turned black 
until the next task was initiated. A new task started 15 seconds after the 
previous one was completed. To reduce practice effects, the tasks, i.e. MP3 
tracks, radio frequencies, navigation destinations, telephone numbers and 
sound settings adjustments, did not repeat throughout the experiment. 
However, all tasks were similar, e.g. all destinations were well known and 
included six characters, the telephone numbers included six numbers and 
were easily chunked (e.g. 17 18 19) and all target tracks in the MP3 lists were 
about equally as far down in the lists. 

2.5 Procedure

The experiment had a within-subject design and the order in which the 
interfaces were presented to the participants was randomized. Upon arriving 
to the laboratory, each participant was given a brief description of the 
experimental procedure, given the opportunity to ask questions about the 
study and asked to fill in a consent form. When the eye-tracking cameras had 
been calibrated the participant was informed about the VDT. The participant 
then practiced driving for a few minutes to acclimate to the simulator and was 
instructed to try to respond to the visual stimuli. 

The experiment consisted of two major parts: a training session and an 
experimental session. In the training session, each participant trained at 
interacting with the interfaces. For each interface, the participant went through 
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five stationary practice trials and then went through the same trials during 
driving. They were given a break after the training session during which they 
were asked to fill in a background questionnaire. The experimental session 
was similar to the training session. The interfaces were presented in the same 
randomized order as in training, but the tasks and the order of the tasks 
differed. During the experimental session, a 30-second long baseline, i.e. 
driving without performing secondary tasks, was collected for each interface. 
All tasks (and baseline) were randomized over the interfaces so that 
participants did not solve the same task with the same interface in the same 
order. The participants were instructed to try to stay in the centre of the lane 
and maintain the signed speed limit (90 km/h). The participants were also 
instructed to solve the secondary tasks and respond to the visual stimuli to the 
best of their ability. A full session took a total of about two hours. 

2.6 Dependent variables 

The efficiency of the interaction with the experimental interfaces was 
measured in terms of task completion time (ISO/TR 16982). Eye movements 
were analysed in accordance with the ISO-metrics number of glances and 
glance duration (ISO 15007-1). The lateral control performance was measured 
in terms of the variation in lateral position, i.e. standard deviation of lane 
position (SDLP), and steering wheel activity, i.e. steering wheel reversal rate 
(SRR). The SRR metric is defined as the number of steering wheel reversals 
larger than a specific angular value per minute. An angular value of 0.1º and a 
cut-off frequency of 2 Hz were used in this study. The detection performance 
of the visual stimuli (VDT) was measured in terms of response time. Standard 
deviation of lane position, steering wheel reversal rate and VDT response time 
were also collected for baseline driving. 

3 Results

A two-factor repeated-measures ANOVA with interface (touch screen (TS) 
and rotary control (RC)) and task (MP3, radio, navigation, telephone and 
settings) as within-subject factors were used to analyse each dependent 
variable at the core level. For the variables standard deviation of lane position, 
steering wheel reversal rate and VDT response time, baseline was included as 
a "task" in the analysis. If Mauchly's test of sphericity indicated that the 
assumption of sphericity had been violated, the degrees of freedom were 
corrected using Greenhouse-Geisser estimates of sphericity (Keppel & 
Wickens, 2004). Sidak adjustments were used for post hoc pair-wise 
comparisons of means. An alpha level of .05 was used for all statistical tests. 
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The error bars representing 95% confidence intervals for the means have been 
adjusted in the figures to suit within-subject comparisons (Loftus & Masson, 
1994).

3.1 Task completion time 

In terms of task completion time, there was a significant main effect of task, 
F(4, 96) = 12.46, p<.001, and a significant interaction between interface and 
task, F(4, 96) = 26.95, p<.001. As seen in Figure 2, task completion time varied 
between the tasks depending on the interface used. To further explore the 
interaction, within-group t-tests were done separately for each task. On 
average, the navigation and telephone tasks were solved significantly faster 
using the TS, t(24) = -8.25, p<.001, r = .86 and t(24) = -3.61, p<.01, r = .59, 
respectively (both one-tailed). On average, the MP3 and settings tasks were 
solved significantly faster using the RC, t(24) = 2.65, p<.05, r = .48 (two-tailed) 
and t(24) = 6.28, p<.001, r = .79 (one-tailed), respectively. No significant 
difference was found in the radio task between the interfaces. 

Fig. 2. Task completion time as a function of interface and task. 

3.2 Eye movements 

Eye movements were analysed for 13 participants, for whom satisfying quality 
of the tracking were available. Poor tracking when the display was placed in 
the lower position caused corrupted data for 12 of the participants.
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In terms of number of glances made to the display during a task, there 
were significant main effects of both interface, F(1, 12) = 8.90, p<.05, and task, 
F(4, 48) = 9.51, p<.001, and a significant interaction between interface and task, 
F(4, 48) = 18.24, p<.001. As seen in Figure 3, the number of glances varied 
between the tasks depending on the interface used. To further explore the 
interaction, within-group t-tests were done separately for each task. The 
number of glances was on average lower for the navigation and telephone 
tasks when the TS was used, t(12) = -6.85, p<.001, r = .89 and t(12) = -4.27, 
p<.001, r = .78, respectively (both one-tailed). The glance frequency was on 
average lower for the settings task when the RC was used, t(12) = 2.42, p<.05, 
r = .57 (one-tailed). No significant differences were found between the 
interfaces in the MP3 and radio tasks. 

Fig. 3. Number of glances as a function of interface and task. 

There was a significant main effect of task for the measure glance 
duration (Fig. 4), F(4, 48) = 6.87, p<.001. The pair-wise comparisons revealed that 
glance duration was significantly shorter in the radio task as compared to the 
MP3 (p<.01), navigation and telephone tasks (both p<.05).
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Fig. 4. Glance duration as a function of interface and task. 

3.3 Lateral control performance 

In terms of the standard deviation in lane position (Fig. 5) there was a 
significant main effect of interface, F(1, 24) = 6.32, p<.05, indicating that 
variation in the lateral position was significantly higher for the TS over all 
tasks. There was also a significant main effect of task, F(2.93, 70.33) = 3.31, 
p<.05. However, the pair-wise comparisons revealed no differences between the 
tasks.

Fig. 5. Standard deviation of lane position as a function of interface and task, including 
baseline.
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In terms of steering wheel reversal rate (Fig. 6) there was a significant 
main effect of interface, F(1, 24) = 8.04, p<.01, indicating that the number of 
times the steering wheel was reversed was significantly higher for the TS over 
all tasks. There was also a significant main effect of task, F(5, 120) = 15.80, 
p<.001. The pair-wise comparisons revealed that SRR was significantly increased 
in all tasks as compared to baseline (all p<.001).

Fig. 6. Steering wheel reversal rate as a function of interface and task, including baseline. 

3.4 VDT response time 

There was a significant main effect of task for the measure of VDT response 
time (Fig. 7), F(3.09, 74.04) = 10.82, p<.001. The pair-wise comparisons showed 
that the VDT response time was significantly shorter in the radio task than the 
navigation and telephone tasks (both p<.05). The pair-wise comparisons also 
revealed that the VDT response time was significantly increased in the 
navigation, telephone and settings tasks as compared to baseline (all p<.05). 
The VDT response time did not differ significantly for the MP3 and radio tasks 
compared to baseline. A t-test (two-tailed) showed that the response time was 
significantly shorter for the MP3 task when RC was used, t(24) = 2.94, p<.01, 
r = .51. 
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Fig. 7. VDT response time as a function of interface and task, including baseline.  

4 Discussion

The results of this study indicate that alphanumeric input tasks, i.e. navigation 
address input and telephone number input, are solved more rapidly and with 
fewer glances when a touch screen interface is used, thus confirming the first 
hypothesis. The results also indicate that continuous adjustments, i.e. sound 
settings, are solved more rapidly and with fewer glances when an interface 
manoeuvred by a rotary control is used, thus confirming the second 
hypothesis. In addition, scrolling through MP3 lists was faster with the 
interface manoeuvred by a rotary control, but the number of glances was not 
significantly lower. There were no significant differences between the 
interfaces for the radio task. These data support the view that there is not one 
optimal interaction device that is always the best choice; it depends on the task 
being performed (Rogers et al., 2005). Blanco et al. (2006) pointed out that the 
number of glances made to an in-car display is associated with the time it 
takes to complete a task. This seems to be the case in this study, as it can be 
seen that Figures 2 and 3 correspond quite well. Hence, the results indicate 
that efficient interaction is important. 

As hypothesised, it was found that the steering wheel activity was 
significantly lower for baseline driving as compared to when tasks were 
solved with the interfaces. This supports research showing that secondary task 
load causes an increase in small corrective steering wheel movements 
(Engström, et al., 2005; Forsman & Nilsson, 2006). However, the standard 
deviation in lane position did not significantly increase from baseline when 
tasks were solved. Hence, for this measure, the hypothesis that visual task load
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causes an increase in the variation in lateral position was not confirmed. As 
hypothesised, it was found that the variation in lateral position and the 
steering wheel activity increase more when a touch screen interface is used 
than when an interface manoeuvred by a rotary control is used. In accordance 
with Dingus et al. (1998), Lamble et al. (1999) and Wittman et al. (2006), the 
most likely interpretation of this effect would be that, since the display was 
mounted in a lower position for the touch screen interface, the drivers' 
peripheral vision could not be effectively used to support driving when 
looking at the display. Hence, it is evident that a high display position in 
important. However, it is not possible on the basis of the results of this study 
to ascertain whether the decrease in lateral control performance when 
interacting with the touch screen interface depends only on the lower display 
position of this interface or also has to do with the interaction technique. 

It was shown that the mean glance duration at the secondary task display 
was longer in the MP3, navigation and telephone tasks as compared to the 
radio task for both interfaces. This indicates that the MP3, navigation and 
telephone tasks were more demanding, given that glance duration tends to 
increase as a function of task difficulty (Victor et al., 2005). The results in 
glance duration partly correspond to the results in the VDT response time, 
which shows longer response times for the navigation and telephone tasks as 
compared to the radio task for both interfaces. VDT response time also points 
towards increased cognitive workload for both interfaces in the navigation, 
telephone and settings tasks as compared to baseline driving. Hence, taken as 
a whole, the results indicate that inputting data is more demanding than other 
tasks for both interfaces. The task of inputting data manually is of concern 
(Tijerina et al., 1998; Tsimhoni, Smith & Green, 2004), but there are ways to 
facilitate this action. Possible improvements would be to utilize a spelling 
function, like those found in today's navigation systems, where characters 
"grey out" depending on the possible entries, and to use a hit list of probable 
destinations or numbers. In addition, it was shown that VDT response time 
was shorter in the MP3 task when the interface manoeuvred by a rotary 
control was used. Perhaps it is less demanding to navigate in the 
alphabetically arranged lists when scrolling smoothly down the list title-by-
title, instead of jumping page-by-page as in the touch screen interface. 

The driving task was made as realistic as possible in the experiment, 
within the limitations of a fixed base driving simulator. However, there is 
always a trade-off between experimental control and ecological validity in 
experiments. In real driving the driving demand varies over time. By 
controlling the driving environment it was possible to keep the demand of the 
driving task constant and it was therefore possible to systematically compare 
the impact on the driving task when interacting with the different interfaces. 
The experimental interfaces were designed with the intention to make them 
comparable and at the same time imitate real-world interfaces. Although 
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somewhat simplified, the interfaces ought to be representative of systems 
available on the market. 

In terms of task time the results show that not one of the interfaces was 
optimal for all tasks. Perhaps the interaction with multifunctional in-car 
interfaces can be improved if different interaction devices are combined or if 
new technologies are utilized. For example, current mobile devices based on 
touch screen technology (such as iPhone) have revealed new ways to interact 
with the screen. Accordingly, it is possible to utilize new techniques to ease the 
interaction with in-car touch screen interfaces. It has been brought up in the 
literature that touch screens may require considerable visual attention because 
of the lack of tactile feedback (Burnett & Porter, 2001; Dingus et al., 1998; 
Zwahlen et al., 1988). Touch screens that provide tactile feedback are now 
available (Serafin, Heers, Tschirhart, Ullrich & Ramstein, 2007). There are also 
rotary controls that provide a variety of haptic cues, such as detents, limit 
stops, friction and vibration. A haptic rotary control can be programmed to 
imitate the feel of different conventional controls and can provide sensations 
that correspond to features in the graphics. This technology can be used to 
enhance the interaction with in-car multifunctional interfaces based on a 
rotary control as an interaction device (Rydström, Broström & Bengtsson, 
2008). Other ways to input data, such as using handwriting touchpads or 
speech recognition, have also shown to be promising, especially for 
alphanumeric input (Burnett, Lomas, Mason, Porter & Summerskill, 2005; 
Tsimhoni et al., 2004). 

5 Conclusions

The interfaces compared in this study were designed to replicate 
multifunctional interfaces available on the market. It is apparent from this 
simulator study that, in terms of task completion time and the number of 
glances made to the display, there is not one input device that is always the 
best choice, since certain interaction devices are more suitable for certain kinds 
of tasks. It was shown that both interfaces caused deterioration in lateral 
control performance. However, in view of the fact that lateral control 
performance deteriorated to a greater extent when the touch screen interface 
was used, one can argue in favour of the interface manoeuvred by a rotary 
control. However, innovative ways to interact with in-car systems should be 
the object of further research. 
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