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1 Parts of this chapter have been published as:
Van Erp, J.B.F. (2006b). The multi-dimensional nature of encoding Tactile and Haptic Interactions: from

psychophysics to design guidelines. Proceedings of the 50th annual meeting of the Human Factors
and Ergonomics Society meeting, San Francisco. Santa Monica: Human Factors and Ergonomics
Society.

Van Erp, J.B.F. & Werkhoven, P.J. (2006). Validation of Principles for Tactile Navigation Displays.
Proceedings of the 50th annual meeting of the Human Factors and Ergonomics Society meeting,
San Francisco. Santa Monica: Human Factors and Ergonomics Society.
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Chapter 1. Introduction1

Abstract

Navigation and platform control skills, i.e., route planning and moving about, are
indispensable to survive the real and enjoy the virtual world. Access to navigation
information rapidly becomes standard in many situations (such as GPS receivers and
collision avoidance systems in cars). However, perceiving and processing the
information may result in overloading the user’s visual sense and cognitive resources.
Developing information presentation schemes that reduce these overload threats
therefore becomes increasingly important. Employing the sense of touch can reduce
the visual load. Among the many functions of the skin, that of sensory system is
underutilised in man-machine interfaces. By developing an intuitive information
presentation concept, we may also lessen the cognitive load. In this concept, the
display would evoke the user’s response automatically. In the tactile sense, an intuitive
presentation concept may be based on the proverbial tap-on-the-shoulder that can draw
and direct an individual’s attention. By extending the location of the taps from the
shoulders to the whole torso, we may have an intuitive three-dimensional display at our
disposal.
This thesis tries to tackle three issues: can a tactile torso display be used to present
platform navigation and control information? Can a tactile torso display reduce the
sensory overload? And finally, can a tactile torso display counteract the threat of
cognitive overload by implementing an intuitive information presentation concept?
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1.1 Human behaviour in platform navigation and control

Darken and Sibert (1993, p157) define navigation as: “the process by which people control their
movement using environmental cues and artificial aids such as maps so that they can achieve their goals
without getting lost”. In this thesis, navigation is seen from a steering and control tasks perspective, that
is: human skilled behaviour in tasks like driving, flying and sailing. Prevett and Wickens (1994)
distinguish two navigation sub tasks: a) to perform the actions necessary to get to a location, and b) to
understand the spatial structure of the area being traversed. Wickens (1992) called these sub tasks local
guidance and global awareness, respectively. Local guidance has an emphasis on the immediate
surrounding environment, is focussed on manoeuvring along a route and interacting with objects along
the route. Local guidance is related to physical challenges. Global awareness focusses on acquiring and
maintaining spatial structural information and is related to cognitive challenges, including aspects such
as understanding, planning and problem solving. Preferably, the information for global awareness must
be presented in a world referenced (north-up) display (Wickens, 1992; see also Roscoe, 1968). However,
local guidance tasks predominantly need correspondence between display and control in terms of left,
right, etc. which requires an ego-referenced or heading-up display.

Navigation, although a critical skill in human survival, is no sinecure in platform control situations. Most
people have experienced the feeling of being lost. Building a mental representation may be a tremendous
effort, especially in complex areas like medieval towns with mazes of small streets and alleys, or in areas
with little unique landmarks like modern cities with similar buildings for many blocks. Problems become
even more apparent when we are using means of transportation that have a much higher speed than
walking such as cars, boats and aeroplanes. Besides difficulties caused by the complexity of and the speed
in our natural environment, navigation tasks outside our natural world become more and more challenging.
Technological advances cause real worlds and simulated worlds to merge into what is called augmented
reality. Augmented reality ranges from real museums augmented with a virtual guide to fully simulated
worlds in which only your own hand is real. In augmented worlds natural navigation and manipulation are
a real challenge, in particular when these environments allow for discontinuous displacement (e.g.,
hyperlinks) and other supernatural behaviour (Bakker, 2001). In virtual, augmented or remote
environments including the internet, virtual communities, gaming, learning and simulation, tele-operation
etc., navigation may not be critical for survival of the organism but it determines to a large extent the
efficiency and pleasure in using them. Supporting people’s performance to keep in pace with these
developments in travelling speed, environmental complexity, and supernatural displacements constitutes
an important human factors challenge.

Navigation support

Supporting platform navigation performance is as old as the hills, dating back to ancient civilisations that
used celestial knowledge about the stars and simple dead reckoning techniques. Later, navigation tools
such as the cross-staff, sextant and accurate compasses and clocks, enabled explorers to scout all
continents, and return to their place of origin. Nowadays, we rely on navigation information from
electronic systems such as radar, radio, the global positioning system (GPS), lane departure sensors, and
park assists. Systems like GPS inform the user about his current location and orientation and the direction
to go in more accurately and more frequently than ever before.
The abundant availability of high quality navigation information is by no means a guarantee that problems
of platform navigation and control cease to exists. At the global awareness subtask, the changes are
relatively small. Determining one’s position with a map and compass requires well-developed skills while
this information is directly available when using a GPS device. However, planning one’s route or building
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2 Many examples in this chapter are related to driving since most people are familiar with this
situation and can imagine the problems. However, the problems and this thesis is not only about driving,
but includes flying, sailing, walking, and orienting in space.

3 We use the following working definition of an intuitive display: an intuitive displays is a display
that automatically triggers the required reaction and that minimises the use of cognitive resources.

4 Please note that this thesis is not about human navigation, but about human behaviour in
platform navigation and control.
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a mental representation with an electronic map on a computer screen and waypoints marked with a mouse
click is not substantially different from using a paper map and a pen to mark the waypoints. The biggest
change that electronic devices have brought the user, however, is probably at the local guidance level.
Especially the continuous availability of local guidance information may introduce new problems. In
ancient times checking the location of the pole star or the direction on a compass every other minute was
more than sufficient to keep a course. However, nowadays we are almost continuously bothered with local
guidance information. For example, when driving2 we may encounter noisy rumble strips or lane departure
warning systems that push us back into our lane, voices that inform us in how many metres from now we
must turn left, warning signals that tell us that we are too close to a lead vehicle, and loads of traffic signs
telling us how to interact with the road and the road users. Although these devices allow us to extend our
operations or make them safer, we also become dependent on them. Failing to pick up local guidance
information correctly and timely may have serious consequences, especially when travelling at non-natural
speeds as we do on the highway. Potential bottlenecks to do so are sensory and cognitive overload. In this
thesis, we will introduce a local guidance information presentation principle that tries to counteract both
bottlenecks. The principle is based on: a) using the skin as an information channel to lower the risk of
sensory overload, and b) using an intuitive3 interface approach to lower the risk of cognitive overload (see
Figure 1.1).

In the remainder of this Chapter, We will introduce a model for human navigation behaviour in platform
navigation and control, specify the local guidance parameters and tasks in more detail (1.2), zoom-in on
the two critical issues of sensory and cognitive overload (1.3) and explain why using the skin as an
information channel can potentially counteract both risks (1.4). In Section 1.5, We will introduce the skin
and in 1.6 the pros and cons of using the skin as an information channel. Section 1.7 is devoted to the
important issue of introducing an alternative information channel, namely crossmodal perception. Finally,
in Section 1.8, We will introduce the critical research issues and the outline of the thesis.

1.2 Modelling human behaviour in platform navigation and control

Although Wickens’ subdivision in global awareness and local guidance is an important one, it is not a
complete model of human behaviour in platform navigation and control. With respect to platform
navigation and control, two different classes of models can be recognised4. The first class uses a closed-
loop approach with several steps or (hierarchical) functions to describe behaviour, the second class
categorises behaviour at different levels (like Wickens’ sub tasks). Relevant models of the first class are
Sheridan’s model for supervisory (vehicle) control (1992), Wickens’ more general information processing
model (1984, 1992) and Veltman and Jansen’s workload framework for adaptive operators (2004). Two
models of the second class are that of Rasmussen which describes behaviour as skill-based, rule-based and
knowledge-based (1982, 1983), and that of Vicente and Rasmussen which has two levels: analytical and
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perception-action (1988, 1990). We will describe these models in brief, establish the links between them
and then combine them into one model called prenav.

Figure 1.1. A helicopter pilot showing a TNO Tactile Torso Display
(TTTD) to support local guidance. The TTTD consists of a matrix of
vibrating elements inside a multi-ply garment covering the pilot’s
torso. By using the skin as an information channel, this navigation
display can potentially reduce the overload of the pilot’s ears and
eyes. Furthermore, the localized vibrations can act as a ‘tap-on-the-
shoulder’ and may be intuitively processed by the pilot, thus reducing
the risk of cognitive overload.

Sheridan’s model for (supervisory) vehicle control

Figure 1.2 depicts Sheridan’s loop for vehicle control. The three functions navigation, guidance, and
control are serially executed and have their own feedback loop based on perception of the vehicle’s
behaviour. The navigation function refers to aspects such as planning, decision making and selection of
waypoints. The link between the navigation and the guidance function is a plan. Guidance refers to the
short term progress of the vehicle: is the vehicle still on the route, is there other traffic, etc.? Guidance is
closely linked to pursuit tracking. The link between guidance and the next function is the route. The
control function is involved with tasks such as pitch, heading, and lateral and longitudinal vehicle control
and is closely linked to compensatory tracking. The link between the control level and the vehicle is
established via control actions.
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5 sensation refers to the process by which information about external events is detected by the
sensory receptors and transmitted to the brain, while perception refers to the interpretation of sensory input
by the brain.

11

navigation

planning,

decision 
making

guidance

on route?
other traffic?

control

pitch, yaw
lateral position

vehiclegoals

plan route control actions

state

Figure 1.2. Sheridan’s model of (supervisory) vehicle control.

Wickens’ model of information processing

The second model that has a loop character is the information processing model of Wickens as
schematically depicted in Figure 1.3, and similar variants such as the Framework for the
Investigation of Navigation and Disorientation FIND by Bakker (2001, p. 4-9). Wickens also uses a serial
process in which a stimulus results in a sensation that (based on attention and information stored in
memory) leads to a percept5. This percept is the input for the decision making process that is also affected
by memory and attention. The decision process ultimately leads to action selection, and when executed
to a response that is also sensed thus closing the loop. For navigation behaviour, Wickens and Prevett
(1995) introduced a model describing the knowledge and the displays required for the two sub tasks. Local
guidance requires ego-centred knowledge and a display that has a duplicate frame of reference: a rotating
frame with 3D perspective and zoomed-in; while global awareness requires world-centred knowledge and
a duplicate display: a fixed frame (usually North-up) with a 2D perspective and a wide view (see also Van
Erp & Kappé, 1997). When linked to the model of Sheridan, sensation and perception predominantly
correspond to the feedback loop, decision to the navigation and guidance functions, and action to the
control function.
Bakker used Wickens’ model as basis for his FIND framework (Figure 1.3, lower panel) for use in Virtual
Environment applications. In the FIND model, required movements are determined on the basis of
information stored in the user’s cognitive map of the VE and knowledge about his/her current location in
the VE. The latter is based on a combination of path integration, visual recognition of the environment,
and cognitive anticipation.
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Sensation Perception Decision Actionstimulus response

Memory

Attention

Figure 1.3. Wickens’ model of information processing (upper panel)
and Bakker’s FIND framework (lower panel; from Bakker, 2001).

Veltman and Jansen’s workload framework

A recent and for this work quite relevant model is Veltman and Jansen’s workload framework (2004). This
framework is based on perceptual control theory, which assumes that the difference between a required
situation (goal) and an actual situation (sensor information) is crucial for the adaptive behaviour of
biological systems (see Figure 1.4; left panel for the complete model and right panel for a simplified
version). The core of the workload framework consists of two loops: an information processing loop and
a state regulation loop which are crucial for the former (the state regulation loop is not depicted in the
simplified version). Veltman and Jansen explain that state is often neglected in information processing
models, while everybody knows that it is difficult to perform a cognitive demanding task while being in
a sub-optimal state, for example due to sleep loss or fatigue. An important process to ensure a required
state is investing mental effort. Herewith, Veltman and Jansen link mental workload with information
processing. Another critical component in their model is that of (environmental) stressors. A stressor is
an external state or state change that results in a response from an organism required to maintain



Chapter 1. Introduction

13

homeostasis or in Veltman and Jansen’s framework the task goals. External stressors such as noise,
vibration, altered G environments, adverse lighting, confined spaces, air pollution, and extreme
temperatures are assumed to affect the state of the operator. In their model, the intensity of the information
processing loop is adjusted depending on the difference between the required and perceived actual
performance.

 information processing loop

perception

internal model

action 
selection

decision 
making

state
external 

stressors

system

mental effort

Figure 1.4. Complete (left) and simplified version (right) of the
workload framework of Veltman and Jansen.

Rasmussen’s and Vicente & Rasmussen’s levels of human behaviour

Rasmussen distinguished three levels of behaviour: skill-based, rule-based and knowledge-based. Skill-
based refers to well-learned sensory motor performance in continuous manual control tasks in stationary
conditions. Rasmussen’s rule-based and knowledge-based levels rely on cognitive resources (at the rule-
based level on if... then... rules stored in memory, while knowledge-base refers to conscious analytical
processes). Vicente and Rasmussen’s two level model (analytical and perception-action) can be considered
as a simplified version of Rasmussen’s three level model. The analytical level is serial, requires deliberate
attention and is slow and labourious, while the perception-action level is parallel, requires little attention
and is fast and effortless. The three levels can be linked to Sheridan’s model: knowledge-based behaviour
predominantly corresponds to navigation / planning, rule-based to guidance and skill-based to control.

Prenav, an integrated model of human navigation

The previous paragraphs showed two things. Despite the unique aspects the individual models have, they
can all be mutually linked (some more easily than others). Furthermore, there is not a model that is
specifically focussed on human behaviour in platform navigation and control. This calls for an approach
to come to an integrated model based on integrating and shaping the relevant aspects of the models
described above. This approach resulted in the prenav model, described below and depicted in Figure 1.5.
The prenav model is used as a framework in this thesis to explain and illustrate the relevance of choices
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and experiments and to interpret the experimental results and observations. Prenav is a simplification of
the involved processes, does not result in quantitative predictions, and is therefore not formally tested in
this thesis.

cognitive ladder

decision

perception

sensation

action
system / 

environment

stressorsstate

display

Navigation

Control

T V A

cognitive
resources:

memory
attention

Steering

Figure 1.5. The prenav model for human behaviour in platform
navigation and control. See text for explanation.

The information processing loop in prenav

An important loop in prenav is the information-processing loop: sensation6perception6decision6action,
and back via environment or a display. The perception and decision steps are called the cognitive ladder
in prenav. The five parallel arrows as input to sensation denote that different modalities (e.g., touch,
vision, audition) can be involved and that the processing in these modalities is parallel at least up to the
sensation level. After the sensation level, information may be further processed via the cognitive ladder.
Under the influence of cognitive resources (e.g., memory and attention), the sensation is interpreted into
a percept. Finally, again under influence of cognitive resources, a percept may lead to a decision (e.g.,
which route to take), which may also be stored in memory.

Contrary to many other models, the information-processing loop in prenav is not a serial process in which
all the steps need to be completed. Specific for prenav is the existence of two shortcuts, indicated with
dashed arrows in Figure 1.5. The first is the sensation6action shortcut. When a sensation directly evokes
an action, it bypasses the cognitive ladder completely. Examples include maintaining our balance, braking
when a child suddenly crosses the road or other reflexive or highly trained tasks. This shortcut resembles
the skill based level of Rasmussen's model, defined as "well-learned sensory motor performance in
continuous manual control tasks in stationary conditions".

The second shortcut is the perception6action shortcut. A percept may also directly result in an action, thus
bypassing the decision process. This is the case for automated "if...then" rules, for example when you see
a stop sign, you decelerate. This process does not involve a conscious decision, but requires the
interpretation of the visual information as a stop sign (which is not needed when diving down when a
baseball is coming right at you).

These shortcuts link to the concepts of automaticity and intuitive displays. The automaticity concept was
further distinguished through Schneider & Schiffrin's discussion of decreased effort resulting from
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Interaction then there are researchers. A general one is that of Charm (1996): “With an intuitive interface,
the user needs no specific instructions to perceive its function or use it”. Often, definitions also refer to
short learning periods.
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automaticity, gained from practice, and studies documenting concepts of automaticity and the role of
expertise, practice, and training (Shiffrin & Schneider, 1977; Schneider & Shiffrin, 1977; Schneider &
Fisk, 1982). For example, routine driving tasks can be highly demanding for a novice, and at least partially
automated in expert drivers. Closing the sensation6action loop seems trivial for situations like keeping
our balance and lane keeping while compensating for side wind6. However, when the sensation is mediated
by a display, the design of the display is the critical factor whether directly closing the sensation6action
loop will be possible or not. Based on prenav, we refine the earlier given working definition of an intuitive
display to: “An intuitive display is a display that enables closing the sensation6666action loop”7. According
to this strict definition, an intuitive display allows to process the presented information without involving
the cognitive ladder. We can therefore predict that an intuitive display results in low mental effort ratings
and that performance is not affected by increased mental load of the operator. A less strict definition would
be that an intuitive display enables closing the sensation6action loop or the perception6action loop. Both
definitions make no distinction between innate reflexes and highly trained skilled behaviour. 

The information processing loop and its shortcuts reflect three different levels of behaviour in steering and
control tasks terms: control, steering and navigation behaviour. If we take car driving as example, control
behaviour is concerned with lateral and longitudinal vehicle control; tasks based on cues such as vehicle
sway picked up by the vestibular system, the optic flow from road markings and forces on the steering
wheel. The steering level is concerned with functions such as short-term progress, dealing with other
traffic, traffic signs, etc. In the example of car driving, this reflects the actions to be taken when
approaching a crossing, such as slowing down and shifting gears. The navigation level is concerned with
behaviour like planning, decision making and waypoint selection.

The workload loop in prenav

The second loop in the prenav model (indicated by the dotted lines) is based on the workload framework
of Veltman and Jansen (2004) that stresses the role of the state of the operator on the information
processing loop. In the workload framework model, external stressors, including G load, vibration, and
wearing night vision goggles may affect the state of the operator. In the prenav model, the operator state
specifically affects the cognitive ladder, but not the sensation6action loop. We can therefore predict that
with an intuitive display performance is not affected by external stressors (as long as they don’t affect the
quality of the presented information, or the operator’s sensory or motor system), because an intuitive
display does not rely on cognitive resources.

Local guidance tasks and parameters

As stated in Section 1.1, supporting local guidance is an important human factors challenge. There are
many tasks and task environments related to local guidance, each having its own specific set of parameters.
For instance, to walk toward a waypoint, only lateral and longitudinal distance or heading and distance
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parameter.
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are required, while to maintain straight and level flight, at least five aircraft parameters (attitude, airspeed,
altitude, rate of climb or descend, and heading) must be monitored and integrated. To structure this task
space, We will use the three axes depicted in Figure 1.6. The first axis is the controlled parameters and
distinguishes translation (lateral and longitudinal distance, altitude, speed etc.) from rotation (heading,
pitch, roll, angle of attack, etc.). The second axis concerns the dimensionality of the environment: 2D
versus 3D8. The third axis is the local guidance task level: steering versus control (or pursuit vs.
compensatory). Figure 1.6 also gives several examples of tasks within this task space. For example, at the
control level (the lower four points), tasks include staying within a virtual corridor or lane keeping (2D,
translation), hovering within a defined box (3D, translation), or maintaining a specific orientation as in
maintaining stable flight (2D or 3D, rotation), which are all compensatory tracking tasks. At the steering
level are tasks like waypoint navigation (translation in 2D or 3D). Rotation parameters at the steering level
include targeting (i.e., knowledge about the heading and pitch of a target or threat) and spatial orientation
(i.e., knowledge about one’s heading, pitch, and roll with respect to a certain reference frame). These tasks
are related to pursuit tracking.

steering

(pursuit)

control

(compensatory)

3D

2D translation

rotation

virtual corridor  

helicopter hover  

stable  

flight

waypoint

navigation  

spatial orientation  

targeting  

Figure 1.6. The local guidance task space can be divided along three
dimensions: the controlled parameters: translation vs. rotation, the
dimensionality of the environment: 2D vs. 3D, and the task level:
control (or compensatory tracking) vs. steering (pursuit tracking).
Tasks at the marked locations are investigated in this thesis.

1.3 The two critical problems with navigation and orientation tasks

We can use the prenav model to look more closely at the potential bottlenecks in local guidance tasks.
Prenav actually predicts two such bottlenecks (marked in Figure 1.7): sensory overload and cognitive
overload. Sensory overload refers to the possibility that the visual and auditory channels are not available
or are overloaded. Through the use of support systems for platform navigation and control, the visual and
auditory channels can become overloaded because these systems present additional messages, next to the
information already arising from the work environment itself. Examples are not limited to operators in
complex environments who work at the limits of their visual and auditory processing capacity such as
pilots (Rupert et al., 1993; Sklar & Sarter, 1999), but also include users whose visual or auditory attention
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is preferably focussed on a specific area of interest, such as car drivers who need to concentrate on the
road (Fenton, 1966; Gilson & Fenton, 1974), and soldiers who want to monitor the surroundings (Van Erp
& Duistermaat, 2005).
Related to sensory overload is a condition called reduced information availability. For instance, a visual
display may be useless for firefighters working in dense smoke, divers in dark waters, the visually
disabled, speed boat drivers whose whole body vibrations make reading a display impossible unless the
boat slows down, and operators who work in deprived sensory environments, such as remote operators
(Browse & McDonald, 1992; Massimino & Sheridan, 1992).

cognitive ladder

decision

perception

sensation

action
system / 

environment

stressorsstate

display
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cognitive

resources:

memory

attention
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V A

Figure 1.7. The prenav model with the predicted potential bottlenecks
marked.

Cognitive overload refers to an over demand of the (momentarily available) cognitive capacities of the
user. Again taking car driving as an example, evaluation of visual-based information systems has shown
that they may negatively influence the drivers' scanning behaviour and attention allocation (in other words:
they distract the driver; e.g., Wierwille et al., 1988). Recently, a meta-analytic investigation of listening
and speaking during driving (e.g. using cell phones) found this to be detrimental to driving performance,
regardless of whether the cell phones were hands-free (Horrey & Wickens, 2006, see also Spence & Read,
2003; Brown, Tickner, & Simmonds, 1969). The still increasing availability and complexity of in-vehicle
technologies will put increased demands on cognitive resources such as our limited capacity spatial
attention, and will increase the risk of cognitive overload.
Finally, visual navigation displays have a specific disadvantage when they present three-dimensional (3D)
navigation information, for example to pilots. In general, the characteristics of an ego-referenced 3D
(perspective) display are more ecological than those of a 2D display (Warren & Wertheim, 1990). A 3D,
egocentric presentation has advantages for local guidance, as shown by many investigations (e.g., Haskell
& Wickens, 1993; Prevett & Wickens, 1994; Ellis, Kim, Tyler, McGreevy & Stark, 1985; Kim, Ellis,
Hannaford, Tyler & Stark, 1987; Van Erp & Kappé, 1997). However, because visual displays like CRT
and LCD screens are flat or 2D, one (or more) dimensions must be compressed (depending on the
elevation angle). This results in loss of information and usually requires cognitive effort to reconstruct the
3D picture from the 2D display.

The threat of cognitive overload is especially important in multiple task situations. Multiple task
performance relates to a higher-level aspect of cognition that may be referred to in general as attention
management. While it necessitates the ability to divide attention, the attention is not only divided between
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perceptual channels, but also between competing tasks with independent goals (Wickens, 1992; 2002).
An important Human Factors model dealing with these aspects is Wickens’ Multiple Resource Theory
(MRT). The MRT predicts, to some extent, concurrent processing of tasks. Important aspect is whether
the multiple channels/tasks share a goal or not. An example of a shared goal is a situation where a driver
is navigating, processing visual information and a "copilot" is providing audio direction, such as "turn left
after taking exit 50". Both channels of information have a shared goal of navigation, and so it is a situation
not nearly as challenging as accomplishing multiple goals. The situation clearly becomes more complex
with multiple goals. For example, the driver may be navigating territory while listening to speech
instructing him what to do after he gets to his destination, asking for a status report, or he may be trying
to predict the next action of an erratic driver in his or her field of view. This ability, and associated
limitations, have been noted in numerous studies and situations, where operators were not able to
effectively divide attention between required tasks, or dynamically prioritise and allocate attentional
resources to competing threads of activity (Beilock, et al., 2002; Nikolic & Sarter, 2001; Yeh & Wickens,
2001; Yeh, Wickens & Seagull, 1999; Williams, 1995).

1.4 Supporting navigation and orientation tasks

The resource decomposition concept of MRT states that task interference (i.e. performance decline) will
only manifest itself to the extent that the two tasks share resources, under conditions of a high overall
workload. Single-resource theory did not explain discrepancies in some dual-task interference tasks.
Several researchers, such as Allport, Antonis, & Reynolds (1972), and Wickens (1980; 1984) found that
decrements in performance in multi-task-situations were not additive, as a single-resource theory predicts;
instead, studies suggested that the decrement depended on the degree to which the competing tasks also
competed for the same information channel. Timesharing between two tasks was more efficient if the two
used different information processing structures than when they used the same. This suggests separate
information channels have, to some extent, independent resources, that are still limited, but could function
in parallel. This means that task interference will be reduced when the tasks' demands are maximally
separated across resources. This separation can be along different resource dimensions such as sensory
modality (including touch; e.g., Sklar & Sarter, 1999) and verbal versus spatial processing codes. MRT
(Wickens, 1984, 1992, 2002; Wickens & Liu, 1988) predicts no performance degradation, under normal
workload conditions, when independent resources or information channels are used to present information.
Since critical information in many applications is predominantly visual (e.g. for the role of visual
information in driving, see Van Erp & Padmos, 2003; Sivak, 1996), the MRT model would predict less
interference of a second task when information is presented to another sensory modality. Traditionally,
the auditory channel is considered as an alternative or supplement to visual displays. Examples include
the presentation of route navigation (Parkes & Coleman, 1990; Streeter et al., 1986) and tracking error
information (Forbes, 1946; for a review see Wickens, 1992, pp. 480-481). However, the auditory channel
is heading for the same sensory overload scenario (Spence & Read, 2003; Brown, Tickner, & Simmonds,
1969; Ramsey & Simmons, 1993; Strayer & Johnston, 2001; Strayer, Drews & Johnston, 2003). Again
looking at car driving as an example, the user’s auditory channel is typically loaded with radio and traffic
information messages, phone calls, warning signals, or simply engaged in conversation with other
passengers. Therefore, designers of human machine interfaces are also increasingly keen on applying the
sense of touch in man-machine interfaces (e.g., Spence & Driver, 1997; Wood, 1998). Because the sense
of touch is a relatively underutilised modality in human-computer interaction, this is a good candidate to
reduce the threat of sensory overload.

Solving the threat of cognitive overload may be accomplished by using the sensation6action shortcut in
prenav, thereby bypassing the cognitive ladder. This means that the sensation directly evokes the correct
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behaviour. The sensation6action shortcut is open to highly trained or reflexive behaviour. Interestingly,
many of our reflexes are based on the sense of touch. An example is the rooting reflex in babies, that is,
turning the head in the direction of a tactile stimulus to the cheek. Implementing this sensation6action
shortcut in a touch-based display is possible as shown for example by Martens and Van Winsum (2001).
They found that drivers react more effectively to warning cues presented to the accelerator pedal via the
sense of touch than to speech warning cues, possibly due to the intuitiveness of the tactile signal that
automatically initiated the required response. Recently, Ho (2006, see also Ho, Reed & Spence, 2006; Ho,
Tan & Spence, 2005) investigated whether positive cueing effects of tactile signals on the torso were
caused by response bias or attentional facilitation. She separated both factors by using an orthogonal
cueing design (Spence & Driver, 1994) in which the responses are orthogonal to the spatial dimension of
interest. Observers had to press a low or high button in reaction to a licence plate colour change of a front
or rear car. The location of the car was cued by vibration on the frontal or dorsal side of the torso. In this
design, the cueing effect was no longer present indicating that a localized vibration does not necessarily
results in a shift of spatial attention in the direction indicated by the cue. This means that positive cueing
effects in non-orthogonal situations may be caused by the fact that the presentation of a vibrotactile cue
from the appropriate spatial direction on the body surface may elicit an automatic response bias (see
Prinzmetal, McCool, & Park, 2005).
The last example illustrates that for vehicle control, a tactile display cannot only release the load on the
visual and auditory channels, but may also bypass cognitive resources. The favourable effect occurs
without the need for an attention shift and as long as the response bias results in the correct response,
positive effects on safety can be found. Investigating whether this ‘automatic response bias’ is also
possible for other types of local guidance information is one of the major issues in this thesis. But before
discussing the potential of the sense of touch further, We will first introduce the skin in the next section.

1.5 Introducing the skin9

The skin is by far our largest organ. The surface in adults is just less than 2 m2 and it weights about 5 kg.
Our skin has numerous functions: protection from mechanical injuries and dangerous substances and
organisms, temperature regulation, metabolism of water, salt and fat, and last but not least, as sensory
system. The skin senses inform the organism of what is directly adjacent to its own body. The number of
axons that terminate in the CNS is in the order of 106, comparable to that of the retinas and much higher
than that of the cochlea. Based on the fact that people who know Braille can read with their fingertips, one
can conclude that the skin and the somatosensory cortices are also able to process large quantities of
abstract information. However, like other modalities, the cutaneous system cannot process information
with infinite accuracy. Stimulus information is lost in the different stages of processing that act as a
spatiotemporal filter upon the stimulus that is applied to the skin.

The skin senses can be divided in the sense of pain, the sense of temperature (hot and cold) and the
cutaneous sense. The sense of touch is often defined as the sensation elicited by non-painful stimuli placed
against the body surface. Different subdivisions and definitions are used in relation to the sense of touch.
In a top-down view, the following descriptions will be used throughout this thesis:
• proprioception is related to all the senses that are involved in the perception of oneself in space,

including the sense of touch, the vestibular system and the haptic sense;
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• haptics / sense of touch / somatosensation all refer to the sensory systems related to both active
and passive touch, including the mechanoreceptors in the skin and the receptors in muscles and
joints;

• tactile / cutaneous is related to stimuli that evoke a response in the mechanoreceptors in the skin
only, thus excluding receptors in joints and muscles, and excluding noxious stimuli that evoke
a pain sensation and temperature stimuli that evoke a sensation of cold or warmth;

• vibrotactile is related to vibrating stimuli, thus excluding for example pressure stimuli;
• mechanical vibration is related to stimuli that physically move the skin (usually by a periodic

movement), thus excluding electro-cutaneous stimuli.

The skin contains several different types of mechanoreceptors (see Figure 1.8). Generally, stimuli will
evoke a response in multiple types, and the tactile experience will be based on the combined response in
mechanoreceptors (e.g., Johansson, 1978; Johansson & Birznieks, 2004). The four main types that are
more thoroughly studied are the Meisner and Pacinian corpuscles, the Merkel disks and the Ruffini
endings. Thought to be less important for cutaneous perception are the hair follicles and the bare nerve
endings. The Meisner corpuscles (only found in glabrous or hairless skin10) react to light touch and lower
frequency vibrations (resulting in a perceptual quality described as light touch or flutter). The Meisner
corpuscles play an important role in forming the two-dimensional representation of stimulus form, and in
detecting slip and motion. The Pacinian corpuscles (found in both hairy and hairless skin) react to gross
pressure changes and higher frequencies and result in a flutter or vibration percept. The Ruffini endings
(also found in both hairy and hairless skin) enable pressure perception while the Merkel disks (mainly
found in hairless skin although Merkel disks with a slightly different organisation are found in hairy skin)
are thought to be involved in tactile form and roughness perception and are especially sensitive to local
spatial features such as edges and curves. The Merkel disks also differentiate between the form of the
indentation (e.g., sharp versus flat surfaces) and are used for high resolution tactile discrimination. Finally,
hair follicles respond to hair displacement, and the unspecialised free nerve endings are responsible for
detecting stretch stimuli and other mechanical stimulations such as pressure.

The functions of the sense of touch can be considered at different levels, starting with sensation and
through perception to complex behavioural aspects that are dependent on, or mediated by the skin’s
sensory function. The significance of the sene of touch is apparent at all these levels as is described below.

There is a biological principle that states that the earlier a function develops the more fundamental it is
likely to be. The sense of touch is the earliest sense to develop in a human embryo (Gottlieb, 1971).
Within eight weeks, an embryo shows reflexes based on touch. In that stage, it has no eyes and ears yet.
The significance of touch is eminent directly after birth. Most of the major reflexes of full-term neonates
are based on the sense of touch (Shaffer, 1989), for instance: the rooting reflex (turning the head in the
direction of a tactile stimulus to the cheek) and the sucking reflex (sucking on objects placed or taken into
the mouth), the Babinski reflex (fanning and then curling the toes when the bottom of the foot is stroked),
the grasping reflex (curling of the fingers around objects (such as a finger) that touch the baby’s palm) and
the swimming reflex (immersed in water, an infant will hold his or her breath and will display active
movement of arms and legs). Streri and Pecheux (1986) showed that in the first year of their life, humans
are already able to discriminate objects solely on the basis of touch.
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Figure 1.8. The sense of touch can be considered as a subfunction
of the skin as sensory organ, which is one of the many functions the
human skin has. The black marked cells relate to the prenav model.
Mechanical stimulation of the skin may evoke responses in one or
more of the four main types of mechanoreceptors: the Meisner and
Pacinian corpuscles, the Merkel disks, and the Ruffini endings. The
brain will turn this raw sensory data into a percept, guiding for
instance social interaction.

Later in life, tactile sensation is essential as feedback mechanism in motor control. It provides guidance
in, for example, the exploration of objects and the environment (illustrated by the ease with which we can
find the light switch in the dark). Touch is essential in all our motor behaviour. It is for example difficult
to walk with a numb leg, to control equipment, button a shirt, or even light a match with numb fingers or
to chew and talk after local anaesthesia (Cole & Paillard, 1995; Johansson, Hger & Backstrom, 1992;
Monzee, Lamarre & Smith, 2003; Augurelle, Smith, Lejeune, & Thonnard, 2003; Bosbach, Cole, Prinz,
& Knoblich, 2005). Local guidance can thus be considered as one of the ecological functions of touch.
The importance of the skin senses in early development is also eminent at a level above sensation and
automated responses. Bushnell and colleagues (Bushnell, Shaw & Strauss, 1985) stated that temperature
is an important dimension of reality for infants, even more important than colour. In her experiments,
babies payed more attention to objects that differed in temperature only than to objects that differed in
colour only. Furthermore, the brain uses tactile sensations to develop awareness of the body in space, and
to perceive space, time, shape, form, depth, texture and all other kinds of (mechanical) object properties.
Tactile perception is indispensable in building a complete picture of the world around us as we know it.
Although people are inclined to think that only vision and audition can shape our mind and enable us to
understand the world, the case of Helen Keller who became deaf and blind in infancy and learnt to
communicate solely on the basis of touch shows that this is not true. When vision and audition fail, the
skin can to an extraordinary degree compensate for their deficiencies. There are numerous other examples
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of the general ability of tactile perception to compensate for deficiencies in other sensory systems,
including aids for people with a hearing, vision or vestibular disability (see Borg, Rönnberg & Neovius,
2001; Bach-y-Rita & Kercel, 2003; and Kentala, Vivas & Wall, 2003, respectively). These compensations
will often be accompanied by measurable psychophysical and neurophysiological effects. For example,
in an experiment of Zubek, Flye and Aftanas (1964), subjects showed increased sensitivity for tactile and
pain stimuli after being in a dark room for a week.

Touch is not only critical in the interaction with objects, but also between individuals, that is in social
relationships. The sense of touch is one of the first mediums of communication between newborns and
parents. The critical importance of this tactile communication was shown by Harlow and Zimmermann
(1959). In their experiment, infant monkeys that were separated from their group showed a large
preference for a surrogate mother consisting of wires and cloths that resembled the feel of a real mother
ape over a surrogate mother consisting of wires only. This preference was also prevalent if the wire
surrogate mother provided food and the cloth mother did not. Based on the licking, tooth-combing and
grooming behaviour of mammals towards their young, it is concluded that tactile experiences play a
fundamentally important role in growth and development. After a thorough study of the literature on the
critical role of tactile experiences required in order to develop as a healthy human being, Montagu (1972,
p. 332) even stated that touch or cutaneous stimulation is a basic need which must be satisfied for the
organism to survive, therewith classifying it as importantly as sleep, food, rest and oxygen. Throughout
the rest of our life, the sense of touch remains important in social interaction: in greetings (shaking hands,
embracing, kissing, backslapping, and cheek-tweaking), in intimate communication (holding hands,
cuddling, stroking, back scratching, massaging), in corrections (punishment, spank on the bottom), and
of course in sexual relationships. All these complex social interactions are based on touch.

Finally, imagine what it would be like to live without touch. Even if you survived as a newborn without
many basic reflexes, it would be doubtful if you could grow up into a normal functioning human being,
it would be difficult to stand, walk, and talk, to interact socially with others, to find your way in dusk or
down, to hold a glass without breaking it, to eat nuts without dropping some, to enjoy the feel of smooth
silk, to interpret the back patting of an acquaintance, the stroking of a friend and the tender loving care
of your lover, to turn pages one by one, to find your keys in your pocket, to relieve your headache by
stroking and so on and so forth. The importance of touch in our complicated society is therefore also
reflected in language when we talk about the finishing touch, rubbing people the wrong way or stroking
them the right way, someone’s happy, soft, or human touch, one’s thick or thin skin, getting under one’s skin, getting in touch, being touched, losing touch,

the master’s touch...........

1.6 The skin as an information channel for local guidance

The examples above subscribe to the importance of the sense of touch. Maybe without being aware, the
skin senses continuously process information, including local guidance information. For example, we can
easily guide ourselves just by holding on to a handrail or by lightly touching the walls. Also, already in
early development, we can identify objects by the sense of touch. These observations point up to the
potential of the skin as an information channel. The potential of active tactile displays that use the skin as
an information channel was already recognized more than 40 years ago (e.g., Geldard, 1961; Bliss,
1970)11, but many applications remained unexplored at that time, amongst others because of technological
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limitations. Table 1.1 lists some of the pros and cons of using the skin as an information channel. The rest
of this section explores the issues with respect to tactile navigation displays in more detail.

Table 1.1. The pros and cons of using the skin as information channel in man-machine interaction.

The pros include: The cons include:

the potential to lower the visual and auditory load the fact that the skin can get adapted to prolonged
stimulation, and prolonged stimulation may even be
harmful, as seems to be the case with children that
extensively play with vibrating game controllers
(Cleary, McKendrick & Sills, 2002)

the potential to lower the cognitive workload because
tactile displays may present specific information
more  intuitively than visual and auditory displays

the fact that people are not used to tactile displays in
general (let alone in man-machine interaction) so it
may take users time to learn to manage this way of
information presentation

the potential to draw and direct attention. For
example, if somebody taps your arm during a
cocktail party, there is a reasonable chance that you
will notice it and will direct your attention to the
person

that the mechanical stimulation can interfere with
other tasks (imagine a wildly vibrating steering wheel
or other controls)

the fact that the skin is always ready to process
stimuli. This is a plain advantage compared to the
visual channel. If we don’t look and focus on a visual
display, we won’t receive the information. To
perceive information via the skin the observer does
not have to make head or eye movements

that the display technology is not as sophisticated as
for instance visual display technology. The 1 million
pixel resolution of an ordinary visual monitor is
many orders of magnitude larger than that of the
most advanced tactile displays

the fact that stimulus locations on the body are
directly mapped in an egocentric reference frame
which may make the skin an interesting channel for
information requiring an egocentric view

the fact that the most (spatially) sensitive areas are
the fingertips but a display on the fingers will often
not be practical because the user needs to hold tools,
controls, etc.

the fact that a tactile display allows distal attribution
or externalisation (Epstein, Hughes, Schneider &
Bach-Y-Rita, 1986). This means that our bodily
experience extends beyond the limits of the ‘skin-
bag’ (Clarks, 2003) and we can attribute a stimulus
on the skin to an object or event in the outside world
(e.g., when using a walking cane or tools)

that tactile displays have to be in contact with the
skin which places strict requirements on the design
and placement of the display

Implementing an intuitive tactile local guidance display

Two critical choices in designing a tactile local guidance display are which body location to use and which
actuator technology to apply. The functional requirements for an intuitive tactile local guidance display
may help to solve these issues. These are the following:
• intuitive, which translates to:

• the display should automatically evoke the correct response
• the display should require little mental effort
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12 as Montello, Richardson, Hegarty, and Provenza (1999) stated: "A central issue for researchers

of human spatial knowledge, whether focussed on perceptually guided action or cognitive-map

acquisition, is knowledge of egocentric directions, directions from the body to objects and places".
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• the display should make local guidance performance independent of the presence of
external stressors and the level of the mental workload

• optimised for local guidance, which translates to:
• egocentric or actually body-centric and preferably three dimensional12

• the display should not result in detrimental effects on manual control tasks
• general requirements for tactile displays:

• safe to wear on the body, possibly directly on the skin (including avoiding heat burns,
electrical shock and skin irritation)

• comfortable to wear, including aspects such as fit, pressure and weight
• wearable (e.g., not wired to power supplies, sensors or systems in the environment)
• operate ample above the detection threshold (but still at comfortable levels) and within

the spatial resolution for all potential users
• and depending on the application and/or user group: not conspicuous and built from

cheap, readily available elements.

Traditionally, many of the tactile displays are designed for the fingers and hands because these body loci
have the lowest thresholds and the highest spatial resolution. However, they do not comply with many of
the requirements as listed above. For example, they are not egocentric, they may interfere with manual
control tasks and they are quite conspicuous. Furthermore, the hands are often not even available, for
example because they are needed to shake hands with an acquaintance or to carry the groceries. This
effectively disqualifies the hands as location for the display. Other important aspects with respect to the
choice of body location are that the display should be egocentric and possibly 3D, and evoke the correct
response as an automated reflex. Based on the rooting reflex in neonates (i.e., turning the head in the
direction of a tactile stimulus to the cheek), the cheeks are an interesting location to present spatial
information, but the cheeks are neither body-centred nor three-dimensional. The trunk, however, is body-
centred, is a highly stable factor in our perception of space (see Chapter 4 for more details), and has a
three-dimensional form. People’s reaction to a tap on the shoulder indicates that it is not so unlikely that
the rooting reflex has an equivalent on the torso. The trunk also complies with the other requirements. It
is not in use for other displays or controls, one can easily and not conspicuously wear a display under
normal clothing, and it has a large surface allowing larger vibrating elements that are cheap and result in
a stimulus that is ample above the detection threshold and spatial resolution.

With respect to actuator technology: wearability, comfort and safety issues are critical. For wearables, only
two main actuator types are available: electrical and mechanical (for more exotic technologies, see Van
Erp & Van den Dobbelsteen, 1998). Electrotactile actuators can present a sensation of vibration by
electrodes that are attached directly onto the skin. This technology has several disadvantages that need to
be solved before it can be applied. Apart from the obtrusive and complicated way to mount the display,
the sensation is not stable over individuals and even not for the same individual over days. This means that
an electrical charge that is comfortable on one day may be painful on another. Mechanical actuators that
produce mechanical vibration don’t have these disadvantages. There are three major actuator principles:
pneumatic, DC-motor based and coil based. Pneumatic actuators use pressurised air and valves to
mechanically move a membrane that touches the skin. Although the display itself is easily wearable, the
system is not because of the need for pressurised air. DC-motor based actuators are based on an eccentric
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weight mounted on the shaft of a small DC motor. This technology is widely applied in wearables such
as pagers and mobile phones. The disadvantage of this technology is that the vibration is not purely along
one direction, and amplitude and frequency of the vibration are coupled. Coil based actuators can be seen
as small loudspeakers. This technology is also applied in wearables but not at such a large scale as DC
motors. Coil based actuators vibrate along one axis only, and allow to control amplitude and frequency
independently (although many types have a very small amplitude when the frequency is more than 10-20
Hz off their resonance frequency).

Figure 1.9. An example of local guidance information presented by
a tactile torso display: an artificial horizon indicated by a slanted ring
of vibrating elements.

Putting all arguments together, an intuitive tactile navigation display may be implemented as a matrix
display of vibrating elements covering the torso (e.g., see Figure 1.1), similar to the concept that was
introduced in the nineties by Rupert and colleagues (Rupert, Guedry & Reschke, 1993). An examples of
local guidance information displayed by such a display is given in Figure 1.9.

1.7 Crossmodal tactile-visual perception

Although there is clear evidence for crossmodal links in visual-tactile information processing, it is not
clear whether extra costs are involved in crossmodal comparisons compared to intramodal comparisons.
This thesis is primarily about tactile local guidance displays, often as an alternative or additional display
to solve the risk of visual overload. Therefore, tactile displays should be considered in a broader
perspective of user interfaces. Multimodality becomes increasingly important in user interface design and
it is unlikely that a tactile display will be implemented as stand-alone display. Rather, optimal integration
of a tactile display in a multimodal setting will be an important issue. Therefore, We will investigate the
crossmodal visual-tactile comparisons of time and space in Chapter 5.
There are several strategies to combine the visual and tactile modality in a multimodal setting. For
example, the same information can be presented to both modalities making them redundant. Also, different
attributes of an object or event may be presented to the different modalities, making them complementary.
A third strategy is to present related objects or events to the different modalities. In this latter multimodal
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setting, stimulation from several sensory channels must be congruent informationally as well as temporally
(Kolers & Brewster, 1985) since comparisons made by the user can be crossmodal. An important issue
in this respect is whether there is a difference between the quality of crossmodal and intramodal
comparisons (Davidson & Mather, 1966). To be able to compare visual and tactile information in a
crossmodal setting, there must be a common representation of the information from both senses. Several
mechanisms for crossmodal visual-haptic comparisons have been suggested, based on two fundamentally
different models (for an overview see Summers & Lederman, 1990). The first (see Figure 1.10, left) is
based on modality specific representations that are used for uni-modal comparisons (e.g., see Lederman,
Klatzky, Chataway & Summers, 1990). These modality specific representations must be translated into
a common representation for crossmodal comparisons. This implies that crossmodal comparisons require
an extra translation as compared to uni-modal comparisons. Based on the assumption that this extra
translation increases the variability in the judgements, this model predicts a lower sensitivity for
crossmodal comparisons than for uni-modal comparisons.
The second model (Ernst, 2001, p. 88, see also Ernst & Banks, 2002) states that information from the
different modalities is directly processed and translated into a common representation (see Figure 1.10
right). This representation is used for both unimodal and crossmodal comparisons. In the latter model,
unimodal and crossmodal comparisons are based on the same representation and are therefore
hypothesized to have the same sensitivity. 

Figure 1.10. Two models for unimodal and crossmodal comparisons
of visual (V) and tactile (T) information. The model on the left has a
modality specific representation in which the unimodal comparisons
are made. Crossmodal comparisons can only be made after the
unimodal representations are translated into a common
representation. The model on the right has only one (common)
representation in which both the unimodal and the crossmodal
comparisons are made.

1.8 Critical research issues and outline of this thesis

The three main issues of this thesis about tactile torso displays for navigation and orientation can be
summarised as follows: 1) do they work?, 2) can they lessen visual overload?, and 3) are they intuitive?.
To answer these questions, we face challenges at the sensation, perception, cognition and action level.

Sensation

At the sensation level, the processing of vibratory stimuli on the torso is relevant. The first set of questions
at the sensation level concerns the detection threshold and the spatial resolution for vibrotactile stimuli
as a function of location on the torso. Although the detection threshold of the torso may be higher than that
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of other body parts, it is still extremely low (4 microns or lower) and therefore no potential bottlenecks
are expected since simple pager motor technology can easily reach amplitudes that are far above this
detection threshold. Spatial acuity of the skin has been investigated by several methods, but many studies
use pressure and not vibratory stimuli to measure spatial acuity. This lack in the literature was confirmed
by Cholewiak and Collins (2003). Also, most studies investigated the finger (tips) as body locus. Because
vibratory stimuli act upon different sensory receptors and result in both longitudinal and shear waves that
may degrade spatial resolution (depending on the tactor - skin contact; see Vos, Isarin and Berkhoff (2005)
for wave propagation models for the skin), it is doubtful whether pressure data may be generalised to
vibration stimuli.
Also, no extensive data are available on the absolute localization of stimuli on the torso (a possible
exception being the work of Cholewiak and colleagues (Cholewiak, Brill & Schwab, 2004), see Chapter
3). For a display that maps external events on a specific location on the body, absolute localization is at
least as important as relative localization. With absolute localization, we refer to the ability to localize a
stimulus on the body or in 3D space. The methods to measure spatial resolution are based on relative
localization of two stimuli, or the difference between two stimuli, but do not measure where on the body
the stimuli are perceived to be located. Principally, both measures can be independent, like a darter that
throws the darts close together (i.e., a high spatial resolution), but in the wrong number (bad absolute
localization).

The second set of questions at the sensation level concerns the preferred secondary parameter. Besides
location on the body, many local guidance applications may require a secondary parameter to code for
information such as distance, priority, amount of deviation, etc. Looking at the three secondary parameters
subjective magnitude, frequency, and timing, we can conclude the following (for details, see Appendix
I). With respect to coding information by subjective magnitude, the number of levels an observer can
distinguish or identify is limited (Sherrick, 1985). Boff and Lincoln (1988) advice not to use more than
four levels. For coding information by frequency, the number of levels is larger than for subjective
magnitude, but still limited. Boff and Lincoln (1988) advice to employ not more than nine frequency
levels. Coding information by temporal patterns seems more promising. The temporal sensitivity of the
skin is very high (close to that of the auditory system and larger than that of the visual system). A single
actuator of a tactile display can encode information with time slots as small as 10 ms, that is 10 ms pulses
and 10 ms gaps can be detected. This means that many different rhythms can be constructed to encode the
value of the secondary parameter. Based on the available data (more details can be found in Appendix I
and in Van Erp, 2002a), the preferred secondary parameter is timing (or actually temporal rhythm).
However, the skin has a tendency to integrate place and time. Stimuli that are presented closely in time
and space can alter the percept and may even result in a completely new percept (such as apparent motion,
the percept of smooth motion elicited by the sequential activation of discrete point vibrations). Important
parameters in spatiotemporal interactions are burst duration and the stimulus onset asynchrony (see
Appendix I). These parameters may also affect the spatial acuity of the torso, which has not been
investigated yet.

The above leads to the following three main questions at the sensation level:
Q1. What is the spatial resolution of the torso for vibratory stimuli, and is it uniformly distributed

across the torso?
Q2. What are the effects of timing parameters on the spatial resolution?
Q3. How well can observers determine the absolute location of vibratory stimuli?
These questions will be studied in Chapters 2 and 3. The hypotheses for the first three questions are:
H1. Since there are no relevant data available we must look at the data for pressure stimuli to

formulate our hypothesis (although pressure stimuli are processed differently than vibratory
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stimuli). The spatial resolution is in the order of 4 cm and is evenly distributed across the torso,
vertically as well as horizontally,

H2. Timing parameters will affect performance, resulting in decreased resolution when either the
burst duration is very short or the stimulus onset asynchrony is very short,

H3. Since we are able to hit a mosquito on our torso without looking, observers are able to determine
the absolute location of a stimulus with a resolution of half the width of a hand, i.e., with a
resolution of 5 cm or better.

Perception

At the perception level, the following questions will be investigated:
Q4. Are observers able to perceive an external direction based on a localized vibration, and what is

the accuracy (and bias) in this direction perception?
Q5. How do people extract a direction from a (‘dimensionless’) point stimulus?
Q6. Which model can describe the crossmodal tactile-visual perception of time and space?
These questions will be studied in Chapters 4 and 5. We have the following hypotheses:
H4. Since the sense of touch is used to externalise stimuli, we expect that people can easily

externalise a localized vibration to a direction in the outside world. We expect an accuracy in the
order of the 12 hours of the clock (i.e., 30°) with no bias,

H5. We hypothesise that people use an internal egocentre to extract the direction of a point stimulus
in the horizontal plane, comparable to the cyclopean eye for visually perceived directions, and
the cyclopean ear for auditory stimuli. For the torso, this egocentre is located on the body
midaxis,

H6. The recent interest in crossmodal perception has revealed links between vision and touch on
several processing levels. For example, using positron emission tomography, Hadjikhani and
Roland (1998) positively identified areas that were hypothesized to be involved in the
crossmodal transfer of information. Overt and covert crossmodal links in attention were shown
by, amongst others, Spence et al. (1998), Driver and Spence (1998), and Lloyd et al. (1999).
Driver and Spence (1998) assumed pre-attentive integration of multi-sensory spatial information
to produce internal spatial representations in which attention can be directed. Therefore and
because the world is multimodal, we hypothesise that a model based on a common representation
can accurately describe crossmodal visual-tactile perception. This means that crossmodal
comparisons are as good as intramodal comparisons.

Cognition

At the cognition level, the following questions are important.
Q7. Can local guidance displays lower subjective mental effort ratings compared to a visual display?
Q8. Is objective performance with a tactile local guidance display independent of cognitive workload

or external stressors?
Q7 and Q8 are linked but still independent. If Q7 is answered in the negative, Q8 is no longer of interest.
However, if Q7 is answered in the positive, the answer of Q8 can be either yes or no. It should also be
noted that Q7 refers to a difference in absolute workload ratings (independent on the level of cognitive
processing, that is the location on the cognitive ladder), while Q8 refers to a difference in performance as
function of the workload (or actually: does the information processing require the cognitive ladder or
not?). These questions are tackled in Chapters 6-10. The tactile display is expected to be intuitive, even
up to the level that the stimulus can reflectively evoke the correct action, thus closing the sensation6action
shortcut directly. Hence, we hypothesise the following.
H7. The mental effort ratings with a tactile display are lower than with a visual display.
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H8. The information on the tactile display can be processed without involving the cognitive ladder
making the user immune to high mental workload situations. With a tactile display present,
adding additional mental tasks and/or external stressors will not affect performance.

Action

At the action level, we have to investigate whether tactile displays are effective across the local guidance
task space (see Figure 1.6), in other words:
Q9 In comparison to a visual display as baseline, can (adding) a tactile display result in better

performance?
We test tactile local guidance displays in tasks like staying in a virtual corridor, maintaining a stable
helicopter hover, navigating waypoints, maintaining stable flight, intercepting targets, and determining
one’s spatial orientation in Chapters 6-10. The experimental situations are chosen to be able to test the
following more specific hypothesis.
H9. In a direct comparison, we don’t expect an advantage of a tactile display over a visual display.

However, a tactile display will improve performance when the user suffers from a) sensory
overload, for instance a high visual load or reduced visual information (e.g., when flying with
night vision goggles), and/or b) cognitive overload, for instance when other tasks have to be
performed in parallel.

To summarise the questions and hypotheses:
1) Do they work? Yes.
2) Can they lessen sensory overload? Yes.
3) Are they intuitive to the degree that they lessen the effects of a high cognitive load? Yes.
In Chapter 11, We will summarise and integrate the results and hypotheses and give hints for further
research.
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Van Erp, J.B.F. (2005b). Vibrotactile spatial acuity on the torso: effects of location and timing

parameters. Proceedings of Worldhaptics, pp. 80-85. Los Alamitos, CA: IEEE Computer
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Chapter 2. Vibrotactile spatial resolution on the torso: Effects of

location and timing parameters13

Abstract

The processing of spatiotemporal vibrotactile patterns by the torso was examined in two
experiments. The first experiment investigated the spatial resolution as a function of the
location on the torso. A uniform acuity of 3-4 cm was found, except on the body midline
where the acuity was 1-2 cm. This favourable effect is hypothesized to be caused by
specific processing characteristics of the central nervous system which makes the body
midline an anchorpoint for location. The second experiment focussed on the effect of
timing parameters on the spatial resolution. The results indicate that performance was
closely related to both temporal ordering and apparent motion. The data show that
there is a tradeoff between speed of presentation and the required spatial separation,
but in general we conclude that the torso’s spatiotemporal information processing
capacities are larger than required by currently available tactile local guidance displays.
Therefore, we expect no bottleneck in the step from display to sensation, the first step
in the prenav model.
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2.1 Introduction

The first psychophysical research on spatial acuity was done in the nineteenth century by Weber (1834)
and Vierodt (1870). It was Weber who introduced the point localization test and the accompanying
measures: the two-point limen and the localization error. Mapping of the whole body revealed large
differences in spatial acuity between different parts of the body. Vierodt generalized this to the 'law of
mobility', which states that the two-point limen improves with the mobility of the body part.
After the work of Weber and Vierodt, little attention was given to this field until the 1950s and 1960s. In
a classical study Weinstein (1968) measured thresholds of two-point discrimination and tactile point
localization on several body loci (see also Stevens & Choo, 1996). Both measures were highly correlated.
Acuity found with two-point discrimination was three to four times lower than with point localization.
Furthermore, Weinstein found significant effects of body locus. Lowest thresholds were found for the
fingertips: 2.5 mm and 1.5 mm for two-point discrimination and point localization, respectively.
Thresholds for the trunk were approximately 40 mm and 10 mm, respectively. Sensitivity decreased from
distal to proximal regions: fingers, face, feet, trunk, upper and lower extremities, and thresholds inversely
correlated with the relative size of cortical areas subserving a body part. Another important observation
was that good two-point discrimination did not necessarily mean good sensitivity to pressure, that is a low
detection threshold.
Vierck and Jones (Vierck & Jones, 1969; Jones & Vierck, 1973) stated that the method of the two-point
limen leads to an underestimation of the skin's actual spatial sensitivity. They showed that the
discrimination of for example stimulus length is about ten times better. In the 1970s, Loomis and Collins
(1978) found comparable results when the stimulus was a gradual shift in the locus of stimulation. Johnson
and Phillips (1981) introduced alternative methods, and measured two-point thresholds, gap detection and
discrimination of grating orientation for the fingertips. They found thresholds of 0.87 mm and 0.84 mm,
respectively. These results show that the ability of participants to discriminate stimuli is much finer than
is indicated by the two-point threshold of Weinstein (1968). More details on psychophysical studies are
presented in Appendix I.

In Chapter 1, we described how a display consisting of a linear array or a matrix of vibrating elements
could support local guidance tasks. The information transfer with such a display is realised by presenting
specific spatiotemporal patterns to indicate for instance the direction of drift in a helicopter hover task or
the direction of the next waypoint in a navigation task. To be able to adjust the display design to the
perceptual characteristics of the torso, knowledge on the spatial resolution and on the processing of
spatiotemporal patterns is required. Recently, Cholewiak and Collins (2003) concluded that, although
tactile acuity has been extensively investigated for pressure stimuli, vibrotactile resolution of the skin has
not. To fill this gap, this chapter reports two experiments investigating the spatiotemporal processing of
vibrotactile stimuli on the torso to answer the first two questions that were put forward in Chapter 1:
Q1. What is the spatial resolution of the torso for vibratory stimuli, and is it uniformly distributed

across the torso?
Q2. What are the effects of timing parameters on the spatial resolution?
Spatial resolution in this thesis refers to the ability of observers to sense the relative location of two
vibrotactile stimuli on the skin, operationally defined as the distance on the skin between two stimuli (cm)
for which the observer senses the relative position of the second stimulus correctly in 84% of the
presentations14 (see the time - place diagram depicted in Figure 2.1). The intention of this Chapter is to
investigate the relevant issues for the foreseen applications and display layout, including its limitations.
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Experiment 1 focusses on the first question and investigates the spatial resolution as function of location
on the torso. Experiment 2 focusses on the second question and investigates the timing parameters of the
stimulus presentation and their effect of on performance 15.

Figure 2.1. Time - Space diagram of the spatial resolution experiments.

2.2 Experiment 1: Spatial resolution as function of location on the torso

In Experiment 1, the spatial resolution for vibrotactile stimuli as a function of location on the torso was
measured. In Chapter 1, We hypothesised that the spatial resolution is in the order of 4 cm and is evenly
distributed across the torso, vertically as well as horizontally.

2.2.1 Method

Experiment 1 in a nutshell16.
• Four observers performed a spatial discrimination task. After the presentation of two

vibrations they responded whether the second was left or right from the first. The stimuli
were located all over the torso.

• The independent variable was the location on the torso.
• The dependent variable was the spatial acuity, defined as the 84% threshold of the fitted

curve.
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Participants

Four male researchers participated voluntarily in the study. They were familiar with psychophysical studies
and with studies on tactile perception, but not involved in the research project. Their ages were 27, 28,
32, and 34 years.

Apparatus

The tactile stimuli were delivered to the skin by means of MiniVib-4 tactors of Special Instrument
Development Cooperation, Sweden. The tactors were matched on amplitude and were attached to the skin
of the torso by thin double-sided sticky tape (see Figure 2.2). The contact area of the tactors is 16 by 22
mm. More details on the tactors can be found in Appendix II. The participants wore noise-reducing
headphones to block the faint humming sound of the tactors and an oversized T-shirt to block any visual
cues. The participant was seated on a stool without a backrest in a dimly lit room.
The tactors were driven by a 250 Hz sine wave with a burst duration (BD) of 28 ms. Each presentation
consisted of the sequential activation of two tactors with an inter stimulus interval (ISI) of 196 or 980 ms,
which equals Stimulus Onset Asynchronies (SOAs) of 224, and 1008 ms, respectively17. The task of the
observer was to indicate whether the second tactor was to the left or to the right of the first (a 2 AFC task)
by pressing the left of right button on a standard computer mouse, respectively. For the vertical arrays, the
mouse was rotated 90° and the observer indicated whether the second stimulus was below or above the
first. Stimulus combination and the observer's response were stored for later analysis. No feedback on
performance was given. The next presentation started automatically 2 s after the response was given. The
experiment was run in three sessions with different locations of the tactor array.

Placement of the tactors

In the first session, 14 tactors were placed in a horizontal array on the back with a spacing of 4 mm,
resulting in a centre to centre distance of 2 cm (see Figure 2.2). The array had a total length of 28 cm. The
ninth tactor was placed exactly on the spine just below the shoulder bone. The array covered an area from
17 cm to the left of the spine to 11 cm to the right. In the second session, 11 tactors were placed in a
horizontal array on the belly with the middle one on the midline about 5 cm above the navel. In the third
session, two vertical arrays were placed on the belly, each consisting of five tactors. One array was on the
midline with the lower tactor just above the navel. The other array was placed on the left side of the belly
such that each tactor's centre was 6 cm from the midline. In a vibrotactile categorisation task, Cholewiak,
Brill and Schwab (2004) showed that height around the waist did not affect vibrotactile performance with
a horizontal array. Therefore we did not measure horizontal acuity as function of height.
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Figure 2.2. Horizontal array of tactors attached to the back with double-sided sticky tape.

Stimuli and data analysis

In the horizontal arrays (sessions 1 and 2), every third tactor was designated as standard (S) location while
the remaining ones were used as comparison (C) location. In the two vertical arrays (session 3), the middle
tactor was designated S. Each S was paired to four Cs, located two and four cm to the left and to the right
of the S in the horizontal or two and four cm above and below the S in the vertical arrays. For each of the
two levels of inter stimulus interval (196 and 980 ms), each S-C pair was presented 40 times: 20 times in
the order S-C and 20 times in the order C-S. For each S location in the horizontal arrays, the data were
analysed by fitting the proportion "to the right" responses as function of the location of the C (-4, -2, +2,
+4 cm) to the cumulative normal distribution with the package MATHEMATICA 3.0 (least squares loss
function). For the vertical arrays, the same analyses were performed with curve fitting to the proportion
“above” responses.
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Figure 2.3. Results of Experiment 1: spatial acuity (mean threshold
and 95% confidence intervals, with the threshold defined as 84% ‘to
the right’ or ‘above’ responses) as function of location on the torso
for horizontally (left, filled circles) and vertically oriented arrays (right,
open squares). The horizontal line denotes the 2 cm centre-to-centre
distance of the tactors.

2.2.2. Results

Data inspection revealed that all observers showed the same response patterns, therefore only the
aggregated data are presented here. The spatial resolution thresholds were analysed with an analysis of
variance with standard location (9 levels) as independent variable. The analysis resulted in a significant
effect, F(8, 24) = 3.42, p < .01. Figure 2.3 presents the spatial acuity as function of the location on the
torso. Please note that the threshold is based on a curve fitting procedure that can result in thresholds
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smaller than the centre-to-centre distance of the tactors. A post-hoc Tukey test with alpha set at .05
revealed that the navel and spine locations in the horizontal array differed significantly from the other
seven locations.

2.2.3. Discussion

The results show a uniform acuity across the torso of 3 - 4 cm, except for locations on the body midline
(i.e., the spine and the navel) for horizontally oriented arrays (but not for the vertical arrays) where the
resolution is much higher, about 1 - 2 cm. This 'midline effect' will be discussed further below. Apart from
this effect, two things can be concluded. First, the resolution of the torso for vibrotactile stimuli is in the
same order as the values reported by Weinstein (1968) for pressure stimuli: between 1 and 4 cm
(depending on the method). Second, there are no differences between horizontally and vertically oriented
arrays. With a torso circumference between 80-100 cm and a horizontal acuity of 3-4 cm, a horizontal
display resolution of 24 tactors should be obtainable. A similar calculation would result in a vertical
display resolution of 8 tactors. However, these display resolutions are estimated for the current localization
task with static stimuli. Although this seems quite low compared to visual displays, it is higher than the
most advanced torso displays which presently have a resolution in the order of 100 tactors. Noteworthy
is the fact that the torso’s spatial resolution is in the same order as the tactor spacing. At first sight, this
may reflect an artefact, for example pointing in the direction of individually recognisable tactors.
However, recognising individual tactors is not directly relevant in determining the relative localization of
two (recognised) tactors, and performance in discrimination tasks is generally better than in identification
tasks (Horner & Craig, 1989). Also, the current fitting method would result in a (close to) 0 cm threshold
for perfect performance, and not to a threshold in the order of the tactor size. Also Cholewiak, Brill and
Schwab (2004) found that only about 7 tactors around the whole torso could be correctly identified. This
indicates that identification requires a centre-to-centre spacing of the tactors of 10 cm or more. Therefore,
identification could not have set the much better limits as found in the current localization task. Another
artefact may be that the torso’s resolution is actually better than the present results, but that the tactor size
limits the threshold. Further investigating this would require tactors much smaller than the acuity limits
found in the current experiment (i.e., in the order of 1 cm for the horizontal arrays at the navel and spine),
which are not available in wearable variants.

Midline effect

The midline effect refers to the superior resolution on the midline for horizontally oriented arrays only.
Fuchs and Brown (1984) and Weber (1834) already indirectly found the midline effect when they reported
that two-point thresholds were dramatically lower when the two points straddled the torso midline
compared to the situation in which the two points were near, but on the same side of the midline. Several
effects may have caused the midline effect. First, there may be differences in the form, and/or size, and/or
density of the receptive fields between the midline and the lateral areas of the torso. Data show that the
receptive fields are fairly round on the torso (contrary to for example the limbs where receptive fields are
ovally shaped; Johnson & Lamb, 1981; Loe, Whitsel, Dreyer & Metz, 1977). This makes it unlikely that
differences in size or density would have resulted in superior acuity for horizontally oriented arrays, but
not for vertically oriented ones like the present data show. Second, as mentioned by Adams and Helson
(1966), stimuli applied to the spine have a distinctive feel (probably caused by the underlying bony
structure). However, this feel is not reported for the ventral side where this bony structure is absent, while
the midline effect is also present on the frontal side. Third, with respect to the neural pathways and
processing involved, the midline area has two remarkable features. First, peripherally, there are ipsilateral
and bilateral cells, dorsal as well as frontal (Conti, Fabri & Mazoni 1986). This means that the signals
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terminate in both hemispheres and not in the contralateral hemisphere only18. Second, there are dense
colossal connections between the areas representing the midline area. These connections are present in
both the primary and the secondary somatosensory cortex (Mazoni, Barbaresi, Conti & Fabri, 1989;
Iwamura, 1998). This means that the midline area is represented in both hemispheres at several levels
throughout the processing chain. The hypothesised function of this mechanism is the integration of the
phenomenal space of both hemispheres, indicating that the midline serves as an anchorpoint for horizontal
position of tactile stimuli. As shown by Cholewiak and Collins (2003), localization performance may
improve on or near anchorpoints. This anchorpoint effect reveals an asymmetry for horizontal arrays but
not for vertical arrays.

2.3 Experiment 2: Spatial resolution as function of timing parameters

The usefulness of spatiotemporal patterns to display information not only depends on (location dependent)
spatial resolution, but also on the temporal parameters. To gain more insight into the processing of simple
spatiotemporal patterns on the torso, Experiment 2 is concerned with the timing parameters of the stimuli,
namely Burst Duration (BD) and Stimulus Onset Asynchrony (SOA). It has been known for long that
localization is dependent on timing parameters. For example, the different effects for simultaneous and
successive presentation of two points were already revealed by Weber (1834). The importance of timing
parameters is also found in the tau effect (Helson & King, 1931), in sensory saltation (the illusory spatial
localization of a stimulus due to its timing; Geldard, 1982), in the cutaneous rabbit (the illusory
displacement of a series of taps in-between the stimulated locations; Geldard & Sherrick, 1972), and in
the perceived distance between points (Cholewiak, 1999). Details on these effects can be found in
Appendix I. In Chapter 1, we hypothesised that timing parameters will affect performance, especially when
either the burst duration is very short or the stimulus onset asynchrony is very short.

2.3.1 Method

Experiment 2 in a nutshell.
• Four observers performed a spatial discrimination task. After the presentation of two

vibrations they responded whether the second was left or right from the first. The stimuli
were located on the dorsal side of the torso.

• The independent variables were the burst duration (BD)and the stimulus onset asynchrony
(SOA).

• The dependent variable was the percentage correct responses.

The four participants of Experiment 1 also participated in Experiment 2. The task (i.e., indicate left or
right for the second stimulus) and apparatus were the same as in Experiment 1. However, the number and
placement of the tactors was different. Four pairs of tactors were attached to the back of the participant.
The distance between two tactors was 2.5 cm within a pair (centre-to-centre), and 3.5 cm between two
neighbouring pairs. The centre of the pairs was at: -9, -3, +3, and +9 cm with respect to the participant's
midline (see Figure 2.4). The stimulus set and data analysis also differed from Experiment 1. The stimulus
set consisted of the four pairs of tactors activated with a given BD and SOA. In total, 25 combinations of
BD and SOA were presented, see Figure 2.5. Each of these combinations was presented 80 times: for each
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pair 10 repetitions in the order left-right and 10 in the order right-left. This resulted in 2000 presentations
for each participant, spread over a full day.

Figure 2.4 Placement of the four pairs of tactors in Experiment 2,
with a centre-to-centre distance of 2.5 cm within a pair and 3.5 cm
between neighbouring pairs.
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Figure 2.5. Plot depicting the 25 combinations of BD and SOA used
in Experiment 2 and the (interpolated) lines of optimal apparent
motion found in different studies (see the Discussion section for
details).

2.3.2. Results

The data were analysed in an exploratory way as in Cholewiak and Collins (2000). The proportion correct
responses was plotted in a contour plot as function of BD and SOA by using a least squares second order
nonlinear fit (Statistica 5.5©). Again, since all four observers showed the same pattern, all data were
combined. The result is depicted in Figure 2.6.



Chapter 2. Vibrotactile spatial resolution on the torso

19 This would not have been the case when the task was to indicate whether the two stimuli were
at the same or at different locations.

39

BD (ms)

S
O

A
 (

m
s
)

0

50

100

150

200

250

0 50 100 150 200 250 300 350

 0

 0.5

 0.55

 0.6

 0.65

 0.7

 0.75

 0.8

 0.85

 0.9

 above

Figure 2.6. Contour plot indicating the proportion correct as function
of the burst duration (BD) and de stimulus onset asynchrony (SOA).
Darker colours indicate better performance.

2.3.3 Discussion on timing parameters

Figure 2.6 shows that the equal performance lines or contours are slanted, indicating that performance is
dependent on both timing parameters. In general, localization performance increases when the SOA
increases (especially in the range 0 - 200 ms). For BD, the picture is less clear, but averaged over all data,
performance improved for higher BDs. Thus, there is a tradeoff between spatial resolution and
presentation duration. This implies that tactile display applications that require high localization accuracy
can benefit from longer BDs and SOAs. On the other hand, tactile display applications that require fast
presentation of (consecutive) stimuli as in vehicle control applications may require a larger distance
between the tactors. A further inspection reveals that SOA has a larger effect on performance than BD.
In a large area (the lower part of the graph), the lines are predominantly horizontal, that is, mainly
dependent on SOA. Interestingly, the typical pattern of the lines of optimal apparent motion as given in
Figure 2.5 (Sherrick & Rogers, 1966; Sherrick, 1968a; Kirman, 1974a) can also be seen in Figure 2.6,
including the dip at smaller BDs. This seems to indicate that both phenomena are related.

In the localization task used, three factors can influence performance: a) determining the stimuli's (relative)
location (i.e., the spatial resolution); b) determining the temporal order of the locations19; and c) the
possible occurrence of apparent motion. With respect to the spatial resolution, the centre-to-centre
distance was equal for all pairs, and the skin’s spatial resolution was equal over the four locations. With
respect to temporal order, an important study was done by Craig and Baihua (1990). They stimulated
fingertips with two consecutive 26 ms bursts of 230 Hz vibrations. Thresholds (75% correct) ranged from
67 ms (same finger) to 48 ms (different fingers, same hand) and 36 ms (different hands). These data show
that the critical temporal separation for two events at different locations is in the order of 30-70 ms. So,
SOAs below 30 ms will result in reduced temporal order performance, eventually leading to being able
to determine that there are multiple events at the stimulated locations, but without being able to determine
their temporal order. This temporal order effect is reflected by the horizontally oriented contours (marked
‘temporal order’in the lower part of Figure 2.7), indicating (close to) chance performance. With respect
to apparent motion, a correct percept of motion direction unambiguously indicates the location of the
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second stimulus. Essick and colleagues (Essick et al, 1991; Essick, 1998) showed that judgments of the
direction of apparent motion induced by dense arrays of tactors are much better than predicted on the basis
of local spatial resolution. The occurrence of apparent motion may explain the good performance in the
slanted area where apparent motion percepts can occur (marked ‘apparent motion’ in Figure 2.7, cref
Figure 2.5). The fact that localization performance is enhanced along the lines of optimal apparent motion
indicates that the motion cues are additional to place-time performance. Finally, stimuli with a short burst
duration (BDs smaller than 30 ms) are supposed to be processed differently by the nervous system
(Kirman, 1974b; Sherrick, 1968a). Although there is no psychophysical data available that investigates
this directly, several authors come to the same statement. For example, Hill and Bliss (1968a, b) suggest
that for small BDs, the sequence of the presentation is lost, not the content. In the data of Kirman (1974b),
there is a small hint that there is a larger SOA required for stimuli with smaller BD to be felt as successive
instead of simultaneous. This small BD effect is reflected by the dip in the performance for small BDs with
a constant SOA (marked ‘small BD’ in Figure 2.7). It should be noted that according to Sherrick (1968a),
movement, simultaneity, unordered duality, and clear successiveness coexist over a range of stimulus
intervals. This means that these phenomena are closely related and there are no strict borders between
them.
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Figure 2.7. The relation between the results of Experiment 2 and
three phenomena involved in the processing of spatiotemporal
patterns: apparent motion, temporal order judgment, and the deviant
processing of stimuli with a small BD. See the discussion section of
Experiment 2 for details.

2.4 General discussion and conclusion

To optimally adjust the design of a tactile torso display for local guidance to the perceptual characteristics
of the user, fundamental knowledge on how spatiotemporal patterns on the torso are processed is
indispensable. In Chapter 1, the following two questions were posed:
Q1. What is the spatial resolution of the torso for vibratory stimuli, and is it uniformly distributed
across the torso?
Q2. What are the effects of timing parameters on the spatial resolution?
Experiment 1 investigated the spatial resolution as function of location on the torso. The resolution
showed to be quite uniform over the torso and in the order of 3 - 4 cm, both vertically and horizontally,
confirming our hypothesis. The exception is that for horizontally oriented arrays, the resolution on the
midline is 1 - 2 cm. A plausible explanation is based on the particular way the central nervous system
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processes stimuli on the midline and the midline acting as an anchorpoint. An important conclusion of
Experiment 1 is that advanced torso displays have not reached the borders of the torso's spatial resolution.
Experiment 2 investigated the effect of the major timing parameters of localization: BD and SOA. The
effects of temporal ordering, and the occurrence of apparent motion were reflected in the data. The results
confirm our hypothesis that lowering the SOA results in decreased performance. However, even very small
BDs can result in good performance (provided that the SOA is large enough), contrary our hypothesis. The
fact that the skin easily and automatically integrates specific spatiotemporal patterns might be important
in designing such patterns. The effect may have positive and negative effects, including spatial and
temporal masking. The preferred choice in the tradeoff between speed of presentation (dependent on the
timing parameters) and the spatial resolution may be dependent on the application. Those applications
requiring a high spatial resolution can benefit from longer presentation times, those requiring a fast
presentation require a larger distance between the tactors.
In general, we conclude that the torso's spatiotemporal information processing capacities are larger than
required by currently available tactile local guidance displays. Therefore, we expect no bottleneck in the
step from display to sensation, the first step in the prenav model (see Figure 1.5).
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Chapter 3. Absolute localization of vibrotactile stimuli on the

torso

Abstract

Local guidance tactile torso displays present spatial information (like the direction of a
waypoint) through a localized vibration on the torso. In the previous chapter, we showed
that the processing capacity of the torso’s sensory system is sufficient for local
guidance displays currently in use. However, using these systems requires the ability
to determine the absolute location of the stimulus. Because data are only available on
the ability to determine the relative location of 2 stimuli on the torso, the current
experiment is an extension of those on spatial resolution. We developed a novel
method to measure absolute localization based on triangulation. The results show that
there are individual differences among the 15 male observers while each individual is
consistent in localizing the stimuli either outside or within the body. All mislocalizations
are along the radius originating from the body midaxis. Therefore, the difference
between the actual and the perceived direction of a stimulus is small. The results make
us believe that stimulus locations on the torso are coded in polar co-ordinates of which
the distance is less important because it varies with, among other things, posture and
breathing. These data, together with those on spatial resolution, confirm the potential
of the tactile modality to process local guidance information from display to sensation
(the first phase of the prenav model).
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3.1 Introduction to Experiment 3: Absolute localization of tactile stimuli on the

torso

The ability to perceive the absolute location of a stimulus on the body is an essential prerequisite to
correctly externalise a stimulus. When you have to compare a stimulus with an external location or
direction, it is not enough to be able to discriminate its location from that of another stimulus. You have
to know its location in 2D space or on the body20. Therefore, the ability of observers to discriminate
(adjacent) stimulus locations (relative location or spatial resolution) and to determine the precise location
(absolute location) of a stimulus are key factors in the successful application of local guidance tactile
displays. Figure 3.1 illustrates what happens when an observer mislocalizes a vibration, under the
assumption that the observer uses an internal reference point to perceive the direction of the stimulus. 

Figure 3.1. The effect of mislocalization of a stimulus on the
perceived direction. In part A, the active tactor is for example
expected to indicate a threat at 2 o' clock. However, when the
observer mislocalizes the tactor as depicted with arrow 1 in part B,
the perceived direction of the threat will be 1 o' clock as depicted with
arrow 2 in part C.

Absolute localization of stimuli on the torso has not been investigated yet. A high spatial discriminability
or resolution does not necessarily imply high absolute localization performance; like a darter that
consistently throws the darts close to each other but in the wrong number (Clark, Larwood, Davis &
Deffenbacher, 1995; for empirical support see Horner & Craig, 1989). For instance, phenomenal tactile
space might be curved or distorted as shown for haptic space (Blumenfeld, 1937; Kappers & Koenderink,
1999). This effect can be independent of the local spatial resolution.

Although daily life experiences suggest that people are quite accurate in determining the absolute location
of a stimulus on the body (most people are able to hit a stinging mosquito in a split second without visual
guidance), this is not trivial at all. For example, does this ability change when we lose weight or after
finishing a good meal. And what about women whose shape changes during pregnancy or people with a
disorder of body perception and cognition (Blake et al., 2004; Naito, 2002)?

In the present experiment we investigate not the relative but the absolute localization of tactile stimuli. It
extends a recent investigation on identifying vibrotactile stimuli around the torso (Cholewiak, Brill &
Schwab, 2004). In the experiments of Cholewiak and colleagues observers were wearing a linear array of
6, 8, or 12 tactors encircling the torso, or a 7 tactors array in a partial ellipse around the frontal part of the
torso. They were instructed to indicate as fast and accurate as possible which tactor had been active. The
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stimulus was a short 200 ms burst of vibration of one of the tactors. The response was a keystroke on a
specifically designed three-dimensional keyboard, consisting of a cylinder with the same number of keys
in a circle as the number of tactors in the array around the torso. This response system in which the
observers could operate the keyboard from an "over the shoulder" perspective was intended to enable
observers to map their bodies onto the keyboard. The major results show that the information transmitted
in bits calculated from the stimulus/response confusion matrixes (i.e., the amount of information is directly
related to the range of possible alternatives available to the observer). This appeared to asymptote close
to the theoretical value (the magical number seven; Miller, 1956). Although this psychophysical method
measures other aspects than spatial discriminability only, it does not allow to determine the precise
location where the observer located the stimulus in comparison with the actual physical location. A second
issue is that observers need to project the stimulus array onto a keyboard of which the keys neither
correspond in physical layout (the torso is usually shaped like an oval not a circle) nor in direction (the
tactors were placed at equal distances over the skin while the buttons on the keyboard were placed at equal
angles) with the tactor array. A third issue is that observers received feedback after each response, making
it a classification task (in line with the objective to measure information transfer). Also important is that
observers can identify a tactor without needing to know it's exact location. For instance, observers can use
cues such as the underlying structure (e.g., the tactor somewhere on my lower left rib) and whether a tactor
is located at or close to an anchorpoint such as the navel or spine. As Cholewiak and colleagues report:
observers are extremely good in identifying the tactors at navel and spine and are also quite confident that
other stimuli are not at these anchorpoints. The results of their main experiment (Cholewiak, Brill &
Schwab, 2004, Table1) show that of the 3000 non-anchorpoint stimuli only 8 were wrongly classified as
an anchorpoint. This 'anchorpoint bias' may also be the explanation for the results they found for the
tactors adjacent to the anchorpoints. Because observers will never respond with the navel or spine
location, a bias away from the mid-sagittal plane is introduced.

The questions stated above cannot be investigated by the current psychophysical methods for spatial
resolution or classification but requires a different psychophysical measuring method. This method should
not be based on the assumption that the subjective location of the vibration is on the skin surface, should
allow continuous responses instead of a limited number of categories, and must prevent the 'anchorpoint
bias'. Based on these preconditions, we developed a method based on triangulation, i.e. determining the
co-ordinates and distance of an unknown point by observations from two (or more) known locations in
space.

3.2 Method

Experiment 3 in a nutshell.
• 15 observers performed a triangulation task in which they had to line up a cursor with two

stimuli of which one was attached to the frontal side of the torso.
• The independent variables were the location and the modality of the torso stimuli. There

were 15 stimulus locations and two modalities: visual and tactile.
• The dependent variable was the subjective location of the stimulus (either in x, y co-

ordinates or in polar co-ordinates).

Participants

Fifteen male observers participated in the experiment, six were recruited from the scientific staff of TNO
Human Factors and nine were undergraduate students. All participated voluntarily, only the students
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received i50 for their participation. Before the start of the experiment all individuals received written and
verbal information on the experiment and read and signed an informed consent. None of the observers
reported any conditions that might affect tactile perception of vibration on the torso or a distorted body
schema.

Apparatus

Figure 3.2 depicts the experimental setup. The experiment took place in a completely darkened room. The
observer was lying on a stretcher with his torso fixated but allowing head rotations. To facilitate viewing
the frontal side of the torso, a cushion was placed under the observer's head. A board was placed over the
observer, perpendicular to the body midaxis at a level just below the navel. Each trial consisted of the
presentation of three stimuli: one on the torso which could be either tactile (a burst of vibration) or visual
(an LED), a reference stimulus (which was an LED mounted in the board), and a visual cursor (which was
projected on the board). The task of the observer was to position the cursor so that the three stimuli were
on a straight line. The cursor was a round dot projected by a focussed light attached to a servo-controlled
platform mounted behind the observer. Cursor position resolution and readout accuracy was 0.01°. The
observer steered the cursor along an imaginary circle on the board with a handheld rotary dial. When the
cursor was subjectively positioned correctly, the observer pushed a button on the rotary dial and the next
trial would start. The visual torso stimulus served as control condition.

Figure 3.2. Layout of the experimental setup and the triangulation
principle. The observer was lying on his back on a stretcher. A board
was placed perpendicular to the body midaxis just below the
observer's navel. Each trial consisted of three stimuli: a torso
stimulus (a vibration or LED), a reference LED mounted in the board
and a cursor. The observer's task was to position the cursor with a
handheld dial such that the three stimuli were on a straight line (the
dots are two examples). By using different reference LEDs for each
torso stimulus, the subjective location of the torso stimulus can be
calculated using triangulation (the square would be the result based
on the two example responses).

All stimuli were located in the same, flat plane. The radius of the circle of red reference LEDs was 0.46
m, that of the cursor was 0.71 cm. The exact location of the torso stimulus in the plane of the board was
measured using three accurate thread potentiometers at known locations on the board and the method of
trilateration. The torso stimulus and reference LED were activated in a "100 ms on - 200 ms off" rhythm
which is both comfortable and prevents tactile adaptation. Each of the fifteen torso stimuli was combined
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with each of ten reference stimuli resulting in 150 pairs. Each pair was presented three times in one
session. Each of the observers completed two sessions of 450 trials: one for the visual torso stimuli and
one for the tactile torso stimuli. The 450 trials in each session were randomised with the restriction that
successive torso stimuli were at least two positions apart. Eight of the participants started with the tactile
torso stimuli, seven with the visual. The tactile stimulus was presented with a MiniVib 4 vibrator with a
contact area of 22 by 16 mm (Special Instruments Development Corporation, Sweden) driven with a 250
Hz sine wave. The torso visual stimuli were red LEDs.

Procedures

After reading the instruction and signing the informed consent, the observer laid down on the stretcher.
Fifteen pieces of ultra thin double sided sticky tape (Sellotape, Switzerland) were placed at equal distances
at the frontal side of the torso and in such a way that the outer ones were located more or less at the left
and right side of the observer's torso. With a felt-tip pen, a marker was placed on each piece of sticky tape.
At that time, the torso of the observer was fixated by cushions besides the legs and upper body, and the
location of each of the 15 felt pen markers was measured. After this measurement, the visual or tactile
torso stimuli were attached at the marked locations, and the observer was given the handheld control box.
After switching off the room lights, a total of 20 trials was presented in the presence of the experiment
leader. When the experiment leader was convinced that the instructions were clearly followed and the
participant had no more questions, he left the room and the experiment could start. The experiment leader
was able to monitor the participant and setup by means of an infrared light source and a CCTV camera.
The experiment was self-paced, but none of the sessions lasted longer than one hour (i.e., a mean response
time below 8 s). After completing the 450 trials in the first session, a short break was taken and the torso
stimuli were changed (tactile for visual or vv.) without removing the sticky tape. The torso stimuli in the
second session were placed at exactly the same locations by using the marked sites, which was checked
with the thread potentiometers.

3.3 Results

All data were analysed with a reference frame defined in the plane of the board. We defined the body
midaxis as origin, the left-right direction seen from the head of the observer as x-axis and the y-axis as
perpendicular to the x-axis and the body midaxis. The subjective location of a torso stimulus was
calculated as follows. For each of the 30 trials for a specific torso stimulus, a line was drawn through the
reference LED and the cursor position. Next, for the set of 30 lines, the intersection of each of the possible
line pairs was calculated (Figure 3.2 depicts one such pair). This resulted in 405 intersections per torso
stimulus per observer. The intersections with an x or y co-ordinate smaller than -1 m, or larger than +1
m were removed from further analyses. These intersections were the result of (nearly) parallel lines. The
percentage of removed intersections for a torso stimulus never exceeded 10% and was 1.5% on average.
The subjective location of the torso stimulus was calculated as the mean x and mean y co-ordinate of the
intersections.
Before we looked at localization performance, we calculated the uncertainty intervals around each
subjective location, based on the 95% confidence limits of the mean (separately for the x and y
co-ordinates). We analysed the uncertainty intervals with a Modality (tactile or visual torso stimulus) ×
Location (15 torso stimulus locations) × Axis (x-axis, y-axis) design. This analysis revealed main effects
of all three independent variables. The effect of Modality: F(1, 14) = 54.81, p < .01 showed somewhat
smaller intervals for the visual stimuli (mean 1.49 cm) than for the tactile stimuli (1.66 cm). The effect of
Axis: F(1, 14) = 1411.06, p < .01 showed that the interval for the y-axis (0.79 cm) was smaller than for
the x-axis (2.36 cm). The main effect of Location: F(14, 196) = 10.63, p < .01 showed that the uncertainty
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intervals for the torso stimuli near the midline were smaller than for those near 90° left or right. The range
between the largest and smallest mean uncertainty interval as function of Location was less than 0.5 cm.
Post hoc tests on the two significant interactions with Location: Modality × Location: F(14, 196) = 8.59,
p < .01 and Location × Axis: F(14, 196) = 12.30, p < .01, revealed no systematic effect other than the main
effect of Location.
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Figure 3.3. Results for four typical observers. The open squares
represent the locations of the visual torso stimuli, the filled circles
those of the tactile torso stimuli. Corresponding stimuli are connected
by arrows. The radius is in mm, the navel and nose are at 0°. The
lines are the least squares fit. The dotted line is the fit through the
physical location of the stimuli.

The localization data for four typical observers are plotted in Figure 3.3. We compared the subjective
location of the tactile torso stimuli with that of the control condition with visual torso stimuli. Each plot
depicts the visual torso stimuli (open squares) with arrows to the corresponding tactile torso stimuli (filled
circles). The uncertainty intervals are not plotted because their size is in the same order as the size of the
symbols in the plot. Observer 3 is typical for a group of three observers for whom the tactile torso stimuli
had a somewhat larger radius than the visual torso stimuli. Observer 7 is typical for a group of three
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observers for whom the torso stimuli were typically observed with a smaller radius than the visual stimuli.
Three observers showed a pattern as that of observer 11 in which the tactile torso stimuli near the midline
had a smaller radius than the visual stimuli, while this shift was absent for stimuli further away from the
midline. Finally, observer 13 is typical for the remaining six observers who showed no or only small
differences between the perceived locations of the visual and tactile stimuli. Inspecting the data of all 15
observers, also taking into account the objective or physical location of the torso stimuli, resulted in the
following observations. First, for all 15 observers, the sequence or angular order of the subjective
locations corresponded to those of the objective locations in both modalities. This indicated that the
line-up task was doable and that the triangulation method resulted in meaningful data as was already
expected from the small uncertainty intervals. Second, the difference between the subjective location of
a tactile torso stimulus compared to its corresponding visual torso stimulus was best described by a shift
along the radius, neither shifts purely along the x-axis nor along the y-axis seemed to occur. Third, for
most observers, the tactile torso stimuli had a radius that was either smaller or larger than that of the visual
torso stimulus, irrespective of the location. We analysed the radius of the torso stimuli with a Modality
(2) × Location (15) ANOVA. This analysis resulted only in a significant effect of stimulus Location: F(14,
196) = 15.97, p < .01, nicely following the oval shape of the torso for both modalities (see Figure 3.4, the
interaction was not significant).
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Figure 3.4. The radius of the torso stimuli as function of the location
on the torso and the modality of the stimulus.

Finally, because the angles of the localized vibration are important in tactile mobility systems, we analysed
the angles of the presented and perceived locations. Figure 3.5 depicts the fit of the subjective angle as
function of the objective angle for the visual torso stimuli and the tactile torso stimuli. 

For both modalities, the subjective angle corresponded well to the objective angle. For the visual stimuli,
there seemed to be an undershoot over the whole range. For 90° left and right the undershoots were 14°
and 6°, respectively. This left-right asymmetry might be related to eye and/or hand dominance since the
hardware setup is symmetrical. The subjective angles for the tactile torso stimuli equalled the objective
ones till about 45° left and right and showed an undershoot for larger objective angles. The undershoots
for the left and right sides (i.e., -90° and 90°) were 15°, and 10°, respectively, showing the same left-right
asymmetry as the visual stimuli.
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Figure 3.5. The subjective angle as function of the objective angle for
the visual and tactile torso stimuli. Each least squares fit is based on
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3.4 Discussion and conclusion

The triangulation method employed in this experiment resulted in accurate determination of the observed
location of torso stimuli. The uncertainty intervals were smaller than 2.5 cm for the x-axis and smaller than
1 cm for the y-axis. There was a small, but significant difference of 0.17 cm in uncertainty interval
between the visual and tactile modality. The uncertainty interval for the visual stimuli is 1.49 cm, that for
the tactile stimuli is 1.66 cm on average, which is about the same as the contact size of the vibrators. The
size of the uncertainty intervals, and the fact that the spatial ordering of the observed location corresponds
with that of the physical locations, justifies the conclusion that the triangulation resulted in accurate and
meaningful results. The fact that the uncertainty interval in the x-axis is about three times that of the y-axis
may be due to the layout of the reference LEDs. The employed method is sensitive to near parallel lines,
because the co-ordinates of their intersections approach ±4. The present layout with reference LEDs near
-90° and +90° enlarged the uncertainty in the x-axis, but not in the y-axis for torso stimuli close to -90°
and +90°. The comparable situation for the reference LEDs near 0° that would have affected the
uncertainty of the torso stimuli close to 0° did not occur since there were no reference LEDs near -180°.

The main question investigated in this Chapter was Q3 at the perception level: How well can observers
determine the absolute location of vibratory stimuli on the torso? The results show that shifts of the
subjective locations are along the radii of the objective locations and not along the left-right or fore-aft
dimension. The net effect of this displacement on the subjective direction of the stimuli is close to zero,
especially in the forward 90° cone. Outside this cone, the subjective angle is closer to the body midline.
To compensate for a potential effect of eye or hand dominance resulting in a larger angle undershoot for
locations left or right of the body midline, we can correct the tactile data with the results of the visual data.
Doing so leaves a small tactile undershoot of 1° left and 4° right. Interestingly, although there are large
differences between the observers, they are all quite consistent in locating stimuli with either a shorter or
longer radius than their actual radius. Even when there are large shifts between the objective and
subjective location (5 cm or more, e.g. see Figure 3.3, observer 11), the shift is always along the radius,
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both for visual and tactile stimuli. This may indicate that (stimuli on) the skin of the torso are coded in
polar co-ordinates (i.e., an angle and distance). The present results indicate that angles are the perceptual
invariant for torso stimuli. Apparently, distance is either less relevant in localizing torso stimuli or the
sensory system required to adjust the distance for posture, breathing, pregnancy or a copious meal is not
worth the effort. As long as we move our hand along the radius, we will hit that stinging mosquito sooner
or later.

All in all, the data show that observers are able to localize a vibratory stimulus close to its actual location,
a prerequisite for the successful development of tactile mobility displays on the torso. The results are in
accordance with our hypothesis that people can determine the absolute location of a tactile stimulus with
a resolution of 5 cm or better. When the objective and subjective locations do not coalesce, the shifts are
mainly along the radius, which has no effect on the perceived direction of the stimulus. We can conclude
that these data, together with those of Chapter 1 on spatial resolution, confirm the potential of the tactile
modality to process local guidance information from display to sensation (the first phase of the prenav
model).
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Chapter 4. Direction perception21

Abstract

Chapters 2 and 3 explored how well people can discern neighbouring stimulus sites on
the torso (spatial resolution) and perceive the location of a torso stimulus (absolute
localization), both related with the first step in prenav from display to sensation. The
next step in prenav is from sensation to perception, i.e. translating the stimulus into
meaningful information. Important prerequisite for local guidance tactile displays is that
the user can externalise the stimulus: the vibration does not indicate an event on the
body but points into the direction of an object or event in the external world. The
present study investigated the direction in the horizontal plane to which a specific torso
location is mapped using a 15 tactor linear display. Participants indicated the observed
external direction of a localized vibration by positioning a remotely controlled cursor.
The results show that the observed direction is toward the midsagittal plane (i.e., the
navel or the spine) compared to the tactor direction. This bias is consistent over the
observers tested, and up to 10° for the oblique directions. Inspection of the response
patterns revealed that observers did not use the body midaxis as origin for the
observed direction, but used two spatially separated internal reference points, one for
each body half. The variability of the responses also depends on the tactor direction.
It is higher for the left-right direction and lower for the fore-aft direction, which may be
caused by the spine and navel acting as anchor points.
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4.1 Introduction to Experiment 4: Direction perception

A simple local guidance tactile display may consist of a small number of tactors on, for instance, the legs
or wrists. Successful applications include the studies done by Rochlis and Newman (2000) who presented
direction information during simulated extra vehicular activity in space by tactors on the torso and the
neck, and by Dobbins and Samway (2002a) who presented a virtual corridor by tactors on both thighs of
a blind individual who set the blind world water speed record at 117 km/h. More complex displays,
however, consist of many more tactors that may cover the complete torso of the user. These displays
present not simply left or right, but map external directions in the horizontal plane directly to a specific
location on the torso.
For a complex torso display that uses a direct mapping between an external direction and a location on
the torso, two issues are relevant. The first issue is concerned with the bias and accuracy, that is, which
direction is experienced for a specific torso location and how accurate are observers? In other words, it
seems logical that a vibration at the navel is experienced as a direction straight ahead. But what about a
location 10 cm to the right, is this determined as for example 1, 2, or 3 o'clock, and how consistent is this
determination? The second issue is which reference mechanism observers use. How are observers able
to determine a direction based on a single point stimulus on the skin? The applications that are currently
under investigation make the implicit assumption that observers perceive direction as the line from an
internal reference point (assumed to be the body midaxis) through the location of the tactor on the torso's
skin. The location of this internal reference point is important because it is correlates phenomenal and
physical space. The strategy of using an internal reference point resembles the perceptual ego-centres that
are postulated for vision (also called the cyclopean eye, e.g. Roelofs, 1959; Ono et al., 2002), for
kinaesthesis (Blumenfeld, 1936; Rubin, 1936; Hunter, 1954; Davidson, 1972; Shimono et al., 2001), and
for audition (Cox, 1999). An important difference between direction determination with a tactile torso
display and the perceptual ego-centre theory is that the latter includes perceived direction and perceived
distance. Since vibrotactile displays require physical contact between the stimulus and the observer's skin,
perceived distance as function of physical distance cannot be investigated. An alternative strategy to
determine the direction of a localized vibration is that the location of stimulation contains direction
information through the skin's local curvature. More specific, an observer may determine the direction for
a specific location as perpendicular to the skin at the specific location, that is, as the “normal vector”.
This study investigates both issues mentioned above for tactile direction determination in a transversal
plane through the torso (i.e. the horizontal plane when standing). By having observers make repeated
direction determinations for the same stimulus location, insight can be gained in the variability of the
indications. Also, by accurately measuring the physical location of the vibrotactile stimuli and the
observer's body form, it is possible to investigate whether observers indeed use the body midaxis as
internal reference point or use the torso's curvature. To characterize body form, the eccentricity of
observers was calculated by dividing the torso width by the torso depth. Figure 4.1 shows the predicted
response patterns as function of eccentricity. For observers with a circular torso, the predicted response
patterns for both strategies will be indistinguishable. However, for observers with a more oval shaped
body form, the strategy of using local curvature predicts a correlation between response pattern and body
form (imagine that an infinitely slim individual will feel a stimulus either from the front or from the back)
while the directions perceived using the strategy of an internal reference point are independent of the local
curvature.
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Figure 4.1. Hypothesised effect of body form on the direction
determination. The open arrow gives the predicted response when
the observer uses the body midaxis as internal reference point, the
filled arrow gives the predicted response when the observer uses the
local body curvature as cue. The three hypothetical observers each
have a tactor at a direction 60° right from the midsagittal plane. The
left observer has a circular body form (an eccentricity of 1.0) and
both response patterns are indistinguishable. Both other observers
have an eccentricity of 1.5 and 2.0, respectively and show an
increasing difference between both response patterns.

4.2 Method22

Experiment 4 in a nutshell.
• Ten observers performed a direction perception task, in which they positioned a cursor on

a table surrounding them such that it indicated the direction of a vibration on the torso.
• The independent variable was the angle of the tactor (there were 15 tactors in a belt around

the torso), calculated from the body midaxis.
• The dependent variables were the bias (calculated as the difference between the angle of

the tactor and the indicated direction), and the consistency (calculated as the standard
deviation over multiple responses given to the same tactor).

Participants

Ten male researchers of TNO Human Factors voluntarily participated. They were all right-handed and
familiar with experiments on tactile perception. The experiment was approved by the institute's human
participants committee. After the explanation of the experiment, the participants signed an informed
consent. Table 4.1 gives an overview of relevant participant data.
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Table 4.1. Data of the ten participants. The torso circumference was measured by a tape measure and used to
determine the inter tactor distance. The outer tactor angle gives the angle of the angular range of the tactors clockwise
and counter clockwise from straight ahead. The torso width and depth were calculated based on the data of a 3D
bodyscan of the participant. The torso measures were taken just above the navel, that is at the position of the tactors.
The eccentricity was defined as the torso width divided by the torso depth.

participant age torso
circumferenc
e (cm)

inter tactor
distance
(cm)

outer tactor
angle (°)

torso
width
(cm)

torso
depth
(cm)

eccentricity

1 30.1 83 5 151 28.1 23 1.22

2 29 82 5 154 28.1 21.8 1.29

3 33.6 96 6 158 30.4 24.3 1.25

4 31.8 88 5 143 29.2 23.5 1.24

5 32 108 6 140 34.8 30.9 1.13

6 29.6 84 5 150 29.7 21.9 1.36

7 34.9 97 6 156 32.9 26.2 1.26

8 33.8 88 5 143 30.2 22.5 1.34

9 25.6 93 5 135 31.1 25.1 1.24

10 25.7 81 5 156 28 21.1 133

Figure 4.2. Schematic top view of the experimental setup (not to
scale).

Apparatus

The participant sat straight on a stool in the middle of a circular gap in a horizontally positioned square
table (see Figure 4.2). The stool was adjusted so that the participant's midaxis was in the middle of the
table. The stool allowed maintenance of a fixed and comfortable position. The table was just above navel
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level of the participant. Fifteen tactors were placed at equi-distances on the participant's torso. The
distance between tactors was 5 cm when the torso circumference was smaller than 96 cm and 6 cm when
the circumference was 96 cm or larger. The middle tactor was placed just above the navel, exactly at the
level of the table. With respect to the body midaxis, the outermost tactors were placed at about 150° to
the left and the right of the middle tactor, forming a partial circle in the transversal or horizontal plane.
Because the tactors were placed equidistantly, the exact tactor angle depended on the body form (see also
Table 4.1). The tactors were held in place by two-sided sticky tape. The tactors were minivib-4 vibrators
of Special Instruments Development Corporation, Sweden (see Appendix II for details). After placing the
tactors, each participant was scanned using a Vitronic VIRO-3D 1600 body scanning system. The raw data
from the scans were cleaned and transformed using the software packages Polyworks and Integrate. The
latter resulted in a cross section of the torso with calibrated x- and y-co-ordinates (error estimation smaller
than 2 mm). This scan allowed exact localization of the tactors in the transversal plane.
The input device was a handheld rotary dial (position control). The participant could steer a cursor along
a white circle drawn on the table (radius 75 cm). The cursor was a light spot with a radius of 4 cm that was
produced by a focussed light attached to a servo controlled platform mounted on the ceiling. Cursor
position resolution and readout accuracy was 0.01°. This method was preferred to pointing with the arm
or hand which may force the observers to move their torso. The 75-cm radius allowed to see the cursor
by making eye and head movements only.

Procedures

The experiment was run in a closed, dimly lit room. The participant wore a headset with white noise to
prevent localization of the tactile stimulus based on the faint humming sound. An oversized T-shirt was
worn over the tactors to prevent visual localization. The participants were instructed to keep a fixed
position on the stool and to keep their torso still. The experimenter checked this via a closed circuit
television system.
In each trial, one stimulus was activated in a ‘100 ms on - 200 ms off' pattern. The participant was asked
to position the cursor on the circle, such that it indicated the direction of the vibration. The participant
pushed a button near the rotary dial after positioning the cursor. Maximum duration of stimulation was
6 s, followed by another 4 s period to respond. However, the participants could give the response as soon
as they felt that the cursor was correctly positioned after which the stimulation was terminated. After
pressing the button, the next presentation began without repositioning the cursor. Participants were
allowed to work in their own preferred pace (however, maximum response time for each trial was 10 s).
A short practice session of 20 trials was given before the start of the experiment. The experiment was run
in five blocks with two-minutes breaks in between. A block consisted of seven repetitions of each of the
15 tactors. Successive presentations were in randomized order, but differed at least two tactor positions
in the array. Including instruction and body scanning, the experiment took less than two hours. The
participants received no feedback on performance neither during the practice nor during the experimental
trials. Two sessions were run: one with tactile stimuli as described above and one with visual stimuli. The
visual stimuli were mounted in the board with a radius of 35 cm. The latter data will not be presented here,
but will only be used to cancel out possible effects of the visual system that are reflected in the tactile data.

4.3 Results

First, the location of each tactor and of the body midaxis on the basis of the 3D body scan was calculated.
This allowed the creation of a visual representation of the data for each observer. The results of a typical
observer are given in Figure 4.3 (the results of the visual data are given as illustration). In this figure, lines
were drawn between each stimulus and its mean indicated direction.
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Figure 4.3. Typical response patterns (top view) for the tactile stimuli
(left) and visual stimuli (right). The filled circles in the left panel are
the locations of the vibrotactile tactors on the torso as measured by
the body scan. The lines connect each stimulus with the mean of the
responses (open circles).

Figure 4.4. Graphical depiction of the mean response and the
response variability over all participants. The difference between the
tactor angle (lines) and the responses (arcs covering the mean
response ± 1 standard deviation) are indicated by the arrows. The
angular size of the arc represents the variability, the size of the arrow
represents the bias.

Since all observers showed a similar response pattern, it was decided to combine the data. To that end the
data were expressed in polar co-ordinates with the body midaxis as origin (ahead was defined as 0° with
positive angles clockwise). Because the tactors were located equidistantly for each observer, the polar
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angle of each tactor differed between individuals. Therefore, the angles were grouped in 20° intervals. It
should be noted that this means that an individual observer is not necessarily represented in each interval
(e.g. an observer with successive tactors at 27° and 52° is not represented in the [30°, 50°] interval). The
combined results are depicted in Figure 4.4. In this figure, the mean tactor angle is represented by the line,
the arcs summarise the responses (mean response ± 1 standard deviation). The arrows indicate the
difference between the mean tactor angle and the mean response angle. Figure 4.4 gives both an indication
of the relation between torso location and determined direction and of the variability of the responses. For
most tactor angles, there was a difference between the tactor angle and the average response angle. If
observers use the body midaxis as internal reference point, this difference should be close to zero.
Inspecting Figure 4.3 reveals that it is not likely that this typical observer used the body midaxis as internal
reference point.
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Figure 4.5. Bias (the difference between tactor angle and determined
direction) as function of the tactor angle. The quadrants of the torso
are given in the upper part of the graph.

A more numerical way of plotting the data is used in Figure 4.5 which shows that the difference between
the tactor angle and the response angle varied between -10° and +10° (the visual results showed a different
pattern with a systematic undershoot in estimated direction of 5%). The direction of the difference
(clockwise (positive values) or counter clockwise) was dependent on the quadrant of the tactor (the
quadrants are named in the upper part of the figure). Summarising, the responses were toward the
midsagittal plane compared to the tactor directions, that is toward the navel for the frontal side of the torso
and toward the spine for the dorsal side. It should be noted that this difference would be the bias in
direction determination for those applications that present direction in relation to the body midaxis as
origin as is common practice.
A similar plot can be made for the variability as function of the tactor angle. This is depicted in Figure 4.6.
The lowest variability was found on the midsagittal plane with a SD of 4° and was systematically higher
to the sides (SDs rising to 14°). The variability lowered again on the dorsal side. The visual results show
a different pattern with low variability at 0° (< 2°) that systematically rises to the sides and further to the
dorsal side (5°).
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Because the data do not seem to fit with a strategy of using the body midaxis as internal reference point,
the second suggested strategy was investigated, namely using the body curvature. Bias was defined as the
difference between the tactor angle and the response angle, and eccentricity as the body width divided by
the body depth. When observers used their local curvature of the skin as cue, the bias would increase for
increasing eccentricity. In other words: An observer with a perfectly circular torso (i.e. an eccentricity of
1.0) would have no bias, while very slim observers would have a large eccentricity and a large bias (see
also Figure 4.1). To test this, the correlation between eccentricity and the absolute bias was calculated.
To achieve a more reliable analysis, the present data were combined with an older experiment (Van Erp,
2000), bringing the total number of observers to 23. This older experiment differed from the present
experiment on the following two aspects: the tactors were placed at every 20° instead of equidistantly and
a body scan was not taken. However, torso depth and width were measured. The correlation between
eccentricity and absolute bias was found to be -.01, see also Figure 4.7. This means that it is also unlikely
that observers used local body curvature to determine the direction of a vibrotactile point stimulus. The
data did not fit well with both suggested strategies, and the individual data plots (see Figure 4.3 for an
example) showed a pattern in which the lines from response to tactor seemed to intersect in two points:
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in the right torso half for tactors on the right and in the left torso half for tactors on the left. Therefore, we
performed an additional analysis in which we calculated these internal reference points as the point of
intersection of the line crossings of a chosen set of tactors. The two sets were for the left and right body
half (the tactor on the midline was left out). The results showed that for all observers, the two internal
reference points are laterally displaced with a mean distance of 6.0 cm between both points, see Figure
4.8.
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Figure 4.8. The internal reference points for the ten observers
(numbered 1-10) calculated separately for the tactors on the left
body side (filled circles) and the right body side (open squares).

4.4 Discussion and conclusion

Chapters 2 and 3 explored how well people can discern neighbouring stimulus sites on the torso (spatial
resolution) and perceive the location of a torso stimulus (absolute localization), both related with the first
step in prenav from display to sensation. The next step in prenav is from sensation to perception, i.e.
translating the stimulus into meaningful information. We investigated two questions at the perception
level: Q4 (are observers able to perceive an external direction based on a localized vibration, and what
is the accuracy (and bias) in this direction perception?) and Q5 (How do people extract a direction from
a (‘dimensionless') point stimulus?). We measured perceived direction as function of the direction of a
point stimulus. The experiment was run with tactile and visual stimuli. The latter served as control to be
able to investigate whether patterns in the tactile data were caused by the visual system. Although the
effects found in the tactile data are partly caused by the visual system, the patterns of the visual bias and
variability as function of stimulus direction is so different that it could not have caused the effects found
in the tactile data. The results indicate that the accuracy of direction perception is high for directions
straight ahead and straight behind, but lower for the directions left and right. There is also a general bias
in the perceived direction toward the midsagittal plane. This bias seems to contradict the study of
Cholewiak, Brill and Schwab (2004) who investigated localization around the torso and found a bias away
from the midsagittal plane (see Section 3.1 for a more thorough discussion on their experiment). As argued
in Section 3.1, this bias may have been caused by the fact that observers are very well able to identify their
midline and will not easily identify a nearby stimulus as being located on their midline. However, when
the navel and the spine are considered as anchorpoints (cref. Chapter 2), the bias toward the midsagittal
plane is in accordance with the bias found by Cholewiak and Collins (2003) for linear arrays on the arm.
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The present experiment confirms that people are able to indicate an external direction that matches a
vibrotactile point stimulus on the torso. Since a single point stimulus does not contain direction
information, observers need to use additional information. Two alternatives were postulated. The first is
that observers experience direction as perpendicular to the skin surface at the location of stimulation.
However, the lack of a correlation between body form and the response patterns shows that this is not very
likely. The second is that observers use a second (internal) reference point. Although the data did not seem
to fit with the existence of a single internal reference point located at the body midaxis as hypothesised
in the introduction (H5), the response patterns did fit with the existence of an internal reference point for
each body half. This observation is consistent over observers, and results in a mean lateral distance
between both reference points of 6.0 cm across participants. In the previous experiment on absolute
localization, we found a response pattern that fitted with polar co-ordinates with the body midaxis as
origin. However, the stimulus presentation in the triangulation task consisted of three points and was thus
independent of the use or exact location of an egocentre.
The conclusion that there are two internal reference points may be related to the way vibrotactile stimuli
are processed in the central nervous system (cref. Appendix I). Stimuli presented to a specific location on
the torso are processed by the contralateral hemisphere. Just as each body part has its own kinaesthetic
internal reference point (e.g. Soechting &Flanders, 1982, 1992), the two torso halves can be seen as
different body parts, each having its own internal reference point. There is no a-priori reason to expect that
both are exactly co-located. The fact that the response to a stimulus on the observer's midline is a direction
that relates neither to the left nor to the right reference point is the consequence of the fact that tactile
stimuli presented to the torso midline (i.e., within a band of about 6 cm width) are processed in both
hemispheres (Conti et al., 1986; Fabri, Polonara, Salvolini & Manzoni, 2005; Manzoni et al, 1989;
Iwamura, 1998). The function of this mechanism is hypothesised to be the integration of the phenomenal
space of both body halves into one coherent percept, in this case a direction that is somewhat in between
that indicated by the left and the right hemisphere.

Coupling direction to location: implications for spatial guidance applications

Currently applied tactile torso displays calculate the tactor direction with the body midaxis as origin. The
present data show that doing so results in a systematic bias between the tactor direction and the
experienced direction, while we expected no bias (according to H4). This bias is toward the midsagittal
plane, that is, experienced directions are toward the navel for tactors on the frontal side, and toward the
spine for tactors on the dorsal side.
This may have consequences for the design and applications of tactile displays that use a direct mapping
between stimulus location and external direction. The bias in the direction perception for the oblique
directions is up to 10°. Although this may be acceptable for many applications (for example, the 12 hours
of the clock used in military environments to indicate directions (e.g., "bogey at 2 o'clock") have a 30°
resolution), some applications may require a larger resolution. Those situations may ask for an individual
calibration of the mapping of external directions on skin locations, that is, constructing a "torso related
transfer function, or TRTF". The TRTF would map each direction to a unique location on the torso and
vice versa. Although an individual TRTF will optimally reduce the difference between presented and
determined direction, a general TRTF may be sufficient. This general TRTF will at least compensate for
the bias toward the midsagittal plane.
Assuming that a TRTF results in a correct mean direction perception, variability is the only relevant
performance measure. The results show that the variability is dependent on the stimulus location, but much
better than the hypothesised value of 30° (H4). The variability is lower on and near the midsagittal plane
(SD of 4° for the direction straight ahead) than on the sides of the torso (SD 10-14°). The variability is
in the same order of the angular size of the tactors (with a mean abdomen circumference of about 90 cm,
the 2 cm size of the tactors results in a mean angular size of 8°). As discussed in Chapter 2, the tactor size
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may have played a role in restricting performance, although -similar to the results of Chapter 2- best
performance (i.e., lowest variability ) is about a factor two better than the tactor size. Two factors may
have contributed to the effect of stimulus location. First, the midsagittal plane (on the frontal and the
dorsal side, 0° and 180°, respectively) may act as anchor point. Anchor points are characteristic body
locations, such as Vierodt's mobility points (e.g. the shoulders, elbows and wrists; Vierodt 1870, Lederman
and Taylor 1969, Lederman et al. 1987, cref. Chapter 3). The role of anchor points in vibrotactile
localization performance on the arm and trunk was investigated by Cholewiak and colleagues (Cholewiak
& Collins, 2000, 2003). On the trunk, they found that near optimal performance occurred at the navel and
the spine which they defined as anchor points. The present data show that the further away from these
anchor points, the less accurate the direction determination becomes, with lowest performance around 90°
left and right. A second factor is related to spatial accuracy. A higher spatial resolution may result in less
uncertainty in the determination of the stimulus location, and thus in less variance in the determined
direction. Chapter 2 showed that the vibrotactile spatial resolution near the midsagittal plane (frontal as
well as dorsal) is higher than more to the side of the torso. The results imply that optimal performance may
be expected for tasks that require the perception of directions straight ahead or straight behind. This is for
example the case in a situation in which a visually disabled individual wants to walk to the next waypoint
in a preprogrammed route, or a fighter pilot flying towards a target. This also implies that tactile direction
perception can be complementary to 3D sound, in the sense that 3D sound is optimal to present lateral
directions but has a relatively high occurrence of front - back reversals.
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Chapter 5. Crossmodal visual-tactile perception of time and

space23

Abstract

Tactile displays are often introduced as alternative or additional display to reduce the
incidences of visual overload. An important issue in introducing a multimodal visual-
tactile interface is whether there is a difference between the quality of crossmodal and
intramodal comparisons. In the prenav model, this process is part of the cognitive
ladder. This chapter therefore tackles the following question: Which of the models
presented in Section 1.7 can describe the crossmodal tactile-visual perception of time
(Experiment 5) and space (Experiment 6)? The first experiment investigated the
consistency between tactually and visually designated empty time intervals. In a
forced-choice discrimination task, participants judged whether the second of two
intervals was shorter or longer than the first interval. Two pulses defined the intervals.
The pulse was either a vibrotactile burst presented to the fingertip or a foveally
presented white square. The comparisons were made for unimodal and crossmodal
intervals. We used four levels of standard interval durations in the range of 100 - 800
ms. The results showed that tactile empty intervals must be 8.5% shorter to be
perceived as long as visual intervals. This crossmodal bias is larger for small intervals
and decreases with increasing standard intervals. The Weber fractions are consistent
over uni- and crossmodal comparisons, which indicates that there is no additional noise
involved in the crossmodal comparisons of temporal intervals. The second experiment
investigated spatial tracking performance with tactile and/or visual presentation of target
and cursor. The tactile display consisted of vibrators in a horizontal linear array on the
torso, the visual display consisted of dots projected on a horizontal plane surrounding
the observer. Participants performed two different tracking tasks with target and cursor
presented to the same modality (either visual or tactile) or to different modalities (a
visual target and a tactile cursor or vice versa). The errors in both crossmodal settings
were well predicted by the unimodal errors. This indicates that no additional costs are
involved in crossmodal visual-vibrotactile tracking. The results of both experiments
indicate that cross- and intramodal comparisons of space and time are based on the
same representation. This would mean that there are no additional costs involved in
combining the visual and tactile modality in a multimodal interface.
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5.1 Introduction

Due to the increasing complexity of visual interfaces, system designers are increasingly looking towards
the auditory and/or tactile channels to provide an alternative or supplementary means of information
transfer (Spence & Driver, 1997; Van Erp, 2002a). Effective multimodal interfaces require that stimulation
from several sensory channels be coordinated and made congruent informationally as well as spatially and
temporally (Kolers & Brewster, 1985). In case the information is not presented redundantly to multiple
modalities, but instead spread over the sensory modalities, the user must be able to compare information
crossmodally (Van Erp et al. 2006). In one of the two models for crossmodal comparison, there is an
additional processing step required to be able to make crossmodal comparisons compared to intramodal
comparisons (see Section 1.7). If this additional step is indeed required, the potential costs (e.g., in terms
of additional processing time, added workload, or additional noise in the comparisons) may reduce the
expected improvements. These costs are especially relevant when two or more events are presented to
different modalities and the task requires the user to make crossmodal comparisons. Therefore, we
investigate the uni- and crossmodal visual-tactile perception of time and space, and focus on the question
whether crossmodal comparisons can be predicted on the basis of unimodal comparisons. In Experiment
5, we do this for the perception of empty time intervals of durations between 100 and 800 ms, the range
that is relevant for the current applications. In Experiment 6, we do this for pursuit and compensatory
tracking, the two relevant local guidance tasks at the steering and control level, respectively (cref. Chapter
1, prenav model).

5.2 Experiment 5: Crossmodal visual-tactile perception of temporal intervals

5.2.1 Introduction

An interesting question is how empty interval length is internally represented. For empty intervals it is
tempting to assume that internal interval length is measured as the time between a particular feature of the
response function (e.g., its onset, point of maximum curvature, or peak) of the first pulse and that same
feature of the second pulse (e.g., the onset of both pulses). In this case, the internal representation of
interval length is independent of the shape of the response function or the particular feature used and
therefore independent of the modality, as long as the first marker does not affect the timing of the second.
Such internal representation should not yield biases between modalities. However, an alternative
assumption (see also Grondin's internal marker hypothesis; Grondin, 1993) is that the internal
representation is the time between one feature of the response function to the first pulse and another
feature of the response function to the second pulse (e.g. the end of the first pulse and the onset of the
second). In this case, internal interval length becomes dependent on the shape of the response functions
and thus the modality of stimulation. First of all, response functions may be asymmetric in that the
steepness of the response function at the onset of a pulse differs from its steepness at the offset. Second,
the width of the response functions may differ for different modalities. This will result in a bias in
crossmodal comparisons.
The relationship between the auditory, visual, and tactile channels regarding temporal duration has not
been studied extensively. Only the perceived duration of visual and auditory time intervals have been
compared. For filled temporal intervals in the order of one second, visual intervals had to be set longer
than auditory intervals to be judged as equal in duration (Behar & Bevan, 1961; Goldstone & Goldfarb,
1963; Goldstone, Boardman & Lhamon, 1959; Goldstone & Lhamon, 1972; Wearden, Edwards, Fakhri
& Percival, 1998). The same crossmodal bias is present for empty intervals. The intervals bounded by
light flashes appear shorter than those bounded by brief auditory stimuli (Goldstone & Lhamon, 1971;
Sebel & Wilconsoncroft, 1983; Walker & Scott, 1981). Modality differences have also been reported for
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other time related measures and tasks, for example in duration discrimination (Lhamon & Goldstone,
1974), temporal order judgement (Kanabus, Szelag, Rojek & Poppel, 2002), stimulus sequence
identification (Garner & Gottwald, 1968; Handel & Buffardi, 1969), in the perception of temporal rhythms
(Gault & Goodfellow, 1938), and in a temporal tracking and continuation tapping task (Kolers &
Brewster, 1985). We know of only two studies that have addressed auditory-tactile interval duration
comparisons. Both Ehrensing and Lhamon (1966) and Hawkes, Deardorff, and Ray (1977) found
perceived tactile durations to equal auditory ones. To our knowledge, no data are available for
tactile-visual comparisons.
As manual interactions with the environment are often controlled using visual feedback it may be expected
that the perception of time intervals for the eye and for the finger tips has evolved to be consistent.
Evidence for this comes from the development of visual-haptic interactions in children (Birch & Lefford
1963, 1967; see also Freides, 1974). However, based on the biassed auditory-visual relation and the
unbiassed auditory-tactile relation, we expected a bias in tactile-visual comparisons: visual intervals will
be set longer than tactile intervals to be judged as equal in duration.

Crossmodal temporal sensitivity

Unimodal threshold studies have shown that the temporal resolution of the skin lies between those of
hearing and vision (Kirman, 1973). This relation goes for numerous time related measures and tasks,
including discrimination of duration (Goodfellow, 1934); synchronization of finger taps (Kolers &
Brewster, 1985), and adjusting empty intervals to equal pulse duration (Craig, 1973). However, in their
classical temporal order study, Hirsh and Sherrick (1961) found that the thresholds (75% correct) for the
visual, auditory, and tactile modality were the same and in the order of 20 ms. Although the temporal
resolution of the skin has been investigated in several ways (e.g., with the fusion threshold (Geldard &
Sherrick, 1971; Gescheider, 1966, 1967, 1974) and the gap detection performance (Van Doren,
Gescheider & Verillo, 1990; Formby, Morgan, Forrest & Raney, 1992)), tactile interval discrimination
has not yet been systematically studied as a function of interval length (cref. Appendix I). Only
Goodfellow (Goodfellow, 1934; see also p. 219 in Fraisse, 1978) reported a difference threshold for
interval duration of 9.5% (averaged across various methods used) for a standard interval of 1 s.

5.2.2 Method

Experiment 5 in a nutshell.
• Eight observers performed an interval discrimination task, in which they responded wether

the second of two intervals was shorter or longer than the first. The two open intervals had
different lengths. An interval was marked with either two visual flashes or two tactile
bursts. The two intervals could be of the same modality or of two different modalities.

• The independent variables were the combination of interval modality and the interval
length.

• The dependent variables were the bias and the sensitivity.

Participants

Eight male, right-handed volunteers between 21 and 25 years old participated. They all reported normal
vision and a normal sense of touch. They were paid i 40 for their participation.
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Stimulus and apparatus

An empty interval is defined as the time between the onsets of two pulses of equal duration (33.3 ms). A
visual pulse was a white square (subtending 5.1 × 5.1° of visual angle) drawn on a monitor (Iiyama CRT
with short persistence phosphor P22) against a dark background (see Wearden et al. (1998) for
comparable stimuli). The tactile pulse was presented by a Special Instruments Minivib 4 vibrator with a
contact area of 22 × 16 mm attached to the skin with sticky tape and driven by a 250 Hz sine wave signal
(see Appendix II). The intensities of the tactile and visual stimuli were subjectively matched by a simple
procedure (method of adjustment). Three observers adjusted the brightness of the visual stimulus (5
ascending and 5 descending trials per observer) so that the intensities were judged to be equal to the tactile
stimulus. Since intensity of the markers does not affect crossmodal interval discrimination (Grondin, Irvy,
Franz, Perrault, & Metthe, 1996), the intensity of the visual stimulus was fixed at the mean value for these
three observers.
The Visual interval (V) was always presented foveally to both eyes. The Tactile interval (T) was presented
to the tip of the left index finger. The participants wore headsets with white noise that attenuated the sound
of the vibrator to a sub-threshold level during all conditions. On each trial two intervals were presented:
a standard interval (S) and a comparison interval (C). Standard and comparison intervals were presented
in random order. The pause between the presentation of the two intervals was 2 s. Participants were asked
to indicate whether the second interval was shorter or longer than the first interval by pushing the left or
right mouse button. No feedback was given. The standard interval was 100, 200, 400, or 800 ms. The
range of comparison intervals was chosen on the basis of pilot data, so that the percentage of trials to
which the comparison interval was judged 'longer' than the standard ranged from 0 to 100%. For each
standard (except for the 100 ms standard), we choose to measure five longer comparison intervals and five
shorter intervals. Using equal step sizes between the comparisons and taking into account the 60 Hz
refresh rate of the monitor, this resulted in step sizes of 16.7, 16.7, 33.3, and 67.7 ms for the 100, 200,
400, and 800 ms standard intervals, respectively. The values of standard and comparison intervals are
given in Table 5.1.

Table 5.1. Range and stepsize of the comparison intervals as function of the standard interval length in Experiment
5.

Standard interval length (ms) range of the comparison intervals
(ms)

stepsize (ms)

100 50.0 - 150.0 16,7

200 116.7 - 283.3 16,7

400 233.3 - 566.7 33,3

800 466.7 - 1133.3 667

Marker-type conditions

We tested temporal interval discrimination for four marker-type conditions: Unimodal: T-T and V-V, as
well as crossmodal discrimination: T-V (a standard tactile interval with a varying visual interval) and V-T
(a standard visual interval with a varying tactile interval). Please note that a single interval is always
defined by markers of the same modality.
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Data fitting

A method of constant stimuli was used testing 30 repetitions for each S - C interval combination. We fitted
a cumulative normal function to the fractions of 'longer' responses for range of comparison intervals, by
MATHEMATICA® 3.0. The fit resulted in the point of subjective equality (PSE), and the threshold,
defined as the increment of the comparison value relative to PSE for which the percentage of trials to
which the comparison interval is judged 'longer' than the standard is 75%. The difference between the PSE
and the standard interval is called bias.

Design and statistical analyses

The experiment consisted of four sessions. Each session tested a single standard interval length. The four
marker-type conditions were blocked within the session. The order of the sessions and the order of the
marker-types within a session were semi-balanced across participants. For each comparison interval, 30
repetitions were recorded. Before analysis the bias and threshold were standardized by dividing them by
the standard interval. For the threshold, this results in the Weber fraction (Fechner, 1860; Luce &
Galanter, 1963). The results were analysed using a repeated measures analysis of variance (ANOVA):
Marker-type condition (4) × Standard interval (4). Significant effects were further analysed by a post-hoc
Tukey HSD test with alpha set at .05.

Procedure

The participants were seated 90 cm in front of a monitor in a dimly lit room with their right-hand on a
mouse. They wore a sound-attenuating headset with white noise during all sessions to prevent hearing the
faint humming sound of the vibrator. At each trial, participants were asked to compare the length of two
empty intervals and indicate whether the second interval was 'shorter' or 'longer' (forced choice) by
pressing the left or right mouse-button, respectively. The participant started every next trial by pressing
the middle mouse-button. There were four sessions, each one testing a specific standard interval. There
were pauses in between sessions. Each participant completed the experiment on a single day.

5.2.3 Results

Standardized bias

The ANOVA on the standardized bias resulted in three significant effects: Marker-type condition, F(3,
21) = 14.59, p < .001, Standard interval, F(3, 21) = 3.17, p < .05, and the interaction between Marker-type
condition and Standard interval, F(9, 63) = 4.82, p < .001.

The interaction of Marker-type condition and Standard interval is depicted in Figure 5.1 (aggregated over
participants). A positive bias is the result of observers judging the second marker-type condition as longer
than the first. The post-hoc test on the interaction can best be summarized as follows. The standardized
bias in the crossmodal conditions with the smaller standard intervals (100 and 200 ms, i.e. four means in
total) is significantly higher than and the other conditions (12 means). 
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Figure 5.1. The interaction between Marker-type condition and
Standard interval length on the standardized bias. Marker-type
conditions indicate the modalities of the standard interval and the
comparison interval, respectively. Positive values indicate that the
comparison interval is set longer than the standard interval. Bars
indicate the Standard Error.
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Figure 5.2. The interaction between Marker-type condition and
Standard interval length on the Weber fraction. Marker-type
conditions indicate the modalities of the standard interval and the
comparison interval, respectively. Bars indicate the Standard Error.

Weber-fractions

The ANOVA on the Weber fraction resulted in one significant effect: the interaction between Marker-type
condition and Standard interval, F(9, 63) = 4.61, p < .001. This interaction is depicted in Figure 5.2. The
post-hoc analysis of this effect showed no specific pattern of significant differences.
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5.2.4 Discussion

Bias

In principle, no bias is expected when the two intervals to be compared are of the same type, that is,
presented in the same modality (T-T and V-V). The two intervals to be compared differ only in their
interval length, not in any other stimulus dimension. Further, because the order of presentation was
randomised, any preference for judging the second interval as shorter or longer will have an effect on the
threshold, but not on the bias. However, the data show a small bias for these same marker type
discriminations. In order to perceive the comparison interval as equally long as the standard interval, the
comparison interval has to be 2.3 % longer on average (independent of interval length). This is probably
due to the fact that the stimulus dimension 'interval length' is not symmetric, but stretches from 0 to
infinity. In contrast, the cumulative normal distribution that is fitted along this stimulus dimension
stretches from -infinity to +infinity. When a symmetric curve is fitted to such asymmetric data, the PSEs
will be systematically raised relative to the standard value (a positive bias) as observed in this experiment.
We also fitted the data after a log transform of the time parameter. Although this resulted in a smaller bias,
the improvement was not statistically significant.
Of course, the same effect may bias the PSEs in positive direction for marker-type conditions where
intervals of different type (presented in different modalities) have to be discriminated. Applying the 2.3%
correction to the T-V and V-T data results in a bias of 8.8 and 8.5%, respectively. This suggests that the
length of a visual interval is systematically underestimated compared to a tactile interval, and/or that the
length of a tactile interval is systematically overestimated compared to a visual interval. This confirms our
hypothesis, based on the biassed auditory-visual relation and the unbiased auditory-tactile relation. The
interaction of Marker-type condition and Standard interval length shows that this bias is only present for
short intervals. We will discuss two hypotheses for this bias.

Internal marker hypothesis

Grondin's internal marker hypothesis (Grondin, 1993) is that the internal representation is the time
between one feature of the response function to the first pulse and another feature of the response function
to the second pulse. Consequently, a comparison between tactile and visual intervals may yield biases
caused by the differences in response functions. For example, tactile response functions in the fingertip
may ascend more steeply, and/or descend faster in comparison with visual response functions. In that case,
the time between the internal representations of the offset of the first pulse and the onset of the second is
longer for a tactile interval than for a visual interval. Consequently, tactile intervals will be overestimated
in length compared to visual intervals. This hypothesis predicts that a crossmodal bias is dependent on the
response functions only and independent of the interval length. To test this, we performed an ANOVA on
the raw (not standardized) bias. This analysis showed a highly significant effect of Standard interval: F(3,
21) = 11686.94, p < .001. The means were 6.2, 12.1, 24.7, and 49.6 ms for a Standard interval of 100,
200, 400, and 800 ms, respectively. This result argues against the internal marker hypothesis that predicts
a constant bias that is independent of the length of the interval.

Directed attention hypothesis

A second explanation for the crossmodal bias is based on the effect of directed attention on time related
tasks. For instance, Stelmach and Herdman (1991), Carver and Brown (1997), and Spence, Shore and
Klein (2001) showed the effect of directed attention on the perception of temporal order and simultaneity.
The attended stimulus appears to occur before the unattended stimulus when both are presented
simultaneously. Data indicate that directed attention also has an effect on the perceived duration of a brief
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stimulus (i.e., filled intervals). Mattes and Ulrich (1998) found that stimuli (stimulus durations between
70 and 270 ms) in the attended modality (either visual or auditory) were rated as longer than stimuli in the
unattended modality. This effect of attention on brief stimuli was confirmed by Chen and O'Neill (2001).
If, in a crossmodal condition, there is an asymmetry in the capture of attention or in the shifting of
attention between the modalities, biases in perceived duration may occur. The interval presented in the
modality that captures or holds attention will be judged as longer. Spence and McGlone (2001) showed
that tactile spatial attention can be reflexively directed towards peripheral tactile stimuli. Comparisons
between the costs involved (in terms of required time) when switching attention between modalities
(auditory, visual and tactile) were made by Spence and Driver (1997). They indeed found consistently
higher costs of shifting from the tactile to the visual modality than vice versa. These asymmetrical effects
between the visual and tactile channel combined with the effect of attention on duration perception
(especially for brief stimuli) may explain the crossmodal bias and the effect of an increased bias for
smaller interval lengths. Both effects must be investigated further, for example by using a directed
attention paradigm. However, these investigations on bias are outside the scope of this thesis in which
crossmodal sensitivity is an important issue.

Sensitivities

The sensitivities (i.e., the 75% correct threshold of interval discrimination) are easiest discussed in terms
of Weber-fractions since the results show that these are invariant with standard intervals. A Weber-law
(the sensitivity is a constant fraction of the interval length) seems to hold for the range of standard
intervals tested (100 - 800 ms). Our Weber fractions (20%) seem to be in-between the results reported by
Grondin (1993, p. 386 on 250-ms empty visual interval discrimination) (t75 =23%) and those of Grondin
(1998) and McKee and Taylor (1984) who reported Weber fractions around 10% for the visual modality.

Consistency of crossmodal sensitivities

Participants estimated only two types of intervals: visual presentation in the fovea and tactile on the
fingertip. The Weber fraction is 20.6% in the unimodal marker-type conditions, and 20.5% in the
crossmodal marker-type conditions. This confirms the predictions of a crossmodal comparison model in
which the same (common) representation is used for both the unimodal and crossmodal comparisons.

5.2.5 Conclusions

The present experiment on tactile and visual discrimination of empty temporal intervals can be
summarized as follows. The length of tactile intervals is systematically overestimated compared to visually
presented intervals, and/or the length of visual intervals is underestimated compared to tactile intervals.
This bias decreases for larger interval lengths. Within the range 100 - 800 ms, Weber-fractions for empty
interval discrimination (tactile, visual, and crossmodal) are in the order of 20%. The Weber-fractions are
constant over the interval range tested (i.e., the Weber law holds), and the Weber fractions are consistent
over the uni- and crossmodal marker-type conditions. Despite the bias in tactile - visual interval length
perception, there is no additional noise introduced in crossmodal comparisons compared to unimodal
comparisons. This fits with a crossmodal model based on a common representation for both unimodal and
crossmodal comparisons but not with a model based on two different representations for unimodal and
crossmodal comparisons.
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5.3 Experiment 6: Crossmodal visual-tactile perception of space

5.3.1 Introduction

Because of the goal of this thesis to study local guidance tactile displays (in a multimodal setting), using
a crossmodal tracking task is a good option to study the crossmodal perception of spatial information (such
as directions). For instance, the direction of an incoming threat in a fighter aircraft may be presented on
a tactile torso display, while the visor of the aircraft's weapon system may simultaneously be presented
visually. As described in Chapter 1, tracking tasks are important at the local guidance level. At the control
level, the majority of the tasks (e.g., compensating for side wind, maintaining our balance) are
compensatory tracking tasks. At the steering level, the majority of the tasks (e.g., maintaining a constant
distance to a lead vehicle, intercepting enemy aircraft) are pursuit tracking tasks. The application of
crossmodal visual and tactile tracking displays has never been investigated (contrary to visual and auditory
tracking, e.g., Tsang & Vidulich, 1987). Therefore, we investigated performance in two tracking tasks in
crossmodal visual-vibrotactile conditions, and compared performance with intra-modal conditions. To
ensure that the visual display and the tactile torso display presented qualitatively equivalent information,
we used a set-up in which both modalities indicated a direction in a horizontal plane around the observer's
torso, similar to the setup in Chapter 4. The tactile display consisted of vibrators attached to the torso,
while the visual display consisted of dots projected onto a table surrounding the observer.

5.3.2 Method

Experiment 6 in a nutshell.
• 12 participants performed several tracking tasks in which the error between a target and a

cursor had to be minimised. The cursor and target were displayed either on a visual display
(dots presented on a table surrounding the participant) or on a tactile display (a belt with
tactors around the torso).

• The independent variables were the modality of the cursor and target (visual and/or tactile)
and the tracking task (compensatory or pursuit).

• The dependent variable was the RMS tracking error.

Participants

Twelve right–handed male students (between 20 and 27 years old, median 22.9 years) participated
voluntarily. They received i40 for their co–operation. All had normal or corrected to normal vision. They
had no previous experience with tactile displays.
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Figure 5.3. Schematic top view of the experimental set-up in
Experiment 5 (not to scale).

Apparatus

Figure 5.3 shows a schematic top view of the setup. The participant was seated on a stool and surrounded
by a square table with an open circle in the middle. Two displays were used, one visual and one tactile.
The visual display was generated with an update rate of 30 Hz by a PC which was linked to an LCD
projector (320 × 200 pixels). The projector was mounted on the ceiling above the participant and projected
onto the table. The projected image consisted of a small blue ring with a width of 10 cm. The visual target
and cursor (white dots with a diameter of 4 cm) moved along the outer and inner edge of the ring,
respectively. The outer diameter of the projected ring was 150 cm, with the participant positioned in the
centre. The resolution of the visual display was 1 pixel, which was roughly equivalent to 0.40°. The
vibrotactile display consisted of 26 Special Instruments Minivib 4 vibrators (see Appendix II). These 250
Hz vibrators, with a contactor area of 22 by 16 mm, were attached to the skin with double sided sticky
tape. The vibration had a 100% duty cycle. The participant was wearing noise reducing headphones in
order to exclude localization of the vibrators on the basis of their faint humming sound. The vibrators were
attached to the participant's trunk in two partial circles in the transversal plane (called upper and lower
belt), ranging from 120° left to 120° right of the ventral midline, defined as -120° to +120°. It was verified
that the visual and tactile display were calibrated by projecting radiants of the ring of the visual display
at 20° intervals during the attachment of the tactors (see Figure 5.4). Note that, because the human trunk
is usually oval, this procedure leads to variable inter–vibrator distances, with smaller distances near the
midsagittal plane. The vibrators were placed such that the lower belt was in the plane of the table's surface,
approximately 5 cm above the participant's umbilicus. The upper belt was located between the navel and
the nipples, 8 cm above the lower belt.
The skin tends to integrate spatiotemporal vibrotactile patterns into a coherent percept. For example,
sequentially activated vibrators at adjacent locations are not felt as static stimuli but are integrated into
a percept of smooth motion, also known as apparent motion (For details on tactile apparent motion and
the dependency on spatiotemporal parameters see for example Kirman, 1974a; Lakatos & Shepard, 1997;
Sherrick, 1968a, b; cref. Appendix I). This means that the sensation of movement (or a dynamic stimulus)
can be created by static stimulation. Each vibration was emitted either by a single vibrator, or by two
adjacent vibrators activated simultaneously, eliciting the sensation of ‘apparent location' (for details on



Chapter 5. Crossmodal visual-tactile perception

75

tactile apparent location, see for example Cholewiak, 1988; cref. Appendix I). By using this phenomenon,
the static resolution of the tactile display was doubled to 10°.
Participants controlled the cursor (i.e., the vibrotactile pulse in the upper belt or the visual dot on the inner
side of the circle), whereas the pulse in the lower belt or the dot on the outer side served as target. The
range of the cursor was from -120° to 120°. The range of the target was from -90° to 90°. Because the
display ranged from -120° to 120°, this allowed for a cursor overshoot of 30°. The participants used a
handheld one-dimensional joystick to control the cursor. The joystick controlled the cursor's angular
velocity, yielding a first order control system and allowed following the target stimulus with perfect
fidelity. A rightward position of the joystick resulted in a clockwise motion of the cursor. A PC controlled
the experiment and registered the target and cursor data.

Figure 5.4. The method to attach the elements at 20° angles and
calibrate the tactile and visual display. The rays were projected from
above and only used during the attachment of the tactors.

Tasks, stimuli and design

Each participant performed two tracking tasks: a pursuit tracking task and a compensatory tracking task
(see Van Erp & Oving, 2002). In both tasks, the instruction was to minimize the angular error between
the direction indicated by the cursor and the direction indicated by the target. The main difference between
the two tasks was that the external error acted on the direction of the target in the pursuit tracking task and
on the direction of the cursor in the compensatory tracking task. Thus, in the pursuit tracking task target
motion was the result of the disturbance trace and cursor motion of control input. In the compensatory
tracking task, the target was stationary and the motion of the cursor was the result of control input and
external error displacement. These two tracking tasks can be considered as instances of steering and
control tasks, respectively, e.g.: tracking a moving element (e.g., a hostile aircraft) in an environment, and
keeping an object in a fixed position despite external disturbances (e.g., hovering a helicopter with side
wind). Each participant had three target directions in the compensatory tracking task. Six participants had
the centre (0°), left ahead (- 40°) and on the right (+ 80°), the other six had the centre (0°), right ahead (+
40°) and on the left (- 80°). Eight 150 s disturbance traces were constructed, with more than 90% of the
power below 0.5 Hz. The end and beginning of each trace connected smoothly, making it possible to use
different starting points in the trace. Participants were allowed to intercept the signal in the first 10 s of
each trial, followed by 150 s of effective tracking. Since the duration of the total disturbance trace was
only 150 s, the first 10 s of the trace was repeated at the end of the effective trial.
In the unimodal conditions, the target and cursor were both visual (VV) or both tactile (TT). In the
crossmodal condition the target was visual and the cursor tactile (VT) or vice versa (TV). Participants
performed both tracking tasks in all four uni- and crossmodal conditions, leading to a total of eight
conditions. Each participant completed three traces in each condition, resulting in a total of 24 trials. The
traces were randomly chosen from the set of eight available traces, and had a random starting point. The
order of the conditions was balanced across participants, using a digram–balanced Latin square
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(Wagenaar, 1969). The RMS (root mean square) angular tracking error (°) was calculated as performance
measure.

Procedure

Prior to the start of the experiment, participants were asked to read and sign an informed consent, which
stated that they could end the experiment at any time without consequences. Participants were seated
statically in a dimly lit room. They were allowed to rotate their head, but were instructed not to move their
body. Body position during the experiment was monitored by the experimenter through two surveillance
cameras. After attachment of the vibrators, one training trial for each of the eight conditions was given.
These training trials were presented in random order. Participants received no explicit feedback on their
performance on either the training or the experimental trials.
The 24 trials for each participant were presented in eight blocks of three trials each. The condition
changed after each block. Between two blocks, participants were allowed a one minute pause. There was
a 15 minute break after four blocks. A complete session lasted approximately two hours.

5.3.3 Results

The RMS tracking error was analysed using a repeated measures analysis of variance (ANOVA) with the
following independent variables: Task (pursuit/compensatory) × Target (visual/tactile) × Cursor
(visual/tactile) × Repetition (3). When appropriate, significant effects were further analysed by a post hoc
Tukey test with alpha set at .05. The 4–way ANOVA revealed highly significant main effects of Task F(1,
11) = 93.23, p < .001, indicating a larger tracking error in the pursuit tracking task than in the
compensatory tracking task; Target F(1, 11) = 394.30, p < .001, indicating a larger error with a tactile
target than with a visual target; and Cursor F(1, 11) = 111.26, p < .001, indicating a larger error with a
tactile cursor than with a visual cursor. There were no effects of Repetition. All means and standard errors
are depicted in Figure 5.5. Apart from the main effects, two interactions were present. The interaction
between Task and Target, F(1, 11) = 179.76, p < .001, showed that the main effect of Task (higher errors
in the pursuit tracking task, present when the open bar is larger than the filled bar) is present for tactile
targets only, but is absent for visual targets. The interaction between Target and Cursor, F(1, 11) = 10.19,
p < .01 showed that performance is best in the visual–visual conditions, followed by the crossmodal
conditions and finally the tactile–tactile conditions.

5.3.4 Discussion

The interaction between target modality and task shows the following two effects. Firstly, performance
degradation is predominantly present for tracking dynamic tactile targets in the pursuit tracking task. This
is visible in Figure 5.5 as the open bars marked [1] and [2] with a mean tracking error of 29° and 42°,
respectively. Secondly, there is a low tracking error for the compensatory tracking task with a tactile target
and a visual cursor, marked [3] (i.e., apart from the superior performance in the unimodal visual
condition). In this condition, the tactile target is static. These effects indicate that tracking errors increase
when there is an external disturbance signal present in the tactile signal. In the present experiment, this
is the case for tactile targets in the pursuit tracking task and the tactile cursors in the compensatory
tracking task. These cases are marked with an arrow in Figure 5.5.
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Figure 5.5. Mean tracking error as function of tracking task and
target and cursor modality. In the pursuit tracking task the
disturbance affects the target, whereas in the compensatory tracking
task disturbance affects the cursor. The bars marked with arrows
indicate situations in which the disturbance affects the tactile signal.
The numbers are explained in the text.

Crossmodal tracking requires the integration of the spatial information from the visual and the tactile
sensory channels. Although there is clear evidence for crossmodal links in visual-tactile information
processing, it is not clear whether extra costs are involved in crossmodal comparisons compared to
intra-modal comparisons. Regarding spatial tasks, the evidence is divided. For example, Fishbein et
al.(1977) found no differences between crossmodal and intra-modal comparisons in a task that required
the perception of object locations. Lecheld and Verenka (1980) found only small errors in crossmodal
conditions in stimulus orientation judgments, while the intra-modal differences were large. Ernst and
colleagues (Ernst, 2001; Ernst et al., 1998) found crossmodal size perception thresholds to be higher than
unimodal errors for specific experimental procedures only.

Crossmodal Effects

To investigate the possible additional costs involved in crossmodal visual-vibrotactile tracking, we
employed a model based on the unimodal results, that is a statistical equation that describes the result of
combining two distributions. The model predicts the value in a crossmodal condition on the basis of the
standard deviation of the performance measures for the two corresponding normally distributed unimodal
conditions. The following formula describes the predicted crossmodal RMS error with no additional noise
(formula 1).

 {1}

For the obtained data, the thus predicted crossmodal RMS error is 26.0° while the mean observed RMS
error is 25.4°. It appears that this additive model indeed fits the data which indicates that there are no
additional costs involved in crossmodal visual and tactile tracking. This confirms the predictions of a
crossmodal comparison model in which the same (common) representation is used for both the unimodal
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and crossmodal comparisons. This indicates that tactile and visual displays can coexist in a multimodal
setting.

Unimodal effects

The present results support earlier unimodal comparisons between visual and tactile tracking displays.
These comparisons have revealed several differences between both modalities, including differences in
absolute performance (Hahn, 1965; Triggs et al., 1974) and in the transfer functions (Seeley & Bliss,
1966; Bliss et al., 1967). Two things should be noted though. Firstly, the participants received no training,
while eye-hand coordination is a process that is trained for years (also eye-joystick coordination). One
might expect performance to improve when skin-hand coordination is trained. This does not contradict
the intuitiveness of the display: the response is evoked sheer automatically, but the skin-hand coordination
can probably be further fine-tuned. This aspect is not within the scope of this thesis. Secondly, the display
resolution of the visual display is larger than that of the tactile display. The tracking error with the visual
display will increase when its resolution is reduced (see Van Erp & Verschoor, 2004).

5.3.7 Conclusions of Experiment 6

Regarding crossmodal effects, the good fit of an additive model to the data indicates that there are no costs
involved with respect to tracking performance when target and cursor are presented to different modalities
(although best performance is found with the unimodal visual display). This indicates that the visual and
tactile channel can be combined in a multimodal tracking display when both modalities contain
qualitatively equal information. Regarding the unimodal conditions, tracking performance with a tactile
display is worse than with a qualitatively equal visual display in the present set-up. Part of the difference
is caused by the quantitative difference between the displays: The visual display resolution in the present
experiment is larger than that of the tactile display. However, when the visual data are corrected for this,
performance with the visual display is still superior (data not presented here, see the control experiment
in Van Erp & Verschoor, 2004). Therefore, the transfer function of the tactile channel must be further
investigated. Inspecting the data more closely, we find that performance is degraded when external
disturbances are presented to the tactile modality. However, the data also indicate that the tactile modality
is better suited to present information that does not contain external disturbances, that is, the cursor in the
pursuit tracking task and the target in the compensatory tracking task.

5.4 General discussion and conclusion

This Chapter reports two experiments that investigated the crossmodal perception of time and space. These
aspects are important in applying tactile displays in a multimodal setup, and knowledge about possible
biases and effects on crossmodal comparisons are prerequisites for the optimal integration of display
modalities in man-machine interaction. Like the direction perception experiment in Chapter 4 showed that
for spatial data, vision and touch are not always ‘calibrated’, the temporal interval judgment task of
Experiment 5 showed the same effect for temporal data. For smaller intervals, two physically equal tactile
and visual intervals are not judged to have the same duration. Besides this bias (which display applications
could easily adjust for when known), we were mainly interested in the quality of cross-modal comparisons,
or whether there are additional costs involved in crossmodal comparisons compared to unimodal
comparisons. In Section 1.7, two models for crossmodal comparisons were introduced (see Figure 5.6).
We hypothesised (H6) that the crossmodal comparison of time (or actually empty intervals) and of space
(or actually direction) would follow the model in which there is one common representation of the visual
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and tactile information that is used for the unimodal and for the crossmodal comparisons. This hypothesis
is confirmed by the data of both experiments.

Figure 5.6. Two models for unimodal and crossmodal comparisons
of visual (V) and tactile (T) information. The model on the right fits
the crossmodal visual-tactile comparison of place and time.
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Chapter 6. Navigation in 2D24

Abstract

This Chapter is the first in a series of four that investigate tactile displays in local
guidance tasks. This Chapter presents three experiments on waypoint navigation in 2D.
Experiment 7 investigates different ways of coding the distance to the waypoint. Apart
from the direction, coded by the location of vibration, users may benefit from information
about the distance to the waypoint, for example to facilitate identification of the
waypoint or to enable anticipation for actions to be taken upon arrival at the waypoint.
However, the results of Experiment 7 show that this parameter is of minor importance.
In Experiment 8 we investigate navigation in a driving simulator. The messages are
either presented on a visual display, a tactile display, or simultaneous on both. We
measured performance and subjective mental effort for two experimental groups: a
normal workload group and a high workload group. The results show that the bimodal
presentation of navigation cues resulted in faster reactions to the navigation messages
and lower mental effort ratings. With the tactile display, there is no performance
difference between the workload groups, while with a visual display only, the high
workload group shows decreased performance. These results confirm three important
hypotheses we formulated in Chapter 1. In Experiment 9, we take a tactile local
guidance display out of the laboratory to test it onboard two platforms: a helicopter and
a fast boat. Especially relevant is to investigate whether the concept is still effective and
intuitive when applied in high performance platforms and under conditions of whole
body vibration. In two case studies, we show that the tactile navigation display is
successful in these operational environments, supporting the conclusion of Experiment
8 that the display can be used for vehicle waypoint navigation and is not necessarily
affected by external stressors and whole body vibration. Because the boat driver and
helicopter pilot received no training with the display we can conclude that the display
is easy to learn and can be used without extensive practice. The operators' reactions
were direct and adequate. The performance of the helicopter pilot showed a fast
learning effect, that of the boat driver showed no room for improvement, confirming the
intuitive character of the display.
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6.1 Introduction

Based on the results of the experiments described in Chapters 2-5, we can conclude that the prerequisites
for the concept of tactile local guidance displays have been fulfilled. The spatial resolution of the torso’s
skin is at least sufficient to be able to distinguish the 12 hours of the clock, an important standard in
platform navigation. Also, observers are able to externalise a vibration on the skin to a direction in the
outside world, and do this with adequate precision. The Standard Deviation of repeated determinations
is 16° or better, again within the 12 hours of the clock standard25. Finally, the previous chapter has shown
that tactile torso displays can be used in combination with visual displays in a multimodal setting, and that
tactile torso displays can be employed in pursuit and compensatory tracking tasks. This chapter is the first
in a series of four in which the concept is tested in operational tasks. In two experiments, we test waypoint
navigation in 2D with the classical steering and control tasks: driving (Experiment 8), sailing, and flying
(Experiment 9). Besides demonstrating the proof-of-concept, we explore the two questions at the cognitive
level (see Section 1.7): Q7: Can local guidance tactile displays lower cognitive effort ratings compared
to a visual display? And Q8: Is performance with a local guidance tactile displays independent of cognitive
workload or external stressors?

Distance information in waypoint navigation

In waypoint navigation, two parameters are important: direction of the next waypoint and the distance to
this waypoint (e.g., Burnett & Porter, 2002). Although direction information alone would be sufficient to
go from one waypoint to the next, in specific situations distance information may be beneficial and
improve performance. Distance information can for instance aid in identifying the waypoint before
reaching it, and help to prepare for actions to be taken just before or after reaching the waypoint (as in car
driving). To investigate this matter we did a pilot study (Experiment 7) with pedestrians to investigate four
schemes to code for distance.
Since a vibrotactile display has to be in contact with the skin to be perceived, distance is not a parameter
that can be manipulated directly. Also, the preferred display parameter to code distance is not a priori
clear. Therefore, a 'possibly arbitrary' parameter has to be chosen (for example intensity) and a scheme
describing how this parameter should reflect distance has to be devised (e.g., the intensity increases when
distance decreases). On the basis of psychophysical data, we chose to use on-off rhythm (see Appendix
I and Van Erp (2002a) for a discussion on secondary parameters). This choice is also supported by
examples of best practices. Chiasson et al. (2002) used three different rhythms to enlarge the 90° display
resolution to indicate 30° segments, Dobbins and Samways (2002a) used rhythm to code the seriousness
of passing the imaginary lines of a virtual corridor in speedboat driving, McGrath et al. (2004) used
rhythm to indicate the amount of drift or the airspeed in their helicopter hover displays, and Bosman et
al. (2003) found that length of pulse trains is a better coding than intensities as a distance to waypoint
coding.
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6.2 Experiment 7: Pilot study on distance coding schemes

6.2.1 Introduction

To test the importance of distance coding in waypoint navigation, and the preferred coding scheme, we
did a study with pedestrians. The participants walked predefined routes along several waypoints with the
aid of a tactile torso display. Direction to the waypoint was coded by the location of vibration (8
locations), distance was coded by on-off rhythm. Each participant walked five routes, each with a different
distance coding scheme.

Figure 6.1. The tactile navigation system during a test in Fort
Benning, Georgia, with dismounted soldiers. The same system was
used in the distance coding schemes experiment.

6.2.2 Method

Experiment 7 in a nutshell.
• 12 participants walked several routes on an open terrain (each consisting of six

waypoints), while waypoint information was presented on a belt with 8 tactors around the
torso. The location of the vibration indicated the direction of the next waypoint. The
rhythm of the vibration displayed information on the remaining distance. 

• The independent variable was the scheme to code for the remaining distance.
• The dependent variable was the effective walking speed calculated as the distance between

two waypoints divided by the walking time.
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Participants

Twelve participants were tested: 6 females and 6 males, ranging in age between 18 and 24. All were in
good condition. They were paid for their participation and had signed an informed-consent agreement after
extensive written and verbal instructions of the procedures.

Apparatus

The experiment was run with a wearable stand-alone system consisting of a minicomputer (486 DX Tiqit
matchbox PC), a digital compass (Honeywell HMR2300), batteries, a GPS receiver (Garmin GPS
35-HVS), and the tactile display (see Figure 6.1). The system, except for the display and the sensor pack,
was placed inside a backpack. Information about current position and compass angle were sampled with
1 Hz. The system calculated the direction of and the distance to the next waypoint, and translated the data
into a tactile picture. This picture was displayed using eight tactors, placed at adjustable distances on an
elastic band worn around the waist over the participant's own T-shirt. The elastic band was adjustable to
enable a tight but comfortable fit. The location of the eight tactors was adjusted to the participant's body
size so that they covered the cardinal and oblique directions, see Figure 6.2. The tactors were based on
pager motors (JinLong Industries), such as those used in mobile phones, which were housed in PVC boxes.
The tactors had a contact area of 1.5 by 2 cm and vibrated at 160 Hz. They were activated in one-second
pulses, the pause between subsequent pulses depended on the distance to the next waypoint and the coding
scheme, see below. Reaching a waypoint (i.e., being within 15 m of the waypoint’s GPS co-ordinates) was
communicated to the user by making all eight tactors vibrate for one second. 

Figure 6.2. Schematic picture of the vibrator positions and
numbering. The arrow indicates the forward direction. A vibrator is
active when the waypoint direction is within its range as indicated by
the lines and angles. The grey scale coding will also be used in the
results section. The -10°, 10° cone is only used in Experiment 9.

Statistical design

We used a within-subjects approach with ten different routes and five different distance coding schemes,
and created random sequences of the schemes to balance any learning effect. Each participant walked the
ten routes in the same sequence, while combinations of routes and schemes differed between participants.
The same sequence of conditions was used within each participant for the first five routes (practice) and
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the last five routes (test). All routes were between 360 and 390 m in length, and all used the same start
location. Each route consisted of 6 waypoints (imaginary circles with a 15 m diameter) located on an open
field of grass of about 110 × 90 m, surrounded by bushes. The waypoints could not be identified visually.
Based on the logged data, we calculated the effective walking speed as the leg distance (distance along
a straight line between two waypoints) divided by the walking time.

Display coding

Waypoint direction was coded by the location of the vibration; each of the eight vibrators covered a 45°
cone with borders as depicted in Figure 6.2. For example, tactor 5 would indicate that the waypoint is
behind. Two approaches were used to design the distance coding schemes. The first is a 1-phase model
with a monotonic relation between distance and rhythm, in general: the smaller the distance, the faster the
rhythm. In this approach, the rhythm has a fixed relation to the remaining distance, in which remaining
distance could be either absolute (i.e., the number of metres) or relative with total leg length as reference
(a leg is the stretch between two consecutive waypoints). The second is to apply a 3-phase model.
Navigating a leg consists of: phase 1: setting the desired course, phase 2: cover the distance (roughly)
maintaining the desired direction, and phase 3: accurately homing-in on the waypoint. During phase 1, the
new heading must be set, which requires frequent feedback from the system. In the second phase, the user
requires less feedback, and possibly merely needs a confirmation that he or she is still on track. Finally,
when the user closes in on the waypoint (phase 3), again information is needed frequently. In the 3-phase
approach, the temporal density of the information depends on the navigation phase, and not monotonously
on the remaining distance. Based on the above considerations, the following distance to coding schemes
were used:
1. 3-phase model in absolute mode. The pause between two 1 s pulses was as follows: phase 1 (within 15
m of the start point): pause 2 s. Phase 2: pause 6 s. Phase 3 (within 20 m of the endpoint): pause 1 s.
2. 3-phase model in relative mode. Phase 1 (within 10% of the leg length from the start point): pause 2
s. Phase 2: pause 6 s. Phase 3 (within 10% of the leg length from the endpoint): pause 1 s.
3. 1-phase model in absolute mode. The pause was 1/10th of the number of metres left to the next
waypoint (i.e., every second of pause signalled 10 m of distance). However, within 15 m of the starting
point, a signal was given every 2 s, otherwise the pause would have been too long to pick up the new
heading. Formally this could be considered a two-phase model.
4. 1-phase model in relative mode. The pause started at 10 s and was reduced with 1 s for every 10%
closer to the waypoint. However, within 15 m of the starting point, a signal was given every 2 s,
5. Control condition. Pause duration was fixed at 2 s.

Procedures

The procedures were as follows. After reading the written instructions, the participant and experimenter
walked to an open field of grass. During this walk and during the training, participants were told which
condition was coming next and what they could expect (e.g., 'the vibration-rate will increase as you come
nearer to your target waypoint'). Participants were instructed to finish the experiment as fast as possible,
while maintaining a normal walking speed. The participants had unrestricted vision, but the waypoints
could not be visually identified. During the training, the experimenter was allowed to correct unwanted
behaviour such as running and walking into the bushes. After the last condition, the experimenter
interviewed the participant on issues such as usability and points for improvement using an open interview
protocol.
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6.2.3 Results

All participants were able to complete all routes without problems. The mean effective walking speed for
the distance coding conditions is presented in Figure 6.3, averaged over legs and participants. An analysis
of variance with coding scheme as independent and effective walking speed as dependent variable did not
reach significance (F(4, 44) = 1.55, p > .20).
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Figure 6.3. Results of Experiment 7. Effective walking speed does
not depend on the distance coding scheme.

6.2.4 Discussion

The tactile waist belt proved to be an effective navigation display. After approximately 30 minutes (5
routes) the participants could walk a route based on tactile information only, and demonstrated acceptable
effective walking speeds (4.2 - 4.7 km/h) which are somewhat below normal walking speeds (please note
that effective walking speeds do not compensate for 'zigzagging', meaning that a detour reduces the
effective walking speed). The display is thus quickly learned.
In general, the differences between the coding alternatives were small, and were not significant. Highest
effective walking speeds were reached with the coding scheme in which participants received feedback
unrelated to the distance to next waypoint (i.e., the control condition). This could be caused by the fact
that distance information (as presented in this experiment) is simply not needed in waypoint navigation
on foot, that the experiment had not enough statistical power to reveal an effect, or that the participants
were not able to interpret the information. The first may be related to the fact that the waypoints were not
actual landmarks that could be identified when approximated close enough. In other words: Since the
waypoints were just GPS co-ordinates, the benefit of knowing the distance is reduced compared to a
landmark as waypoint that could be identified when direction and distance are known. The latter can be
due to the fact that participants were not able to perceive the rhythm changes at all, which is not very likely
since the Weber fraction for tactile intervals is about 20% (see Experiment 5 in Chapter 5), or were not
able to translate the rhythm into the required behaviour leading to performance improvements. This may
be because the participants received too little training in translating the distance coding.
The drawback of the present coding schemes is that they affect the direction information as well. By
manipulating the pause between pulses, the temporal resolution of the direction information is also
manipulated. In the distance-related feedback schemes direction updates came with intervals up to 8
seconds while the latency in the control condition was relatively short: always 2 seconds.
The post experiment debriefing confirmed that the direction indication was directly clear and very useful,
but that the distance indication was more difficult to interpret. Participants also indicated that distance
information was not critical to come to a higher walking speed, but that a pre-warning a short distance
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before reaching the next waypoint would be convenient to focus attention and to prepare for a course
change.

6.3 Experiment 8: Tactile in-vehicle navigation system

6.3.1 Introduction

There is a general conviction that driver overload and distraction resulting from the actions of in-vehicle
support systems can form a threat to the positive effects expected from these systems (e.g. Carsten &
Nilsson, 2001; ECMT, 1995; Rumar, 1990). Warnings and procedures have been issued to avoid this,
starting with the system’s design stage (European Commission, 2000; ISO, 1999). The threat could
manifest itself in two ways: (a) in an overload of the traditional sensory channels (vision and audition)
because in-vehicle support systems present additional messages to them, next to the everyday messages
already arising from the traffic scene itself and (b) in an overload of the cognitive capacities that drivers
have at their disposal. The prenav model predicts that an intuitive tactile display can counteract both
threats.
Driver support systems and other information systems in automobiles rarely use the driver’s tactile
information processing capacities, but rely on the visual and to a lesser extent on the auditory channel.
However, evaluation of visual in-vehicle information systems has shown that they may negatively
influence the drivers’ scanning behaviour and attention allocation, and may therefore ultimately reduce
traffic safety. Altered scanning behaviour induced by visual navigation displays is a common finding
(Fairclough & Maternaghan, 1993; Wierwille, Hulse, Fischer, & Dingus, 1991), although the visual
demands may be comparable to that of conventional tasks using dashboard instrumentation (Dingus, Antin,
Hulse, & Wierwille, 1989; Wierwille, Antin, Dingus, & Hulse, 1988). It should be noted that visual
in-vehicle navigation and/or traffic information displays have been shown to have negative effects on
traffic safety (Janssen, Kaptein, & Claessens, 2000; Liu, 2001; Pohlmann & Traenkle, 1994).
In the present study, we investigate the feasibility of an in-vehicle tactile navigation display. The
navigation information was presented either via a tactile display, a visual display, or both (bimodal
condition). Performance and workload were compared in normal and high workload conditions. With this
design, we can investigate the following questions listed in Section 1.8:
Q7: Can local guidance tactile displays lower cognitive effort ratings compared to a visual display?
Q8: Is performance with a local guidance tactile displays independent of cognitive workload or external
stressors?
Q9: In comparison to a visual display as baseline, can (adding) a tactile display result in better
performance?

6.3.2 Method

Participants 

Sixteen volunteer drivers participated in the study and were paid i50. They were divided in a normal and
a high workload group, each consisting of six male and two female drivers. Their ages ranged from 23 to
51 years. All participants were experienced drivers, had normal vision, and had experience with driving
simulators.
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Experiment 8 in a nutshell.
• 16 drivers completed 12 routes through a town in a driving simulator. Route navigation

information was displayed on a visual display (an arrow for direction, and a number for
distance information) and/or on a tactile display (vibration on the left or right leg for
direction, and different rhythms for distance). The drivers were instructed to use their turn
indicator as soon as they received the navigation message. During navigation a peripheral
detection task PDT) was presented. The rating scale mental effort (RSME) was completed
after a block of four routes.

• The between subjects independent variable was workload (normal, high), the within
subjects independent variable was display modality (visual, tactile, bimodal).

• The dependent variables were reaction time to the navigation message, RSME score,
reaction time and errors in the PDT.

Apparatus and task

The experiment was run in a driving simulator. The simulator had a 180° × 30° field of view, rear-view
mirrors, haptic feedback in the controls, automatic gear change, and interactive traffic. The gain of the
steering wheel was adjustable. In the high workload condition, the gain of the steering wheel was half that
of the normal gain. This allowed proper vehicle control, but made lane keeping and cornering more
demanding. The database chosen for the present experiment was an urbanised area, measuring 3 × 3km.
Included within the environment were roads, traffic signs, interactive traffic lights, interactive traffic,
intersections with different priority situations, and roundabouts. Twelve different routes were completed;
the distance travelled during each route was approximately 7 km and each route included 6 or 7 course
changes. The minimum and maximum distance between course changes were 300m and 1.5km. Each route
took approximately 10 min to complete. Primary data (including position, heading and steering wheel
angle) were recorded at a frequency of 60 Hz. The tactors used were Special Instrument MiniVib 4
vibrators, activated in 60 ms bursts. The tactors were mounted in the seat (four under each thigh, in a
straight line from front to rear of the seat base) with a centre-to-centre distance of 4 cm. Based on the
distance to the next course change, the appropriate navigation symbol was presented (see below for the
design of the navigation symbols). Each symbol was presented until the next symbol appeared or the
waypoint was reached. The drivers were instructed to use the direction indicator as soon as they received
the navigation message. During each run, a Peripheral Detection Task (PDT) was presented. The PDT is
based on the narrowing of the attended visual field as a function of workload (Miura, 1986; Williams,
1985, 1995). The PDT is able to measure workload during driving and to measure workload peaks of short
duration (Martens & Van Winsum, 2000). The PDT presented red squares in the left periphery of the
visual field (between 11–23° laterally, and 2–4° above the horizon) for 1 s. The stimuli were presented
with a random interval between 3 and 5 s. The participant’s task was to react as fast as possible to the PDT
stimulus by pressing a finger switch, attached to the index finger of the right hand.

Experimental design

Workload (normal and high) was a between-subjects variable. Each participant completed 12 runs along
the 12 different routes. The 12 runs were divided in three blocks of four runs, one block for each level of
modality (i.e., the modality in which the navigation symbols were presented: visual, tactile, and bimodal).
After each block, the participant completed the RSME (Rating Scale Mental Effort), a standardised
subjective mental effort rating (Zijlstra & Van Doorn, 1985) with an interval scale. Three other
performance measures were calculated for each run: the mean reaction time to the PDT stimuli (defined
as the time between the onset of the PDT stimulus and the pressing of the finger switch), the percentage
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of missed PDT stimuli, and the mean reaction time to the navigation cues (defined as the time between
the onset of the navigation cue and the activation of the direction indicator). The order of the conditions
was semi-balanced over the participants, and the different routes were balanced over the conditions. 

Design of the visual and tactile navigation symbols

Contemporary in-vehicle navigation displays present relatively simple visual symbols. Information is
typically presented when a course change is required. The information consists of two parts: the direction
of the oncoming (course) change (e.g., left, right) and the remaining distance to this change (Burnett &
Porter, 2002). This simple symbology was also used in the present experiment. Visual and tactile symbols
were made for three distances: 250, 150, and 50 m. Distance was indicated alphanumerically for the visual
symbol, and by vibration rhythm for the tactile symbol (see Appendix I on the discussion of using
secondary tactile parameters). The visual symbols (arrow plus distance) were presented on an LCD display
located 45° left of the steering wheel. The symbols had a resolution of 64 × 64 pixels. In a similar way,
the tactile symbols were developed. Based on a pilot study, we coded the direction of the course change
by location (i.e., a vibration under the left or the right thigh), and the distance to the next waypoint by
rhythm (i.e., smaller distances to the waypoint were indicated by presenting the course change patterns
at closer temporal intervals). The symbols always consisted of multiple bursts of vibration with a burst
length of 60 ms. The 250 m symbol consisted of three bursts separated 270 ms in time. The 150 m and 50
m symbols were designed as sweeps, that is multiple bursts separated by decreasing intervals. The 150 m
symbol consisted of six bursts with intervals decreasing from 270 ms to 60 ms. the 50 m symbol consisted
of five bursts with intervals decreasing from 60 to 10 ms.

Procedures

The participants received written instructions describing the experiment and were asked to read and sign
an informed consent. The experiment started with a 10 minute familiarisation run. During this run, the
drivers could get used to the simulator, the driving environment, the navigation symbols, and the
instructions. The instructions were: (a) to employ a normal driving style, including obeying the priority
rules and the applicable speed limit (50 km/h), (b) to follow the messages of the navigation system, (c)
to use the direction indicator on the steering wheel (i.e., left/right) directly after receiving the navigation
message, and (d) to react directly to the stimuli of the PDT by pressing the finger switch. After the
familiarisation run, the 12 experimental runs were driven. Before each of the experimental runs, the
participant was informed on the modality that the navigation messages were presented in. After each
modality (four runs), the participant completed the RSME. There was a 1-minute break between the
experimental runs.

6.3.3 Results

Prior to analysis, the data were inspected to ensure that each run was successfully completed (i.e. there
were no wrong turns etc.). Each dependent variable was analysed using an analysis of variance (ANOVA)
in a Workload (normal, high) × Modality (visual, tactile, bimodal) design. Post hoc analyses were
completed using the Tukey HSD test with the alpha level set at .05. We found a significant main effect
of Modality on the mental effort rating; F(2, 28) = 6.15, p < .01 and on the reaction time to the navigation
message (there were no wrong responses or missed messages), F(2, 28) = 4.09, p < .05. The mean values
and the post-hoc results are depicted in Figures 6.4 and 6.5, respectively. The analysis of the mental effort
demonstrated that the ratings in the visual condition were approximately 25% higher than for the tactile
condition. The ratings in the bimodal condition were in between both ratings, and significantly lower than
in the visual condition. The mean values for the RT to the navigation messages demonstrated best
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performance in the bimodal condition. Compared to the visual condition, the RT was approximately 15%
faster. A performance gain in choice reaction times for integrated redundant sources is a common finding
(e.g., Selcon, Taylor, & Shadrake, 1992). Selcon and colleagues hypothesised that part of the gain in the
bimodal conditions was due to the reduction in workload. The RT in the tactile condition was in between
the visual and bimodal conditions, but did not significantly differ from both. However, the absolute
difference between the visual and tactile conditions was in the order of 100 ms. Since the instructions
effectively made the task a choice reaction time task, the difference might indicate a potential advantage
in tasks that are time critical, such as responding to (directional) collision warnings. With respect to the
PDT, there was no effect on the percentage missed PDT stimuli. For the PDT reaction time, the Workload
× Modality interaction almost reached significance; F(2, 28) = 2.86, p < .08. The mean values of this effect
are presented in Figure 6.6. The interaction demonstrated that performance in the two workload conditions
that included the tactile modality were insensitive to workload level. However, this was not the case for
the visual only condition: the RT increased by 63 ms (10%) in the high workload conditions.
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Figure 6.4. Effect of display modality on the mental effort rating.
Higher scores indicate a higher subjective workload.
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Figure 6.6. The Reaction Time in the Peripheral Detection Task as
function of display modality for the normal and high workload groups.
The drivers were instructed to react as fast as possible to stimuli
presented in the left peripheral field of view. The stimuli were
presented during the route at random intervals of 3-5 s.

6.3.4 Discussion and conclusions

The results of the study illustrate the advantages of employing the tactile modality in an in-vehicle
navigation system. Employing the tactile modality appears to be a valuable solution to the demands of the
automotive industry to improve the man-machine interfaces within cars. When the tactile display was
added to the visual navigation display, the bimodal presentation of navigation cues resulted in faster
reactions to the navigation messages, lower mental effort ratings and no performance decline when
workload increased. With the visual display, performance in the high workload group was lower than in
the normal workload group. Also, employing the tactile display instead of the visual display resulted in
a lower mental effort rating, and no performance decline when workload increased. Herewith, the present
results confirm our hypotheses on Q7, Q8, and Q9.
The results are an indication that using the tactile modality in automobiles may improve the quality and
safety of the man-machine-interface and adds to the growing body of evidence in this field (Ho, Tan &
Spence, 2005; Tan, Gray, Young & Traylor, 2003). These effects are evident in a bimodal setting but may
also be expected in a tactile-only setting under high workload conditions. It should be noted that the
workload levels experienced in the simulator may not have approached those experienced in real driving.
In a study where vibration was presented to the accelerator pedal, Martens and Van Winsum (2001) found
that tactile warning cues were more effective than speech warning cues. This reveals a potential advantage
for employing tactile displays for time critical tasks in car driving such as reacting to collision warnings.
In the present choice reaction time, the difference between the visual and tactile modality did not reach
statistical significance. There are several reasons to expect that the positive effect of using the tactile
modality in real driving may be more pronounced than in this simulator study. Some of the participants
indicated that it took more (training) time for them to learn to trust the tactile messages than the single
familiarisation run. This indicates that the positive effects of the tactile display may potentially become
greater after prolonged periods of usage. Also, in a real world setting, several disadvantages of the visual
display may arise. In the driving simulator, the navigation display and the outer scene are presented at
roughly the same focal distance and with equal intensity. On the road, the driver must adjust to different
light levels and focal distances when switching between the navigation display and the outer scene.
Furthermore, the visual display in this experiment contained much less visual information (and clutter)
than the current commercial navigation displays may contain. Moreover, in the present set-up, the PDT
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stimuli were presented on the same side (left) as the visual navigation messages. With the visual display
located on the opposite side, the effects of a narrowing field of view will be stronger for the visual
condition. On the other hand, these disadvantages of a visual display located on or near the dashboard may
be solved by employing a head-up display but this would involve other design and safety issues. To
investigate the effect on driver behaviour and traffic safety, field studies with an instrumented vehicle and
expert judgements are a necessary next step26. Future studies should also address the issue of tactile
perception within the vibrating environment that automobiles can subject the driver to. A second issue that
deserves attention is the (im-) possibility to present more complex navigation messages via a tactile
display such as “take the left lane immediately after a right turn 100 m ahead”. The best solution in this
kind of complex situations is to use a tactile cue to direct the driver’s attention to a visual or auditory
display.
Based on the present study, two beneficial application areas of tactile displays in automobiles can be
identified. The first is to use the intuitiveness of localized tactile cues with respect to spatial information
such as navigation information, and warnings for line crossings. An important advantage is that the tactile
channel has an unlimited field-of-regard, while the visual system has a restricted field of view. This means
that vision extracts spatial information from the 180° forward view only, which can result in missing
relevant objects (e.g., cars in blind spots and crossing pedestrians). The second potential application for
tactile displays lies in the indication of unexpected or time critical events such as collision warnings (Tan,
Gray, Young & Traylor, 2003).

6.4 Experiment 9: Waypoint navigation at sea and in the air27

6.4.1 Introduction

In Experiment 8 we found profitable effects of a relatively simple tactile display indicating a restricted
number of directions in concordance with the ‘simple’ layout of the environment requiring only two
direction indications: left and right. In Experiment 9 we expand this to environments that don’t restrict the
number of directions, but allow an infinite number of directions to be taken. The first is in the air, flying
a helicopter, the second is at sea, driving a fast boat. These two case studies are also relevant because we
take the concept out of the laboratory to test it onboard real platforms, which has several consequences.
For example, the cockpit of an aircraft is a working environment in which visual workload may be even
higher than in a passenger car, and may compromise safety and performance. In a fast boat, visual displays
are of little use because of the (whole body) vibration that makes reading the display impossible unless
the boat slows down. Whole body vibration can be seen as an external stressor. Although whole body
vibration is not a major topic in this thesis, it is relevant to show that a tactile torso display is usable under
such conditions. 
We employed the same 8-tactor belt as in Experiment 7. Based on the results of Experiment 7, we made
two changes. We decided not to code for distance but only to indicate when a waypoint was reached by
a 1 s pulse on all eight tactors as in Experiment 7. And we enlarged the directional resolution in the frontal
direction using a different rhythm for the front tactor when the waypoint was within the forward 20° cone.
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Figure 6.7. A 500 HP Rigid Inflatable Boat as used during the
experiments.

6.4.2 Method

Experiment 9 in a nutshell.
• One boat driver and one helicopter pilot navigated their vehicle along a triangular course

marked by three waypoints. The direction of the waypoints was indicated on a tactile
display consisting of 8 tactors in a belt around the torso.

• We gathered descriptive (vehicle location) data during the runs and gathered subjective
comments from the participants.

Participants and apparatus

In each case study we tested one operator. They were both very experienced in waypoint navigation and
in controlling their vehicles. The helicopter pilot had some experience with tactile displays, the boat driver
had none. They both participated voluntarily and were not paid. We used the same navigation equipment
as in Experiment 7, except for the mini computer that was replaced by a laptop. We used two platforms:
a UK Royal Army Gazelle helicopter, and a 500 HP rigid inflatable boat of the UK Royal Marines (see
Figure 6.7). The platforms were not modified in any way. Both vehicles resulted in whole body vibrations
with main components in the range up to 15 Hz. The exact profile is dependent on the vehicle manoeuvres,
posture of the participant and contact points between the participant and vehicle (e.g., seat, feet and hands;
see also ANSI S3.18-1979(R1999)).

Routes

The pilot flew a triangular course clockwise (see also Figure 6.8). He started by flying towards waypoint
1, the starting point. Thereafter, about 22 km to waypoint 2, 15 km to waypoint 3 and 10 km to waypoint
1. The boat operator drove a triangular course counter clockwise at open sea. Starting close to waypoint
3, he drove about 6 km to waypoint 1, 7 km to waypoint 2 and 4.5 km to waypoint 3. The radius of the
waypoints (the waypoints were circular areas) in the helicopter trials was 50 m, in the boat trials 100 m.
Both environments were chosen such that there were no landmarks or reference points and the waypoints
could not be visually identified.
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The instruction for both operators was the same: Follow the direction indicated by the vibration. When
reaching the waypoint, all tactors will vibrate, directly followed by the direction to the next waypoint. The
pilot received additional instructions after the second trial. His behaviour revealed that he expected to be
on course as soon as the middle tactor fired. Therefore, the experimenter explained that the transition from
vibrator 2 to vibrator 1 indicated a course error of 22.5° and not 0°. The participants knew that they should
follow a triangular course. The speed was fixed beforehand in consultation with the drivers: 100 mph for
the pilot (.160 km/h), 35 mph (.56 km/h) for the boat driver.

Procedures

The procedures were as follows. The first test was done with the helicopter. After a verbal explanation of
the goals of the experiment, the operation of the tactile display and the interpretation of the signals, the
pilot tried the display driving around in a normal passenger car. The pilot drove along a number of
waypoints without knowing their location. This familiarization run clarified the operation of the display,
but also showed that training was not really necessary. In the helicopter, the first run was without the
tactile display but on commands of the onboard navigator. Directly thereafter, the pilot flew two runs with
the tactile display and no instructions from the navigator. The waypoints were originally in British
National Grid co-ordinates and were translated into Garmin GPS co-ordinates for the tactile trials only.
As can be seen from the data plots, the co-ordinates of waypoint 2 were translated incorrectly. The pilot
was instructed not to use any reference points on the ground. For the boat trial, the driver also received
instructions on the goals of the experiment and the operation of the display, but not the familiarization run
with the passenger car. Two trials with the tactile display were run. To familiarize the driver with the
tactile signals, he was instructed to sway the vehicle at the start of the first run. After the experiment the
participants were interviewed using an open interview protocol.

6.4.3 Results

Figure 6.8 presents the helicopter flight paths in combination with the activation pattern of the tactile
display for the three helicopter trials (see Figure 6.2 for the grey scale coding). The mean and standard
deviation of the heading error were -2.9 (4.6), 16.7 (10.0), and 4.8 (5.3)°, for the three trials, respectively.
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Figure 6.8. The flight paths for the three helicopter trials. In trial 1
(upper panel), the pilot flew on instructions of the navigator, in trials
2 (middle panel) and 3 (lower panel) with the tactile display only. The
coding corresponds to the active vibrator (see also Figure 6.2). Gaps
in the data are caused by GPS loss. 

Inspection of Figure 6.8 shows that:
• The pilot had no trouble with perceiving the displayed information in the helicopter environment,
• The pilot could easily fly into the direction of the waypoints,
• Performance in the third trial is better than in the second trial. Larger parts of each leg are

coloured light grey, indicating a course deviation smaller than 10°. The figure shows that in the
second trial, the pilot corrects the heading error till the transition to the middle vibrator and not
till 0°. In the third trial, performance was as good as the first trial with instructions from the
navigator.

• Contrary to the second trial, waypoint 2 is passed adequately in the third trial (see details in
Figure 6.9).
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• Noteworthy is the fact that the strategy to pass the waypoint is different for the different
conditions: the pilot chooses for a more efficient path when supported by the tactile display than
when flying on instructions of the navigator,

• The noisy behaviour near waypoints 1 and 2 in the second trial and near waypoint 1 in the third
trial had two causes. First, the rotor blades resulted in a loss of GPS reception, and second, the
radius of the waypoints appeared too small in relation to the airspeed and turning rate of the
helicopter. The right panel of Figure 6.9 shows that the waypoint could only be reached by first
flying away from it.

 

Figure 6.9. Details of flight trial 3 (with tactile display). The arrow
indicates the flying direction, the numbers the waypoints, and the
grey scale coding the active tactor; see Figure 6.2.
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Figure 6.10. The first (upper panel) and second (lower panel) boat
trial, both with support of the tactile display. The arrow indicates the
direction, the grey scale the active vibrator according to Figure 6.2.

Figure 6.10 depicts the paths of the boat trials. Details of the passage of the first waypoint are depicted
in Figure 6.11. The mean and standard deviation of the heading error were 0.7 (9.8)°, and -1.3 (6.3)° for
the first and second trial, respectively.
The following can be seen:
• After a short familiarization (as can be seen by the sway on command of the experimenter at the

start of the first leg of the first trial), the driver could well drive towards the waypoints by tactile
cues only,
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• Passing of the waypoints is adequate.

 

Figure 6.11. Details of the passage of waypoint one for boat trial 1
(left panel) and 2 (right panel). The arrow indicates the direction, the
grey scale code the active vibrator according to Figure 6.2.

Besides the objective data, we gathered subjective remarks of the operators. We also explicitly asked them
whether they had used any visual landmarks to navigate, which they both denied. For the helicopter pilot,
this is confirmed by the fact that he followed the tactile navigation display in the second trial, despite the
fact that the second waypoint was 'mislocated'. The boat driver added that there were no landmarks in
sight, even if he had wanted to use any. Both operators were enthusiastic about the display after the trials,
despite initial doubts of the boat driver. They experienced no problems in perceiving the vibrations. Both
indicated that they would like to have a warning when they came close to the waypoint. This is a very
simple way of coding distance. The boat driver explicitly mentioned that the display allowed him to better
concentrate on the waves ahead and would make him less dependent on the (tedious) communication with
a navigator.

6.4.4 Discussion of Experiment 9

The results show that the tactile navigation display is also successful in an operational environment. This
is not trivial: vibrating environments could make the perception of the vibrotactile signals difficult or even
impossible as reported in other research projects (Castle & Dobbins, 2004). This indicates that there is
a need for general knowledge about perceiving vibrotactile signals in a vibrating environment. A second
conclusion is that the results support the conclusion of Experiment 8 that the display can be used for
vehicle waypoint navigation. Apparently, the display is easy to learn and can be used without extensive
training. The operators' reactions were direct and adequate. The performance of the helicopter pilot
showed a fast learning effect, and that of the boat driver showed no room for improvement.

6.5 General discussion and conclusion

The three experiments in this Chapter investigated waypoint navigation in 2D. The results indicate the
usefulness of the tactile display: Pedestrians, chauffeurs, the helicopter pilot and the boat driver all showed
adequate performance with the display after a short familiarization only. In Chapter 4, we concluded that
external directions can be indicated by a localized vibration on the torso. We started with a pilot
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experiment to investigate how to code the second parameter: distance to the waypoint. Both the objective
data and comments of the users suggested that continuous distance information is not necessary. A pre-
warning in close proximity to the waypoint could be helpful however. In settings where continuous
distance information is considered to be important, the confounding of distance information with the
temporal resolution of the direction information should be solved. For example by displaying distance
information in the tactile picture without changing the refresh rate (i.e. by manipulating frequency,
amplitude, or temporal composition when the direction tactor is on), or by using an additional tactor that
is controlled independently of the tactors that present the direction information.
Experiment 8 was the first operational test of the tactile display in a platform, with encouraging results.
Drivers were able to follow the routes based on tactile cues only, without any formal training. We were
also able to investigate specific prenav predictions. The prediction of low mental effort ratings was
confirmed: the ratings were significantly lower than with the visual cues (Q7). Also, with the tactile
display, performance did not suffer from an increased workload, while this was the case with the visual
display. This confirms the prediction that intuitive (tactile) displays make performance independent of the
workload (Q8).
In Experiment 9, we were able to investigate whether the operators would experience problems with
receiving the vibrotactile display in vibrating environments as reported by Castle and Dobbins (2004).
Both the performance and the results of the debriefing of the helicopter pilot and the boat driver indicate
that this was not the case. Both detection and localization seem to be unaffected. There is no clear-cut
explanation why the vibrating environment did not have any negative effects in the present case studies.
The likely explanation is that there is no cross-channel masking between the sensory system for lower
frequencies (stimulated by the vehicle vibrations) and the sensory system that is stimulated by the
high-frequency tactors (see Appendix 1, Section 3.3). However, fundamental knowledge on the effect of
whole body vibration on vibrotactile perception is needed. Experiment 9 also demonstrated that an 8-tactor
belt on the torso has a sufficient bandwidth to present waypoint navigation in high speed vehicle control
settings.
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Chapter 7. Navigation in 3D28

Abstract

In this Chapter we make the transfer from navigation in 2D to navigation in 3D. We start
by investigating the possibilities of presenting information on the third dimension via a
tactile display in a simulated low-level helicopter flight (Experiment 10). In the second
experiment, we test a 3D tactile display in a simulated helicopter hover task. In both
experiments, the tactile instrument consisted of a 64-element tactile display covering
the torso, shoulders and thighs of the pilot. The tactile display presented information on
the desired direction of motion only (simple version), or included additional information
on the current motion direction (complex version). In a helicopter simulator, student
pilots flew under different conditions of vision (full vision and night vision), the tactile
display (none, the simple version and the complex version), and the mental workload
(with and without an additional mental workload task). We analysed performance and
subjective mental effort ratings. The results made us conclude that the successful
results of the tactile display in the 2D horizontal applications are also present in a 3D
situation. Adding the tactile display greatly reduces the error under conditions of full and
reduced vision and under condition of increased workload. This improvement is not
accompanied by an increase in mental effort ratings. However, we cannot conclude that
the tactile display was fully intuitive for these applications because it does not make the
pilots completely immune to the added mental workload. However, the degradation
caused by increasing the mental load is much smaller when the pilot has a tactile
display at his disposal. The lack of a performance difference between the simple and
the complex version of the tactile display is interpreted in terms of tactile clutter which
becomes relevant when multiple tactile signals are presented simultaneously and not
serially.
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7.1 Introduction

In the previous Chapter, we reported experiments on navigation in 2D, with displays that indicated
directions in the horizontal plane only. In this chapter we expand this to include the vertical dimension.
One of the potential applications for which this third dimension is important is in aviation. In this Chapter,
we discuss two experiments done in a helicopter simulator. The first experiment focuses on the third
dimension in isolation in a low-level flight task (i.e. altitude in aviation). Altitude information was
presented tactually by vibrating elements under the thighs and on the shoulders. In the second experiment,
this display is integrated with the belt-type tactile display described in the previous chapter, resulting in
a full 3D tactile display. This display is tested in a helicopter hover task in Experiment 11. We investigate
questions at the cognition and action level (see Section 1.8):
Q7. Can local guidance tactile displays lower cognitive effort ratings compared to a visual display?
Q8. Is performance with a local guidance tactile display independent of cognitive workload or external
stressors?
We tackle these questions by measuring mental workload and by investigating the effects of adding an
additional mental workload task. To look at the effects of external stressors, we investigate the effect of
flying with Night Vision Goggles.
Q9. In comparison to a visual display as baseline, can (adding) a tactile display result in better
performance?
We compare the added value of the tactile display on performance under conditions of full visual view
and flying with Night Vision Goggles.

Figure 7.1. View of the helicopter simulator in night vision view.

7.2 Experiment 10: Tactile altitude display

7.2.1 Introduction

In this experiment, we employ a tactile display to present altitude information to a helicopter pilot in a
ground target following task. The first goal of the experiment was to investigate if a tactile cockpit
instrument can support the pilot in maintaining an instructed altitude under different conditions of outside
visual information: full view (day) and with night vision goggles (night). The second goal was to
investigate the effect of adding an additional mental workload task in conditions with and without the
tactile display.
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7.2.2 Method

Experiment 10 in a nutshell.
• 12 student pilots flew in a helicopter simulator. They performed a low-level ground target

following task at an instructed altitude of 15 m. They could be supported by a tactile
display that indicated the instructed altitude by a vibration on the shoulders or under the
thighs (simple variant), or by a tactile display that indicated the instructed altitude and
wether the helicopter was climbing or descending (complex variant). They completed
trials in simulated daytime and at night with simulated night vision goggles. During half of
a trial, a secondary mental workload task was added. The pilots completed the rating scale
mental effort (RSME) after a trial.

• The independent variables were the type of support (no support, simple display, complex
display), visual conditions (day, night), and the presence of the secondary task (present,
absent).

• The dependent variables were the mean and RMS altitude error, secondary task
performance and the scores on the RSME.

Participants

Twelve students of the Royal Dutch Airlines Flight Academy (KLS) participated voluntarily. Their mean
age was 22.4 years, their mean flying experience was 160 hour (range 110 - 200 hours). They had no
experience with tactile displays and the flight simulator. They were paid i50 for their participation.

Task and simulator

The participant followed a ground target (a Leopard II tank driving at 60 km/h) while flying at low level
(instructed altitude 15 m). The part task flight simulator consisted of a helicopter mock-up and a
cylindrical dome measuring 140° × 40° of visual angle (see Figure 7.1). Three Evans & Sutherland®
Simfusion image generators generated the visuals. Night vision was simulated by the image generators (in
hardware). In the night vision conditions, the participant wore field size restricting goggles (field size 40°,
100% overlap, no optics).
During the middle 120 s of each 240 s run, the participant performed a secondary task: the auditory
continuous memory task (CMT). The CMT consisted of series of spoken letters of the Dutch alphabet and
was presented through headphones. Each time the participant detected a target letter a button had to be
pressed, that was positioned on the stick near the thumb. There were four target letters (A, B, C and D).
The letters had also to be counted in separate tallies. The button had to be pressed twice when a target
letter was presented for the second time. If this response was correct, the participant heard the word
"correct". When the participant pressed the button at an incorrect moment or when an omission was made,
the word "wrong" was presented through the headphones. After the feedback ("correct" or "wrong") the
tally for the last letter had to be set to zero. The letter's E, G, H, P, T, V and W were not used because the
sound of these letters could be confused with the target letters. Target letters were never presented in
succession. Thirty percent of the letters were targets. The duration of the CMT was two minutes (see
Veltman & Gaillard (1996a, 1998) for further details). Mental effort ratings were given on the Rating
Scale Mental Effort (RSME, Zijlstra & Van Doorn, 1985). 
The simulator data were used to calculate the following flight performance measures: absolute altitude
error (m) and the root mean square altitude error (m). The CMT data were used to calculate the RT (s) to
the double clicks and percentage correct responses. The raw data of the subjective workload ratings were
not further processed before analysis
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Tactile instrument and information presentation

We developed a tactile display that consisted of 64 elements (see Figure 7.2). The tactors were custom-
build and based on DC motors that were housed in a PVC block with a contact area of 1.5 × 2.0 cm (see
Appendix II for details). The elements vibrated with a frequency of 160 Hz. The elements were build-in
in a stretch fleece vest (worn over the participant's T-shirt), in 12 columns and five rings (equally
distributed between the navel and the nipples). The remaining four elements were located on both
shoulders and under both thighs. Two altitude coding versions were developed: a simple version and a
complex version.

 

Figure 7.2. The tactile display used in both experiments consisting
of 12 columns and 5 rings of tactors on the torso and tactors on both
shoulders and under both thighs.

The simple version only presented information on the direction of the set point (i.e., the instructed
altitude). This is implemented by activating either the leg or the shoulder tactors of the tactile display. Two
analogies can be used here. The first is that the activated element indicates the desired direction (as would
be done with indicating the desired route or the next waypoint, see the previous Chapter). The second
analogy is that the element signals the direction of the deviation, like bumping into a virtual wall. We
chose the first coding principle for two reasons.
• The first reason is the resemblance with the waypoint analogy; a consistent coding in this case

would be that the vibration indicates the desired direction (follow-the-needle principle). 
• Second, this coding unambiguously indicates the optimal direction of motion, while the virtual

wall analogy indicates the direction to avoid, which leaves the pilot with the choice to determine
the optimal steering action (this is especially relevant for the next experiment).

Thus, the desired motion in the vertical dimension was indicated by activating elements under the thighs
and on the shoulders (for a set point below and above the current altitude, respectively).

In the complex version, we added information on the current direction of motion. This was implemented
by presenting a climbing or descending tactile sensation over the torso indicating the actual direction of
motion (up and down, respectively). The signal consisted of activating the five rings on the torso
consecutively (i.e., in discrete steps but eliciting a percept of apparent motion, e.g., Sherrick, 1968;
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Kirman, 1974). See Table 7.1 for details on the timing parameters. Please note that when the pilot is
correctly climbing or descending, the target attitude and the motion signal both indicate the same direction.

Table 7.1. Details of the timing parameters for the direction and motion signal.

direction of the target altitude

deviation (m) burst duration (ms) inter burst interval (ms)

< 1 - -

1 - 3 100 200

> 3 50 100

current motion direction

absolute speed (m/s) burst duration (ms) inter burst interval (ms) pause between signals
(ms)

< 0.1 - - -

0.1 - 1 5 × 100 0 200

> 1 5 × 50 0 100

Procedure

The participants came for a full day. They came in pairs and took turns after each session. After arrival
they were introduced to the general procedures of the experiment, and read and signed an informed
consent. During the morning they were trained on the task and the simulation environment. This training
consisted of four 20-minutes sessions for each participant, with full and night vision, with and without the
CMT, and with the different versions of the tactile instrument. During the afternoon, each participant flew
six scenarios in a full factorial vision (full / night) × tactile instrument (none / simple / complex) design.
The order of the conditions was balanced over subjects. During the middle 120 s of each scenario, the
CMT was presented. After each scenario, the participant filled out the Rating Scale Mental Effort (Zijlstra
& Van Doorn, 1985).

7.2.3 Results

Each run was divided in a slot with and a slot without the additional mental workload task CMT. Before
analyses were performed, all measures were inspected for outliers and possible anomalities. None were
found. We used individual ANOVAs for the two flight performance measures with a Vision (full vision
/ night vision) × Tactile display (none / simple version / complex version) × CMT (absent / present)
design. For the CMT data and workload ratings, we used individual Vision (full vision / night vision) ×
Tactile display (none / simple version / complex version) ANOVAs. The Tukey HSD test with alpha set
at .05 was applied for post-hoc analyses.
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Figure 7.3. Main effect of the tactile instrument on the absolute
altitude error (left) and the RMS altitude error (right). Error bars
denote the SE of the mean.

The analysis of CMT performance showed no significant effects. The analysis of the absolute altitude error
resulted in significant main effects of the Tactile display, F(2, 22) = 7.21, p < .01, and the presence of the
CMT, F(1, 11) = 6.92, p < .03. The main effect of Tactile display showed that the tactile instrument
reduced the altitude error (see Figure 7.3, left). In the no instrument runs, the mean absolute error was 5.2
m. The simple version reduced this error with 57% to 2.2 m, the complex version with 42% to 2.9 m. The
CMT main effect showed that the error increased from 2.6 to 4.1 m when the CMT was present, compared
to CMT absent. There were no significant interactions on the absolute altitude error. The analysis of the
RMS altitude showed the same main effects: Tactile display, F(2, 22) = 7.42, p < .01, and CMT, F(1, 11)
= 9.40, p < .02. Again, the tactile instrument significantly increased performance (see Figure 7.3, right).
Compared to no tactile instrument, the simple version reduced the RMS error from 8.1 to 5.4 m (33 %),
the complex version to 5.9 m (27 %). No interactions were significant. The subjective mental effort rating
only showed a main effect of Vision. Night vision was rated higher than full vision.

7.2.4 Discussion and conclusions

The results show that the tactile instrument greatly improves performance. The mean reduction of the
absolute altitude error is 50%, in other words: adding the tactile instrument halves the altitude error
compared to no instrument. This result is also present for the RMS altitude error, although the reduction
here is in the order of 30%. There is a weak indication that the simple version of the tactile instrument
results in better performance than the complex version, although the differences are not significant.
Apparently, the advantage of the complex version (i.e., adding information on the current motion
direction) does not outweigh potential disadvantages. One such disadvantage may be the complexity of
the coding. Two issues are important in this respect. The first is that the skin tends to integrate
spatiotemporal patterns into one percept (e.g., Geldard, 1982; Van Erp, 2002a). This may result in a
percept that differs from the objectively presented multiple stimuli. The second is that multiple signals
(i.e., desired direction and current motion direction) may result in what we call tactile clutter. This means
that cognitive processing may be needed to separate different signals that are presented simultaneously
or closely in time. We will further discuss this issue in the general discussion.

Besides the main effect of the tactile instrument, we were interested in two potential interactions. The first
was with the quality of the visual information. We hypothesized that the positive effect of the tactile
instrument would be larger when the visual information would be degraded. However, the data cannot
substantiate this hypothesis. Because of the main effect of Tactile display, this implies that the tactile
instrument is not only useful in degraded visual conditions, but even under optimal visual conditions. The
second interaction we hypothesized was that the tactile instrument would make the pilot's performance less
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affected by additional cognitive load. However, this Tactile instrument × CMT interaction was not
significant. The hypothesized effect might have been present when the comparison was made with a visual
display that presented altitude information in an abstract form (e.g., numerical). However, the visual
information in this experiment was direct view, which can hardly be called abstract (Gibson, 1950). We
will look into this issue further in the next experiment.
The mental effort ratings did not reveal an increased rating due to adding the tactile display. This means
that adding the tactile instrument improves performance without increasing the subjective mental effort.
Based on these results, we can conclude the following:
• a tactile display can also present information on the third (i.e., vertical, altitude) dimension,
• adding a tactile instrument reduces the altitude error in a low level flight (in the present

experiment by 50%),
• the tactile instrument is powerful enough to support the pilot under degraded and under full

vision conditions,
• adding information on the current motion direction to the tactile display does not improve

performance compared to a tactile display with setpoint information only,
• adding the tactile instrument does not affect the subjective mental effort of the pilot.

7.3 Experiment 11: Tactile helicopter hover display

7.3.1 Introduction

The previous experiment showed that a tactile display can also support local guidance in the third
dimension. In the present experiment, the altitude display is integrated with a display that presents
direction in the horizontal plane, resulting in a 3D tactile display. We test this in a helicopter hover task
(see also Raj, Kass & Perry, 2000). In a hover task, the pilot has to keep a fixed position in 3D space,
compensating for drift of the helicopter. This drift can be the result of external disturbance such as wind,
but can also be induced by the pilot himself. The experimental setup is similar to that of the previous
experiment. Trials are completed under different levels of cognitive load and with full day view or
simulated night vision goggles. The reduced visual information when flying with NVGs (quantitatively
as well as qualitatively) may result in degraded motion perception. As a result, a rotary wing aircraft may
drift substantially without the pilot detecting motion or a changed position. We also tested a simple and
a complex version of the tactile instrument, although we found no indications in Experiment 10 that the
additional speed information in the complex version improved performance. The absence of an advantage
may have been caused by the fact that the vertical speeds were relatively large and easily perceived
visually. However, in hover situations, the speeds are expected to be much lower and possibly below the
visual detection threshold (especially with degraded visual information).

Specific hypotheses for this experiment were the following:
• Our expectation was that the tactile display would improve the performance when flying with

NVGs, but has no or only a small effect under full vision (with or without instruments). 
• We expected that the presence of a tactile display would make performance not or less affected

by cognitive load.
• We expected the complex version to be of added value because the speeds are low in hover tasks,

and may even be below the visual detection threshold.
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7.3.2 Method

Experiment 11 in a nutshell.
• 12 student pilots flew in a helicopter simulator. They performed a helicopter hover task at

a 15 m altitude. They could be supported by a simple tactile display that indicated the
instructed position by a vibration on the shoulders or under the thighs (vertical) and/or in a
belt around the torso (horizontal) (simple variant), or by a complex tactile display that
indicated the instructed position and the motion direction of the helicopter. They
completed trials in simulated daytime and at night with simulated night vision goggles.
During half of a trial, a secondary mental workload task was added. The pilots completed
the rating scale mental effort (RSME) after a trial.

• The independent variables were the type of support (no support, simple display, complex
display), visual conditions (day, night), and the presence of the secondary task (present,
absent).

• The dependent variables were the mean and RMS hover error (vertical and horizontal),
secondary task performance and the scores on the RSME.

Participants

Twelve participants flew in a rotary wing simulator. They were students of the Royal Dutch Airlines Flight
Academy (KLS). Their mean age was 22.4 years, their mean flying experience was 160 hour (range 110
- 200 hours). They had no particular experience with helicopter hovering. They were paid the equivalent
of i50 for their participation.

Task and simulator

The instruction was to hold a specific position in 3D space. Each trial consisted of an initial stage (30s)
and a recording stage (120s without a secondary task, 120s with a secondary task, see below). At the
beginning of each trial, the helicopter was at ground level. The instructed altitude was 15 m. During the
initial stage, the altitude was presented as a head-up display so the pilot could easily reach the instructed
altitude. Directly after the 30 s initial stage, the altitude error was switched off (other out the window cues
remained available) and the recording stage started. The altitude set point for the recording phase was the
instructed altitude (15 m), the horizontal set point was the horizontal position at the onset of the recording
phase.
The flight simulator consisted of a helicopter mock-up with full controls and a cylindrical dome measuring
140° × 40° of visual angle. The helicopter model was a simplified, linearized helicopter model, fine-tuned
by an experienced Cougar pilot. Three Evans & Sutherland® Simfusion image generators generated the
visuals. NVG vision was simulated by the image generators (in hardware). In the NVG conditions, the
participant wore field size restricting goggles (field size 40°, 100% overlap, no optics). During the second
half of each hovering phase, the participant performed a secondary task: the auditory continuous memory
task (CMT), see Experiment 10.
Based on the data stored by the helicopter simulator, we calculated the absolute altitude error (m), and the
absolute error in the horizontal plane (m). Each run was divided in a slot with and a slot without the
additional mental workload task CMT. The CMT data were used to calculate the RT (s) to the double
clicks and percentage correct responses. The fifth dependent variable was the subjective workload rating.
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Tactile display and information presentation

The tactile hardware was the same as used in Experiment 10: a 64-element tactile display in 12 columns
and five rings, and with tactors on both shoulders and under both thighs. As with the altitude display in
Experiment 10, we implemented two variants of the tactile hover display. The simple tactile display
variant presents information on the direction of the drift (error) only. The complex variant presents error
information as well as additional information on the current direction of motion (see Figure 7.4). The
pulsing rhythm of the tactors was dependent on the size of the error. For errors smaller than 1 m no signal
was given, for errors between 1 and 5 m the rhythm was 100 ms on - 200 ms off, for errors larger than 5
m the rhythm was 50 ms on - 100 ms off. The motion direction signal consisted of five (discrete) steps in
the direction of motion. The onset of the next element coincided with the offset of the former element with
a pause between the last burst and the onset of a new series. Burst duration and pause were speed
dependent. Details of the timing parameters of the signals can be found in Table 7.2.

Figure 7.4. Schematic top-down perspective view of the 5 rings and
12 columns of the tactile display. The pictures in each row depict the
different frames of the tactile motion patterns. The upper row
presents a direction forward (to be read from left to right), the lower
row downwards (to be read from left to right).

Simple version

The simple version only presents information on the direction of the set point (i.e., the origin in 3D space)
by activating single points of the display. Important here is that this coding unambiguously indicates the
optimal direction of motion, while the virtual wall analogy (see Experiment 10) only indicates the direction
to avoid. The latter leaves the pilot with the choice to determine the optimal steering action (many motion
directions will free the pilot from the wall, of which the 180° opposite (mirrored through the body
midaxis?) is the optimum). The desired motion in the vertical dimension was indicated by activating
elements under the thighs and on the shoulders (for a set point below and above the current altitude,
respectively, see previous experiment), the desired motion in the horizontal plane was indicated by one
of the tactors in the middle ring.

Complex version

In the complex version, the motion direction is added to the indication of the direction of the set point
presented as in the simple version. Similar as in Experiment 10, motion was not presented by single points,
but by an (apparent) motion across the torso. This was implemented in the horizontal plane by two points
that move symmetrically toward the direction of motion (e.g., when moving forward, the points would start
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at the left and right side and move forward to meet right in front; when moving to the left, the points would
start on the spine and on the navel and move simultaneously to the left. Combined with the coding of the
desired direction, moving in the right direction means that the motion points end in the point that indicates
the direction. As long as these points do not coincide, the pilot moves in the wrong direction.

Table 7.2. Details of the timing parameters for the direction and motion signal in Experiment 11.

direction of the target altitude

deviation (m) burst duration (ms) inter burst interval (ms)

< 1 - -

1 - 5 100 200

> 5 50 100

current motion direction

absolute speed (m/s) burst duration (ms) inter burst interval (ms) pause between signals
(ms)

< 0.1 - - -

0.1 - 1 5 × 100 0 200

> 1 5 × 50 0 100

Procedures

The participants came for a full day. They came in pairs and took turns after each session. After arrival
they were introduced to the general procedures of the experiment. During the morning they were trained
on the task and the simulation environment. This training consisted of four 20-minutes sessions for each
participant, with full and NVG vision and with and without CMT. During the afternoon, each participant
flew three blocks of two runs. Each run took 13 minutes net flying time, after which the participant filled
out the Rating Scale Mental Effort (Zijlstra & Van Doorn, 1985).

7.3.3 Results

After initial inspection of the data, all data were judged valid and the dependent measures were analysed
by individual ANOVAs. The two flight performance measures with a Vision (full vision / night vision)
× Tactile display (none / simple version / complex version) × CMT (absent / present) design. For the CMT
data and workload ratings, we used individual Vision (full vision / night vision) × Tactile display (none
/ simple version / complex version) ANOVAs. When appropriate, results were further analysed with Tukey
HSD tests with alpha set at .05. The statistical design and ANOVA are presented for each measure
separately.

Hover performance, horizontal error

The position error in the horizontal plane showed several main effects and two-way interactions. The main
effects of Vision: F(1, 11) = 93.35, p < .01 and CMT: F(1, 11) = 57.34, p < .01 showed that performance



Chapter 7. Navigation in 3D

111

degrades with night vision and during the CMT phase, respectively (the means can be deducted from the
left panels in Figures 7.5 and 7.6). The interaction between them showed that the effects strengthen each
other: F(1, 11) = 53.27, p < .01. Of primary interest however, were the main effect and interactions with
the tactile display. The main effect showed performance improvements with the tactile display: F(2, 22)
= 5.88, p < .01. The simple variant reduces the error with 27%, the complex variant with 25%, compared
to the no-display condition. The non-significant interaction between Vision and Tactile display (depicted
in the left panel of Figure 7.5, F(2, 22) = 1.05) showed that both tactile displays reduced the position error
considerably compared to the no-display condition, not only in the night vision condition (mean reduction
22%), but also in the full vision condition (mean reduction 32%).
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Figure 7.5. Error as function of visual and tactile display condition.
Left on the horizontal error, right on the vertical error.

The interaction between CMT and Tactile: F(2, 22) = 45.67, p < .01 showed that there is no effect of the
tactile displays in the phase before the CMT task, and a large error reduction (35%) during the CMT phase
(see the left panel of Figure 7.6).
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Figure 7.6. Significant interaction of the presence of the secondary
task and tactile display on the horizontal (left) and vertical error
(right).

Hover performance, vertical error

On the vertical error, the effects were as follows. The main effect of CMT: F(1, 11) = 5.52, p < .04 showed
degraded performance during the phase with the CMT compared to without the CMT (means 1.78 and
1.17 m, respectively). The main effect of Tactile display: F(2, 22) = 16.06, p < .01 showed an error
reduction of 55% for the simple variant and 47% for the complex variant, compared to performance
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without a tactile display. The non-significant interaction of Vision and Tactile display: F(2, 22) = 1.58
indicated an error reduction both with NVG vision and full vision (see Figure 7.5, right panel). The
interaction of Tactile display and CMT was significant: F(2, 22) = 3.66, p < .05 and is depicted in the right
panel of Figure 7.6. This interaction showed that the error reduction of the tactile displays is larger in the
CMT phase than in the phase before the CMT.

Performance on the secondary (CMT) task

There were no effects on either the reaction time (mean 900 ms) or the percentage correct (mean 90%).

Mental effort rating

The mental effort rating showed a significant effect of Vision (F(1, 11) = 7.18, p = .021). The means
showed a higher mental effort with night vision compared to full vision (means 57.8 and 48.4,
respectively).

7.3.4 Discussion and conclusion

The first observation is that both tactile display variants improve the performance on the horizontal as well
as the vertical dimension. Compared to the no-display condition, the simple variant reduces the horizontal
error with 27% on average and the vertical error by 56% on average. For the complex variant, these
reductions are 25% and 47%, respectively. The various interactions provide further insight into the effects
of the tactile display. We will discuss them in relation to the objectives and hypotheses.
The first objective of the present study was to investigate if a tactile display can help to compensate for
the degraded visual information when flying with Night Vision Goggles. We expected a positive effect
under degraded visual conditions, but no effect in the full vision condition. However, the tactile display
resulted in large performance improvements in both the night vision and the full vision conditions. This
is actually better than hypothesized: it shows that the positive effect of the tactile display is so strong that
it can even support the pilot under full vision condition. 
The second manipulation was the presence of a secondary task (Continuous Memory Task, CMT). For
both the horizontal and vertical error, there is a significant interaction between the tactile display and the
presence of the CMT. The results confirm the hypothesis that the presence of a tactile display reduces the
negative effect of adding a secondary task on performance. Without a tactile display, adding a cognitive
task results in a factor 2.8 increase of the horizontal error and a factor 1.8 of the vertical error. With a
tactile display, these factors are only 1.8 and 1.3, respectively. This indicates that a tactile display (or
actually adding information) reduces, but not nullifies, the negative effects of an increased cognitive load.
Furthermore, although the tactile display increases the amount of information to be processed, the mental
effort ratings show that this is not at the cost of higher mental effort. These results partly confirm our
hypotheses that a tactile display would result in low workload ratings and make performance independent
of cognitive load.

The results also show that the differences between the simple and the complex variant are small. Both
displays show the same effect on the horizontal error. On the vertical error, the complex variant shows the
tendency to be somewhat less effective than the simple variant. This confirms the results of the previous
(altitude control) experiment, where we found a weak indication that the simple version of the tactile
instrument results in better performance than the complex version, although the differences were not
significant.
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Conclusions

This simulator study proves the potential of intuitive tactile torso displays in reducing drift. The tactile
display is so effective that it not only results in performance improvement under reduced visual condition,
but also under full vision conditions. Also, the presence of the tactile display reduces the performance
degradation caused by a secondary (cognitive memory) task. There is no effect of the tactile display on
the subjective mental effort rating.
Moreover, the results prove that tactile displays can be applied in fast man-in-the-loop tasks. Finally,
advanced tactile displays that are able to present more complex stimuli open up new possibilities of
information presentation. This can possibly improve performance, but may also introduce tactile clutter.

7.4 General discussion and conclusion

Q9. Main effect of the tactile display on performance

In Chapter 6 we found that tactile displays can improve performance in 2D waypoint navigation. In this
Chapter we investigated whether this favourable effect would also be present for the vertical dimension.
Please note that we did not investigate this dimension in the direction perception experiments in the earlier
chapters. The first experiment investigated the effect of presenting vertical information on a tactile display
in a low level flight. On average, the performance improvement with the tactile display was 50%, that is,
the tactile display halved the vertical error. In the Experiment 11, we integrated this 3rd dimension display
with the 2D display tested in the previous chapters and tested it in a 3D helicopter hover task. Again, we
found that the tactile display can substantially reduce the hover error. In the vertical dimension, the error
reduction is 50%, confirming the results of Experiment 10. In the horizontal dimension, the error reduction
is in the order of 25%. In general, these performance improvements are present across different visual and
workload conditions. Based on these results we conclude that the transition to 3D environments was
successful.

Q7. Effect of the tactile display on mental effort ratings

One of the predictions of the prenav model (see Figure 1.5) is that processing information through the
sensation6action loop shortcut does not consume cognitive resources. The mental effort ratings would be
low, and lower than for the processing of information that requires the involvement of the cognitive ladder.
Therefore, we hypothesised that if a tactile display enables the use of the sensation6action loop while a
visual display does not, the mental effort ratings for the trials with a tactile display would be lower for the
trials with a visual display. In the present experiments, we cannot directly test this hypothesis because we
do not compare a visual and tactile display (like in Experiment 8 in Chapter 6). However, prenav would
also predict that adding a tactile display would not affect the mental effort rating. We can test this
prediction. The data from both experiments confirm this prediction: adding the tactile display does not
affect the mental effort ratings. The fact that the out-the-window visuals (i.e., day versus night) does affect
the ratings in both experiments shows that the RSME as instrument was sensitive enough to measure
differences in workload ratings over conditions. These findings are supported by anecdotal evidence from
tens of pilots that tried tactile display demonstrations. After a few minutes of trying, they use the tactile
display information almost unconsciously while the experimenter tries to distract the pilot and sometimes
even switches off the visuals.
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Q8a. Effect of adding cognitive load with and without a tactile display

The prediction of the prenav model with respect to this issue in its strictest form is clear: An intuitive
tactile display makes the user immune to enlarging the cognitive load. In the present experimental designs
this should be reflected in the interaction of the presence of the tactile display with the presence of the
additional CMT task. In Experiment 10, this interaction is not significant, indicating that the negative
effects of the CMT were present regardless whether the tactile display was present or not. In Experiment
11, this interaction reaches significance for both the horizontal and the vertical error. The results show that
adding the CMT results in a substantial performance degradation when the pilot has no tactile display (on
average 130%). The degradation can also be seen in trials where the tactile display is available, but the
degradation is much smaller (on average 56%). We have no clear explanation for the apparent
contradiction between both experiments. The results of both experiments are not in accordance with the
strict definition of an intuitive display. The results of the second experiment fit with the weaker variant
based on the perception6action shortcut instead off the sensation6action shortcut (see Chapter 1). Three
issues are relevant. The first is that pilots need instruction that explains what the instrument indicates.
Albeit short (usually just one line), it means that the response is not based on reflexive behaviour. This
links to the issue of information coding on a tactile instrument (see also Chapter 8). In the current
instrument, we decided to code the setpoint (or origin) and not a ‘virtual box’ (cref. Section 7.1). However,
the latter coding was successfully implemented in the TSAS hover device (Raj, Suri, Braithwaite and
Rupert, 1998). Dobbins and Samway (2002a) mention this same coding issue in coding a virtual corridor
on a tactile display to support course control in operating high speed powerboats. Anecdotal evidence
gathered with the tactile display indicates that there is no population preference for one coding; the
preference is about 50-50 (see Van Erp & Oving (2002) for control display compatibility and population
preferences). This may indicate that the instrument requires involvement of the cognitive ladder to
interpret the sensation into a percept for 50% of the population. The second issue is that even at the end
of the experiment, the pilots have only a limited experience with the instrument, far from enough to claim
that they are highly trained. Third issue is that the participants were student pilots. It may have been the
case that they were not experienced enough to enable vehicle control though the sensation6action loop,
making vehicle control dependent on the cognitive loop. Also relevant is that the tactile display codes the
(required) vehicle movements, but not the manual control actions (especially with the complex version).
An alternative that may have a different effect is to code required actions, for example by attaching
vibrators to the hand.

Q8b. Effect of adding external stressors with and without a tactile display

Operating at night wearing night vision goggles is considered as an external stressor. This makes it
relevant to discuss the results of this stressor in the presence and absence of the tactile display and in
relation with the prenav predictions. In the present experimental setup, this effect should be reflected in
the interaction of the presence of the tactile display with the visual condition. However, we should take
care in interpreting the results. Wearing NVGs is not only an external stressor, it also affects the quality
and quantity of the information required for the primary task. In Experiment 10, there is -rather
surprisingly- no effect of the vision condition on control performance. In Experiment 11, the NVG visual
condition does result in performance degradation for the horizontal dimension, but (again) there is no
effect for the vertical dimension. This is probably related to the fact that the reduction in field size as
consequence of wearing the simulated NVGs differs between both dimensions. The full horizontal (screen)
fieldsize of 140° is reduced to 40°, while the vertical (screen) fieldsize of 40° is not further reduced by
the field restricting goggles. On none of the performance measures, there is a significant interaction as
hypothesised. This actually means that the tactile display improves performance in both vision conditions,
that is, under conditions of restricted visual information, but also in full vision.
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Simple vs. complex tactile display

In both experiments, the simple display variant performed equally good or better than the complex variant.
Several aspects are relevant here: (1) the usefulness of the extra information that the complex variant
presents (i.e., information on the current motion direction) (2) the interaction between tactile signals,
which we call tactile clutter and (3) the extent to which the presentation or coding is intuitive. When the
benefit of the additional information (1) is smaller than the costs involved (2) and (3), the complex variant
may lead to worse performance than the simple variant. We hypothesise that the critical factor in the
present design is tactile clutter. Although the skin is able to process large amounts of (abstract)
information the complex variant may have suffered from the interaction between signals. Adding a moving
stimulus may result in a cacophony of tactile stimuli that may result in unpredictable spatiotemporal
interactions. Also, the moving stimuli require 5 ‘frames’ to be played, and thus lower the update rate of
the information. The resulting tactile clutter may also degrade the intuitiveness of the signals; i.e., some
form of processing is required to separate the different components. This latter is confirmed by the data
of Experiment 11. The interaction between tactile display and CMT task shows that with the secondary
task present, performance with the simple variant is better than with the complex variant. This indicates
that the complex variant has a claim on some form of the higher order processing resources also required
for the secondary task. In terms of control input, the additional information can only be used indirectly:
when the motion is not yet in the direction of the waypoint, control input needs to be maintained or
increased and v.v.

Conclusions

The most prominent result of the current experiment is that the added value of the tactile display in the
horizontal dimension is also present in a 3D situation. Adding the tactile display greatly reduces the hover
error under conditions of full and reduced vision and under condition of increased workload. This
improvement is not accompanied by an increase in mental effort ratings. However, we cannot conclude
that the tactile display was fully intuitive because it does not make the pilots completely immune to an
added mental workload. However, in Experiment 11, the degradation caused by increasing the mental load
is much reduced when the pilot has a tactile display at his disposal. The issue of tactile clutter becomes
relevant in situations in which multiple tactile signals are presented simultaneously instead of serially.
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Chapter 8. Orientation in 2D29

Abstract

We investigated the effectiveness of a tactile torso display as a countermeasure to
Spatial Disorientation (SD). Additionally, we tested whether the display should follow
an inside-out or an outside-in coding. Twenty-four subjects participated, 12 in each
coding group, matched for age and gender. We used a rotating chair to build up a state
of SD by rotating participants around their yaw axis followed by a sudden stop. During
the following recovery phase a random disturbance signal was added to the chair's
orientation. Participants actively controlled their orientation and were instructed to
maintain a stable orientation which is a compensatory tracking task. Statistical analysis
revealed that recovery from SD (measured as the number of turns in the recovery
phase) substantially increased and that tracking performance decreased with the tactile
instrument (both p's < .001), whether the instrument was available full time or during the
recovery phase only had no effect. There were no differences between outside-in and
inside-out coding. The present study demonstrates the potential of tactile cockpit
instruments in controlling SD, even in the presence of strong, but misleading
self-motion information from the vestibular sense.
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8.1 Introduction to Experiment 12: Self-motion during spatial disorientation

The previous two Chapters described tactile display applications related to translations in 2D and 3D. This
Chapter and the next are concerned with rotations in 2D and 3D. Rotations seem of minor importance in
daily life: we usually stand straight and steady on our legs (this is not so trivial for people with a vestibular
dysfunction30), and see where our nose is pointing. However, knowing how you are oriented in the world,
and knowing up from down is of critical importance if you are a diver, pilot, or astronaut. Spatial
Disorientation (SD) is a serious threat to military as well as to civilian pilots and aircraft. Considerable
effort has been put into SD countermeasures such as training programmes and advanced cockpit displays.
With regard to the latter, tactile displays have been considered a promising technology (Rupert, Guedry
& Reschke, 1993; Benson, 2003).

Besides the arguments of the threat of sensory and cognitive overload, which are certainly relevant for
pilots, there is an additional argument why tactile displays are considered a promising technology to
counteract SD. In an SD situation, the pilot should rely on his instruments to take the necessary action
irrespective of his (vestibular and other) self-motion sensations (see also Gillingham & Wolfe, 1985).
Here, tactile and auditory stimulation may be superior over visual aids, because with strong rotations, the
flight instruments may be difficult to read due to the Vestibulo-Ocular Response (VOR)31. This response
aims at stabilising the direction of gaze in an Earth-fixed frame of reference, thus not necessarily in a
cockpit frame of reference. This may cause the eyes to move across the flight instruments, making the
flight instruments unreadable and incapacitating the pilot. Also, the advantage of a tactile over a visual
display may be present under high G-load (cref Chapter 10): As far as we can tell, tactile information
processing is not altered by G-loads at which visual information processing deteriorates. Although Rupert
(2000a, b) reported anecdotal evidence on the potential of tactile torso displays as SD countermeasure,
quantitative data gathered under controlled SD situations are not available yet.

A complicating factor when designing SD countermeasures is that SD is often caused or accompanied by
confusing information from the vestibular sense. This is for example the case with motion illusions related
to the semicircular canals, generally known as "somatogyral" illusions. In aviation, this illusion is
responsible for the so called "graveyard spin" (Roscoe, 1997). The graveyard spin may result from
inadequate recovery from an (asymmetric) stall (a situation where the wings no longer provide lift and the
aeroplane starts spinning, primarily about its yaw-axis). When the pilot stops the spinning motion, the
semicircular canals give a strong aftersensation, especially when recovery occurred after several spins
(Bles, Kloren, Buchele & Brandt, 1983). In poor visual conditions, the pilot may then perceive spinning
in the opposite direction, possibly accompanied by difficulties reading the cockpit instruments due to the
VOR (Lessard, Stevens, Maidment & Oakley, 2000). By trying to cancel the vestibular sensation, the
unaware pilot may re-enter the original spin. This may give the impression of straight and level flight,
while in fact the aeroplane is spinning and losing height, which may lead to controlled-flight-into-terrain
(CFIT). In the present experiment, we investigate the merits of a tactile torso display as SD
countermeasure using a motion simulator to mimic a graveyard spin.
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8.2 Method

Experiment 12 in a nutshell.
• 24 participants performed an orientation task in a rotating chair. A state of Spatial

Disorientation (SD) was evoked by a rotation around the yaw axis followed by a sudden
stop. In the following recovery phase, participants had to retain a stable orientation while
compensating for a disturbance added to the chair’s orientation. A hood blocked visual
cues. In half of the trials, they were supported by a tactile display consisting of a belt
around the torso with 24 tactors displaying orientation information.

• The between subjects independent variable was coding of orientation on the tactile
display. The within subjects independent variable was type of support (no support, support
during the recovery phase only, and support during both the pre-SD and recovery phase).

• The dependent variables were recovery performance (defined as the number of turns made
during the recovery phase), and control performance (calculated as the correlation between
the disturbance signal and the control input).

Participants

Twenty-four employees of TNO Human Factors participated voluntarily, 9 female and 15 male, 34.1 ±12.1
years of age. They were assigned to one of two experimental groups: the inside-out or outside-in coding
group (see below). The assignment was such that the two groups were matched on age and gender. All
participants were naive with respect to the experimental set-up, the motion profiles, and the hypotheses.
The participants were asked not to talk to their colleagues about the experiment until all participants
finished the experiment.

Apparatus

The yaw rotation around an Earth vertical axis was generated by a rotating chair (see Figure 8.1). The
participants were seated with their heads on the axis of rotation (i.e., with the axis of rotation through the
centre of the line between both ears, resulting in minimal stimulation of the otoliths as result of the
centripetal acceleration). The chair's velocity and position were measured separately by code disks and
used servo control for the chair’s rotational velocity (±1%) as well as for the control of the tactile display.
During the pre-SD phase, chair velocity was increased during 24 s with a constant acceleration of 5°/s²
up to 120°/s (either clockwise or counter clockwise). Immediately thereafter, the chair was brought to a
standstill within 1.2 s (100°/s²) creating an SD situation. After 0.5 s of the standstill (part of the pre-SD
phase) the recovery phase started. During the recovery phase, a quasi random angular velocity disturbance
profile was presented, this was different for each of the 15 trials of a participant. Each disturbance profile
consisted of a sum of 20 sinusoids with frequencies at equal intervals in the range 0.02-0.4 Hz but with
random phases. Amplitudes were inversely proportional to frequency in order to ensure a constant
maximum velocity contribution of each component. An interval of 40 s was chosen starting at zero
velocity, and the amplitude of the disturbance signal was recalculated such that the RMS-velocity equalled
40°/s. On average, maximum velocity and acceleration over these 15 signals were 74 ±12.7°/s and 38
±4.9°/s² (i.e., input to the chair). After 40 s, the chair was decelerated at 5°/s² to a standstill. All motion
profiles were created with 50 samples per second, and filtered by means of a moving average over 0.5 s
to avoid jerks around the phase transition.
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Figure 8.1. Left: the participant with unzipped tactile display showing
the columns of tactile elements and the headset. Right: the situation
during the experiment with the participant in the rotating chair holding
the control dial. The visual cues were blocked by a hood.

During the recovery phase, participants had to nullify the chair's velocity by using a control dial. Dial
position controlled chair velocity input, similar to a flight yoke. The dial consisted of two cylinders,
approximately 7 cm in diameter and 4 cm high each, capable of unlimited rotation relative to each other
about their longitudinal axis. Participants kept each part in one hand on their lap (see Figure 8.1, right).
Clockwise rotation of the upper part corresponded to a clockwise change in chair rotation speed (180° of
dial rotation resulted in a 180°/s change in chair rotation speed). The control dial’s velocity signals were
added to the disturbance signals and then sent to the chair. The dial output was set to zero at the beginning
of the recovery phase. Combined with the unlimited rotation capability, this resulted in a control dial that
provided no information with respect to zero chair velocity.

The complete experiment was controlled by a PC that generated the chair velocity signal for the pre-SD
phase, as well as the disturbance signal for the recovery phase. During the recovery phase, control dial
output was electronically added to the disturbance signal from the PC, the combined signal driving chair
velocity. The PC also sampled (50 Hz) and stored the following signals: chair velocity control signal, chair
position, chair velocity, activated tactile orientation, and dial-position.
Based on these data, two performance measures were calculated over the 40 s recovery phase: recovery
performance and control performance. The recovery performance was calculated as the number of spins
made in the recovery phase, indicating the inability to recover from SD (or the tendency to enter a
graveyard spin). The control performance was calculated as the correlation between the chair disturbance



Chapter 8. Orientation in 2D

121

and the control input, which indicates the capability of counteracting the disturbance trace independent
of a possible offset in angular speed when the participant is in a graveyard spin. Before being strapped into
the chair, the participant donned the tactile display. During all runs the participant wore a headset that
blocked auditory cues from the environment and allowed direct audio contact between participant and
experimenter. A hood was placed over the head of the participant to block visual cues. 

Tactile display and information coding

We implemented yaw rotation in the tactile display by a rotating signal around the observer in the
horizontal plane. There are two important design parameters of the tactile instrument. The first concerns
the coding of the rotation direction on the display (see also Section 7.2 on coding translations in 3D). Two
different codings can be applied that resemble the inside-out and outside-in differences also recognised
in the design of the artificial horizon display. Inside-out coding of yaw rotation can be realised by a tactile
signal pointing to a fixed direction in the outside world. This means that the tactile signal rotates clockwise
when the pilot rotates counter clockwise and vice versa. In the outside-in coding alternative, the signal
rotates on the display in the same direction and with equal velocity as the pilot rotates in the outside world.
The second design parameter concerns the phase during which the tactile instrument should be active. We
discern two phases here: the first is the pre-SD phase in which the SD is set up, and the second is the
recovery phase. Anecdotal evidence by Rupert (2000a, b) indicates that it may be advantageous to have
the tactile instrument active during both phases.
The tactile display was worn over a T-shirt and consisted of 48 tactors in 24 columns of two tactors each.
The columns were placed under equal angles of 15° (please note that equal distances would have resulted
in different angles as the torso is not circular). Only one column (consisting of two tactors) was active at
a time. A separate PC controlled the tactile display with the chair's position as input. The instrument had
three modes: 'off' in which no signal was given, 'inside-out' in which the instrument presented an Earth
fixed orientation (i.e., the plane through the body longitudinal axis and the active column pointed to a
fixed point in the environment), or 'outside-in' in which the tactile signal rotated at the same angular
velocity and in the same direction with respect to the observer as the observer with respect to Earth.

Experimental Conditions

During the experiment, each participant completed 15 trials; 6 main experimental trials and 9 control trials
which included the measurement of eye movements. These control trials investigated whether a tactile
instrument facilitates the generation of reflexive eye movements such as the Vestibulo-Ocular Response
(VOR). However, these data are beyond the scope of this thesis and are presented elsewhere (Bos et al.,
2005). Only one of the nine control conditions was relevant for the present research issues, since it
provided relevant data on control performance. This was a "tactile only" condition where participants had
to track the tactile signal in the absence of any chair motion (without chair motion, the disturbance is only
presented on the tactile display, like the tracking tasks in Experiment 6). The order of the six experimental
trials was balanced for all participants. The control condition was always run after the main experiment.
The experiment was focussed on the two design parameters discussed in the Introduction: Coding
(inside-out and outside-in) being a between-subjects independent variable, and Instrument Mode (off,
recovery phase only, pre-SD and recovery phase) being a within-subjects independent variable. For each
level of Instrument Mode, a clockwise and a counter clockwise trial were completed. The experiment was
designed to investigate the following three questions: 1) Does a tactile instrument support the operator in
recovering from SD? 2) Is there a performance difference between inside-out and outside-in coding? And
3) Is it beneficial to activate the instrument during the pre-SD and the recovery phase compared to during
the recovery phase only?
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Procedures

The purpose of the experiment was explained to the participants beforehand, and they signed an informed
consent. They first received instructions about the required tasks and the commands that would be used
during the experiment. After this, electrodes for eye movement recording were positioned (see Bos et al.
(2005) for the eye movement data), and the participant donned the tactile vest and was seated and strapped
in the rotation chair. With the tactile instrument off and the room lights on, they were trained on using the
control dial. They were initially allowed to familiarise themselves with it, driving their own velocity,
followed by specific instructions for motions and positions to be realised. Then they were (repeatedly)
subjected to a disturbance trace as used in the recovery phase, and they practised maintaining a constant
position (i.e., compensating for the disturbance trace), until they reached an average velocity of less than
20°/s during at least 10 s. Next, they were explicitly told about the operational mode of their tactile vest
(either inside-out or outside-in). The operation of the tactile display was demonstrated first by rotating the
chair passively in the light with the vest active. During this phase it was also checked that the participant
perceived all columns. Then, the participants were again instructed to position themselves in several
orientations by means of the control dial, but now by taking the tactile instrument into account. This was
first done with the eyes open, and next with the eyes closed until this could be completed. Lastly, it was
explained to them that they should consider the tactile display as a cockpit instrument on which they could
and should rely. During the experiment the participant and the experimenter communicated via the
headset. The experimenter gave the command that indicated the start of the recovery phase. The
instruction was to set and keep the chair velocity at zero, irrespective of its orientation. A rest period was
included between the trials so that any possible rotation sensation could disappear. The whole testing
session lasted approximately one hour per participant.

8.3 Results

None of the participants experienced sickness or was unable to complete the experiment. Before being
subjected to analyses of variance, we inspected the data for irregularities such as outliers. No abnormalities
were found, so we included all data in the analyses. The two performance measures were analysed with
separate ANOVAs.

Main experiment

The main experiment was analysed in a Coding (inside-out, outside-in) × Instrument Mode (off, recovery
phase only, pre-SD and recovery phase) × Direction (clockwise, counter clockwise) design. Both the
recovery and the control performance demonstrated a main effect of Instrument Mode only: F(2, 44) =
242.21, p < .001, and F(2, 44) = 10.29, p < .001 for the recovery performance and the control
performance, respectively. There were no significant effects of Coding, F(1, 22) = 0.57, and F(1, 22) =
0.27, respectively, and of Direction: F(1, 22) = 1.46, and F(1, 22) = 1.57, respectively. The main effect
of Instrument Mode was further analysed by a post hoc Tukey HSD test with alpha set at .05. For both
performance measures, the off mode differed significantly from both the recovery phase only and the
pre-SD and recovery phase conditions. There were no differences between the latter two modes. The
means are depicted in Figure 8.2 for the recovery performance and Figure 8.3 for the control performance.
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Figure 8.2. Main effect of Instrument Mode on the recovery
performance (i.e. number of spins in the recovery phase). Lower
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Figure 8.3. Main effect of Instrument Mode on the control
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Control condition

Since the number of spins (i.e., the recovery performance) is meaningless in the control condition in which
the signal was presented to the tactile instrument and the rotation chair was fixed, we only analysed control
performance. We found a significant effect of Coding: F(1, 22) = 5.92, p < .025. The mean in the
inside-out condition was -.57 (± .13) and in the outside-in -.79 (± .13).

8.4 Discussion and conclusion

Recovery from SD

The present experiment investigated the potential of a tactile cockpit instrument to counteract SD. We
induced SD in observers by a sudden stop after a period of rotation around the Earth vertical yaw axis.
This gave a strong aftersensation of spinning. During a 40 s recovery phase, the instruction was to
minimise the yaw rotation while a disturbance motion was added. We measured recovery performance,
expressed as the number of spins that were made during the recovery phase. The three main questions were
the following: 1) Can a tactile instrument support recovery from SD? 2) Is there a performance difference
between outside-in and inside-out coding of yaw rotation? And 3) Is it important that the tactile instrument
is also active during the pre-SD phase? The results clearly indicate that a tactile instrument can support
recovery from SD, or even prevent SD (in this case the simulated graveyard spin) to occur. As Figure 8.2
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demonstrates, participants entered a (graveyard) spin when there was no support of the tactile instrument;
during the 40 s recovery phase they made on average more than 8 full rotations (which equals a mean
velocity of about 70°/s). When the tactile instrument was active, the number of spins was less than 1. This
indicates that the potential magnitude of the effect of the tactile instrument may be sufficient to
significantly reduce pilot error in a critical manoeuvre.

The results also demonstrated that there is no difference between inside-out and outside-in coding. This
means that for the task of counteracting SD, both codings are equally strong in supporting the user. Both
codings have potential advantages. An important advantage of the inside-out coding is that the position
of the tactile signal on the display is Earth-fixed and thus also congruent with out-the-window visual
information. This may have beneficial effects on the situation awareness of the pilot. The outside-in coding
may have benefits in control tasks (see the section on control performance below). As with visual displays
(Previc & Ercoline, 1999), the preferred coding on the tactile display is most likely task dependent. It
should be noted that the lack of guidelines on the design of tactile cockpit displays has already resulted
in the use of different coding principles in the design of a helicopter hover display (cref. Chapter 7).
Although there are no data available that directly compare performance with both codings, one may expect
that performance may degrade if the pilot has to switch between codings. This latter issue is also found
with pilots who transfer from an outside-in to an inside-out coding of the artificial horizon (Pongratz, Vaic,
Reinecke, Ercoline & Cohen, 1999).

The results also answer the third question. There was no advantage when the instrument was always on
versus only during the recovery phase. This indicates that, for rotation about a vertical yaw-axis, the tactile
signals are picked up fast once they start and that there is no explicit need to have the instrument running
during the pre-SD phase32. This is not in accordance with the observations of Rupert (2000a, b). This may
be due to the fact that Rupert used much more complex situations of SD (recovery from unusual attitude).
This is an important observation, because a constantly active tactile instrument may have several
disadvantages, including effects of adaptation of the skin to prolonged vibrotactile stimulation (e.g., Hahn,
1966), and probably reduced attention to tactile signals (called habituation). When the pilot chooses to
have the instrument standard off, an important question is when it should become active. This is especially
important in case of unrecognised SD (type I; Gillingham, 1992). The pilot will not switch on the
instrument when being unaware of being disoriented. In this situation, it would be beneficial to activate
the instrument automatically, for example based on the flight manoeuvre or profile when this is known to
cause SD, based on the eye movements of the pilot (e.g., when detecting nystagmus), or based on an
insufficient instrument scan pattern of the pilot. An alternative may be to include the tactile instrument in
the instrument scan pattern of the pilot. This means that the pilot switches the instrument on at specific
intervals.

Control Performance

Besides the ability to recover from SD, we also analysed control performance. Participants had to nullify
a disturbance signal during the recovery phase. The results indicate that control performance is degraded
by adding the tactile instrument (see Figure 8.3). This confirms the findings in Chapter 5, Experiment 6
that a tactile torso display is not optimally suited for tracking tasks (especially not when the resolution of
the display is low, see the control experiment in Van Erp & Verschoor, 2004). The resolution in the
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present display was 15°, which is still lower than the resolution of the torso (cref. Chapters 2 and 4). The
fact that the tactile instrument negatively affects control performance is an indication that the participants
did rely on the instrument as they were instructed or could not ignore the signals.

We expected that the coding of the tactile instrument might have an effect on control performance, with
outside-in being the preferred coding to compensate the yaw motion, the pilot can use the outside-in
version of the instrument as a compensatory tracking display (the pilot has to steer against the direction
of the tactile signal). In the inside-out coding, however, the pilot has to follow the signal to compensate
the yaw motion. In the main experiment, there were no cues that there is an effect of coding on control
performance. However, in the "tactile only" control condition (i.e., in the condition with a fixed chair),
the hypothesised effect of coding was indeed present, confirming the results of the crossmodal tracking
experiment described in Chapter 5. This indicates that, although coding had no effect on the recovery from
SD, it may be a relevant parameter in other tasks.

Conclusions

Based on the data from this experiment, we conclude the following:
• A tactile display can support pilots in recovering from an SD situation. In the present experiment,

the tactile instrument prevented the participants from entering a simulated graveyard spin. During
the 40 s SD recovery phase the mean number of spins was reduced from eight without the tactile
instrument to less than one with the tactile instrument.

• The tactile instrument is powerful enough to overrule the strong but erroneous information of the
vestibular sense.

• With regard to recovery from a simulated graveyard spin, there are no performance differences
between inside-out and outside-in coding of motion direction.

• For the situation of rotation about an Earth vertical axis, there is no advantage of the tactile
instrument being active in both the pre-SD and the recovery phase (mean number of spins during
the recovery phase 0.84) as compared to active in the recovery phase only (mean number of spins
0.45).

• When the tactile instrument is used in isolation (i.e., without visual and vestibular information),
there is an advantage of outside-in coding over inside-out coding with regard to control
performance. The correlations between the disturbance signal and the control input were -.79 and
.-57, respectively.
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Chapter 9. Orientation in 3D, part A33

abstract

In the previous chapter, we concluded that a TTTD is an effective instrument to control
one’s orientation in 2D. Here, we investigate orientation in 3D. Experiment 13 concerns
orienting in the microgravity environment of the International Space Station (ISS). The
ISS allows to study the effect of tactile information on orienting in 3D without the
confounding of Earth’s gravity vector. In three tasks performed by one astronaut in the
International Space Station, we examined the effect of artificial tactile cues presented
to the torso. The role of "natural" tactile cues on spatial orientation in microgravity, such
as pressure presented to the sole of the feet, has already been shown, but it is not
trivial whether the brain can also easily integrate artificial orientation information that
has no real life equivalent. In a case study, we find that artificial tactile information in
the form of a localized vibration on the torso that indicates “down” can make orienting
in microgravity faster, better and easier. The importance of the artificial tactile
information seems to increase over the initial seven days of staying in microgravity
while the weight of visual information decreases over the same period. The results
underline the capacity of the brain to adapt to unusual environments and to use and
integrate artificial cues.
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9.1 Introduction to Experiment 13: Orientation awareness in microgravity34

After the successful application of a tactile torso display in controlling rotation in 2D, we make the
transition to the 3D situation in this chapter. We investigate the potential of a tactile display in a case study
in microgravity onboard the International Space Station (ISS). In everyday life, we determine up and down
based on input from our visual, vestibular and proprioceptive senses, and our body reference frame, the
so-called idiotropic vector (Graybiel & Kellogg, 1967). Adequate orientation depends on weighting and
integrating the different cues (Bisdorff, Wolsley, Anastasopoulos, Bronstein & Gresty, 1996; Dichgans
& Diener, 1989; Friederici & Levelt, 1987; Zupan, Merfeld & Darlot, 2002). Models that describe cue
weighting can be summarized with the concept that the most reliable cue has the largest influence in
minimizing the variance in the final estimate (Ernst & Banks, 2002; Rosas, Wagemans, Ernst &
Wichmann, 2005). In a microgravity environment such as the ISS, the otoliths that sense (gravitational)
acceleration and the skin senses no longer provide useful information about up and down (Mittelstaedt &
Glasauer, 1993). This requires astronauts to adjust the integration of orientation cues. Data show that
spatial orientation in microgravity differs from that on Earth, possibly facilitating space motion sickness
(Glasauer & Mittelsteadt, 1998). For instance, in a survey among 104 cosmonauts, 98% reported
orientation illusions (Kornilova, 1997). In the process of adjusting the weightings of the different cues,
those of the visual information (Friederici & Levelt, 1987) and of the idiotropic vector increase (Jenkin
et al., 2005; Young, Mendoza, Groleau & Wojcik, 1996). The increased weight of visual information may
result in susceptibility to illusions such as inversion (Lackner, 1992) and visually-induced self-motion
(Young & Shelhamer, 1990), with the effects remaining present in the first few days after return to Earth
(Bles & Van Raaij, 1988). The increased weighting of the idiotropic vector is reported to occasionally
result in the experience of pushing and pulling the space station back and forth when making knee bends
while strapped to the station and the experience of a rotating station when performing a somersault.

Supporting orientation awareness may be beneficial for astronauts’ performance, safety and well-being.
Previous experiments have shown that touch cues that mimic the cues we have in a 1 G environment
influence orientation in microgravity (Carriot et al., 2004; Lackner, 1992; Lackner & DiZio, 1993; Young
& Shelhamer, 1990) and in people with a loss of vestibular functions (Bles, De Jong, & De Wit, 1984).
For example, bungee cords that pull an astronaut's feet to the floor of the station or during parabolic
aircraft flight give a strong indication of up and down and can attenuate the visually induced sense of
self-motion (The National Academy of Sciences, 1988). However, this technology prohibits free
movement and is thus of limited practical relevance. By using vibrotactile elements, tactile information
can be presented without needing physical contact with the space station. However, herewith the cues may
also lose their daily life equivalence. It is not trivial whether the brain can also easily integrate artificial
orientation information that has no real life equivalent. It has been shown that a localized vibration on the
torso is easily interpreted as indicating a direction (see Chapter 4) and may be used to counteract spatial
disorientation, overruling strong but erroneous information from the vestibular sense (see Chapter 8). Also,
tactile information on the torso has been applied in sensory substitutions in which visual or vestibular
information is replaced by touch (Bach-y-Rita & Kercel, 2003; Kadkade, Benda, Schmidt & Wall 3rd,
2003; Rupert, 2000a). With respect to reduced gravity, several studies have shown that the effect on tactile
perception is small, if present at all (Tan, Lim & Traylor, 2000; Traylor & Tan, 2002; see also Van Erp,
Van Veen & Ruijsendaal, in prep.). These observations led us to propose that an astronaut's orientation
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awareness could benefit from providing artificial tactile cues. More specifically, a localized vibration on
the torso of the astronaut could indicate the direction of down, that is the floor of the station. Important
questions are whether the information can be used to determine one's orientation in microgravity and how
it is integrated with other orientation cues.

Figure 9.1. The test astronaut and the assisting crew member in the
task in which the test astronaut is rotated like the hour hand of a
clock. The vest worn by the astronaut included 56 small vibrators.
The location of vibration indicated the direction of down. Here, the
vibrator on his right shoulder is active. (Photo NASA/ESA).

9.2 Method

Experiment 13 in a nutshell.
• One participant performed several orientation tasks in the microgravity environment of the

International Space Station. The tasks were repeated on four days during adaptation to
gravity. The astronaut could be supported by a tactile vest covering his whole torso. The
location of the vibration on the vest indicated the direction of down.

• The independent variables were the day in microgravity (4) and sensory modality with
task-dependent levels (e.g. eyes only, vest only and bimodal).

• The dependent variables were subjective difficulty score, and task dependent performance
measures.

The experiment was undertaken onboard the ISS. The design of living and working quarters, instrument
racks, and light sources in the ISS are such that there is a visual distinction of up and down. Figure 9.1
provides an indication of the visual richness of the environment used for the experiments. A male ESA
astronaut wore a vest containing 56 vibrators in a matrix covering his torso, three gyroscopes to determine
the direction of down, a control unit with data storage device, and a voice recorder. The hardware was
manufactured on our specifications by Dutch Space (Leiden, The Netherlands). The vibrator nearest to
the intersection of the astronaut's torso with a vector perpendicular to the station floor was activated,
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indicating "down". Due to practical constraints (Van Erp, Ruijsendaal & Van Veen, 2005), the vibrators
were not distributed completely symmetrically over the torso. The vibrators were divided over 6 rings (i.e.,
12 tactors for 360°, each tactor covering a vertical section of 30°). Four rings consisted of 8, one of 12,
and one of 16 vibrators (i.e., sections of 45, 30, and 22.5°, respectively). This resulted in mean sector size
of 30° × 39° averaged over the display.
The astronaut was familiarised with the tactile information during two sessions in Earth's 1G environment
(each less than 1 hour). During these sessions he experienced the signals of the tactile display and the
effect of moving his body with respect to the gravity vector, for instance by lying on a table and rolling
along his body midaxis or being turned around in a rotating device (see Figure 9.2). On his 2nd, 3rd, 6th,
and 7th day onboard the ISS, the astronaut performed orientation tasks with the assistance of a second
crew member. This crew member was strapped to the space station in an upright position as defined by
the (visual) layout of the station (see Figure 9.1) and wore a second voice recorder. The assistant could
move and rotate the participant and was trained to do so without adjusting the grip on the participant but
by moving his own arms and upper body only. The participant wore the standard ESA ear mufflers and
a blindfold when appropriate. Compact flash memory cards stored the data of the equipment, including
the data of the gyroscopes, the condition, the calculated sector of the vest that indicated down, and whether
the tactile cues were active or not. The data cards and both voice recorders were synchronised before each
session. The voice recorders and data cards were returned to Earth after the experiment. Details of the
orientation tasks and instructions are given in the results section. For each task, the test astronaut rated the
task difficulty on a scale ranging from 1 (no problem) via 3 (moderately difficult) to 5 (almost undoable).
After return to Earth, objective performance measures were calculated based on the recorded data.

Figure 9.2. The astronaut during the familiarisation in the rotating
chair at TNO Human Factors.

9.3 Results

The first task was performed blindfolded, and was designed to assess if the tactile information could be
used to determine orientation in the absence of gravitational and visual cues. The astronaut started upright
and was rotated by the assisting crew member like the hour hand of a clock with a randomly chosen
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rotation direction and angle between 180 and 360° in the roll (coronal) plane (see Figure 9.1). The rate
of rotation was between 30 and 60°/s so that the duration of the rotation provided no cues to the total
amount of rotation. Consecutively, the astronaut reported the hour of the clock his head was pointing at.
Next, directly starting from the last orientation, he was rotated to a new orientation. This was repeated ten
times. This task was performed in two conditions: the first ten repetitions with no tactile information,
followed by ten repetitions with the tactile information activated. After return to Earth, we calculated the
absolute difference between the verbalised clock hour and the actual position in the roll plane. The
astronaut performed significantly better with tactile information on (mean absolute error of 38°, close to
the 30° vertical sector size of the display) than off (mean absolute error of 85°), t(39) = -5.36, p < .001.
Since the absolute error ranges between 0 and 180°, the error without the tactile cues is close to the
expected error of 90° when guessing. There were no differences over the ten repetitions. Figure 9.3 gives
the results over the four sessions. As can be seen from Figure 9.3, there is no learning effect for the tactile
cues over the sessions. The tactile information reduced the difficulty ratings from a 5 (almost undoable)
to a 3 (moderately difficult), t(3) = -4.90, p < .02. These results indicate that the astronaut could use the
tactile information to determine his orientation in the absence of visual and otolith information. Without
the tactile cues, the second and following repetitions already had an absolute error at the guessing level.
Since the semicircular canals that measure angular velocity do work correctly in microgravity, the results
confirm that people are poor at integrating angular velocity over time (Guedry, 1974).
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Figure 9.3. Objective performance (absolute error) in the first task as
function of the sensory cue and the test session (averaged over ten
repetitions). Without the tactile cues, performance is at the guessing
level of 90°. Error bars present the standard error of the mean.

The second task was performed in three sensory conditions: visual cues, tactile cues, and both. The
astronaut started upright with the tactile information off and his eyes closed. He was then brought into a
random orientation (in roll and/or pitch and/or heading) by the assisting crew member and commanded
to open his eyes and/or switch on the tactile information. His task was to call out as fast and accurate as
possible the direction of down (using eight sectors defined by front-back, left-right, head-feet). This was
repeated three times per condition, always starting from upright. The task was not done on the 7th day in
the ISS. After return to Earth, we calculated the Reaction Times (RT) as the interval between the command
of the assistant and the start of the answer of the test astronaut, and whether the called sector was correct
or not. The latter resulted in a proportion correct over the three repetitions in each sensory condition on
each test day. The upper panel of Figure 9.4 gives the mean RT. The analysis of variance showed that the
RT is about 30% faster in the tactile only and visual and tactile condition compared to the visual only
condition, F(2, 24) = 7.01, p < .01. The proportion correct is depicted in the lower panel of Figure 9.4 and
was analysed with the nonparametric test Cochran's Q, Q(2) = 7, p < .05. The score in the condition
without tactile information is above chance level but still incorrect in two out of three cases. This indicates
that it is either very difficult to orient oneself based on the available (visual) information, or that it takes
more time than the average of 7 s to answer. The score in the condition with both visual and tactile cues
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might indicate that the visual (but apparently unreliable) cues are weighted heavier than the tactile cues.
Due to the fact that there is only one value for each combination of condition and session, we cannot
statistically analyse this. The verbal comments, however, give a hint on the shifting sensory importance.
The astronaut's responses to the question: "What strategy did you use to perform this task?" were the
following: on day 2 in the ISS: "the tactors [the tactile cues] help very much to verify what you see"; day
3: "[the tactile cues are] easy to get a global idea, verified with my eyes"; and day 6: "I didn't look, only
used the vest [the tactile cues]". This indicates a shift from visual dominance on day 2 to tactile dominance
on day 6. The subjective difficulty scores were 3.7, 2.3 and 1.7 for visual cues, tactile cues, and both cues,
respectively. The subjective data show that the tactile cues are easily used and integrated with other
orientation cues.
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section of down (averaged over three repetitions, bars present the
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Finally, we wanted to obtain an insight into the relative importance of the idiotropic vector. Because this
cue cannot be switched off, we undertook the following assessment. The astronaut was brought into a slow
somersault by the assisting crew member. After two full rounds, the astronaut was stopped and asked:
"Were you rotating or was the ISS rotating?". In this situation, the idiotropic vector would indicate that
the astronaut was stable and the ISS was rotating. However, the cognitive model would indicate that the
astronaut was rotating himself. The semicircular canals predominantly provide cues at the onset and offset
of the rotation. Both the tactile cues and the visual cues indicate that the ISS and the astronaut are rotating
with respect to each other, but not whether one of them is steady.
The responses (Table 9.1) are an indication that the relative weight of the idiotropic vector may increase
compared to other cues during exposure to microgravity, confirming the anecdotal observations (Lackner,
1992; Lackner & DiZio, 1993). There were also indications that the onset and offset cues provided by the
semicircular canals are reflected in the responses, more specifically on day 2 and 7.
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Table 9.1. The astronaut's answers to the question: "Are you rotating or is the ISS rotating?" after making a
somersault.

Day in microgravity Answer

2 I was, but when I stopped the ISS was turning.

3 I was rotating.

6 The station was rotating, but I could switch in my head.

7 Station was rotating, hmm, ahh, well I was rotating, then the station*.

* In the debriefings, it was confirmed that the astronaut referred to the start and somersault with the latter part.

9.4 Discussion and conclusion

We may conclude that tactile cues can be used to orient oneself in the presence of other non-informative
or biassed orientation cues, confirming the results of the spatial disorientation experiment in the previous
chapter (Experiment 12). The advantage of this technology over formerly investigated touch cues is that
it doesn't require physical contact with the station. This allows the astronaut to move around freely inside
and possibly outside the station. For astronauts, this technology might be of particular interest for extra
vehicular activity or emergency situations when darkness or smoke reduce the availability of visual cues.
We will discuss the results in the light of the research questions of this thesis below. The experiment also
provides more insight in two of our questions. Working under conditions of microgravity is a typical
example of an external stressor. The condition is blamed for difficulties with concentrating and all kind
of other cognitive tasks. Although we were not able to gather data in a controlled fashion, we have some
anecdotal evidence that the astronaut became less aware of the presence of the tactile display. During his
stay onboard the ISS the astronaut also used the display during daily life activities (these slots are not
reported here because they fall outside the scope of this thesis). During the debriefings, he mentions that
after a while, he is no longer aware that the display is still there and providing him with information. This
may be due to the fact that the signals are completely ignored by his sensory system or that the signals are
sheer automatically integrated in his sensation6action loop, like we use the pressure on the sole of our feet
to keep our balance without being aware of the signals. Indications that the tactile display makes the tasks
less effortful comes from the difficulty scores, although these scores not only reflect mental workload
ratings. Adding the display systematically lowers the difficulty scores. This data confirms our expectation
that tactile displays are useful in the presence of external stressors.
We were also interested in investigating Q9 in this experiment: in comparison to (a visual display as)
baseline, can (adding) a tactile display result in better performance? We have shown that artificial tactile
cues can be used to determine orientation in the absence of visual and gravitational cues. Although the role
of touch cues have been demonstrated before, these cues were always simulating the cues we are used to
in our normal lives, such as pressure on the sole of our feet. The tactile cues we provided, localized
vibrations on the torso, have no link to orientation cues encountered in normal life. The results therefore
underline the capacity of the brain to adapt to unusual environments and to use and integrate artificial cues.
We demonstrated that orientation performance with the artificial tactile cues can be better than with the
visual cues available in the ISS. This advantage is already present in the first test session. Because the
astronaut was not trained in using the tactile cues, this indicates that there is no learning required to use
the artificial cues.
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When both visual and tactile cues are available, they will be weighted and integrated. We found
indications that over the seven days in microgravity, the relative importance of the visual cues decreases
while those of the tactile cues and the idiotropic vector both increase. The latter resulting in the experience
of a rotating space station when making a somersault. In terms of current sensory weighting models, this
indicates that visual cues are being considered as less important and/or the tactile cues as more important
during the process of adaptation to microgravity.
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Chapter 10. Orientation in 3D, part B35

abstract

This Chapter is the last Chapter describing applications of tactile torso displays in the
local guidance task space. In the previous chapter, we described a case study in which
a tactile display was used to support orientation awareness in 3D. Experiment 14 is a
controlled experiment in a human centrifuge / flight simulator in which 9 pilots
intercepted and chased targets that popped-up. The fighter pilots pulled G loads up to
8-9 Gz when chasing the threats to get them in the centre of the head up display. The
tactile display information was perceived and used without problems under these high
G loads. Therewith, we are the first to show that tactile display information can be
perceived and used in a super agile aircraft environment. The results of the interception
task performance showed an advantage of adding the tactile display to the visual
display on the initial RTs (200 ms or 15% reduction) and on the total chase time for
targets behind the aircraft (1 s faster chase or 8% reduction). The tactile display can
thus capture attention at a threat pop-up, and improve threat awareness for threats
behind the own aircraft. There were no effects of adding a secondary workload task,
possibly due to a floor effect in the task load.
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10.1 Introduction to Experiment 14: Targeting under high G load36

After the successful proof-of-concept of a tactile display to support orientation awareness in 3D in
Experiment 13, Experiment 14 is a more formal study after the use of a tactile display for orientation in
3D. The experimental design was chosen such that we are able to investigate Questions 7-9 (see Section
1.8).

Fast jet pilots operate in one of the hardest working environments imaginable. Besides the physical load
of flying a highly agile aircraft, tasks such as controlling the aircraft, building situational awareness, and
split second decision making put a high demand on perception and information processing. This makes
it an ultimate challenge to improve the pilot cockpit interface to enhance performance and to lower
(mental) workload. 
In the previous chapters, we have gone through a series of laboratory and field experiments, looking at
the (added) value of a tactile display on pilot performance and mental workload. Favourable results were
found for the pilot cockpit interface for waypoint navigation (Experiment 9), low level flight (Experiment
10), helicopter hover (Experiment 11), and counteracting Spatial Disorientation (Experiment 12).
However, these situations are relatively pilot-friendly environments. To make a tactile display potentially
useful in a super agile environment, a step further must be made. Although we found promising results in
a first small pilot study focussed on the perception of vibration signals under high G loads (not reported
in this thesis, see Van Veen & Van Erp, 2001), there are no systematic data of the effects of high G load,
pressure suits and straining on the sensing and processing of tactile display information.
Therefore, the present experiment was run in a high-end flight simulator able to enforce up to 9 G on a
pilot in an interactive flight simulation (the Dynamic Flight Simulator (DFS) in Linköping, Sweden). To
further explore the local guidance task space and to challenge the pilots to pull high Gs, we introduced a
targeting task in which the pilot had to detect, chase and intercept a threat that popped-up. Nine Swedish
Airforce pilots flew scenarios in four conditions: with and without the tactile display and with and without
an additional mental workload task. We measured performance (on the primary flight task as well as on
the added mental workload task) and workload ratings. We tackle Questions Q7 through Q9 (see Section
1.8). The previous experiments have not provided a clear answer to two questions. Q8: is performance
independent of the workload? In the in-vehicle navigation experiment (Experiment 8), we concluded ‘yes’;
in the low-level flight experiment (Experiment 10), we found no effects, and in the helicopter hover
experiment (Experiment 11), we concluded that it was ‘partial’. And Q9: can a tactile display improve
performance when added to a visual display? So far, we only compared tactile with a visual display (i.e.,
not out-the-window visuals) in Experiment 8 and found favourable effects. Therefore, we test the tactile
display when added as additional display to the current (state-of-the-art) visual threat warning head-up and
head down displays of the Gripen aircraft. Compared to these displays, the tactile display is expected to
have a strong alerting function and it is independent of gaze direction. Therefore, we expected potential
benefits of the tactile display in the initial reaction times. Furthermore, the pilot's skin and the tactile
display cover a complete 3D sphere around the aircraft (i.e., the tactile display is omnidirectional) while
the pilot's eyes have a limited field of view, and the HUD threat indicator compresses the threat directions
that are outside the forward visual cone. This may result in a general benefit of the tactile display with
respect to threat awareness. Due to the limited resolution of the tactile display we expected no benefit of
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the tactile display in the last phase of the interception, where the target is in the high resolution visual
display. Finally, we were also interested in the question whether the tactile display information is
perceivable and useful under high G forces. High G forces may affect the mechanical motion of the
vibrators (e.g., because of the increased pressure exerted on the vibrators), the contact between the vibrator
and the pilot's skin (the vibrators will be pushed further into the skin), as well as the movement of the skin
and the human sensory system that detects vibration. Research has shown that (whole body) vibration may
degrade the perception of vibratory information (Holmes & Furnell, 2002). However, we know of only
one case study into the perception of vibratory information under higher G loads (Van Veen & Van Erp,
2001). In a case study with a single pilot, we showed that vibrotactile detection performance was not
substantially impaired up to +6 Gz (the highest level tested), even though wearing a pressure suit for the
legs and performing straining manoeuvres were part of the experimental conditions. In addition, Rupert
and McGrath (2005) tested tactile display hardware at various +Gz levels up to and including +6.5 Gz in
an effort to quantify the force and frequency changes (if any) of the tactors in the high-G environment.
They concluded that the force level and frequency generated by the tactors were not significantly affected
by G level.

10.2 Method

Experiment 14 in a nutshell.
• Nine pilots performed a target interception and chase task in a high G flight simulator.

After a target pop-up the instruction was to get the target in a small forward cone as fast as
possible. Standard visual displays were always present. In half of the trials, additional
support was provided by a tactile vest. The location of vibration indicated the direction of
the target. In half of the trial, an additional mental workload task was presented. After a
run, the pilots completed the modified Cooper-Harper scale and a questionnaire.

• The independent variables were the cueing modality (visual only or visual and tactile),
workload (additional task absent or present), and position of the threat at pop-up (8).

• The dependent variables were the G forces pulled during interception, the initial reaction
time to target pop-up, task completion time, rating on the questionnaires, workload rating,
and performance on the secondary task.

Participants

Nine Swedish Airforce pilots participated voluntarily. They were all in active duty and qualified to fly the
Gripen aircraft. They had a fighter aircraft flight experience between 250 and 4400 hrs (mean 1605) and
were aged between 29 and 53 years (mean 37). No further selection criteria were used. The experiment
and experimental equipment were approved by the relevant FOI and DFS institutions. After being given
verbal and written information on the experiment, the pilots read and signed an informed consent. The
physical condition of the participant during the experiment was constantly monitored by a flight surgeon.

DFS

The Dynamic Flight Simulator (DFS, see Figure 10.1) is a two-axis three degrees of freedom human
centrifuge capable of a high onset/offset rate with direct control of gimbal positioning, and with a flight
simulator system including a flight performance model of the JAS 39 Gripen fighter aircraft. A change in
speed is followed by a precise coordination of the roll and pitch gimbals utilising perceptual control
algorithms to generate realistic vestibular, proprioceptive, and visual sensations in flight simulation of high
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performance aircraft. Thus, the DFS combines the functions of a human centrifuge and a flight
performance model making flight simulation realistic by the inclusion of gravitational-inertial forces acting
upon the pilot. 
In this experiment, the maximum onset rate was restricted to 6 Gz/s with a maximum G load upper limit
set to 9 Gz. The 3 m in diameter DFS gondola was equipped with a Gripen cockpit mock-up containing
real aircraft hardware, such as a Martin Baker seat, stick, throttle, and oxygen regulator. See the overview
of the DFS system including the gondola attached at the end of the rotating arm in Figure 10.1. The
gondola also included interfaces for visual head-up displays (HUD) and head-down displays (HDD),
visual out-the-window displays conveying the simulated outside world, and equipment for the tactile
display and the additional mental workload task.

Figure 10.1. The Swedish Dynamic Flight Simulator, a combination
of a flight simulator and human centrifuge. The gimbal (3 m in
diameter) contains a high fidelity Gripen cockpit mockup.

Visual display: Gripen HUD

The about 30º of visual angle wide simulated Gripen HUD utilised an interface symbology based on a
sphere concept (see Figure 10.2, left). The own aircraft was positioned in a virtual sphere fixed to the
gravitational vertical while the aircraft HUD scanned parts of the sphere. The HUD depicted segments of
latitude circles increasing in curvature with increased deviation from the horizontal. Thus, the HUD
actually depicted parts of 'climb-circles' and 'dive-circles' to indicate aircraft attitude and support spatial
orientation and attitude awareness. 
The used threat symbology was a round symbol connected to a straight line indicating the direction to the
threat as illustrated in the right panel of Figure 10.2. The direction to the threat was continuously and
rapidly updated with regard to threat and own-ship positions during dynamic flights. This symbology
resembles, but is not completely similar, to the presently implemented symbology in the real aircraft.
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Figure 10.2. Left: representation of the sphere concept used in the
DFS Gripen simulator. The HUD scans a part of the sphere depicting
the curved latitude circles. Right: simulated Gripen Head Up Display
with threat indication in the top left corner.

Tactile display: TNO Tactile Torso Display

The tactile display was a tactile display version JHJ-3 with the tactors driven in a 100 ms on - 200 ms off
rhythm. To help the pilot in identifying the middle ring, we used a different rhythm (double speed) for the
tactors in the middle ring working as an artificial anchorpoint (see Cholewiak & Collins (2003) for the
importance of anchorpoints in vibrotactile localization).

Scenarios

Four different scenarios were created that were flown in the different conditions (balanced over the
participants). The general layout of a scenario was as follows: at the start, the pilot would fly straight and
level at a speed of around 0.9 M between 7000 and 8000 m altitude, not diverging from horizontal attitude
more than 5º. Threat pop-up would occur after being in this position for 5, 8, or 11 s. This actually gave
the pilot a high degree of control over the timing of the threat pop-up. The primary task was to detect a
threat pop-up and manoeuvre towards the threat as fast as possible. As soon as the target was within a 15°
(H) × 10° (V) forward cone for at least 5 s, the target disappeared and the pilot returned to the original
flight plan. When the aircraft was within the altitude range and straight and level, the next target
popped-up after 5, 8, or 11 s. Each scenario consisted of a total of 8 target pop-ups, which were
systematically positioned on a 3D sphere around the aircraft: at the positions of 60º heading/20º elevation,
60º/-20º, 80º/51º, 80º/-51º, 120º/51º, 120º/-51º, 140º/20º, and 140º/- 20º. That is, there were actually 16
possible threat positions but the presentation of the threats to the right or left was randomised for each of
the eight specified positions above for the first pilot and counterbalanced for the second.

Secondary mental workload task

Half of the scenarios were flown with the added secondary mental workload task. We chose to use the
auditory Continuous Memory Task (CMT) in which the pilot had to respond to each odd and even
occurrence of four target letters in a continuous stream by clicking the odd or even button on the control
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stick. If this response was correct, he heard the word "correct". When he pressed the wrong button, pressed
a button at an incorrect moment or when an omission was made, the word "wrong" was presented. After
the feedback ("correct" or "wrong") the tally for the last letter had to be set to zero. Target letters were
never presented in succession. Thirty percent of the letters were targets.

Figure 10.3. One of the participants just before the start of the
experiment showing the tactile display and the electrodes for the
physiological workload measures and health monitoring function.

Design

The experiment had a threat Cueing modality (2) × Workload level (2) × Threat positions (8) full factorial
within-subjects design. The threat cueing modalities were visual only or visual and tactile in combination.
The two workload levels were CMT absent or CMT present. In each of the four cueing modality /
workload combinations, eight threats were presented. The first two and last two blocks were performed
in the same cueing modality. The CMT was performed every other block of trials. The presentation order
of the cueing modality and of the presence of the CMT was counterbalanced over pilots. Five of the pilots
started with the visual only cueing and four started with the visual and tactile condition. The presentation
order of the threats was randomised.
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Figure 10.4. Participant inside the gondola.

Procedure

After being equipped with the sensors and cables for the physiological registering (see Figure 10.2), the
pilot read the written instructions and was verbally briefed about experimental procedures and tasks. The
tactile display and the anti-G pants were fitted before the pilot seated himself in the DFS gondola. In the
gondola, the tactile display and sensors cables were connected to the DFS system. Figures 10.3 and 10.4
show one of the fighter pilots prior to the experiment. The equipment was tested and security checked,
including the pressurising of the anti-G pants, the tactile display functions, and the rest of the relevant DFS
equipment. The pilot then performed a training session of the flight and target chasing task and the CMT
with a stationary gondola, consisting of three visual threat pop-ups and chases without the CMT, followed
by three visual threats with the CMT, three visual/tactile threats without the CMT, and finally three
visual/tactile threats with the CMT.
The DFS was then brought to idle level at around 1.4 Gz and the pilot then flew freely with higher G loads
as a warm-up. Muscle and respiratory straining manoeuvres were performed according to regular flight
procedures assisting the anti-G pants. After each threat chase, when deviating from the starting position
of 7000 to 8000 m altitude, the pilot made the decision when to get back into the starting position to
enable threat activation. He could thus decide to take short breaks from pulling higher G loads in threat
chases. After each condition, the pilot rated his mental workload using the modified Cooper-Harper scale
with levels from 1 (low) to 10 (high mental workload). After each condition, there was an 8-10 min break
at idle level, during which further comments were encouraged. After the pilot's completion of all 32
threats, the gondola was brought to its starting position and rating and comments were made before his
equipment was disconnected from the gondola/DFS. After leaving the gondola, the pilot answered a
questionnaire and participated in an unstructured interview. The 32 threat chases were completed in about
1 h, and the total time of an experimental session from initial preparation to the pilot being ready to leave
was about 3.5 h.

10.3 Results

G load

The highest Gz-peak was 9.0 Gz (the limit set during the experiment) with all pilots having a maximum
peak above 8 Gz. The means of each pilot's 32 G peaks ranged from 5.9 to 8.0 Gz.
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Interception performance

We calculated two performance measures: the initial reaction time (iRT) defined as the time between
target pop-up and an aircraft roll of 10º from straight and level flight, and the total reaction time (tRT)
defined as the time between target pop-up and successful interception (i.e., the threat within the 15 × 10°
cone). Please note that the iRT is in ms and the tRT is in s. Repeated measures ANOVAs were applied
to the iRTs and tRTs with p-values corrected with the Greenhouse-Geisser correction values.

The ANOVA of the iRT showed a significant main effect of Cueing modality F(1, 8) = 8.00, p< .025, with
no other significant effects. The visual only cueing generated a mean iRT of 1458 ms with standard error
(SE) of 54 ms, and the visual and tactile cueing had a mean iRT of 1245 ms (SE = 88).
Inspecting the tRT data showed a mean of 11.3 s with a SD of 6.2 s. It also revealed that there were 3
scores of the 288 cases (1.1%) that deviated more than 5 SD values from the mean. These scores were not
systematically related to one of the independent variables and thus replaced by the overall mean before
statistical analyses were performed. The ANOVA of the tRT showed a significant main effect of threat
position, F(7, 56) = 4.79, p< .05, with no other significant effects. This main effect shows that some threats
positioned farther away (angle wise) from own-ship generated greater total times. Since the surplus value
of the tactile display was expected for targets behind the own aircraft, we further analysed the data
dividing the data in threats in front of and behind the own aircraft. The ANOVA revealed a significant
interaction between display condition and threat position: F (1, 8) = 5.59, p < .05. Figure 10.5 presents
the results and reveals that there is no additional value of the tactile display for the tRT when the threats
are in front of the own aircraft, but there is a favourable effect for the targets behind the own aircraft. This
advantage of the tactile display is in the order of 1 s.
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Figure 10.5. The chase time from target pop-up till interception for
target pop-up in the front of or behind the own aircraft as function of
cueing modality. Adding the tactile display to the visual Head Up
Display results in a second gain in chase time for targets popping-up
behind the own aircraft.

Questionnaire

The questionnaire data were analysed with a non-parametric Wilcoxon signed ranks test. Because of the
limited number of participants, we decided to use an alpha level of .10. Significant different scores for the
visual and the tactile display were present on the following three questions (all in the advantage of the
tactile display over the visual display, see also Figure 10.6):
• Did the visual / tactile information capture your attention? The mean rating for the visual display

was 4.9 and for the tactile display 6.0 (p < .10).
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• Did you experience an initial clear threat position from the visual / tactile indication? The mean
for the visual display was 3.4 and for the tactile display 5.7 (p < .02).

• How hard was it to spot the threat with visual / tactile indication? The mean for the visual display
was 3.1 and for the tactile 2.0 (p < .02).
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Figure 10.6. The three questions with a significant different score for
the two cueing modalities, all in the advantage of the visual + tactile
cueing modality (see text for further explanation).

The ratings were all in favour of the tactile display, confirming the objective data. There were no
significant different ratings on the following questions (overall mean in between brackets):
• How was the reception of the visual / tactile indication during G load (5.2)?
• How much support did you receive from the visual / tactile information (5.5)?
• Did the visual / tactile indication bother you (1.7)?
• Did you experience a clear threat position from the visual / tactile indication during middle phase

(4.2)?
• Did you experience a clear threat position from the visual / tactile indication during final phase

(5.4)?
• Did you experience the visual / tactile information as easy to interpret (5.5)?
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Figure 10.7. Mean workload ratings on the modified Cooper-Harper
scale (1 - 10) as function of cueing modality and the presence of the
secondary mental workload task.

Workload ratings

The workload ratings were made from the modified Cooper-Harper scale (1 - 10 from low to high). Three
values out of 288 were missing and were replaced by condition means in the values. In general, the score
were very low (see Figure 10.7) and there were no significant differences between the conditions. Even
in the presence of the secondary CMT task, the scores are low.
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Secondary task performance

We calculated three performance measures on the CMT task: the proportion missed hits (i.e., the
proportion of the target letters the pilot did not respond to), the proportion false alarms (i.e., the proportion
of the non-target letters that the pilot -incorrectly- responded to), and the reaction time of the correct
responses. The proportion missed hits and false alarms were both very low: .086 and .0071, respectively.
The mean reaction time was 934 ms in the visual only condition and 894 ms in the visual and tactile

condition. These reaction times are in the lower part of the range found with four target letters (Veltman
& Gaillard, 1996b). None of the measures reached statistical significance: missed hits: (F1, 8) = 0.60, p
= .46; false alarms: F(1, 8) = 0.01, p = .86; Reaction Time: F(1, 8) = 2.39, p = .16. This is probably due
to a floor effect: performance was close to perfect in both cueing modalities.

10.4 Discussion and conclusion

One of the things that we were interested in was whether the tactile display could a) be perceivable and
b) of any use during high G load. Both the objective and subjective data show that this was the case. There
are no indications that the high G forces affected the mechanical properties of the vibrators or the pilot's
sensory system. There were no complaints on the perceivability of the tactile cues, the pilots rated the
accuracy of the tactile cues higher than the visual cues during the initial phases of the chase, the initial RT
became faster when the tactile display was added to the visual display, and the threat awareness for targets
behind the own ship improved with the tactile display added. This study is the first to show the usefulness
of tactile information under G loads above 6G. These results underline the potential of the tactile display
for use in high performance aircraft. We also investigated Questions 7-9. With respect to Q7 (Can local
guidance tactile displays lower cognitive effort ratings compared to a visual display?), we cannot confirm
our expectations. There is no significant effect on the workload rating in the present experiment. The task
load turned out to be very low. The ratings were low, also in the scenarios with the added mental workload
task, possibly reflecting a floor effect. Apparently these highly trained pilots were not stressed hard enough
by the targeting task and had ample spare capacity to be not affected at all by the secondary mental task.
Their scores on this secondary task are also extremely high. Therefore, Q8 (Is performance with a local
guidance tactile displays independent of cognitive workload or external stressors?) becomes irrelevant.
With respect to Q9 (In comparison to a visual display as baseline, can (adding) a tactile display result in
better performance?), we can state that the tactile display can improve performance, even in the presence
of a high quality visual display. This effect is actually above the hypothesised favourable effect of the
tactile display. The 200 ms gain in initial reaction time may mean the difference between life and death
in critical situations (e.g., when under threat of hostile aircraft or missiles). The advantage of the tactile
display is also present for targets that pop-up behind the own ship. The gain in chase time here is a full
second. It is relevant to note that the advantages of the tactile display were apparent in a situation that was
not extremely favourable for the tactile display to show a positive effect. On the contrary, the effects were
found despite the fact that:
@ the pilots had no formal training with the tactile display (while they were accustomed to the

visual display),
@ the pilots worked under very low levels of workload as indicated by the workload ratings and the

secondary task performance,
@ the pilots had a high-end visual display available in all conditions,
@ the pilots had a high degree of control over the timing of threat pop-up.
Based on the higher score on attention capture and cue clarity of the tactile over the visual display in the
present experiment, one can argue that the advantage of the tactile display may be larger in a situation of
an unexpected threat pop-up or in situations with a higher visual or mental load.
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exception was the control of the rotating chair in Experiment 12.
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Chapter 11. Discussion and conclusions

11.1 Summary and discussion of the findings

In Chapter 1, we introduced the prenav model for human behaviour in platform navigation and control.
The prenav model served as framework for this thesis and revealed two factors that can affect performance
negatively in local guidance tasks: sensory overload and cognitive overload. The innovative concept of
tactile torso displays can possibly deal with these factors. By using the skin as an information channel, a
tactile display can reduce the overload of other sensory modalities such as ears and eyes. For example, a
localized vibration on the torso can serve as a ‘tap-on-the-shoulder’ to provide local guidance information.
Such information may be processed intuitively, which reduces the risk of cognitive overload. In Section
1.8, we formulated nine questions at the sensation, perception, cognition and action level. These questions
were addressed in 14 experiments described in the previous chapters.
Before we discuss the findings of these experiments, the following methodological issues are relevant.
Although common in experimental research, these issues should be kept in mind when interpreting the
results of our experiments. Firstly, the fundamental studies (Experiments 1-6) were done under optimal
laboratory circumstances. One has to be careful with interpreting these lab results in the context of
real-world operational applications. For instance, the spatial resolution of an operational vibrotactile
display worn over clothing and with the tactors embedded in a belt that causes spreading of the vibration
may differ from the results found in our lab experiments where the tactors were individually attached
directly to the skin. Secondly, the simulator studies (Experiments 8, 10, 11, 12, and 14) may approximate
real world situations to a large extent, but not completely. For example, it is likely that out-the-window
visuals and stress levels differ between simulations and operational environments37. We also learned that
participants in our experiments appreciated tactile displays as new and often as an 'exotic' display, possibly
leading to an above average focus of attention for the tactile display. Finally, in none of the experiments,
the participants were formally trained38, neither for the specific task, nor in how to interpret the tactile
display. In most experiments, they were at best only shortly familiarised. This may have caused learning
effects during an experiment. By accurate balancing the order of the experimental conditions of
participants, possible learning effects have not systematically affected the experimental effects we were
interested in.

Questions at the sensation level

We stated the following three questions and hypotheses at the sensation level.



J.B.F. van Erp (2007). Tactile displays for navigation and orientation: perception and behaviour

146

Q1. What is the spatial resolution of the torso for vibratory stimuli, as a function of the location on the
torso? This question is relevant for designing tactile displays that are adjusted to the sensory
characteristics of the torso. We hypothesised that the spatial resolution is in the order of centimetres and
evenly distributed across the torso, vertically as well as horizontally. Experiment 1 largely confirmed our
hypothesis. We found an evenly distributed resolution of 3-4 cm, except for the horizontal direction near
the body midline where the resolution was 1-2 cm. A possible explanation for this phenomenon (which
we called the midline effect) is that the way vibrotactile stimuli on the torso midline are processed makes
the midline a so-called anchorpoint. Previous studies have shown that anatomical anchorpoints improve
performance in vibrotactile localization tasks.
Q2. What are the effects of timing parameters on the spatial resolution? This question is important for two
reasons. Firstly, timing is the preferred stimulus parameter to code secondary parameters such as the
distance to a waypoint. Secondly, dynamic local guidance applications may require rapid changes of the
stimulus pattern. We hypothesised that both the Burst Duration (BD) and the Stimulus Onset Asynchrony
(SOA) of the pulses in a vibrotactile pattern would affect localization performance. This was confirmed
in Experiment 2, although the influence of the SOA on performance seemed markedly larger than that of
BD. Localization performance for smaller SOAs is related to temporal order judgment, and the occurrence
of apparent motion can enhance localization performance. The results show that those tactile display
applications that require high localization accuracy can benefit from longer BDs and SOAs. On the other
hand, applications that require a fast presentation, can benefit from a larger distance between the tactors.
Q3. How well can observers determine the absolute location of vibratory stimuli? Questions 1 and 2 were
concerned with the relative localization of two stimuli. However, for a tactile display that maps an external
event on a specific location on the torso, absolute localization is also relevant. Since we are able to hit a
mosquito on our torso without looking, we hypothesised that observers are able to determine the absolute
location of a stimulus with a resolution of several centimetres. In Experiment 3, we found that observers
are able to localize a vibratory stimulus close to its veridical location. The pattern of responses made us
believe that stimulus locations on the torso are coded in polar co-ordinates with the body midaxis as
origin. When the veridical and observed stimulus location do not coalesce, the difference is in distance
but not in angle (shifts up to several centimetres occur, which actually means that observers could have
localized the stimulus below or above the skin surface). A shift along the radius has neglectable effects
on the perceived direction of the stimulus. The results indicate that angles are the perceptual invariant for
torso stimuli.

Questions at the perception level

At the perception level, the following questions were investigated.
Q4. Are observers able to perceive an external direction in the horizontal plane based on a localized
vibration on the torso, and what is the accuracy (and bias) in this direction perception? We hypothesised
that since the sense of touch is used to externalise stimuli, people can easily externalise a localized
vibration to a direction in the outside world. We expected the accuracy to be the equivalent of the spatial
resolution (i.e., for a spatial resolution of 4 centimetres and a torso circumference of 80-100 cm in the
order of 15-20°) with no bias. We investigated direction perception in Experiment 4. The results show that
the accuracy is on average better than the hypothesised 15-20° and dependent on the location on the torso:
variability is lower on and near the midsagittal plane (4° for the direction straight ahead) than on the sides
of the torso (10-14°), probably due to the fact that these locations act as anchorpoints. We also found a
bias in the perceived direction. This bias is toward the midsagittal plane, that is, perceived directions are
toward straightforward for tactors on the frontal side, and toward straight backward for tactors on the
dorsal side when compared to their veridical directions. The bias is close to 0° for the four cardinal
directions and increasing up to 10° for the directions in between. For applications requiring a higher
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directional resolution than the 12 hours of the clock, the mapping of direction on torso locations (i.e., the
placement of the tactors) should compensate for this bias.
Q5. How do people extract a direction from a (‘dimensionless’) point stimulus? We hypothesised that
people use an internal egocentre to extract the direction of a point stimulus on the skin comparable to the
cyclopean eye for visually perceived directions, and the cyclopean ear for auditory stimuli. For the torso,
this egocentre (or cyclopean skin) was thought to be located on the body midaxis. The data of Experiment
4 did not seem to fit with the existence of a single internal reference point located at the body midaxis.
However, they did fit with the existence of an internal reference point for each body half. This observation
is consistent over observers, and results in a mean lateral distance between both reference points of 6.0
cm across participants. The existence of two internal reference points may again be related to the way
vibrotactile stimuli are processed in the central nervous system. Stimuli presented to a specific location
on the torso are processed by the contra lateral hemisphere, except for stimuli on or close to the body
midline. In that sense, the two torso halves can be seen as different body parts, each having its own internal
reference point. The role of the midline is hypothesised to be the integration of the phenomenal space of
both body sides into one coherent percept.
Q6. Which model can describe the crossmodal tactile-visual perception of time and space? We
hypothesised that a model based on common, modality independent representations can accurately
describe crossmodal visual-tactile perception. This means that crossmodal comparisons were expected to
be as good as intramodal comparisons. This was confirmed by Experiments 5 and 6 in which we studied
the accuracy and bias of human time-interval perception and spatial tracking, respectively. The data of
Experiment 5 on open interval comparisons showed that vision and touch are not always ‘calibrated': the
length of a visual interval is systematically underestimated compared to that of a tactile interval for interval
durations below 200 ms. Experiment 6 showed that tracking errors increase when there is an external
disturbance signal present in the tactile signal. However, in both experiments, the crossmodal comparisons
can be predicted on the basis of the unimodal sensitivities, which indicates that there is no additional noise
involved in crossmodal compared to unimodal comparisons, confirming our hypothesis.

Questions at the cognition level

At the cognition level, two questions regarding mental workload are relevant.
Q7. Can local guidance tactile displays lower cognitive effort ratings compared to a visual display? We
hypothesised that mental effort ratings for navigation tasks supported by a tactile display are lower than
when supported by visual information, because with the specific display design  processing tactile local
guidance information requires no or less cognitive resources. We investigated this issue in Experiments
8 (in-vehicle navigation task) and 13 (orientation in microgravity). In both experiments we find higher
mental effort ratings in the visual conditions than in the tactile and bimodal conditions. Also relevant here
is the effect of adding a tactile display to a baseline condition that includes visual information. According
to the predictions of the prenav model, adding an intuitive tactile display will have no or little effect on
the mental effort rating because there are no or little cognitive resources required to come from the
sensation to the required action. We investigated this issue in Experiments 10 (low level flight), 11
(helicopter hover), and 14 (target interception). In none of these experiments, the ratings were raised after
adding the tactile display, thus confirming our hypotheses. These results show that the tactile information
is processed at a low level on the cognitive ladder and lower than visually presented information. This
makes Q8 relevant: can we show that the tactile display information can be processed without involving
the cognitive ladder at all?
Q8. Is performance with a local guidance tactile display independent of cognitive workload or external
stressors? The prenav model would predict that a display that closes the sensation6action loop makes the
user immune to high mental workload situations. In other words, adding additional mental tasks will not
negatively affect performance (we called this the strict definition of an intuitive display). When the
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information needs to be processed through the perception6action loop, conditions with a higher mental
workload will result in performance degradation, but not as much as displays that require even higher
levels of cognitive processing (we called this the less strict definition of an intuitive display). Designing
an intuitive display is a big challenge. We explicitly strived for little training time and steep learning
curves, and tried to keep the displayed information simple by using low bitrates and single function
displays. However, in all experiments, users needed instruction to explain what the display indicates.
Albeit short (usually just one sentence), it means that the response is not based on reflexive behaviour, but
requires an “if - then rule”. This also links to the issue of information coding on a tactile instrument (see
the section below on coding and standardisation). We investigated Q8 in Experiments 8 (in-vehicle
navigation), 10 (low level flight), and 11 (helicopter hover)39. The data showed a mixed picture. The
results of Experiment 8 are in accordance with the strictest definition: there is no detrimental effect of the
high workload condition in the presence of a tactile display, while performance degrades when only a
visual display is available. Based on these results, the tactile display may be called intuitive. However, the
results of Experiment 11 are in accordance with the less strict definition: with a tactile display,
performance is degraded by high mental workload, but not as much as in the condition without a tactile
display. The results of Experiment 10 do not fit with either prediction. Performance degradation in the
high workload conditions is the same for trials with and without the tactile display. These results show that
it is possible to make the user less vulnerable for high mental workload situations, but that it is not exactly
clear yet how to realise this. The different results may be related to the task characteristic and the
information coding on the tactile display. In Experiment 8 (in-vehicle navigation), the task clearly has the
character of a pursuit tracking task in which the user steers towards an indicated direction. The same,
although less clear, applies to Experiment 11 (helicopter hover) in which pilots were instructed to ‘follow
the needle’ to reach the desired position. On the other hand, Experiment 10 (low level flight) had a
different task because the user had to stay clear of no-go zones (please note that the pilots were given the
same ‘follow the needle’ instruction as in Experiment 11). Despite the different task characteristics, the
direction of vibration coded the desired direction in all three experiments. This coding fits with the pursuit
tracking task character of Experiments 8 and 11, but is less suited for the character of Experiment 10, thus
requiring more cognitive resources to translate the tactile display information into the required action.
Further research is needed to investigate the relation between task characteristics and information coding.

Questions at the action level

At the action level, we investigated whether a tactile display is effective across the range of local guidance
tasks.
Q9. Can (adding) a tactile display result in better performance compared to a visual baseline? We expected
that a tactile display improves performance when there is either: a) high visual load, or b) high cognitive
load. We investigated performance across the local guidance task range in Experiments 7-14. In all
experiments, performance with a tactile display is good. This seems trivial in conditions where visual
information is degraded, for instance when flying with night vision goggles or under conditions of Spatial
Disorientation. However, even in the presence of direct view as in Experiments 10 (low level flight), 11
(helicopter hover), and 13 (orientation in microgravity) or with a (state-of-the-art) visual display like in
Experiment 8 (in-car navigation) and 14 (target interception), performance improves with a tactile display.
This shows that a tactile display has surplus value not only in conditions of degraded visual information.
Part of this advantage may be ascribed to the commonly found performance gain with integrated redundant
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information sources in, amongst others, speeded force choice tasks. However, we think that the tap-on-the-
shoulder principle of the tactile display is such a strong concept to present local guidance information that
it can compete directly with visually presented local guidance information.

The effect of external stressors

In the prenav model, external stressors such as noise, vibration, and altered G environments affect
cognition. We did not explicitly test this aspect of prenav through the manipulation of such environmental
aspects. However, many of the experiments were run in environments that would be considered to act as
external stressor: whole body vibration (Experiment 9), wearing night vision goggles (Experiments 10 and
11), spatial disorientation evoking motion profiles (Experiment 12), in microgravity (Experiment 13), and
under high G-loads (Experiment 14). In all these experiments under conditions of external stressors, we
concluded that a tactile display improves performance compared with visual information.

Prenav

Prenav was introduced as a framework to sketch the problems (and possible solutions) with human
behaviour in platform navigation and control, to operationalise the concept of intuitive displays, and to
help interpreting observations and experimental results. We did not intend to validate the model, but we
tested some of its qualitative predictions. In retrospect, we conclude that the model is a useful framework.
We propose to replace the strict boundary of the cognitive ladder. Rather, the amount of cognition
involved in the task of platform navigation and control is a continuum, and not a matter of all or none (see
Figure 11.1). Factors such as the display coding principle, user expectations and preferences, instruction
and amount of training can all cause a shift on this continuum.

cognitive ladder

decision

perception

sensation

action
system / 

environment

stressorsstate

display

Navigation

Control

T V A

cognitive
resources:

memory
attention

Steering

Figure 11.1. The prenav model in which the cognitive ladder is no
longer a rigid all or none factor with a strict boundary. The amount of
cognitive resources involved is rather a continuum depicted by the
gradient. See Section 1.2 on further details of the prenav model.

Longitudinal effects

The experiments we described reflect first shot performance. Experiment 13 (orienting in microgravity)
is the only experiment in which we measure performance over a longer period (8 days). Studying
longitudinal effects requires different experimental methods and are in general more expensive and more
cumbersome for the participants. Even for an intuitive display, training and/or prolonged use may improve
performance. For example, eye-hand coordination is a process that is trained for years, and participants
used this experience in many of the (visual) baseline conditions. However, users had not more than a
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couple of hours to train the specific skin-hand coordination required in using the tactile display. Even at
the end of an experiment, participants had only a limited experience, far from enough to claim that they
were highly trained. One might expect performance to improve when skin-hand coordination is further
fine-tuned. A second relevant aspect is trust in the display. Since participants were not used to tactile
displays, some may have needed more time to learn to trust the tactile messages. We expect that over
longer periods of use, performance will improve further, especially in situations in which the display is
one of the alternative information sources. Longer periods of use will decrease initial hesitance in trusting
the information. Finally, effects of prolonged stimulation deserve attention: adaptation (referring to
increased perceptual thresholds) and habituation (referring to loss of attention to constant stimuli). The
effects of adaptation may be counteracted by measures such as using duty cycles below 100%, using on-off
stimuli instead of continuous stimuli, and by using alternative locations when the duration of stimulation
crosses certain limits. Habituation is an effect that occurs in all sensory modalities. For instance, the
ticking of a clock seems to be absent after a while, but instantly returns when somebody points it out or
after leaving and re-entering the room. It is difficult to predict to what extend the tactile modality shows
habituation. On the one hand, we stop feeling the pressure of our clothing or wrist watch on our skin after
a very short time. On the other hand, this doesn’t mean that tactile information isn’t processed
subconsciously, for example to keep our balance.

Coding and standardisation

Intertwined with intuitive design is the algorithm used to code information on the tactile display. This issue
was relevant in Experiments 10 and 11 (helicopter low level flight and helicopter hover), and Experiment
12 (orienting in 2D). For example, in the helicopter hover display we choose to code for the desired
direction (as we did in the waypoint navigation display), while for example Raj et al.(1998) modelled a
virtual sphere around the hover location, and coded bumping into the inner walls of this sphere. Similar
coding differences exist for displaying virtual corridors. In coding self motion as we did in Experiment
12, the same inside-out vs. outside-in (or status vs. command) discussion occurs that has been going on
for visual artificial horizon displays for many years. Although we did not systematically investigate this
issue, anecdotal evidence indicates that there is no population preference for one algorithm or the other
in the helicopter hover task. The preference is about 50-50, which also means that the coding is less
intuitive for half of the population. Also, switching between different coding algorithms may result in
problems (like experienced by pilots that transferred from an outside-in to an inside-out coding of the
artificial horizon; Pongratz et al., 1999). This pleas for a coding that can either be adjusted to user profiles
or preferences, or that is standardised across applications, countries and manufacturers. Appendix III gives
a handful of guidelines that were based on this thesis and related activities.

Limitations of intuitive displays and tactile clutter

Although the skin is able to process large amounts of information (people who are trained in Braille can
actually read with their fingertips), there will be a tradeoff with the intuitiveness of the tactile signals
(Braille reading consumes a large amount of cognitive resources, as does reading with the eyes). That is,
a high tactile information transfer rate usually yields codings that are not intuitive and require a lot of
training. In Chapter 7, we introduced the term tactile clutter to describe a situation where displaying
multiple signals in parallel on a tactile display results in difficulties interpreting them. Apart from the
possible spatiotemporal interaction of individual signals, some form of processing or (spatial) attention
may be required to separate the different chunks of information, or, for example, to track one signal and
ignore a second. Also, as Van Veen and Van Erp (2003) showed: a lack of vocabulary may hamper to
separate tactile signals comparable to listening to an orchestra without knowledge on the different
instruments. The limitations to present more complex navigation messages with tactile displays become
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a relevant issue in presenting global awareness information instead of only local guidance cues (the visual
analogy would for example be an arrow versus a map). According to the prenav model, global information
requires processing of information at a higher level (namely the navigation level) than that involved in
local guidance (steering and control level). Presenting information at the navigation level will require
substantial cognitive resources (regardless of display modality). In Chapter 6, we gave an example for an
in-vehicle navigation display: “take the left lane immediately after a right turn 100m ahead”. In these
situations, it may be beneficial to limit the function of the tactile display to drawing the user’s attention
to a message or map displayed on a visual display.

Multimodal integration

We believe that a tactile display will rarely be used in isolation but often in a combination with visual
and/or auditory displays in a multimodal setting. This raises many issues, including how to calibrate touch
with other modalities in space and time, and how to allocate information to the sensory modalities (e.g.,
Van Erp, Kooi, Bronkhorst, Van Leeuwen, Van Esch & Van Wijngaarden, 2006). In a simple multimodal
interaction approach, information would be displayed redundantly via two or even three modalities. In
general, this approach may result in faster reaction times and a lower workload (see for example
Experiments 8 and 14; Stein & Meredith, 1993). A more complex approach than presenting information
redundantly is to make the information from the different modalities complementary. This resembles the
way our senses work together in everyday life: in finding a ripe orange, we use our eyes, hands, and nose
to each sense the attributes they are specialising in. A similar approach to a multimodal display could
guide the distribution of information attributes across different displays. For example, the target indication
used in Experiment 14 consisted of a direction only. However, normally, it would include a distance or
threat level indication or an identification label as attribute. The tactile modality worked well in displaying
the direction, but may not be optimally suited to display an identification label. Following the
complementary approach could result in a target presentation in which the direction attribute is presented
via touch, and the identification label via audition. However, besides the potential synergy between the
senses in such an approach, there may also be costs involved. For example, the different attributes that are
spread over modalities may not be perceived as belonging to the same entity. Also, there are costs
involved in switching attention between the different senses (in terms such as time, Spence, 2001; Spence
& Driver, 1997). Additional research is needed to get more insight in the balance between the potential
advantages and the costs involved with the complementary approach (Weder, Van Erp, Toet &
Werkhoven, 2006).

Open research issues

In the previous sections we discussed several issues that were touched upon in this thesis but not resolved
yet, including longitudinal effects, coding and standardisation, and tactile clutter. We can add the
following important issues:
• Age-related effects. The present experiments were all run with participants from a relatively

young population. Important aspects in the design for older users include: thresholds and spatial
resolution (in general, the processing of tactile stimuli will degrade with age), learning skin-hand
coordination, and trust in the system.

• Algorithms to aid the user in switching on the tactile information. Continuous stimulation may
result in adaptation and habituation effects, and may even be experienced as annoying. The
decision when the display should be switched-on then becomes relevant.

• Perceiving vibrotactile signals in a vibrating and other stressful environments. There is no
systematical knowledge available on tactile perception as function of real world aspects such as
vibrating environments, clothing, etc. Although we encountered no problems in the experiments
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described here, other groups report degraded tactile perception under conditions of for instance
whole body vibration (e.g., Castle & Dobbins, 2004; Holmes & Furnell, 2002).

• Multifunction tactile displays. In this thesis, tactile displays are designed and tested for one
application in isolation. The same need for multifunction visual displays also applies for tactile
displays: introducing a single function display will not be attractive in many cases. In a
multifunction tactile display, the user should have information on the function that is displayed,
similar to for example the icon and text in the upper bar of a window on a visual display.
Methods for separating functions in tactile displays (such as sequential separation, spatial
separation, sensational separation, and the use of icons and multimodal cues) must be further
developed.

Spin-off to other applications and domains

This thesis focussed on tactile displays for local guidance tasks. Besides pilots, astronauts, car and boat
drivers, people working in challenging environments such as divers and firefighters can benefit from the
technology. However, the spin-off is not restricted to challenging environments only. We foresee that
tactile display technology might be useful in other application and task domains, such as:
• Sports: A localized vibration can provide navigation information (i.e., where to move to), but

also evoke limb initiation (i.e., how to move), and possibly improve movement coordination
(when to move), see Van Erp, Van Veen, Saturday, Jansen & Werkhoven (2006).

• Remote control: tactile displays can help in reproducing critical perceptual cues of the remote
world (Van Erp, 2006a). For example, in controlling an uninhabited ground vehicle, many road
conditions can better be felt than seen, and the same holds for turbulence in an aerial vehicle
(Ruff, Narayanan & Draper, 2002).

• Detecting unexpected events: the higher score on attention capture and cue clarity of the tactile
over the visual display that we found in the target interception task, and the faster reaction times
in the car navigation task indicates that a tactile display can be advantageous in the detection of
and reaction to unexpected events (e.g., Sklar & Sarter, 1999).

• Time critical tasks: several experiments show that tactile displays result in faster reactions than
visual displays (including work described here and the body of evidence is growing rapidly (e.g.
Martens & Van Winsum, 2001). This makes them well suited for time critical tasks.

• Directional warning and attention allocation system. Localized vibrations may not only draw
attention, but may also direct attention to a specific direction or location (Calhoun, Draper, Ruff
& Fontejon, 2002). This can be an event in the outside world (such as a target or threat), but may
also be a visual that displays further information.

• Simulation and virtual environments. Adding the sense of touch may enrich simulated
environments. This can be in the form of mimicking real world touch sensations when bumping
into or grabbing objects, supporting the user’s situational awareness, or as substitute for
experiences that are difficult to simulate like weight or friction.

• Gaming. Touch cues can also add an extra dimension to games. One could even think of touch-
only games. What about using a tactile display as playing field for soccer, tennis or games such
as snake and pacman? In multi-player settings, the possibilities are sheer endless.

• Communication. By translating for example military hand signals into a tactile pattern, a tactile
display can enable covert communication between team members (Merlo et al., 2006). The same
principle can be applied to communicate (a part of) the much more elaborate vocabulary of the
sign language for the deaf and hard of hearing.

• Team coordination. Tactile displays can also be used to coordinate actions within a team,
whether a team of dismounted soldiers on a secret mission, or a boyband that has to learn how
to dance (Van Erp, Saturday & Jansen, 2006).
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• People with special needs. Last but certainly not least is the possible spin-off to people with
special needs, including people with a visual (Bach-y-Rita et al, 1969), auditory (Borg, Rönnberg
& Neovius, 2001) or a vestibular dysfunction (Kadkade et al., 2003; Wall et al., 2001; Kentala,
Vivas & Wall, 2003), and the elderly (Priplata et al., 2006).

11.2 Conclusions

We conclude with answering the three main questions given in the introduction:
1) Do they work?
Yes. In all experiments, we found improved performance when users were supported with a tactile display,
even in the presence of state-of-the-art visual displays.
2) Can they lessen sensory overload?
Yes. The tactile display proved to be a powerful support tool in situations where other sensory modalities
were heavily loaded or provided erroneous cues.
3) Are they intuitive to the degree that they lessen the effects of a high cognitive load?
Potentially, but not automatically. Although we found instances were conditions of a high workload do
not degrade performance at all as long as the user has the support of a tactile display, this effect was not
present in all experiments.

All in all, we conclude that data gathered in the present experiments are important evidence that using the
tactile modality in local guidance tasks can improve performance and lessen the workload, therewith
improving the quality and safety of the man-machine-interface for local guidance tasks.
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Abstract

Perceiving and understanding information of, for example, a visual navigation display may be difficult for
people with a visual challenge or in situations where the user's visual sense and cognitive resources are
heavily loaded. Developing information presentation schemes that reduce the threat of overloading eyes
and mind becomes increasingly important. Employing the sense of touch can reduce the reliance on the
visual system. By developing an intuitive information presentation concept, we may also lessen the
cognitive load. In this concept, the display evokes the correct user response automatically. In the tactile
sense, an intuitive presentation concept may be based on the proverbial tap-on-the-shoulder. For instance,
a localized vibration on the torso can present navigation information like the direction of a waypoint. This
made us believe that a tactile display covering the torso may be a three-dimensional display that can
reduce the risk of overloading the user’s sensory and/or cognitive system.
This thesis addresses nine questions concerned with how we process tactile stimuli on the torso and the
behavioural aspects of tactile orientation and navigation displays. The first two questions are concerned
with the spatial resolution of the torso for (vibro-) tactile stimuli, and the role of the timing parameters of
the presentation. We found a uniform acuity of 3 - 4 cm at the largest part of the torso with only a higher
acuity in the area around the midline (1 - 2 cm). We hypothesised that this effect was caused by the fact
that the body midline acts as an anchorpoint. The burst duration of the presentation has only a small effect
on the acuity, but the Stimulus Onset Asynchrony (SOA) is an important determinant of performance. A
smaller SOA (i.e., a more rapid sequential presentation) requires a larger distance between stimuli to make
their locations distinguishable. The third question was about the ability to determine the absolute location
of stimuli on the torso as opposed to relative localization addressed by the first questions. Observers could
localize stimuli within 5 cm from their veridical location. Mislocalizations were mainly along a line
originating from the body midaxis. This may indicate that stimulus locations on the torso are coded in
polar co-ordinates of which the distance is less important. Displaying directions is the heart of local
guidance displays. Therefore, the fourth and fifth question addressed how accurate users can perceive
directions with localized vibrations on the torso, and how they determine a direction based on a single
point stimulus. There is a bias in perceived directions toward the midsagittal plane, but observers are
consistent in their direction determination. The data suggest that observers used one of two internal
reference points (one for each torso half) to determine the direction of the point stimulus. The sixth
question concerned the crossmodal visual-tactile perception of direction and time and is important because
tactile information must often be integrated with other sensory information, especially in a multimodal
interface. The experimental results indicate that the same internal representation is used in unimodal and
multimodal comparisons. The last three questions addressed the behavioural aspects of local guidance
tactile displays and the effect on performance and workload. Question 7 looked at the effect on mental
effort ratings when a tactile display is present together with, or instead of, visual information. We
investigated this aspect in several task environments including driving and flying. The results show that
users rate the required mental effort as lower when they have a tactile display at their disposal. The next
relevant question then becomes whether a tactile display can make users immune for (high levels of)
mental workload. We found mixed results. We hypothesised that this issue may depend on the design of
the tactile information and whether or not it is in accordance with the task characteristics. Finally, we were
interested in navigation and orientation performance with a tactile display. Favourable effects were found
across the full range of local guidance tasks tested, including vehicle waypoint navigation, target
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interception in a jet fighter, maintaining a stable hover in a helicopter, and counteracting spatial
disorientation. We conclude that in comparison to a baseline with visual information, tactile displays for
orientation and navigation can improve performance and lower the risk of sensory and cognitive overload.
All in all, we conclude that data gathered in the present experiments are important evidence that using the
tactile modality in local guidance tasks can improve performance and lessen the workload, therewith
improving the quality and safety of the man-machine-interface for local guidance tasks.



References

157

References

Adams, C.K. & Helson, H. (1966). Two-point threshold as a function of position in the dermatome.
Journal of Comparative and Physiological Psychology, 62 (2), 314-316.

Allport, D.A., Antonis, B. & Reynolds, P. (1972). On the division of attention: a disproof of the single
channel hypothesis. Q J Exp Psychol, 24(2), 225-235.

ANSI S3.18-1979(R1999). American National Standard Guide for the Evaluation of Human Exposure to
Whole-Body Vibration. American National Standards of the acoustical Society of America.

Augurelle, A.S., Smith, A.M., Lejeune, T. & Thonnard, J.L. (2003). Importance of Cutaneous Feedback
in Maintaining a Secure Grip during Manipulation of Hand-Held Objects. J. Neurophysiology,

89(2), 665-671.
Bach-y-Rita, P., Collins, C.C., Saunders, F., White, B. & Scadden, L. (1969). Vision substitution by

tactile projection. Nature, 221, 963-964.
Bach-y-Rita, P. & Kercel, S.W. (2003). Sensory substitution and the human-machine interface. Trends

in cognitive sciences, 7(12), 541-546.
Bakker, N.H. (2001). Spatial Orientation in Virtual Environments. Doctoral thesis Delft University of

Technology. Delft, The Netherlands: DUP Science.
Barlow, S.M. (1987). Mechanical frequency detection thresholds in the human face. Experimental

Neurology, 96, 253-261.
Behar, I. & Bevan, W. (1961). The perceived duration of auditiory and visual intervals: Cross-modal

comparison and interaction. American Journal of Psychology, 74, 17 - 26.
Beilock, S.L., Carr, T.H., MacMahon, C. & Starkes, J.L.(2002). When paying attention becomes

counterproductive: impact of divided versus skill-focused attention on novice and experienced
performance of sensorimotor skills. J Exp Psychol Appl., 8(1), 6-16.

Benson (2003). Technical Evaluation Report. In: Spatial disorientation in military vehicles: causes,

consequences and cures. RTO Meeting Proceedings 86. Neuilly-sur-Seine Cedex, France:
NATO RTO.

Bice, R.C. (1969). Apparent movement in vibrotactile displays. Perceptual and motor skills, 29, 575-578.
Birch, H.G. & Lefford, A. (1963). Intersensory development in children. Monographs of the Society for

Research in Child Development, 28, 1-47.
Birch, H.G. & Lefford, A. (1967). Visual differentiation, intersensory integration and voluntary motor

control. Monographs of the Society for Research in Child Development, 32(2), 1-82.
Bisdorff, A.R., Wolsley, C.J., Anastasopoulos, D., Bronstein, A.M. & Gresty, M.A. (1996). The

perception of body verticality (subjective postural vertical) in peripheral and central vestibular
disorders. Brain 119( Pt 5) 1534-1534.

Blake, O., Landis, T., Spinelli, L. & Seeck, M. (2004). Out-of-body experience and autoscopy of
neurological origin. Brain, 127(2), 243-258.

Bles, W., De Jong, J.M.B.V. & De Wit, G. (1984). Somatosensory compensation for loss of labyrinthine
function. Acta Otolaryngol., 97, 213-221.

Bles, W., Kloren, T., Buchele, W. & Brandt, T. (1983). Somatosensory nystagmus: physiological and
clinical aspects.Advances in oto-rhino-laryngology, 30, 30-33.

Bles, W. & Van Raaij, J.L. (1988). Pre- and postflight (D-1) postural control in tilting environments.
Advances in oto-rhino-laryngology, 42, 13-17.



J.B.F. van Erp (2007). Tactile displays for navigation and orientation: perception and behaviour

158

Bliss, J.C. (1970). Dynamic tactile displays in man-machine systems. IEEE Trans. Man–Machine Syst.,

11(1), 1.
Bliss, J.C., Brody, W.R. & Lane, B. (1967). Visual and tactile tracking with step commands.

NASA–Langley Contract Report CR–623, pp. 119 - 161.
Bliss, J.C., Crane, H.D., Link, S.W. & Townsend, J.T. (1966). Tactile perception of sequentially

presented spatial patterns. Perception & Psychophysics, 1, 125-130.
Blumenfeld, W. (1936). The relationship between the optical and haptic construction of space. Acta

Psychologica, 2, 125-174.
Bodegard, A., Geyer, S., Naito, E., Zilles, K. & Roland, P.E. (2000). Somatosensory areas in man

activated by moving stimuli: Cytoarchitectonic mapping and PET. Neuroreport, 11(1), 187-191.
Boff, K.R. & Lincoln, J.E. (1988). Acquisition of information by other senses, 3.1 Cutaneous Sensitivity.

In: Engineering Data Compendium: Human Perception and Performance. Wright-Patterson
AFB (OH): AAMRL.

Bolanowski, S.J., Gescheider, G.A. & Verrillo, R.T. (1994). Hairy skin: Psychophysical channels and
their physiological substrates. Somatosensory Motor Research, 11, 279-290.

Borg, E., Rönnberg, J. & Neovius, L. (2001). Vibratory coded directional analysis: evaluation of a
three-microphone/four vibrator DSP system. Journal of Rehabilitation Research and

Development, 38(2), 257-263.
Bos, J.E., Van Erp, J.B.F., Groen, E.L.& Van Veen, H.A.H.C. (2005). Vestibulo-tactile interactions

regarding motion perception and eye movements in yaw. Vestibular Research, 15, 149-160.
Bosbach, S., Cole, J., Prinz, W. & Knoblich, G. (2005). Inferring Another's Expectation from Action: The

Role of Peripheral Sensation. Nature Neuroscience, 8(10), 1295-1297.
Bosman, S., Groenendaal, B., Findlater, J.W., Visser, T., Graaf, M. de & Markopoulos, P. (2003).

GentleGuide: An exploration of haptic output for indoors pedestrian guidance. In: Proceedings

of the Mobile HCI, 8-10-2003, Udine, Italy
Brown, I.D., Tickner, A.H., & Simmonds, D.C. (1969). Interference between concurrent tasks of driving

and telephoning. Journal of Applied Psychology, 53, 419-424.
Browse, R.A. & McDonald, M.L. (1992). Using tactile information in telerobotics. IEEE Transactions

on Systems, Man, and Cybernetics, 22(5), 1205-1210.
Burnett, G.E. & Porter, J.M. (2002). An Empirical Comparison of the use of Distance Versus Landmark

Information Within the Human-machine Interface for Vehicle Navigation Systems. In: D. De
Waard, K.A. Brookhuis, J. Moraal & A. Toffetti (eds.) Human factors in transportation,

communication, health, and the workplace. Maastricht, The Netherlands: Shaker Publishing.
Burton, H. & Sinclair, R. (1996). Somatosensory cortex and tactile perceptions. In: Kruger, L. (ed.) Pain

and touch (pp. 105–177).
Bushnell, E.W, Shaw, L. & Strauss, D. (1985). Relationship between visual and tactual exploration by 6-

month-olds. Developmental psychology, 21, 591-600.
Calford, M.B., Clarey, J.C. & Tweedale, R. (1998). Short-term plasticity in adult somatosensory cortex.

In: J.W. Morley (ed.). Neural aspects of tactile sensation, pp. 299-350. Amsterdam: Elsevier.
Calhoun, G.L., Draper, M.H., Ruff, H.A. & Fontejon, J.V. (2002). Utility of a tactile display for cueing

faults. Proceedings of the Human Factors and Ergonomic Society 46th Annual Meeting (pp.
2144-2148), Santa Monica, CA: Human Factors and Ergonomic Society.

Campos, A., Lopez, A. & Perez, M.J. (1998). Vividness of visual and haptic imagery of movement.
Perceptual and Motor Skills, 87(1), 271-274.

Capraro, A.J., Verrillo, R.T. & Zwislocki, J.J. (1979). Psychophysical evidence for a triplex system of
cutaneous mechanoreception. Sensory Processes, 3, 340-352.

Carriot, J., Bringoux, L., Charles, C., Mars, F., Nougier, V. & Cian, C. (2004). Perceived body orientation
in microgravity: effects of prior experience and pressure under the feet. Aviat. Space Environ.

Med., 75(9),795–799.



References

159

Carsten, O. & Nilsson, L. (2001). Safety Assessment of Driver Assistance Systems. European Journal of

Transport and Infrastructure Research, 1, 225-244.
Carver, R.A. & Brown, V. (1997). Effects of amount of attention allocated to the location of visual

stimulus pairs on perception of simultaneity. Perception & Psychophysics, 59(4), 534-542.
Castle, H. & Dobbins, T. (2004). Tactile displays for enhanced performance and safety. Proceedings of

the 11th SAfE (Europe) Symposium, Lyon, France. SAfE Europe: Bracknell, UK.
Charm, O. (1996). Designing and evaluating the user interface. Home automation and building control

pp 63-67.
Chen, Z. & O'Neill, P. (2001). Processing demand modulates the effects of spatial attention on the judged

duration of a brief stimulus. Perception & Psychophysics, 63(7), 1229-1238.
Chiasson, J., McGrath, B., & Rupert, A. (2002). Enhanced Situation Awareness in Sea, Air and Land

Environments. NATO RTO Human Factors and Medicine Panel Meeting Proceedings.
Cholewiak, R.W. (1976). Satiation in cutaneous saltation. Sensory processes, 1(2), 163-175.
Cholewiak, R.W. (1979). Spatial factors in the perceived intensity of vibrotactile patterns. Sensory

Processes, 3, 141-156.
Cholewiak, R.W. (1988). Introduction to cutaneous sensitivity. In: Boff, K.R., Lincoln, J.E. (Eds.),

Engineering Data Compendium: Human Perception and Performance, Vol. I. AAMRL,
Wright-Patterson AFB, Dayton, OH.

Cholewiak, R.W. (1999). The perception of tactile distance: Influences of body site, space, and time.
Perception, 28(7), 851-875.

Cholewiak, R.W., Brill, J.C. & Schwab, A. (2004). Vibrotactile localization on the abdomen: effects of
place and space. Perception & Psychophysics, 66(6), 970-987.

Cholewiak, R.W. & Collins, A.A. (1995). Vibrotactile pattern discrimination and communality at several
bodysites. Perception & Psychophysics, 57(5), 724-737.

Cholewiak, R.W. & Collins, A.A. (2000). The generation of vibrotactile patterns on a linear array:
influences of body site, time, and presentation mode. Perception & Psychophysics 62(6),
1220-1235.

Cholewiak, R.W. & Collins, A.A. (2003). Vibrotactile localization on the arm: effects of place, space, and
age. Perception and Psychophysics, 65, 1058-1077.

Cholewiak, R.W. & Craig, J.C. (1984). Vibrotactile pattern recognition and discrimination at several body
sites. Perception & Psychophysics, 35(6), 503-514.

Clark, F.J., Larwood, K.J., Davis, M.E. & Deffenbacher, K.A. (1995). A metric for assessing acuity in
positioning joints and limbs. Experimental Brain Research, 107 (1), 73-79.

Clarks, A. (2003). Natural-born cyborgs: minds, technologies, and the future of human intelligence.
Oxford University press.

Cleary, A.G., McKendrick, H. & Sills, J.A. (2002). Hand-arm vibration syndrome may be associated with
prolonged use of vibration computer games. British Medical Journal, 324, 301.

Cohen, B. & Kirman, J.H. (1986). Vibrotactile frequency discrimination at short durations. Journal of

General Psychology, 113(2), 179-186.
Cole, J. & Paillard, J. (1995). Living without Touch and Peripheral Information about Body Position and

Movement: Studies with Deafferented Subjects. In: Bermudez, J.L., Marcel, A. & Eilan, N. (eds.)
The Body and the Self. MIT Press.

Conti, F. Fabri, M. & Manzoni, T. (1986). Bilateral receptive fields and callosal connectivity of the body
midline representation in the first somatosensory area of primates. Somatosensory Research, 3,
4, 273-289.

Cox, P.H. (1999). An initial investigation of the auditory egocenter: evidence for a "cyclopean ear". PhD
thesis. Ann Arbor, Michigan: UMI dissertation services.

Craig, J.C. (1968). Vibrotactile spatial summation. Perception & Psychophysics, 4(6), 351-354.



J.B.F. van Erp (2007). Tactile displays for navigation and orientation: perception and behaviour

160

Craig, J.C. (1972). Difference threshold for intensity of tactile stimuli. Perception & Psychophysics,

11(2), 150-152.
Craig, J.C. (1973). A constant error in the perception of brief temporal intervals. Perception &

Psychophysics, 13, 99 - 104.
Craig, J.C. (1974). Vibrotactile difference thresholds for intensity and the effect of a masking stimulus.

Perception & Psychophysics, 15(1), 123-127.
Craig, J.C. (1982a). Vibrotactile masking: A comparison of energy and pattern maskers. Perception &

Psychophysics, 31(6), 523-529.
Craig, J.C. (1982b). Temporal integration of vibrotactile patterns. Perception & Psychophysics, 32(3),

219-229.
Craig, J.C. (1995). Vibrotactile masking: the role of response competition. Perception & Psychophysics,

57(8), 1190-1200.
Craig, J.C. & Baihua, X. (1990). Temporal order and tactile patterns. Perception & Psychophysics, 47(1),

22-34.
Craig, J.C. & Evans, P.M. (1987). Vibrotactile masking and the persistence of tactual features. Perception

& Psychophysics, 42(4), 309-317.
Craig, J.C. & Johnson, K.O. (2000). The two-point threshold: Not a measure of tactile spatial resolution.

Current Directions in Psychological Science, 99(1), 29-32.
Craig, J.C. & Sherrick, C.E. (1969). The role of skin coupling in the determination of vibrotactile spatial

summation. Perception & Psychophysics, 6(2), 97-101.
Darken, R.P. & Sibert, J.L. (1993). A toolset for navigation in virtual environments. In: Proceedings of

UIST '93, Atlanta GA, pp. 157-165. ACM.
Davidson, P.W. (1972). Haptic judgment of curvature by blind and sighted humans. Journal of

experimental psychology, general, 93, 43-55
Davidson, R. & Mather, J.H. (1966). Cross-modal judgments of length. American Journal of Psychology

79, 409 - 418.
De Vries, S.C., Hogema, J.H., Van Erp, J.B.F. & Kiefer, R.J. (2004). Direction coding using a tactile

chair: laboratory and field study. Soesterberg, NL: TNO Human Factors. TM-report TM - 04
- C011.

DiCarlo, J.J. & Johnson, K.O. (2000). Spatial and temporal structure of receptice fields in primate
somatosensory area 3b: effects of stimulus scanning direction and orientation. The Journal of

Neuroscience, 20(1), 495-510.
Dichgans, J. & Diener, H.C. (1989). The contribution of vestibulo-spinal mechanisms to the maintenance

of human upright posture. Acta Otolaryngol., 107(5-6), 338-345.
Dingus, T.A., Antin, J.F., Hulse, M.C. & Wierwille, W.W. (1989). Attentional demand requirements of

an automobile moving-map navigation system. Transportation Research Part A: General, 23 A

(4), 301-315.
Dobbins, T. & Samway, S. (2002). The use of tactile navigation cues in high-speed craft operations. In

proceedings of the RINA conference on high speed craft: technology and operation. Pp. 13-20.
London: The royal Institution of Naval Architects.

Driver, J. & Spence, C. (1998). Cross-modal links in spatial attention. Philosophical Transactions:

Biological Sciences 353(1373), 1319-1331.
ECMT (1995). Statement of principles of good practice concerning the ergonomics and safety of

in-vehicle information systems. In: New Information technologies in the Road Transport Sector:

Policy Issues, Ergonomics and Safety (pp. 35-42). The European Conference of Ministers of
Transport.

Edin, B.B., Essick, G.K., Trulsson, M. & Olsson, K.A. (1995). Receptor encoding of moving tactile
stimuli in humans. I. Temporal pattern of discharge of individual low-threshold
mechanoreceptors. J Neurosci, 15(1), 2830-2847.



References

161

Ehrensing, R.H. & Lhamon, W.T. (1966). Comparison of tactile and auditory time judgments. Perceptual

& Motor Skills, 23, 929 - 930.
Ellis, S.R., Kim, W.S., Tyler, M., McGreevy, M.W. & Stark, L. (1985). Visual enhancements for

perspective displays: Perspective parameters. Proceedings of the 1985 International Conference

on Systems, Man, and Cybernetics (pp. 297-305). Wachtberg Werthoven, Germany:
Forschungsinstitut für Antropotechnik.

Epstein, W., Hughes, B. Schneider, S. & Bach-Y-Rita, P. (1986). Is there anything out there? A study of
distal attribution in response to vibrotactile stimulation. Perception, 15, 3275-84.

Eriksson, L., Van Erp, J.B.F., Carlander, O., Levin, B., Van Veen, H.A.H.C. & Veltman, J.E. (2006).
Vibrotactile and visual threat cueing with high g threat intercept in dynamic flight simulation.
Proceedings of the 50th annual meeting of the Human Factors and Ergonomics society meeting.
Santa Monica: Human Factors and Ergonomics Society.

Ernst, M.O. (2001). Psychophysikalische Untersuchungen zur Visuomotorische Integration beim

Menschen: Visuelle und Haptische Wahrnehmung Virtueller und Realer Objekte. Tübingen,
Germany: Medien Verlag Köhler.

Ernst, M.O. & Banks, M.S. (2002). Humans integrate visual and haptic information in a statistically
optimal fashion. Nature, 415(6870), 429-433.

Ernst, M.O., Bülthoff, H.H. & Van Veen, H.A.H.C. (1998). Size discrimination of seen and grasped
objects and the effect of presentation time. Perception: ECVP 1998 abstracts.

Essick, G.K. (1998). Factors affecting direction discrimination of moving tactile stimuli. In: J.W. Morley
(ed.). Neural aspects of tactile sensation, pp. 1-54. Amsterdam: Elsevier.

Essick, G.K., Bredehoeft, K.R., McLaughlin, D.F. & Szaniszlo, J.A. (1991). Directional sensitivity along
the upper limb in humans. Somatosens and Motor Research, 8(1), 13-22.

Essick, G.K. & Edin, B.B. (1995). Receptor encoding of moving tactile stimuli in humans. II. The mean
response of individual low-threshold mechanoreceptors to motion across the receptive field. J
Neurosci, 15(1), 2848-2864.

Essick, G.K., McGuire, M., Joseph, A. & Franzen, O. (1992). Characterization of the percepts evoked by
discontinous motion over the perioral skin. Somatosens Mot Res, 9(2), 175-184.

Essick, G.K. & Whitsel, B.L. (1988). The capacity of humans subjects to process directional information
provided at two skin sites. Somatosens Mot Res, 6(1), 1-20.

Essick, G.K. & Whitsel, B.L. (1993). The response of SI directionally selective neurons to stimulus
motion occuring at two sites within the receptive field. Somatosnesory and motor research,

10(2), 97-113.
ETSI (2002). Human Factors (HF); Guidelines on the multimodality of icons, symbols and pictograms.

European Telecommunications Standards Institute Guide EG 202 048. Sophia Antipolis, France:
ETSI.

European Commission (2000). Commission recommendation of 21 December 1999 on safe and efficient

in-vehicle information and communication systems: a European statement of principles on

human machine interface. Recommendation 2000/53/EC, European commission, Brussels.
Evans, P.M. (1987). Vibrotactile masking: temporal integration, persistence, and strengths of

representations. Perception & Psychophysics, 42(6), 515-525.
Evans, P.M. & Craig, J.C. (1992). Response competition: a major source of interference in a tactile

identification task. Perception & Psychophysics, 51(2), 199-206.
Fabri, M., Polonara, G., Salvolini, U. & Manzoni, T. (2005). Bilateral cortical representation of the trunk

midline in human first somatic sensory area. Human Brain Mapping, 25(3), 287-296.
Fairclough, S. & Maternaghan, M. (1993). Changes in drivers' visual behavior due to the introduction of

complex versus simple route navigation information. In: Visual search 2, pp. 419-431. Bristol,
PA: Taylor & Francis.

Fechner, G.T. (1860). Elemente der Psychophysik, Leipzig.



J.B.F. van Erp (2007). Tactile displays for navigation and orientation: perception and behaviour

162

Feinsod, M., Bach-y-Rita, P., Madey, J.M. & Simoes, E. (1973). "On" and "off" components in the human
somatosensory evoked response. Perception, 2(3), 377-383.

Fenton, R.E. (1966). An improved man-machine interface for the driver-vehicle system. IEEE

Transactions on Human Factors in Electronics HFE-7(4), 150-157.
Fishbein, H.D., Decker, J. & Wilcox, P. (1977). Cross-modality transfer of spatial information. The

British Journal of Psychology 68(4), 503-508.
Forbes, T.W. (1946). Auditory signals for instrument flying. Journal of Aeronautical Science, 13,

255-258.
Formby, C., Morgan, L.N., Forrest, T.G. & Raney, J.J. (1992). The role of frequency selectivity in

measures of auditory and vibrotatile temporal resolution. Journal of the Acoustical Society of

America, 91, 293-305.
Fraisse, P. (1978). Time and rhythm perception. In E. Carterette & M. Friedman (Eds.), Handbook of

perception VIII (pp. 203-254). New York: Academic Press.
Freides, D. (1974). Human information processing and sensory modality: cross-modal functions,

information complexity, memory, and deficit. Psychological Bulletin, 81, 5, 284-310.
Friederici, A.D. & Levelt, W.J. (1987). Resolving perceptual conflicts: the cognitive mechanism of spatial

orientation. Aviat Space Environ Med. 58(9 Pt 2), A164- A169.
Fuchs, J.L. & Brown, P.B. (1984). Two-point discriminability: Relation to properties of the

somatosensory system. Somatosensory research, 2(2), 163-169.
Gardner, E.P. (1984). Cortical neuronal mechanisms underlying the perception of motion across the skin.

In: C. von Euler, O. Franzén, U Lindblom & D. Ottoson (eds.) Somatosensory mechanisms. Pp.
93-112. New York: Plenum press.

Gardner, E.P., Hamalainen, H.A., Palmer, C.I. & Warren, S. (1989). Touching the outside world:
Representation of motion and direction whithin primary somatosensory cortex. In: J.S. Lund
(ed.): Sensory processing in the mamalian brain: Neural substrates and experimental strategies,
pp. 49-66. New York: Oxford University Press.

Gardner, E.P. & Palmer, C.I. (1989). Simulation of motion on the skin. I. Receptive fields and temporal
frequency coding by cutaneous mechanorecpetors of OPTACON pulses deliverd to the hand. J
Neurophysiol, 62(6), 1410-1436.

Gardner, E.P. & Palmer, C.I. (1990). Simulation of motion on the skin. III. Mechanisms used by rapidly
adapting cutaneous mechanoreceptors in the primate hand for spatiotemporal resolution and two-
point discrimination. J Neurophysiol, 63(4), 841-859.

Gardner, E.P., Palmer, C.I., Hamalainen, H.A. & Warren, S. (1992). Simulation of motion on the skin.
V. Effect of stimulus temporal frequency on the representation of moving bar patterns in primary
somatosensory cortex of monkeys. Journal of Neurophysiology, 67(1), 37-63.

Gardner, E.P. & Sklar, B.F. (1994). Discrimination of the direction of motion on the human hand: a
psychophysical study of stimulation parameters. J Neurophysiol, 71(6), 2414-1429.

Garner, W.R. & Gottwald, R.L. (1968). The perception and learning of temporal patterns. Quarterly

Journal of Experimental Psychology, 20, 97 - 107.
Gault, R.H. & Goodfellow, L.D. (1938). An emperical comparison of audition, vision, and touch in the

discrimination of temporal patterns and ability to reproduce them. Journal of General

Psychology, 18, 41 - 47.
Geldard, F.A. (1961). Cutaneous channels of communication. In W.A. Rosenblith (Ed.), Sensory

Communication, (pp. 73-87). New York: MIT Press / Wiley.
Geldard, F.A. (1975). Sensory saltation: Metastability in the perceptual world. Hillsdale (NJ): Erlbaum.
Geldard, F.A. (1982). Saltation in somesthesis. Psychological Bulletin, 92, 136-175.
Geldard, F.A. (1985). The mutability of time and space on the skin. J Acoust. Soc Am, 77(1), 233-237.
Geldard, F.A. & Sherrick, C.E. (1971). Cutaneous temporal acuity. Princeton Cutaneous Research Project

Report, 18. Princeton University.



References

163

Geldard, F.A. & Sherrick, C.E. (1972). The cutaneous "rabbit": A percpetual illusion. Science, 178,
178-179.

Geldard, F.A. & Sherrick, C.E. (1983). The cutaneous saltatory area and its presumed neural basis.
Perception & Psychophysics, 33, 299-304

Geldard, F.A. & Sherrick, C.E. (1986). Space, time and touch. Scientific American, 255(1), 90-95.
Gescheider, G.A. (1966). The resolving of successive clicks by the ears and skin. Journal of Experimental

Psychology, 71, 378 - 381.
Gescheider, G.A. (1967). Auditory and cutaneous temporal resolution of successive brief stimuli. Journal

of Experimental Psychology, 75, 570 - 572.
Gescheider, G.A. (1974). Temporal relations in cutaneous stimulation. In: Cutaneous communication

systems and devices, edited by F.A. Geldard. Austin, Tex.: The Psychonomic Society.
Gescheider, G.A., Bolanowski, S.J. & Verrillo, R.T. (1989). Vibrotactile masking: Effects of stimulus

onset asynchrony and stimulus frequency. Journal of Acoustical Society of America, 85(5),
2059-2064.

Gescheider, G.A., Bolanowski, S.J., Verrillo, R.T., Arpajian, D.J. & Ryan, T.F. (1990). Vibrotactile
intensity discrimination measured by three methods. Journal of Acoustical Society of America,

87(1), 330-338.
Gescheider, G.A. & Verillo, R.T. (1979). Vibrotactiel frequency characteristics as determined by adaption

and masking procedures. Sensory functions of the skin of humans, proceedings of the second

international symposium on skin senses 1978. Kenshalo, D.R. (eds), pp 183-205. New York:
Plenum press.

Gibson, J.J. (1950). The perception of the visual world. Boston: Houghton Mifflin.
Gillingham, K.K. (1992). The spatial disorientation problem in the United States Air Force. Journal of

Vestibular Research, 2, 297-306.
Gillingham, K.K. & Wolfe, J.W. (1985). Spatial Orientation in flight. USAF School of Aerospace

Medicine, Aerospace Medical Division, Brooks Air Force Base, TX 78235-5301, Technical
Report 85-31.

Gilson, R.D. & Fenton, R.E. (1974). Kinesthetic-tactual information presentations - inflight studies. IEEE

Transactions on Systems, Man and Cybernetics 4(6), 531-535.
Glasauer, S. & Mittelstaedt, H. (1998) Perception of spatial orientation in microgravity. Brain Research

Reviews, 28, 185-193.
Goble, A.K. & Hollins, M. (1993). Vibrotactile adaptation enhances amplitude discrimination. Journal

of Acoustical Society of America, 93(1), 418-424.
Goff, G.D. (1967). Differential discrimination of frequency of cutaneous mechanical vibration. Journal

of Experimental Psychology, 74(2), 294-299.
Goldstone, S., Boardman, W.K. & Lhamon, W.T. (1959). Intersensory comparisons of temporal

judgments. Journal of Experimental Psychology, 57, 243 - 248.
Goldstone, S. & Goldfarb, J. (1963). Judgment of filled and unfilled durations: Intersensory effects.

Perceptual & Motor Skills, 17, 763 - 774.
Goldstone, S. & Lhamon, W.T. (1971). Levels of cognitive functioning and the auditoryBvisual difference

in human timing behaviour. In: M.H. Appley (Ed.) Adaptaion level theory: A symposium. New
York: Academic press.

Goldstone, S. & Lhamon, W.T. (1972). Auditory-visual differences in human judgment. Perceptual &

Motor skills, 34, 623 - 633.
Goodfellow, L.D. (1934) An empirical comparison of audition, vision, and touch in the discrimination of

short intervals of time. American Journal of psychology, 46, 243-258.
Gottlieb, G. (1971). Ontogenesis of sensory function in birds and mammals. In: Tobach, E., Aronson,

L.R., Shaw, E. (eds.). The biopsychology of development. New York: Academic press.



J.B.F. van Erp (2007). Tactile displays for navigation and orientation: perception and behaviour

164

Gould, W.R., Vierck, C.J. & Luck, M.M. (1979). Cues supporting recognition of the orientation or
direction of movement of tactile stimuli. In: D.R. Kenshalo (ed.) Proceedings of the second

international symposium on the skin senses, pp. 63-73. New York: Plenum press.
Graybiel, A. & Kellogg, R.S. (1967). The inversion illusion and its probable dependence on otolith

function. Aerospace Med., 38, 1099-1103.
Green, B.G. (1977). The effect of skin temperature on vibrotactile sensitivity. Perception &

Psychophysics, 21(3), 243-248.
Green, B.G. & Craig, J.C. (1974). The roles of vibration amplitude and static force in vibrotactile spatial

summation. Perception & Psychophysics, 16(3), 503-507.
Greenspan, J.D. & Bolanowski, S.J. (1996). The psychophysics of tactile perception and its peripheral

physiological basis. In: L. Kruger (ed.) pain and touch. San Diego: Academic press.
Grondin, S. (1993). Duration discrimination of empty and filled intervals marked by auditory and visual

signals. Perception & Psychophysics, 54, 383-394.
Grondin, S. (1998). Judgements of the duration of visually marked empty time intervals: Linking

perceived duration and sensitivity. Perception & Psychophysics, 60, 319-330.
Grondin, S., Irvy, R.B., Franz, E., Perrault, L. & Metthe, L. (1996). Markers' influence on the duration

discrimination of intermodal intervals. Perception & Psychophysics, 58, 424-433.
Grossberg, S. & Rudd, M.E. (1992). Cortical dynamics of visual motion perception: short-range and

long-range apparent motion. Psychological review, 99(1), 78-121.
Guedry, F. E.(1974). Psychophysics of vestibular sensation. In: Benson, A.J. et al. (Eds.), Vestibular

System Part 2: Psychophysics, Applied Aspects and General Interpretations pp 44-45.. Berlin:
Springer Verlag,

Hadjikhani, N., Roland, P.E. (1998). Cross-modal transfer of information between the tactile and the
visual representations in the human brain: a positron emission tomographic study. J. Neurosci.

18(3), 1072–1084.
Haggard, P., Taylor-Clarke, M. & Kennett, S. (2003). Tactile perception, cortical representation and the

bodily self. Current Biology, 13(5), 170-173.
Hahn, J.F. (1965). Unidimensional compensatory tracking with a vibrotactile display. Perceptual and

Motor Skills, 21(3), 699-702.
Hahn, J.F. (1966). Vibrotactile adaptation and recovery measured by two methods. Journal of

Experimental Psychology, 71(5), 655-658.
Hahn, J.F. (1968). Low-frequency vibrotactile adaptation. Journal of Experimental Psychology, 78(4),

655-659.
Handel, S. & Buffardi, L. (1969). Using several modalities to perceive one temporal pattern. Quarterly

Journal of Experimental Psychology, 21, 256-266.
Harlow, H.F. & Zimmermann, R.R. (1959). Affectional responses in the infant monkey; orphaned baby

monkeys develop a strong and persistent attachment to inanimate surrogate mothers. Science,

130(3373), 421-432.
Haskell, I.D. & Wickens, C.D. (1993). Two- and three-dimensional displays for aviation: A theoretical

and empirical comparison. Int.J.Aviat.Psychol., 3(2), 87-109.
Hawkes, G.R., Deardorff, P.A. & Ray, W.S. (1977). Response delay effects with cross-modality duration

judgments. The journal of auditory research, 17, 55-57.
Helson, H. & King, S.M. (1931). The tau effect: an example of psychological relativity. Journal of

Experimental Psychology, 14, 202–217.
Hill, J.W. & Bliss, J.C. (1968a). Modelling a tactile sensory register. Perception & Psychophysics, 4(2),

91-101.
Hill, J.W. & Bliss, J.C. (1968b). Perception of sequentially presented tactile point stimuli. Perception &

Psychophysics, 4(5), 289-295.



References

165

Hirsh, I.J. & Sherrick, C.E. (1961). Perceived order in different sense modalities. Journal of Experimental

Psychology, 62(5), 423-432.
Ho, C. (2006). Multisensory aspects of the spatial cuing of driver attention. PhD thesis. University of

Oxford.
Ho, C., Reed, N. & Spence, C. (2006). Assessing the effectiveness of "intuitive" vibrotactile warning

signals in preventing front-to-rear-end collisions in a driving simulator. Accident Analysis &

Prevention, 38, 989-997.
Ho, C., Tan, H.Z. & Spence, C. (2005). Using spatial vibrotactile cues to direct visual attention in driving

scenes. Transportation Research Part F: Traffic Psychology and Behaviour, 8, 397-412.
Hollins, M., Delemos, K.A. & Goble, A.K. (1991). Vibrotactile adaptation on the face. Perception &

Psychophysics, 49(1), 21-30. 
Hollins, M., Goble, A.K., Whitsel, B.L. & Tommerdahl, M. (1990). Time course and action spectrum of

vibrotactile adaptation. Somatosensory and Motor Research, 7(2), 205-221.
Holmes, S.R. & Furnell, A. (2002). The influence of environmental and human factors on vibrotactile

perception (UC). Technical report QinetiQ/KI/CHS/WP021155. Farnborough: QinetiQ ltd.
Horner, D.T & Craig, J.C. (1989). A comparison of discrimination and identification of vibrotactile

patterns. Perception & Psychophysics, 45 (1), 21-30.
Horrey, W.J. & Wickens, C.D. (2006). Examining the Impact of Cell Phone Conversations on Driving

Using Meta-Analytic Techniques. Human Factors, 48(1), 196-205.
Hsiao, S.S. (1998). Similarities between touch and vision. In: J.W. Morley (ed.). Neural aspects of tactile

sensation, pp. 131-165. Amsterdam: Elsevier.
Hulin, W.B. (1927). An experimental study of apparent tactual movement. Journal of Experimental

psychology, 10(4), 293-320.
Hunter, I.M.L. (1954). Tactiel–kinaesthetic perception of straightness in blind and sighted humans.

Quarterly Journal of Experimental Psychology, 6, 149-154.
ISO (1999). ISO 13407:1999 Human-centred design processes for interactive systems. Geneva,

Switzerland: ISO
ISO (2006). Ergonomics of human-system interaction - Guidance on tactile and haptic interactions. ISO

Committee Draft 9241-920. October 2006. Geneva, Switzerland: ISO.
Iwamura, Y. (1998). Cortical representation of tactile functions. In: J.W. Morley (ed.). Neural aspects of

tactile sensation, pp. 195-238. Amsterdam: Elsevier.
Janssen, W.H., Kaptein, N.A. & Claessens, M. (2000). Behavior and safety when driving with in-vehicle

devices that provide real-time traffic information. Proceedings of ITS 99, Toronto, Canada.
Jenkin, H.L., Dyde, R.T., Zacher, J.E., Zikovitz, D.C., Jenkin, M.R., Allison, R.S., Howard, I.P. & Harris,

L.R. (2005). The relative role of visual and nonvisual cues in determining the perceived direction
of "up": experiments in parabolic flight, Acta Astronaut. 56 (9–12), 1025–1032.

Johansson, S.R. (1978). Tactile sensibility in the human hand: receptive field characteristics of
mechanoreceptive units in the glabrous skin area. Journal of Physiology, 281, 101-123.

Johansson, R.S. & Birznieks, I. (2004). First spikes in ensembles of human tactile afferent code complex
spatial fingertip events. Nature Neuroscience, 7(2), 170-177.

Johansson, R.S., Hger, C. & Backstrom, L. (1992). Somatosensory Control of Precision Grip during
Unpredictable Pulling Loads III: Impairments during Digital Anesthesia. Experimental Brain

Research, 89(1), 204-213.
Johansson, S.R., Landstrom, U. & Lundstrom, R. (1982). Responses of mechanoreceptive afferent units

in the glabrous skin of the human hand to sinusoidal skin displacements. Brain Research, 244,
17-25.

Johansson, R.S. & Vallbo, A.B. (1983). Tactile sensory coding in the glabrous skin of the human hand.
Trends in Neuroscience, 6, 27-31.



J.B.F. van Erp (2007). Tactile displays for navigation and orientation: perception and behaviour

166

Johnson, K.O. & Lamb, G.D. (1981). Neural mechanisms of tactile spatial discrimination: Neural patterns
evoked by Braille-like dot patterns in the monkey. Journal of physiology, 310, 117-144.

Johnson, K.O. & Phillips, J.R. (1981). Tactile spatial resolution. I. Two point discrimination, gap
detection, grating resolution, and letter recognition. Journal of Neurophysiology, 46(6),
1177-1191.

Jones, M.B. & Vierck, C.J. (1973). Length discrimination on the skin. American Journal of Psychology,

86, 49-60.
Kaas, J.H. (1984). The organization of somatosensory cortex in primates and other mammals. In: C. von

Euler, O. Franzén, U Lindblom & D. Ottoson (eds.) Somatosensory mechanisms. Pp. 51-59. New
York: Plenum press.

Kaas, J.H., Nelson, R.J., Sur, M., Dykes, R.W. & Merzenich, M.M. (1984). The somatotopic organization
of the ventroposterior thalamus of the squirrel monkey, Saimiri sciureus. Journal of comparative

neurology, 226, 111-140.
Kaas, J.H., Nelson, R.J., Sur, M., Lin, C.S. & Merzenich, M.M. (1979). Multiple representations of the

body within the primary somatosensory cortex of primates. Science, 204, 521-523.
Kadkade, P.P., Benda, B.J., Schmidt, P.B. & Wall, C. 3rd (2003). Vibrotactile display coding for a

balance prosthesis. IEEE transactions on neural systems and rehabilitation engineering, 11(4),
392-399.

Kanabus, M., Szelag, E., Rojek, E. & Poppel, E. (2002). Temporal order judgement for auditory and
visual stimuli. Acta neurobiologiae experimentalis, 62(4):263-70.

Kandel, E.R. & Jessell, T.M. (1991). Touch. In: E.R. Kandel, J.H. Schwartz & T.M. Jessell, Principles

of neural science, pp. 367-384. Amsterdam: Elsevier.
Kappers, A.M. & Koenderink, J.J. (1999). Haptic perception of spatial relations. Perception, 28(6),

781-95.
Kentala, E., Vivas, J. & Wall, C. 3rd. (2003). Reduction of postural sway by use of a vibrotactile balance

prosthesis prototype in subjects with vestibular deficits. The annals of otology, rhinology, and

laryngology, 112(5), 404-409.
Kornilova, L.N. (1997). Orientation illusions in spaceflight. J Vestib Res. 7(6), 429-439.
Kilgard, M.P. & Merzenich, M.M. (1995). Anticipated stimuli across the skin. Nature, vol. 373, 663.
Kim, W.S., Ellis, S.R., Hannaford, B., Tyler, M., M.W. & Stark, L. (1987). A quantitative evaluation of

perspective and stereoscopic displays in three axis manual tracking tasks. IEEE Transactions on

Systems, Man, and Cybernetics, 17(1), 61-71.
Kirman, J.H. (1973). Tactile communication of speech: A review and analysis. Psychological bulletin,

80, 54 - 74.
Kirman, J.H. (1974a). Tactile apparent movement: the effect of interstimulus onset interval and stimulus

duration. Perception & Psychophysics, 15(1), 1-6.
Kirman, J.H. (1974b). The effect of number of stimulators on the optimal interstimulus onset interval in

tactile apparent movement. Perception and Psychophysics, 17(3), 263-267.
Kirman, J.H. (1983). Tactile apparent movement: The effects of shape and type of motion. Perception &

Psychophysics, 34(1), 96-102.
Kirman, J.H. (1984). Forward and backward tactile recognition masking. Journal of General Psychology,

111, 83-99. 
Kolers, P.A. & Brewster, J.M. (1985). Rhythms and Responses. Journal of Experimental Psychology:

Human Perception and Performance, 11, 150-167.
Lackner, J.R. (1992). Spatial orientation in weightless environments. Perception, 21(6), 803-812.
Lackner, J.R. & DiZio, P. (1993). Multisensory, cognitive, and motor influences on human spatial

orientation in weightlessness. Journal of Vestibular Research, 3(3), 361-372.



References

167

Lakatos, S. & Shepard, R.N. (1997). Constraints common to apparent motion in visual, tactile, and
auditory space. Journal of Experimental Psychology: Human Perception and Performance,

23(4), 1050-1060.
Lamb, G.D. (1983a). Tactile discrimination of textured surfaces: Peripheral neural coding in the monkey.

Journal of Physiology (London), 338, 567-587.
Lamb, G.D. (1983b). Tactile discrimination of textured surfaces: Psychophysical performance measures

in humans. Journal of Physiology (London), 338, 551-565.
LaMotte, R.H. & Whitehouse, J. (1986). Tactile detection of a dot on a smooth surface: Peripheral neural

events. Journal of neuroscience, 56, 1109-1128.
Lechelt, E.C. (1974). Pulse number discrimination in tactile spatio-temporal patterns. Perceptual and

Motor Skills, 39, 815-822.
Lechelt, E.C. & Verenka, A. (1980). Spatial anisotropy in intramodal and cross-modal judgments of

stimulus orientation: the stability of the oblique effect. Perception 9(5), 581-589.
Lederman, S.J. & Taylor, M.M. (1969). Perception of interpolated position and orientation by vision and

active touch. Perception and Psychophysics, 29, 37-46.
Lederman, S.J., Klatzky, R.L., Chataway, C. & Summers, C.G. (1990). Visual mediation and the haptic

recognition of two-dimensional pictures of common objects. Perception & Psychophysics, 47(1),
54-64.

Lederman, S.J., Klatzky, R.L., Collins, A. & Wardell, J. (1987). Exploring environments by hand or foot:
time-based heuristics for encoding distance in movement space. Journal of Experimental

Psychology: General, 13, 606-614.
Lerner, E.A. & Craig, J.C. (2002). The prevalence of tactile motion afterefects. Somatosensory & Motor

Research, 19(1), 24-29.
Lessard, C.S., Stevens, K., Maidment, G. & Oakley, C. (2000). Comparison of optokinetic scene effects

on the somatogyral illusion. SAFE Journal, 30(1), 140-55.
Lhamon, W.T. & Goldstone, S. (1974). Studies of auditory-visual differences in human time judgment:

2. More transmitted information with sounds than lights. Perceptual & Motor Skills, 39, 295 -
307.

Lipton, M.L., Fu, K.G., Branch, C.A. & Schroeder, C.E. (2006). Ipsilateral hand input to area 3b revealed
by conveeging hemodynamic and electrophysiological analyses in Macaque monkeys. Journal

of Neuroscience, 26(1), 180-185.
Lloyd, D.M., Bolanowski, S.J., Howard, L. & McGlone, F. (1999). Mechanisms of attention in touch.

Somatosens. Motor Res. 16(1), 3–10.
Loe, P.R., Whitsel, B.L., Dreyer, D.A. & Metz, C.B. (1977). Body representations in ventrobasal

thalamus of macaque: a single-unit analysis. Journal of neurophysiology, 40, 1339-1355.
Loomis, J.M. & Collins, C.C. (1978). Sensitivity to shifts of a point stimulus: An instance of tactile

hyperacuity. Perception & Psychophysics, 24, 487-492.
Lowenstein, W.R. (1971). Mechano-electrical transduction in the Pacinian corpuscle: Initiation of sensory

impulses in mechanoreceptors. In: W.R. Lowenstein (ed.), handbook of sensory physiology:

Principles of receptor physiology (Vol. I). New York: Springer Verlag.
Luce, R.D. & Galanter, E. (1963). Discrimination. In R. D. Luce, R. R. Bush, & E. Galanter (Eds.),

Handbook of mathematical psychology (Vol. 1), pp. 191-243. New York: Wiley.
Mahns, D.A., Perkins, N.M., Sahai, V., Robinson, L. & Rowe, M.J. (2005). Vibrotactile frequency

discrimination in human hairy skin. J. Neurophysiology, 2005 Nov 30 (Epub).
Makoes, J.C., Gescheider, G.A. & Bolanowski, S.J. (1996). The effects of static skin indentation on

vibrotactile threshold. Journal of Acoustical Society of America, 99(5), 3149-3153.
Liu, Y.C. (2001). Comparative study of the effects of auditory, visual and multimodality displays on

drivers' performance in advanced traveller information systems. Ergonomics, 44(4), 425-442.



J.B.F. van Erp (2007). Tactile displays for navigation and orientation: perception and behaviour

168

Mazoni, T., Barbaresi, P., Conti, F. & Fabri, M. (1989). The callosal connections of the primary
somatosensory cortex and the neural bases of midline fusion. Experimental Brain Research, 76,
251-266.

Martens, M.H. & Van Winsum, W. (2000). Measuring distraction: the Peripheral Detection Task.
Proceedings NHTSA: Internet Forum on the safety impact of driver distraction when using

in-vehicle technologies.
Martens, M.H. & Van Winsum, W. (2001). Effects of speech versus tactile support messages on driving

behaviour and workload. Proceedings of the 17th International Technical Conference on

Enhanced Safety of Vehicles, Amsterdam.
Martin, J.H. & Jessell, T.M. (1991). Modalitycoding in the somatic sensory system. In: E.R. Kandel, J.H.

Schwartz & T.M. Jessell, Principles of neural science. 3rd edition, pp. 341-352. New York:
Elsevier.

Massimino, M.J. & Sheridan, T.B. (1992). Sensory substitution for force feedback in teleoperation. In
H.G. Stassen (Ed.), Preprints of the 5th IFAC Symposium on Analysis, Design, and Evaluation

of Man-Machine Systems, The Hague, The Netherlands, pp. 1.1.2.1 - 1.1.2.6.
Mattes, S. & Ulrich, R. (1998). Directed attention prolongs the perceived duration of a brief stimulus.

Perception & Psychophysics, 60(8), 1305-1317.
McGrath, B.J., Estrada, A., Braithwaite, M.G., Raj, A.K. & Rupert, A.H. (2004). Tactile Situation

Awareness System Flight Demonstration Final Report (Rep. No. 2004-10). Pensacola, U.S.A.:
Naval Aerospace Medical Research Laboratory.

McKee, S.P. & Taylor D.G. (1984). Discrimination of time: comparison of foveal and peripheral
sensitivity. Journal of the Opt. Soc. Am. A, 1(6), 620-627.

Melzack, R. & Wall, P.D. (1962). On the nature of cutaneous sensory mechanisms. Brain, 85, 331-356.
Merlo, J.L., Terrence, P.I., Stafford, S., Gilson, R., Hancock, P.A., Redden, E.R., Krausman, A., Carstens,

C.B., Pettitt, R. & White, T.L. (2006). Communicating through the use of vibrotactile displays
for dismounted and mounted soldiers. Proceedings of the 25th Army Science Conference,

Orlando FL Nov 27-30, 2006.
Merzenich, M.M. & Kaas, J.H. (1980). Principles of organization of sensory-perceptual systems in

mammals. In J. M. Sprague & A. N. Epstein (Eds.), Progress in psychobiology and physiological

psychology (Vol. 9), pp. 1-42. Orlando, FL: Academic.
Miller, G.A. (1956). The magical number seven, plus or minus two: Some limitations on our capacity for

processing information. Psychological Review, 63, 81-97.
Mittelstaedt, H. & Glasauer, S. (1993) Crucial effects of weightlessness on human orientation. Journal

of Vestibular Research, 3, 307-314.
Miura, T. (1986). Coping with situational demands: A study of eye movements and peripheral vision

performance. In: A.G. Gale (ed.), Vision in Vehicles, pp. 205-216. Amsterdam: Elsevier.
Montagu, A. (1972). Touching: The human significance of the skin. New York: Harper & Row

Publishers.
Montello, D.R., Richardson, A.E., Hegaty, M. & Provenza, M. (1999). A comparison of methods for

estimating directions in egocentric space. Perception, 28, 981- 1000.
Monzee, J., Lamarre, Y. & Smith, A.M. (2003). The Effects of Digital Anesthesia on Force Control Using

a Precision Grip. J. Neurophysiology, 89(2), 672-683.
Moore, C.I., Blake, D.T., Coq, J.O., Strata, F., Garabedian, C.E., Dale, A. & Merzenich, M.M. (2002).

A cognitive neuroscience approach to tactile apparent motion. Abstracts for the Cognitive

Neuroscience Society Meeting.
Mountcastle, V.B. (1984). Neural mechanisms in somesthesis: recent progress and future problems. In:

C. von Euler, O. Franzén, U Lindblom & D. Ottoson (eds.) Somatosensory mechanisms. Pp.
3-16. New York: Plenum press.



References

169

Nafe, J.P. (1934). The pressure, pain, and temperature senses. In: C.A. Murchinson (Ed.), handbook of

general experimental psychology. Worcester, MA: Clark University Press.
Nafe, J.P. & Kenshalo, D.R. (1962). Somesthetic senses. Annual review of Psychology (Vol. 13), pp. 201-

224. Palo Alto, CA: Annual Reviews.
Naito, E. (2002). Perceptual distortion of intrapersonal and near-personal space sensed by proprioception.

Perceptual and Motor Skills, 94(2), 499-505.
Nikolic, M.I. & Sarter, N.B. (2001). Peripheral visual feedback: a powerful means of supporting effective

attention allocation in event-driven, data-rich environments. Human Factors, 43(1):30-38.
Norrsell, U. & Olausson, H. (1994). Spatial cues serving the tactile directional sensibility of the human

forearm. J Physiol (Lond), 478(3), 533-540.
O'Mara, S., Rowe, M.J. & Tarvin, R.P.C. (1988). Neural mechanisms in vibrotactle adaptation. Journal

of Neurophysiology, 59, 607-622.
Olausson, H. (1994). The influence of spatial summation on human tactile directional sensibility.

Somatosens Mot Res, 11(4), 305-310.
Ono, H., Mapp, A.P. & Howard, I.P. (2002). The cyclopean eye in vision: the new and old data continue

to hit you right between the eyes. Vision Research, 42(10), 1307-1324.
Palmer, C.I. & Gardner, E.P. (1990). Simulation of motion on the skin. IV. Responses of Pacinian

corpuscle afferents innervating the primate hand to stripe patterns on the OPTACON. J

Neurophysiol, 62(1), 236 - 247.
Parkes, A.M. & Coleman, N. (1990). Route guidance systems: A comparison of methods of presenting

directional information to the driver. In: E.J. Lovesey (Ed.) Ergonomics - setting standards for

the ‘90's. London: Taylor & Francis, pp. 480-485.
Petrosino, L. & Fucci, D. (1989). Temporal resolution of the aging tactile sensory system. Perceptual and

Motor Skills, 68, 288-290.
Pohlmann, S. & Traenkle, U. (1994). Orientation in road traffic. Age-related differences using an

in-vehicle navigation system and a conventional map. Accident Analysis & Prevention, 26(6),
689-702.

Pongratz, H., Vaic, H., Reinecke, M., Ercoline, W. & Cohen, D. (1999). Outside-in vs. inside-out: flight
problems caused by different flight attitude indicators. SAFE Journal, 29(1), 7-11.

Prevett, T.T. & Wickens, C.D. (1994). Perspective displays and frame of reference: their independence

to realize performance advantages over planar displays in a terminal area navigation task.
Technical report ARL-94-8/NASA-94-3, Aviation Research Laboratory, Institute of Aviation,
Illinois.

Previc, F.H. & Ercoline, W.R. (1999). The 'outside-in' attitude display concept revisited. International

Journal of Aviation Psychology, 9(4), 377-401.
Prinzmetal, W., McCool, C. & Park, S. (2005). Attention: Reaction time and accuracy reveal different

mechanisms. Journal of Experimental Psychology: General, 134, 73-92.
Priplata, A.A., Patritti, B.L., Niemi, J.B., Hughes, R., Gravelle, D.C., Lipsitz, L.A., Veves, A., Stein, J.,

Bonato, P. & Collins, J.J. (2006). Noise-enhanced balance control in patients with diabetes and
patients with stroke. Ann Neurol, 59(1), 4-12.

Provins, K.A. & Morton, R. (1960). Tactile discrimination and skin temperature. Journal of applied

physiology, 15, 155-160.
Raj, A. K., Kass, S. J. & Perry, J. F. (2000). Vibrotactile displays for improving spatial awareness. In:

Proceedings of the Human Factors and Ergonomics Society Annual Meeting. Santa Monica, CA:
Human Factors and Ergonomic Society.

Raj, A.K., Suri, N., Braithwaite, M.G. & Rupert, A.H. (1998). The tactile situation awareness system in
rotary wing aircraft: Flight test results. In: Proceedings of the RTA/HFM Symposium on Current

Aeromedical Issues in Rotary Wing Operations, pp. 16-1 - 16.7. Neuilly-sur-Seine, France: RTO
NATO.



J.B.F. van Erp (2007). Tactile displays for navigation and orientation: perception and behaviour

170

Ramsey, K.L. & Simmons, F.B. (1993). High-powered automobile stereos. Otolaryngology Head and

Neck Surgery, 109, 108-110.
Rasmussen, J. (1982). Human Errors. A taxonomy for Describing Human Malfunction in Industrial

Installations. Journal of Occupational Accidents, 4, 311-333.
Rasmussen, J. (1983). Skills, Rules, and Knowledge; Signals, Signs, and Symbols, and Other Distinctions

in Human Performance Models. IEEE Transactions on Systems, Man, and Cybernetics, Vol.

SMC-13, 3.
Ray, R.H., Mallach, L.E. & Kruger, L. (1985). The response of single guard and down hair

mechanoreceptors to moving air-jet stimulation. Brain Research, 346, 333-347.
Rhotenberg, M., Verillo, R.T., Zahorian, S.A., Brachman, M.L. & Bolanowski, S.J. (1977). Vibrotactile

frequency for encoding a speech parameter. Journal of the Acoustical Society of America, 62,
1003-1012.

Rochlis, J.L. & Newman, D.J. (2000). A tactile display for International Space Station (ISS) Extra
vehicular Activity (EVA). Aviation, Space, and Environmental Medicine, 71(6), 571-578.

Roelofs, C.O. (1959). Considerations on the visual egocentre. Acta Psychologica, 16, 226-234.
Romo, R., Zainos, A., Merchant, H., Hernández, A. & García, W. (1998). Processing of somesthetic

stimuli in primate sensory-motor cortex. In: J.W. Morley (ed.). Neural aspects of tactile

sensation, pp. 239-273. Amsterdam: Elsevier.
Rosas, P., Wagemans, J., Ernst, M.O. & Wichmann F.A. (2005). Texture and haptic cues in slant

discrimination: reliability-based cue weighting without statistically optimal cue combination. J
Opt Soc Am A Opt Image Sci Vis. 22(5) 801-809.

Roscoe, S.N. (1968). Airborne displays for flight and navigation. Human Factors, 10(4), 321-332.
Roscoe, S.N. (1997). Horizon control reversals and the graveyard spiral: Did a human control reversal

cause the 1994 USAir crash near Pittsburgh? CSERIAC Gateway, 7(3), 1-4.
Rubin, E. (1936). Haptische Untersuchungen. Acta Psychologica, 1, 285-300.
Ruff, H.A., Narayanan, S. & Draper, M.H. (2002). Human interaction with levels of automation and

decisionaid fidelity in the supervisory control of multiple simulated unmanned aerial vehicles.
Presence, 11, 335-351.

Rumar, K. (1990). The basic driver error: late detection. Ergonomics, 33, 1281-1290.
Rupert, A.H. (2000a). An instrumentation solution for reducing spatial disorientation mishaps. IEEE

Engineering in Medicine and Biology, 19, 71-80.
Rupert, A.H. (2000b). Tactile situation awareness system: proprioception prostheses for sensory

deficiencies. Aviation Space and Environmental Medicine, 71, A92-A99.
Rupert, A.H., Guedry, F.E. & Reschke, M.F. (1993). The use of a tactile interface to convey position and

motion perceptions. AGARD meeting proceedings on 'Virtual interfaces: research and

applications'. Neuilly-sur-Seine, France: RTO NATO.
Schneider, W. & Fisk, A.D. (1982). Degree of consistent training: improvements in search performance

and automatic process development. Perception & Psychophysics, 31(2), 160-168.
Schneider, W. & Shiffrin, R.M. (1977). Controlled and automatic human information processing: I.

Detection, search, and attention. Psychological Review, 84, 1-66.
Sebel A.J. & Wilsoncroft, W.E. (1983). Auditory and visual differences in time perception. Perceptual

& Motor Skills, 57(1), 295-300.
Seeley, H.F. & Bliss, J.C. (1966). Compensatory tracking with visual and tactile displays. IEEE

Transactions on Human Factors in Electronics 7(2), 84-90.
Selcon, S.J., Taylor, R.M. & Shadrake, R.A. (1992). Multi-modal cockpit warnings: pictures, words, or

both? Proceedings of the Human Factors and Ergonomics Society 36th annual meeting (pp.
57-61). Santa Monica, CA.

Shaffer, D.R. (1989). Developmental psychology. 2nd edition, p152. Pacific Grove, CA: Brooks/Cole
publishing.



References

171

Sheridan, T.B. (1992). Telerobotics, Automation, and Human Supervisory Control, MIT Press.
Sherrick, C.E. (1964). Effects of double simultaneous stimulation of the skin. American Journal of

Psychology, 77(1), 42-53.
Sherrick, C.E. (1968a). Bilateral apparent haptic movement. Perception & Psychophysics, 4(3), 159-160.
Sherrick, C.E. (1968b). Studies of apparent tactual movement. In D.R. Kenshalo (Ed.), The Skin Senses,

(pp. 331-344). Springfield, IL: C.C. Thomas.
Sherrick, C.E. (1985). A scale for rate of tactual vibration. Journal of the acoustical society of America,

78, 78-83.
Sherrick, C.E. & Cholewiak, R.W. (1986). Cutaneous sensitivity. In Boff, K.R., Kaufman, L. & Thomas,

J.P.: Handbook of perception and human performance (pp. 12-1 – 12-57). New York: John
Wiley and sons.

Sherrick, C.E., Cholewiak, R.W. & Collins, A.A. (1990). The localization of low- and high-frequency
vibrotactile stimuli. Journal of Acoustical Society of America, 88(1), 169-178.

Sherrick, C.E. & Rogers, R. (1966). Apparent haptic movement. Perception & Psychophysics, 1(6),
175-180.

Shiffrin, R.M. & Schneider, W. (1977). Controlled and automatic human information processing: II.
Perceptual learning, automatic attending and a general theory. Psychol.Rev., 84(2), 127-190.

Shimono, K., Higashiyama, A. & Tam, W.J. (2001). Location of the egocenter in kinesthetic space.
Journal of Experimental Psychology: Human Perception and Performance, 27(4), 848-861.

Sinclair, D.C. (1967). Cutaneous sensation. London: Oxford University Press.
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 coordination in event-driven domains. Human Factors 41(4), 543-452.
Soechting, J.F. & Flanders, M. (1982). Sensorimotor representations for pointing to targets in

three-dimensional space. Journal of Neurophysiology, 62(2), 582-594.
Soechting, J.F. & Flanders, M. (1992). Moving in three–dimensional space: frames of reference, vectors,

and coordinate systems. Annual rev. Neurosci.; 15, 167-191.
Sparks, D.W. (1979). The identification of the direction of electrocutaneous stimulation along lineal

multistimulator arrays. Perception & Psychophysics, 25(2), 80-87.
Spence, C. (2001). Crossmodal attentional capture: A controversy resolved? In: Attention, distraction and

action: Multiple perspectives on attentional capture, (Eds. C.L. Folk and B.S. Gibson) pp.
231-262.

Spence, C. & Driver, J. (1994). Covert spatial orienting in audition: Exogenous and endogenous
mechanisms. Journal of Experimental Psychology: Human Perception and Performance, 20,
555-574.

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.

Spence, C. & McGlone, F.P. (2001). Reflexive spatial orienting of tactile attention. Experimental Brain

Research, 141(3), 324-330.
Spence, C., Nicholls, M.E., Gillespie, N. & Driver, J. (1998). Cross-modal links in exogenous covert

spatial orienting between touch, audition, and vision. Perception & Psychophysics, 60(4),
544-557.

Spence, C. & Read, L. (2003). Speech shadowing while driving: On the difficulty of splitting attention
between eye and ear. Psychological Science, 14, 251-256.

Spence, C., Shore, D.I. & Klein, R.M. (2001). Multisensory prior entry. Journal of Experimental

Psychology General, 130(4), 799-832.
Stein, B.E. & Meredith, M.A. (1993). The Merging of the Senses. Massachusetts: the MIT Press.



J.B.F. van Erp (2007). Tactile displays for navigation and orientation: perception and behaviour

172

Stelmach, L.B. & Herdman, C.M. (1991). Directed attention and perception of temporal order. Journal

of Experimental Psychology, Human Perception and Performance, 17(2), 539-550.
Stevens, J.C. (1982). Temperature can sharpen tactile acuity. Perception & Psychophysics, 31(6),

577-580.
Stevens, J.C. & Choo, K.K. (1996). Spatial acuity of the body surface over the life span. Somatosensory

and Motor Research, 13(2), 153-166.
Stevens, J.C., Cruz, L.A., Marks, L.E. & Lakatos, S. (1998). A multimodal assessment of sensory

thresholds in aging. Journal of Gerontology Series B: Psychological Sciences and Social

Sciences, 53(4), 263-272.
Strayer, D.L., Drews, F.A. & Johnston, W.A. (2003). Cell phone-induced failures of visual attention

during simulated driving. Journal of Experimental Psychology: Applied, 9, 23-32.
Strayer, D.L. & Johnston, W.A. (2001). Driven to distraction: Dual-task studies of simulated driving and

conversing on a cellular telephone. Psychological Science, 12, 462-466.
Streeter, L.A., Vitello, D. & Wonsiewicz, S. (1986). How to tell people where to go: comparing

navigational aids. International Journal of Man-Machine Interaction 22, 549-562.
Streri, A. & Pecheux, M. (1986). Tactual habituation and discrimination of form in infancy: A comparison

with vision. Child Development, 57, 100-104.
Summers, D.C. & Lederman, S.J. (1990). Perceptual asymmetries in the somatosensory system: a

dichhaptic experiment and critical review of the literature from 1929 to 1986. Cortex,

26(2):201-226.
Sur, M., Nelson, R.J. & Kaas, J.H. (1978). The representation of the body surface in somatosensory area

I of the grey squirrel. Journal of comparative neurology, 179, 425-449.
Sur, M., Nelson, R.J. & Kaas, J.H. (1982). The representation of the body surface in cortical areas 3b and

1 of squirrel monkeys: comparison with other primates. Journal of comparative neurology, 211,
177-192.

Tan, H.Z., Gray, R., Young, J.J. & Traylor, R. (2003). A haptic back display for attentional and
directional cueing. Haptics-e, 3 (1). http://www.haptic-e.org.

Tan, H.Z., Lim, A & Traylor, R. (2000). A psychophysical study of sensory saltation with an open
response paradigm. In S.S. Nair (ed.), Proceedings of the 9th International Symposium on

Haptic Interfaces for Virtual Environment and Teleoperator Systems. American Society of
Mechanical Engineers Dynamic Systems and Control Division, 69 (2), 1109-1115.

The National Academy of Sciences (1988). Sensorymotor integration. In: A strategy for research in space

biology and medicine into the next century, pp 63-66.
Traylor, R. & Tan, H.Z. (2002). Development of a wearable Haptic Display for Situation Awareness in

Altered-gravity Environment: Some Initial Findings. Proceedings of the 10th Symposium on

Haptic Interfaces for Virtual Environment and Teleoperator Systems. IEEE Computer Society.
Triggs, T.J., Levison, W.H. & Sanneman, R. (1974). Some experience with flight-related electrocutaneous

and vibrotactile displays. In: F.A. Geldard (Ed.): Cutaneous communication systems and devices,
pp. 57-64. Austin, TX: Psychonomic Society.

Tsang, P.S. & Vidulich, M.A. (1987). Time-sharing visual and auditory tracking tasks. Proceedings of the

Human Factors Society 31st Annual Meeting. Santa Monica, CA: The Human Factors Society,
pp. 253-257.

Turman, A.B., Morley, J.W. & Rowe, M.J. (1998). Fuctional organization of the somatosensory cortex
in the primate. In: J.W. Morley (ed.). Neural aspects of tactile sensation, pp. 167-193.
Amsterdam: Elsevier.

Valbo, Å.B., Olausson, H., Wessberg, J. & Kakuda, N. (1995). Receptive field characteristics of tactile
units with myelinated afferents in hairy skin of human subjects. Journal of Physiology, 483(3),
783-795.



References

173

Van Doren, C.L. (1990). The effects of a surround on vibrotactile thresholds: evidence for spatial and
temporal independence in the non-Pacinian I channel. Journal of Acoustical Society of America,

87(6), 2655-2661.
Van Doren, C.L., Gescheider, G.A. & Verillo, R.T. (1990). Vibro-tactile temporal gap detection as a

function of age. J. Acoust. Soc. Am., 87, 2201 - 2206.
Van Erp, J.B.F. (2000). Direction estimation with vibro-tactile stimuli presented to the torso: a search

for tactile egocentre. Report TM-00-B012. Soesterberg, the Netherlands: TNO Human Factors.
Van Erp, J.B.F. (2001a). Tactile navigation display. In: S. Brewster, R. Murray-Smith (Eds.): Haptic

Human-Computer Interaction. Lecture notes in computer science Vol. 2058, pp. 165-173. Berlin
Heidelberg: Springer Verlag.

Van Erp, J.B.F. (2001b). Effect of timing parameters on the vibrotactile spatial acuity of the torso.
(Report TM-01-A061). Soesterberg, The Netherlands: TNO Human Factors Research Institute.

Van Erp, J.B.F. (2002a). Guidelines for the use of vibro-tactile displays in Human Computer Interaction.
Proceedings of Eurohaptics 2002 (pp. 18-22). Eds. S.A. Wall, B. Riedel, Crossan, A. & McGee,
M.R. Edinburgh: University of Edinburgh.

Van Erp, J.B.F. (2002b). Multiple processing systems for vibrotactile spatiotemporal patterns. Report
TM-03-B008. Soesterberg, The Netherlands: TNO Human Factors.

Van Erp, J.B.F. (2004). Functional model for the processing of vibrotactile spatiotemporal patterns.
Report TM-04-B004. Soesterberg, The Netherlands: TNO Human Factors.

Van Erp, J.B.F. (2005a). Presenting Directions with a Vibro-Tactile Torso Display. Ergonomics, 48,
302-313.

Van Erp, J.B.F. (2005b). Vibrotactile spatial acuity on the torso: effects of location and timing parameters.
Proceedings of Worldhaptics, pp. 80-85. Los Alamitos, CA: IEEE Computer Society.

Van Erp, J.B.F. (2006a). Tactile Displays: Spin-off From the Military Cockpit to Uninhabited Vehicles.
Proceedings of the NATO HFM Symposium "Human Factors of Uninhabited Military Vehicles

as Force Multipliers", Biarritz, France. RTO-MP-HFM-135. Neuilly-sur-Seine Cedex, France:
NATO RTO.

Van Erp, J.B.F. (2006b). The multi-dimensional nature of encoding Tactile and Haptic Interactions: from
psychophysics to design guidelines. Proceedings of the 50th annual meeting of the Human

Factors and Ergonomics Society meeting, San Francisco. Santa Monica: Human Factors and
Ergonomics Society.

Van Erp, J.B.F., Bos, J.E., Groen, E. & Van Veen, H.A.H.C. (2003). A tactile suit as instrument to

counteract spatial disorientation. Report TM-03-A. Soesterberg, the Netherlands: TNO Human
Factors.

Van Erp, J.B.F., Carter, J. & Andrew, I. (2006). ISO's Work on Tactile and Haptic Interaction Guidelines.
Proceedings of Eurohaptics 2006, July Paris, pp. 467-470.

Van Erp, J.B.F. & Duistermaat, M. (2005). Tactile guidance for land navigation. Report TNO-DV3
2005-C 013. Soesterberg, The Netherlands: TNO.

Van Erp, J.B.F., Groen, E.L., Bos, J.E. & Van Veen, H.A.H.C. (2006). A Tactile Cockpit Instrument
Supports the Control of Self-Motion During Spatial Disorientation. Human Factors, 48(2),
219-228.

Van Erp, J.B.F. & Kappé, B. (1997). Ecological display design for the control of unmanned airframes.
In: M.J. Smith, G. Salvendy, R.J. Koubek (eds.) Advances in Human Factors/Ergonomics, 21B
Design of computing systems: social and ergonomics considerations (pp 267-270). Amsterdam:
Elsevier Science.

Van Erp, J.B.F., Kooi, F.L., Bronkhorst, A., Van Leeuwen, D.L., Van Esch, M. & Van Wijngaarden, S.J.
(2006). Multimodal interfaces: a framework based on modality appropriateness. Proceedings of

the HFES 50th annual meeting. Santa Monica: Human Factors and Ergonomics Society.



J.B.F. van Erp (2007). Tactile displays for navigation and orientation: perception and behaviour

174

Van Erp, J.B.F. & Oving, A.B. (2002). Control performance with three translational degrees of freedom.
Human Factors 44(1), 144-155.

Van Erp, J.B.F. & Padmos, P. (2003). Image parameters for driving with indirect viewing systems.
Ergonomics, 46(15), 1471-1499.

Van Erp, J.B.F., Ruijsendaal, M. & Van Veen, H.A.H.C.(2005). A tactile torso display improves

orientation awareness in microgravity: a case study in the ISS, Report DV3 2005 A22,
Soesterberg, The Netherlands: TNO Human Factors.

Van Erp, J.B.F., Saturday, I. & Jansen, C. (2006). Application of tactile displays in sports: where to, how
and when to move. Proceedings of Eurohaptics 2006, July Paris, pp 105-109.

Van Erp, J.B.F. & Spapé, M.M.A. (2003). Distilling the underlying dimensions of tactile melodies.
Proceedings of Eurohaptics 2003, pp. 111-120. Dublin Ireland: Trinity College.

Van Erp, J.B.F. & Van den Dobbelsteen, J.J. (1998). On the design of tactile displays. Report
TM-98-B012. Soesterberg, The Netherlands: TNO Human Factors Research Institute.

Van Erp, J.B.F. & Van Veen, H.A.H.C. (2001). Vibro-Tactile Information Presentation in Automobiles.
Proceedings of Eurohaptics 2001. Birmingham: University of Birmingham.

Van Erp, J.B.F. & Van Veen, H.A.H.C. (2002). Localizing tactile stimuli on the torso. Report 2002 A010.
Soesterberg, The Netherlands: TNO Human Factors.

Van Erp, J.B.F. & Van Veen, H.A.H.C. (2003). A Multi-purpose Tactile Vest for Astronauts in the
International Space Station. Proceedings of Eurohaptics 2003, pp. 405-408. Dublin Ireland:
Trinity College.

Van Erp, J.B.F. & Van Veen, H.A.H.C. (2004). SUIT – Experimenteren met een trilvest in de ruimte.
Ruimtevaart, 53(2), 22-24.

Van Erp, J.B.F. & Van Veen, H.A.H.C. (2004). Vibrotactile in-vehicle navigation system. Transportation

Research part F: Human Factors, 7, 247-256.
Van Erp, J.B.F. & Van Veen, H.A.H.C. (2006). Touch down: the effect of artificial touch cues on

orientation in microgravity. NeuroScience Letters, 404, 78-82.
Van Erp, J.B.F., Van Veen, H.A.H.C., Jansen, C. & Dobbins, T. (2005). Waypoint Navigation with a

Vibrotactile Waist Belt. Transactions on Applied Perception, 2(2), 106-117.
Van Erp, J.B.F., Van Veen, H.A.H.C, Saturday, I., Jansen, C. & Werkhoven, P.J. (2006). Vibrotactile

displays: spin-off from challenging environments to sport. In: Pikaar, R.N., Koningsveld, E.A.P.
& Settels, P.J.M. Proceedings IEA2006 Congress [CD-ROM]. Amsterdam: Elsevier.

Van Erp, J.B.F., Van Veen, H.A.H.C. & Ruijsendaal, M. (in prep.). More than a feeling: bringing touch
into astronauts's spatial orientation. Submitted to Microgravity Science and Technology.

Van Erp, J.B.F., Veltman, J.A. & Van Veen, H.A.H.C. (2003). A tactile cockpit instrument to support
altitude control. Proceedings of the Human Factors and Ergonomics Society 47th Annual

Meeting, pp. 114-118. Santa Monica, CA: Human Factors and Ergonomics Society.
Van Erp, J.B.F., Veltman, J.A., Van Veen, H.A.H.C. & Oving, A.B. (2003). Tactile torso display as

countermeasure to reduce night vision goggles induced drift. In: Spatial disorientation in military

vehicles: causes, consequences and cures. RTO Meeting Proceedings 86, pp. 49-1 - 49-8.
Neuilly-sur-Seine Cedex, France: NATO RTO.

Van Erp, J.B.F. & Verschoor, M.H. (2004).Cross-Modal Visual and Vibro-Tactile Tracking. Applied

Ergonomics, 35, 105-112.
Van Erp, J.B.F. & Werkhoven, P.J. (1999). Spatial characteristics of vibrotactile perception on the torso.

Report TM-99-B007. Soesterberg, The Netherlands: TNO Human Factors.
Van Erp, J.B.F. & Werkhoven, P.J. (2004). Vibro-tactile and visual asynchronies: Sensitivity and

consistency. Perception, 33, 103 -111.
Van Erp, J.B.F. & Werkhoven, P.J. (2006). Validation of Principles for Tactile Navigation Displays.

Proceedings of the 50th annual meeting of the Human Factors and Ergonomics Society meeting,
San Francisco. Santa Monica: Human Factors and Ergonomics Society.



References

175

Van Veen, H.A.H.C., Spapé, M. & Van Erp, J.B.F. (2004). Waypoint Navigation on Land: Different
Ways of Coding Distance to the Next Waypoint. Proceedings of Eurohaptics 2004, pp 160-165.
München, Germany: Technische Universität.

Van Veen, H.A.H.C. & Van Erp, J.B.F. (2001). Tactile Information Presentation in the Cockpit. In: S.
Brewster, R. Murray-Smith (Eds.): Haptic Human-Computer Interaction. Lecture Notes in
Computer Science, pp. 174-181. Springer Verlag.

Van Veen, H.A.H.C. & Van Erp, J.B.F. (2003). Tactile Melodies in User Interfaces. Proceedings of the

Human Factors and Ergonomics Society 47th Annual Meeting, pp. 751-754.
Veltman, J.A. & Gaillard, A.W.K. (1996a). Physiological indices of workload in a simulated flight task.

Biological Psychology, 42, 323-342.
Veltman, J.A. & Gaillard, A.W.K. (1996b). Physiological workload reactions to increasing levels of task

difficulty. Report 1996 A 26. Soesterberg, The Netherlands: TNO Human Factors.
Veltman, J.A. & Gaillard, A.W.K. (1998). Physiological workload reactions to increasing levels of task

difficulty. Ergonomics, 5, 656-669.
Veltman, J.E. & Jansen, C. (2004). The adaptive operator. In D.A.Vincenzi, M.Mouloua, & P.A.Hancock

(Eds.), Human Performance, Situation Awareness and Automation Technology (HPSAA II),
March 22-25, 2004, Daytona Beach (Fl), Vol II, pp. 7-10.

Verrillo, R.T. (1962). Investigation of some parameters of the cutaneous threshold for vibration. Journal

of Acoustical Society of America, 34(11), 1768-1773.
Verrillo, R.T. (1963). Effect of contactor area on the vibrotactile threshold. Journal of Acoustical Society

of America, 35(12), 1962-1966.
Verrillo, R.T. (1965). Temporal summation in vibrotactile sensitivity. Journal of Acoustical Society of

America, 37(5), 843-846.
Verrillo, R.T. (1966). Vibrotactile thresholds for hairy skin. Journal of Experimental Psychology, 72(1),

47-50.
Verrillo, R.T. (1993). The effects of aging on the sense of touch. In R. T. Verrillo (Ed.), Sensory

Research: Multimodal Perspectives (pp. 285-298). Hillsdale, NJ: Erlbaum.
Verrillo, R.T. & Chamberlain, S.C. (1972). The effect of neural density and contactor surround on

vibrotactile sensation magnitude. Perception & Psychophysics, 11, 117-120.
Verrillo, R.T., Fraioli, A.J. & Smith, R.L. (1969). Sensation magnitude of vibrotactile stimuli. Perception

& Psychophysics, 6(6), 366-372.
Verrillo, R.T. & Gescheider, G.A. (1975). Enhancement and summation in the perception of two

successive vibrotactile stimuli. Perception & Psychophysics, 18(2), 128-136.
Verrillo, R.T. & Gescheider, G.A. (1983). Vibrotactile masking: Effects of one- and two-site stimulation.

Perception & Psychophysics, 33(4), 379-387.
Verrillo, R.T. & Smith, R.L. (1976). Effect of stimulus duration on vibrotactile sensation magnitude.

Bulletin of Psychonomic Society, 8(2), 112-114.
Vicente, K. J., & Rasmussen, J. (1988). On Applying the Skills, Rules, Knowledge Framework to

Interface Design. Proceedings of the Human Factors Society 32nd Annual Meeting, 254-258.
Santa Monica, CA

Vicente, K. J., & Rasmussen, J. (1990). The ecology of human-machine systems II: Mediating "direct
perception" in complex work domains. Ecological Psychology, 2, 207-250.

Vierck, C.J. & Jones, M.B. (1969). Size discrimination on the skin. Science, 63, 488-489.
Vierodt, K.H. (1870). Abhängigkeit der Ausbildung des Raumsinnes der Haut von der Beweglichkeit der

Körpertheile. (Dependence of the development of the skin's spatial sense on the flexibility of
parts of the body). Zeitschrift für Biologie, 6, 53-72.

Vos, W.K., Isarin, J.C. & Berkhoff, A.P. (2005). Tactile displays and elastic waves. Report DV3 2005-
A75. Soseterberg, The Netherlands: TNO Human Factors.



J.B.F. van Erp (2007). Tactile displays for navigation and orientation: perception and behaviour

176

Wagenaar, W.A. (1969). Note on the construction of digram-balanced Latin squares. Psychological

Bulletin 72(6), 384-386.
Walker, J.T. & Scott, K.J. (1981). Auditory-visual conflicts in the perceived duration of lights, tones, and

gaps. Journal of Experimental Psychology: Human Perception and Performance, 7, 1327-1339.
Wall, C. 3rd, Weinberg, M.S., Schmidt, P.B. & Krebs, D.E. (2001). Balance prosthesis based on

micromechanical sensors using vibrotactile feedback of tilt. IEEE transactions on bio-medical

engineering, 48(10), 1153-1161.
Warren, R. & Wertheim, A.H. (1990). Perception and control of self-motion. Hillsdale, NJ: Lawrence

Erlbaum Associates, Publishers.
Warren, S., Hamalainen, H.A. & Gardner, E.P. (1986). Objective classification of motion- and

direction-sensitive neurons in primary somatosensory cortex of awake monkeys. J Neurophysiol,

56(3), 598-622.
Wearden, J.H., Edwards, H., Fakhri, M. & Percival, A. (1998). Why Sounds are judged longer than lights:

application of a model of the internal clock in humans. Quarterly Journal of Experimental

Psychology, 51(2), 97-120.
Weber, E.H. (1834). De pulsu, resorptione, auditu et tactu. In Ross, H.E. & Murray, D.J. (Eds.): E.H.

Weber, on the tactile senses. Hove (UK): Taylor & Francis.
Weddell, G. & Miller, S. (1962). Cutaneous sensibility. Annual Review of Physiology (Vol. 24), 199-222.

Palo Alto, CA: Annual Reviews.
Weder, N, Van Erp, J.B.F., Toet, A. & Werkhoven, P.J. (2006). Crossmodal modulation of visual and

tactile numerosity judgments. IMRF meeting 2006, p14-15 [abstract]. Dublin: Trinity College.
Weinstein, S. (1968). Intensive and extensive aspects of tactile sensitivity as a function of body-part, sex

and laterality. In: The Skin Senses, edited by D.R. Kenshalo. Springfield, C.C. Thomas, pp
195-218.

Weisenberger, J.M. (1994). Vibrotactile temporal masking: Effects of multiple maskers. Journal of

Acoustical Society of America, 95(4), 2213-2220.
Weisenberger, J.M. & Craig, J.C. (1982). A tactile metacontrast effect. Perception & Psychophysics,

31(6), 530-536.
Whitsel, B.L., Roppolo, J. & Werner, G. (1972). Cortical information processing of stimulus motion on

primate skin. Journal of Neurophysiology, 35(5), 691-717.
Wickens, C.D. (2002). Multiple resources and performance prediction. Theoretical Issues in Ergonomics

Science, 3(2), 159-177.
Wickens, C.D. (1980). The structure of attentional resources. In: R. Nickerson (Ed.) Attention and

performance VIII, pp. 239-257. Hillsdale, NJ: Erlbaum.
Wickens, C.D. (1984). Processing resources in attention. In: R. Parasuraman & D.R. Davis (eds.),

Varieties in attention (pp. 63-102). London: Academic.
Wickens, C.D. (1992). Engineering psychology and human performance. New York: Harper Collins.
Wickens, C.D. & Liu, Y. (1988). Codes and modalities in multiple resources: A success and a

qualification. Human Factors, 30(5), 599-616.
Wickens, C.D. & Prevett, T.T. (1995). Exploring the dimensions of egocentricity in aircraft navigation

displays. Journal of Experimental Psychology: Applied, 1, 110-135.
Wierwille, W.W., Antin, J.F., Dingus, T.A. & Hulse, M.C. (1988). Visual attention demand of an in-car

navigation system. In Gale, A.G., Freeman, M.H., Haslegrave, C.M. Smith, P. & Taylor, S. P.
(eds.) Vision in Vehicles II, pp 307-316. Amsterdam: Elsevier.

Wierwille, W.W., Hulse, M.C., Fischer, T.J. & Dingus, T.A. (1991). Visual adaptation of the driver to
high-demand driving situations while navigating with an in-car navigation system. In: A.G. Gale,
I.D. Brown, C.M. Haslegrave, I. Moorhead & S. Taylor (Eds.), Vision in Vehicles III. (pp.
79-87). Amsterdam: Elsevier.

Williams, L.J. (1985). Tunnel vision induced by a foveal load manipulation. Human Factors, 27, 221-227.



References

177

Williams, L.J. (1995). Peripheral target recognition and visual field narrowing in aviators and nonaviators.
International Journal of Aviation Psychology, 5, 215-232.

Wilska, A. (1954). On the vibrational sensitivity in different regions of the body surface. Acta

Physiologica Scandinavia, 31, 285-289.
Wood, D. (1998). Editorial: Tactile displays: present and future. Displays, 18(3), 125-128. 
Yeh, M. & Wickens, C.D. (2001). Attentional filtering in the design of electronic map displays: a

comparison of color coding, intensity coding, and decluttering techniques. Hum Factors, 43(4),
543-562.

Yeh, M., Wickens, C.D. & Seagull, F.J. (1999). Target cuing in visual search: the effects of conformality
and display location on the allocation of visual attention. Hum Factors, 41(4), 524-542.

Young, L.R., Mendoza, J.C., Groleau, N. & Wojcik, P.W.(1996). Tactile cues on astronaut visual spatial
orientation: human neurovestibular studies on SLS-2. J Appl Physiol. 81(1) 44-49.

Young, L.R. & Shelhamer, M. (1990). Microgravity enhances the relative contribution of visually-induced
motion sensation. Aviation, Space and Environmental Medicine, 61, 525-530.

Zijlstra, F.R.H. & Van Doorn, L. (1985). The construction of a scale to measure perceived effort. Delft,
the Netherlands: University of Technology, ISN 6105/6107, NABS N10.

Zubek,J.P., Flye, J. & Aftanas, M. (1964). Cutaneous sensitivity after prolonged visual deprivation.
Science, 144, 1591-1593.

Zupan, L.H., Merfeld, D.M. & Darlot, C. (2002). Using sensory weighting to model the influence of canal,
otolith and visual cues on spatial orientation and eye movements. Biol Cybern. 86(3) 209-230.



J.B.F. van Erp (2007). Tactile displays for navigation and orientation: perception and behaviour

178



Appendix I. Neurophysiology and psychophysics

40  Glabrous skin is non-hairy skin and mainly found in the palms of the hands and on the sole
of the feet. Most other skin areas are hairy skin.

41 Important to stress here is that the terms fast or rapidly adapting and slowly adapting have a
relative meaning. Slowly adapting means that the mechanoreceptor response does not change for stimulus
durations longer than 1 sec, while rapidly adapting means that it does. However, the timescale of rapidly
adapting is not strictly defined (e.g., in the order of hundreds of milliseconds). The signal durations used
in this thesis are always smaller than 1 s and usually smaller than 250 ms, and thus in the order that they
can evoke a continuous response in both fast and slowly adapting receptors.
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Appendix I. Information processing in the cutaneous system:

neurophysiology and psychophysics

AI.1 Introduction

This Appendix contains a comprehensive overview of the most relevant neurophysiological and
psychophysical data. It serves both as a more detailed introduction to the skin and its information
processing system, and as reference for and legitimisation of some of claims and assumptions made in the
body of the thesis at places where a detailed explanation would disturb the flow too much.

AI.2 Neurophysiology

This section introduces the physiology involved in cutaneous processing first at a general level, next more
specific for vibrotactile stimuli. Many researchers have investigated the physiology of the sense of touch.
A comprehensive overview can be found in “Principles of Neural Science, Chapters 24 to 26” (Kandel
et al., 1991; see also Greenspan & Bolanowski, 1996; Johansson et al., 1982; Johansson & Vallbo, 1983).

AI.2.1 General physiology

The skin

For the skin to sense a stimulus, the stimulus must evoke a response in at least one receptor. There are
several types of receptors in the skin which have a different structure and react differently to different
characteristics of the stimulus. In general, four physiological channels are discerned which are assumed
to have a 1-to-1 link with mechanoreceptor types in glabrous skin40. The superficial skin contains rapidly
adapting Meissner corpuscles (also abbreviated to RA or FA I and are presumably linked to the
physiological channel NP I) and slowly adapting Merkel receptors (SA I, NP III channel). Deeper tissue
contains rapidly adapting Pacinian corpuscles (PC or FA II, P channel) and slowly adapting Ruffini
endings or corpuscles (SA II, NP II channel)41. Table AI.1 presents an overview of the major



J.B.F. van Erp (2007). Tactile displays for navigation and orientation: perception and behaviour

180

characteristics of these four physiological channels. It must be noted that these characteristics are mostly
based on measurements of the physiological channels and not directly of the mechanoreceptors.
In hairy skin, the existence of at least three physiological channels has been demonstrated that operate over
approximately the same frequency range as the SA II fibres, the RA fibres and the PC nerve fibres in
glabrous skin (Bolanowski, Gescheider & Verillo, 1994). In glabrous skin, the two principal types of
mechanoreceptors are the Meisner’s corpuscle and the Merkel’s receptor, in hairy skin it is the hair follicle
receptor (Martin & Jessell, 1991) and presumably the PC for higher frequencies (Mahns et al., 2005).
Subcutaneous tissue beneath both glabrous and hairy skin contains Pacinian Corpuscles and Ruffini’s
corpuscles.

The perceptual qualities of touch are likely determined by the combined inputs from the four channels.
For instance, both SA Is and RAs are responsible for fine spatial discrimination on the skin, as in the
perception of pattern, form and texture (Johansson, 1978). Also, complex events will be coded by
ensembles of afferents (Johansson & Birznieks, 2004). Since at certain frequencies the four channels
partially overlap in their absolute sensitivities, stimuli may activate two or more channels at the same time.
However, with regard to vibrotactile stimuli, one often speaks about two frequency bands or channels: one
below 80-100 Hz and one above. Psychophysical results may differ between the two channels, and some
effects (like adaptation) only occur within a channel, but not across channels.

Important difference between both types of fast adapting receptors is that the Meisner corpuscles give a
more sustained response to vibrotactile stimuli (Gardner & Palmer, 1990) and that the Pacinians show a
more on/off response (i.e., one spike only when a stimulus enters or leaves the receptive field). This means
that Pacinians are not able to give high quality position information (the size is up to 1 by 4 mm, Sinclair,
1967), although this is argued by Gardner and Palmer (1989). The responses of Pacinians are much more
irregular and some have an extra response when the stimulus crosses the centre of the receptive field
(Palmer & Gardner, 1990; Loewenstein, 1971), or when the stimulus moves in one of two opposing
directions (i.e., orientation specific). The function of the latter may be lateral facilitation (Essick, 1998).
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Table AI.1. Characteristics of the four types of mechanoreceptive fibres (physiological channels) of the cutaneous
system in glabrous skin.

rapidly adapting slowly adapting

superficial skin Meissner corpuscle (RA)

! presumably NP I channel
! small receptive field
! not sensitive to temperature
! 10-100 Hz
! constant threshold over frequency range
! temporal summation: no
! spatial summation: no
! local vibration and perception of localized
movement
! extremely sensitive to minute skin
indentation, range 4-400 :m

Merkel cell (SA I)

! NP III channel
! small receptive field
! sensitive to temperature
! 0.4-100 Hz
! temporal summation: no
! spatial summation: no
! tactile form and roughness
! surround suppression
! sensitive over indentation
range 15-1500+ :m.

deeper tissue Pacinian corpuscle (PC)

! P-channel
! large receptive field
! sensitive to temperature
! extremely sensitive to vibration (threshold 10
nm)
! 40-800 Hz
! U-shaped threshold-frequency characteristic
with a maximum sensitivity near 300 Hz
! sensitive to stimulus size
! sensitive to stimulus duration
! temporal summation: yes
! spatial summation: yes
! perception of external events

Ruffini ending (SA II)

! NP II channel
! sensitive to temperature
! large receptive field
! 15-400 Hz
! temporal summation: yes
! spatial summation: ?
! sensitive to skin stretch

The nervous system

The information from the different skin receptors is conveyed to the cortex by afferent nerve fibres that
enter the dorsal root (spinal cord) through the dorsal root ganglions. Each dorsal root ganglion serves a
specific area of the skin also known as a dermatome. Dorsal roots are organised topologically. The afferent
fibres ascend to the contra lateral side of the thalamus via the dorsal column-medial system. Neurons in
the thalamus send axons to the primary somatosensory cortex (S1) and the secondary somatosensory
cortex (S2). S1 is subdivided into four functional areas: Brodmann’s areas 1, 2, 3a and 3b (Kaas, Nelson,
Sur, Lin & Merzenich, 1979). All these areas project to S2. Some thalamic neurons project to the posterior
parietal cortex, which also receives input from S1. Area 2 sends inputs from the entire body to the primary
motor cortex. Finally, the somatosensory cortex projects back to the thalamus and subcortical regions.
In each of the Brodmann’s areas of S1, one submodality of proprioception dominates. In area 3a the
dominant input is from muscle stretch receptors, in area 3b from cutaneous receptors, in area 2 from deep
pressure receptors and in area 1 from rapidly adapting cutaneous receptors. Neurons in area 3a and 3b
respond to relatively punctuate stimuli and have quite small receptive fields. Neurons in areas 1 and 2 are
involved in the later stages of somatosensory processing, respond to more complex features and have
larger receptive fields. The receptive fields are often oval-shaped, both in the afferent fibres (Johnson &
Lamb, 1981; Loe, Whitsel, Dreyer, & Metz, 1977), in the thalamus (Kaas, Nelson, Sur, Dykes &
Merzenich, 1984) and in S1 (Sur, Nelson & Kaas, 1978, 1982). In the posterior parietal cortex, the
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information from the cutaneous and kinesthetic senses is integrated with other modalities. For the
processing of vibration, the relevant areas are 3b and 1 of S1 and S2.

AI.2.2 The processing of vibrotactile point stimuli

Melzack and Wall (1962) introduced six general propositions for the sensory processing of stimuli:
1) receptor activity is specialised with respect to the stimulus characteristics
2) the neuronal patterns from the receptors may be filtered
3) central nerve cells may also be specialised (i.e., they can act as a filter or select specific features)
4) central cells may filter or select on the basis of input from multiple fibres
5) central cells have specific connections (including inhibitory and excitatory connections)
6) central cells need more than a single pulse for detection (either from the same fibre or from different
fibres).

For the processing of vibrotactile stimuli, we can simplify this by discerning the following stages /
structures:
1. the periphery, in which there are two types of mechanoreceptors in the skin that respond to vibrotactile
stimuli (and the neuronal paths to the thalamus and on to higher cortical areas which are merely involved
in transporting the mechanoreceptor signals),
2. the primary somatosensory cortex, principally area 3b and area 1,
3. the secondary somatosensory cortex.

The periphery: mechanoreceptors and primary afferents

An important observation is that vibrotactile stimuli with a fixed location (including those eliciting
apparent motion) predominantly elicit a response in fast adapting mechanoreceptors and not in the slowly
adapting (Gardner & Palmer, 1989). This means that only Meisner (Me) and Pacinian corpuscles (PC) are
involved in the processing of this kind of stimuli. Please note that this also implies that the peripheral
processing of apparent motion (i.e. discontinuous, nonmoving stimuli) fundamentally differs from the
processing of real motion (either with or without friction, and continuous or discontinuous, e.g. see Edin,
Essick, Trulsson & Olsson, 1995; Olausson, 1994; Norrsell & Olausson, 1994; but see also Gardner,
Hamalainen, Palmer & Warren, 1989; Lerner & Craig, 2002).

Studies of peripheral responses to spatio-temporal patterns have revealed that there may be some
processing happening at the peripheral level. Although an individual mechanoreceptor may have a
preferred direction of motion, it is not clear whether there is a preference across a population of
mechanoreceptors or not. For example, Essick and Edin (1995) found no indication, while Valbo,
Olausson, Wessberg and Kakuda (1995), who studied spikes in afferents, found more activity in the distal
to proximal direction than vv. This indicates that some form of feature extraction may already be
performed at the peripheral level. Primary afferents have a systematic coding. For example, opposing
directions show mirror patterns of activation (Ray, Mallach & Kruger, 1985). However, whether this is
also the fact for frictionless discontinuous motion is not clear.

Central: primary and secondary somatosensory cortex

Unfortunately, not all authors use the same level of specificity when presenting data related to the
somatosensory cortices. In general, going from less to more specific areas, authors speak of the
somatosensory cortex; the somatosensory cortex divided in the primary (S1) and secondary (S2)



Appendix I. Neurophysiology and psychophysics

183

somatosensory cortex; and S1 subdivided in areas 1, 2, 3a and 3b. The processing of vibratory stimuli in
S1 is predominantly done in areas 1 en 3b. Also, much of the research is based on studying animals. In
this Section, I indicate this with the addition ‘nonhuman data’ with the reference.
The global architecture after the primary afferent fibres is as follows (see also Figure 3.1). Signals follow
the lemniscal pathway up to the contralateral thalamus. The thalamus has only one somatotopic map, but
keeps the strict separation between the physiological channels. The thalamus knows no motion (Kandel
& Jessell, 1991). The thalamus projects to different cortical areas, amongst others: to the secondary
somatosensory cortex and to area 3b and area 1 in the primary somatosensory cortex (e.g., Mountcastle,
1984). The debate about whether the processing in S1 and S2 is parallel or serial has not resulted in a
definite answer yet (Turman, Morley & Rowe, 1998 (nonhuman data); Iwamura, 1998). However, there
are dense connections between the different areas, including from S1 to S2 and vv. (Mountcastle, 1984).
Also relevant are the connections within S1 from area 3b to 1 (Turman, Morley & Rowe, 1998 (nonhuman
data); Mountcastle, 1984), and possibly vv. (as found by Turman, Morley & Rowe, 1998 (nonhuman data),
but not by Mountcastle, 1984). In some areas, there are also ipsilateral projections through callosal
connections and/or bilateral terminations. Ipsilateral projections are absent in 3b, partly in 1 (midline and
proximal areas only), and complete in S2. The clustering of callosal neurons and bilateral terminations
leads to a body midline that is congruently represented in both hemispheres (midline fusion) probably to
ensure a unitary perception of the somatosensory space (Conti, Fabri & Manzoni, 1986 (nonhuman data);
Manzoni, Barbaresi, Conti & Fabri, 1989; Iwamura, 1998; Fabri et al., 2005). Ipsilateral projections and
the level at which callosal connections are established may play an important role in certain
psychophysical phenomena and perceptual illusions (see Section AI.3.5).
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Figure AI.1. Overview of the most important structures involved in the
processing of vibrotactile stimuli. PC means Pacinian Corpuscles,
Me Meisner receptors. S2 is the secondary somatosensory cortex,
2, 3a, 3b, and 1 are the areas of the primary somatosensory cortex,
VPM and VPL are the areas of the Thalamus. Please read the figure
from bottom to top.
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42 In general, a distinction is made between motion sensitive (i.e., independent of direction),
orientation sensitive (i.e., sensitive to motion along a specific axis only) and direction sensitive (i.e.,
sensitive to motion in a specific direction only).
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Area 3b

Area 3b receives its input mainly from the Meisner corpuscles (Turman, Morley & Rowe, 1998
(nonhuman data)). The lower level neurons in 3b are hypothesized to have a three-factor model (DiCarlo
& Johnson, 2000 (nonhuman data)). In theory this model is direction sensitive through the lagged
inhibitory component. Although area 3b shows a response to moving stimuli (Bodegard, Geyer, Naito,
Zilles & Roland, 2000; brushing stimuli, PET scan), it is a matter of debate if area 3b contains motion
sensitive neurons. Kandel and Jessell (1991) and Gardner (1984) do not find any motion sensitive neurons,
but Romo, Zainos, Merchant, Hernández and García (1998, nonhuman data) do. However, area 3b is not
sensitive to direction of motion42 (Romo et al.,1998, nonhuman data).

Area 1

Area 1 receives its major input from the Pacinian corpuscles (Turman, Morley & Rowe, 1998 (nonhuman
data); Kaas, 1984 (nonhuman data); although debated by Romo et al., 1998 (nonhuman data)). The
receptive fields are relatively large (e.g., Kandel & Jessell, 1991). In area 1, motion, orientation, and
direction specific neurons are identified (e.g., Gardner, 1984). Area 1 is therefore probably the first level
at which direction sensitive neurons are found (Bodegard et al., 2000). The population seems to have a
bias for transversal over longitudinal and for distal over proximal directions (Gardner, 1984; Kandel &
Jessell, 1991). Confirmed by psychophysical data (Fuchs & Brown, 1984, with two point discrimination,
and Gould, Vierck & Luck (1979) with a continuous probe stimulus).

S1

Data in this section are on S1 and are not further specified to the subarea where they were recorded. The
existence of motion and direction sensitive neurons in S1 is confirmed by for example Warren,
Hamalainen and Gardner (1986, nonhuman data), and Whitsel, Roppolo and Werner (1972, nonhuman
data). Essick and Whitsel (1993) found interesting effects for the presentation of two motion stimuli at
specific locations in the RF and either simultaneously or consecutively. For example, for some cells the
activation for sequential presentation of two motion (brushing) stimuli is larger than for simultaneous
presentation, while other cells show an enlarged activation with simultaneous presentation. This also seems
to depend on the spatial configuration. Some cells have increased amplitude in their centre when motion
is initiated outside the RF (Moore, Blake, Coq, Strata, Garabedian, Dale & Merzenich, 2002 (human and
nonhuman data)). Other facts described in the more specific sections above are also confirmed: the size
of the RF is much larger than that of the peripheral RFs (Gardner et al., 1992). Sometimes responses are
uniform across the receptive field, sometimes strong at initial point of entry. Because a point of entry alone
cannot contain motion information, it may also indicate the existence of a feed forward mechanism (e.g.,
from area 3b to area 1). Also the existence of lateral inhibition (Calford, Clarey & Tweedale, 1998) and
the restricted ipsilateral map (Manzoni et al., 1989) are confirmed.

S2

The secondary somatosensory cortex receives its main input from the Meisner corpuscles (Turman,
Morley & Rowe, 1998 (nonhuman data)). S2 has a complete ipsilateral map (Manzoni et al., 1989).
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Somatosensory cortex

Some authors use the very general term somatosensory cortex. Cortical RFs are larger than peripheral
(Gardner, Palmer, Hamalainen & Warren, 1992). Sometimes, the responses are equal across the RF (i.e.,
the responses contain no specific location or direction information within the RF), sometimes they are
strongest at the initial point of entry. Gardner et al. (1992) found that low frequency repetitive stimuli are
more effective in activating cortical neurons while higher pulse rates are not.

AI.3 Psychophysics

The following four sections are concerned with an overview of psychophysical data related to the
amplitude, location, timing, and frequency of stimuli. These four parameters define the touch stimuli the
skin is sensitive to (i.e., excluding temperature and nociceptive stimuli, see Section 1.5). The perception
of spatiotemporal patterns which is of particular interest to the present research is presented in Section
2.3.5.

AI.3.1 Psychophysics of amplitude

The first aspect of a stimulus is of course that it should be detected. In other words: the stimulus should
have a minimal amount of energy, often expressed in the amount of force, indentation or amplitude.
Linked to amplitude are the difference threshold, or the minimal required change in amplitude to be
detected, and subjective magnitude: how does the objective intensity or amount of energy of a specific
stimulus relate to the intensity the observer perceives?

Absolute detection threshold

Sherrick and Cholewiak (1986) indicate that the absolute threshold for vibrotactile stimuli for the trunk
is 4 microns at 200 Hz. A more extensive study was done by Wilska (1954) who measured thresholds for
200 Hz vibration over the body, including the frontal side of the torso (lower part: threshold 4 micron,
upper part 2 micron) and the dorsal side of the torso (4 micron). In a recent study, Cholewiak, Brill and
Schwab (2004) measured detection threshold on six sites around the torso as function of frequency. Their
results show that thresholds vary little as a function of body site over the six stimulus frequencies. Since
the pattern of results resembled that found on the forearm by Bolanowski et al. (1994), the authors
suggested that a similar range of receptor types underlies vibrotactile sensitivity on the torso.
Verrillo (1962, 1963) measured thresholds for vibrotactile stimuli on the glabrous skin of the palm as a
function of frequency, location and several contactor properties. The threshold as a function of frequency
was U-shaped with a maximum sensitivity in the region of 250 Hz. However, this value is only valid for
relatively large contactor areas. Different locations differed in sensitivity. Verrillo (1966) also determined
absolute thresholds as function of frequency on the hairy skin of the volar forearm. There were two marked
differences with the results found with glabrous skin. First, thresholds on hairy skin were higher than those
on glabrous skin. Second, the maximum sensitivity shifted from 250 Hz for glabrous skin to 220 Hz for
hairy skin. The thresholds for force as measured by Weinstein (1968) are in the order of 60-80 milligrams
for the torso.
Other factors that have an effect on the absolute threshold but are not relevant for the experiments in this
thesis are the contactor layout (Van Doren, 1990), the presence of a rigid surround and how deep the
contactor is pressed into the skin (Verrillo, 1962, 1963), waveform, and temperature (Green, 1977).
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Difference threshold

Craig (1972) measured difference thresholds for the intensity of vibrotactile stimuli. For taps, the Weber
fraction depends on the stimulus intensity with higher fractions for low intensities (0.35 at 15 dB) and
lower fractions for higher intensities (0.25 for 25 dB and higher). For bursts, the Weber fractions were
0.20 and constant over the range of stimulus intensities (15-35 dB). Other factors that have an effect on
the difference threshold are background vibration (Craig, 1972), and adaptation (Goble & Hollins, 1993).

Subjective magnitude

The intensity of a supra threshold stimulus is often indicated with reference to the absolute threshold of
the stimulus (dB SL). Stimuli with the same objective intensity level are not necessarily perceived to be
equal in subjective intensity, and for example doubling the objective intensity or amount or energy does
not necessarily result in a doubled subjective intensity. Verrillo, Fraioli and Smith (1969) found that the
subjective magnitude as a function of objective magnitude is a power function with an exponent around
1. In a second experiment, contours of equal subjective intensity were measured as function of vibration
frequency. At low intensities the equal-subjective-intensity contours were parallel to the (U-shaped)
absolute threshold curves. At higher intensities the contours assumed a smoother, more uniform slope over
the entire frequency range. Other factors that have an effect are the stimulus duration (Verrillo & Smith,
1976), the number of successive bursts (Verrillo & Gescheider, 1975), the presence of static surround
(Verrillo & Chamberlain, 1972), the frequency and intensity of a preceding stimulus (Verrillo &
Gescheider, 1975), and the number of simultaneous vibrators Cholewiak (1979). As a coding parameter,
(subjective) intensity seems less appropriate. Not more than 4 different levels should be used between the
detection threshold and the comfort / pain threshold (Craig, 1972).

Spatial summation

The change in threshold as function of the area of stimulation is known as spatial summation. Makoes et
al. (1996) investigated spatial summation under different conditions. Their results showed that spatial
summation exists for high frequencies for all types of skin. However, for low frequencies summation was
present on the hairy skin of the forearm but not on the glabrous skin of the hand. Sherrick and Cholewiak
(1986) already concluded that the sense of touch exhibits spatial summation, but that it is small and
probably a central and not a peripheral process. Other factors that have an effect are skin indentation,
pressure and force (Craig & Sherrick, 1969), intensity level (Green & Craig, 1974), and the number of loci
(Craig, 1968).

AI.3.2 Psychophysics of location

The foregoing section dealt with perceiving (the intensity of) a stimulus at a single location. This section
deals with the perception of stimulus location. Relevant issues are how well we can determine the location
of a stimulus (absolute localization), how well we can discern different locations from each other (relative
localization or the spatial resolution of the skin), and how can spatially separated stimuli influence each
other (spatial masking). The latter is discussed in Section AI.3.5 on spatiotemporal patterns.

Absolute localization

With absolute localization, we refer to the ability to locate a stimulus on the body or in 3D space. The
methods to measure spatial resolution are based on relative localization of two stimuli, or the difference
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43 Actually, Cholewiak et al.’s task is more a location classification task than an (absolute)
localization task. See Chapter 4 for a further discussion.

44 Because somatotopic maps are found throughout the somatosensory cortex, it is hard to
pinpoint the location were acuity related tasks are performed. Besides the receptive field sizes of single
afferent nerve fibres, one has also determined the receptive field sizes of the different cortical regions
involved in cutaneous processing. Between the different cortical regions, body parts are differently
represented. The smallest receptive fields are found in area 3b, but the high spatial sensitivity in area 3b
is still less than that of most peripheral receptors (Burton & Sinclair, 1996). Combined with the fact that
the spatial resolution (in mm) of peripheral fibre innervation patterns can be less than some spatial
thresholds (in mm) (Lamb, 1983a, b; LaMotte & Whitehouse, 1986), this suggests the involvement of
some central enhancement mechanism, for instance via excitatory and inhibitory connections
(Mountcastle, 1984). In general, the spatial acuity in the Meisner corpuscles afferents and in area 3b are
higher than elsewhere in the central processing chain, so this may be a logical location for spatial acuity
tasks to be located. However, the Meisner corpuscles afferents also projects directly from the thalamus
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between two stimuli, but do not measure where on the body the stimuli are precisely located. For a display
that links external events with a specific location on the body, absolute localization is at least as important
as relative localization. Principally, both measures can be independent, like a darter that throws his dart
close together (i.e. a high spatial resolution), but in the wrong number (bad absolute localization). Only
recently, absolute localization became a topic of psychophysical studies. Besides the work at TNO that
started in 2002 (Van Erp & Van Veen, 2002), Cholewiak and colleagues started their first attempts
somewhat later in 2003 with studies in which observers had to translate the perceived location of a single
stimulus on the forearm (Cholewiak & Collins, 2003) or the abdomen (Cholewiak, Brill & Schwab, 2004)
to predefined categories such as markers on a cylinder. In both studies, it was found that localization43 was
affected (or biassed) by body landmarks or anatomically defined anchor points (including elbow, spine
and navel) that acted as reference points and enhanced performance.

Spatial acuity

Spatial acuity of the skin has been investigated by several methods, e.g. two-point discrimination, gap
detection, grating resolution, and letter recognition (Johnson & Phillips, 1981). However, many studies
use pressure stimuli to measure spatial acuity, and not vibrotactile stimuli as was the case for the detection
threshold. This lack in the literature was recently confirmed by Cholewiak and Collins (2003). Also, most
studies investigated the finger (tips) as body locus. Because vibratory stimuli act upon different sensory
receptors (see Section AI.2) and result in both longitudinal and shear waves that may degrade spatial
resolution (depending on the tactor - skin contact; see Vos, Isarin & Berkhoff (2005) for wave propagation
models for the skin), it is doubtful whether pressure data may be generalised to vibration stimuli.
A classic study is that of Weinstein (1968) who measured thresholds of two-point discrimination and
tactile point localization on several body loci using pressure stimuli. Although he did not use vibratory
stimuli and there are several methodological problems with the two point-point threshold as measure for
spatial resolution (Craig & Johnson, 2000), the results give a good idea of the enormous differences
between different body loci (see also Stevens & Choo, 1996). Lowest thresholds were found for the
fingertips, about 2 mm. Thresholds for the trunk were much larger, up to 4 cm. Other interesting
observations were that sensitivity decreased from distal to proximal regions (see also Vierodt’s law of
mobility; Vierodt, 1870), which Weinstein did not find for the detection threshold), and that the acuity
correlated with the relative size of cortical areas subserving a body part (Merzenich & Kaas, 198044).
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to S2 (not via S1) and a task such as point localization can easily (and with high acuity) be performed
when the points straddle the body midline (Adams & Helson, 1966; Fuchs & Brown, 1984). This indicates
that these tasks can very well be performed by S2, were both the contralateral and the ipsilateral body half
are represented. The function of the high spatial resolution of area 3b may be related to other tasks than
spatial acuity tasks, such as perceiving structures and surfaces.

188

Other factors that have an effect on spatial resolution are the temperature of the objects that are touched
(Stevens, 1982) and of the skin itself (Provins & Morton, 1960). Sherrick, Cholewiak and Collins (1990)
investigated spatial localization with vibrotactile stimulation. The frequency range of the vibration had
little effects. They also studied apparent location. The apparent points were more difficult to localize than
physical points.
Interestingly, hyper acuity in tactile sensation has hardly been investigated. However, the results of Loomis
and Collins (1978) show that the thresholds for frictionless shifts in the position of a point stimulus were
10-30 times smaller than the resolution reported by Weinstein (1968), also when measured on the torso.
Later, Essick and colleagues showed that judgment of the direction of apparent motion induced by dense
arrays of tactors is much better than predicted on the basis of local spatial resolution (Essick et al, 1991;
Essick, 1998).

AI.3.3 Psychophysics of timing

This section concentrates on the role of time in cutaneous perception: the temporal resolution of the skin
and temporal masking and summation effects, but also adaptation after prolonged stimulation.

Temporal acuity

Several methods have been used to measure temporal acuity. A general definition of temporal acuity
would be: the minimal difference in the time domain required to distinguish two stimuli, including
temporal order (which came first), duration, and gap detection. Unimodal threshold studies have shown
that the temporal resolution of the skin lies between those of hearing and vision (Kirman, 1973). This
relation goes for numerous time related measures and tasks, including discrimination of duration
(Goodfellow, 1934), synchronization of finger taps (Kolers & Brewster, 1985), and adjusting empty
intervals to equal pulse duration (Craig, 1973).
Like spatial resolution, temporal acuity has also been measured by several methods, including for example
temporal numerosity (Lechelt, 1974). Important work was done by Gescheider (1974) who measured the
perception of successiveness as the ability of observers to distinguish between successive and
simultaneous events. He showed that two stimuli of 1 ms must be separated by 5.5 ms to be perceived as
two stimuli at a single locus on the fingertip. Petrosino and Fucci (1989) measured thresholds of
successiveness as the ability to accurately count a series of events presented within a temporal epoch.
Thresholds were found to increase with age and locus and ranged from 13 to 30 ms. These values are
larger than that obtained by Gescheider (1974).
Hirsh and Sherrick (1961) investigated the perception of temporal order, i.e. the ability to judge which of
two successive tactile events came first in time, and found that the percentage correct increased with
temporal separation between the stimuli, with 20 ms as 75% correct threshold. This value is larger than
that for successiveness, but the task involves both what and when: observers had to judge the temporal
order and which pattern was presented first.
Craig and Baihua (1990) measured temporal order judgements for stimuli presented to a single finger pad
(same site), to two fingers on the same hand (ipsilateral), or to two fingers on opposite hands (bilateral).
Thresholds were 12 ms for the same-site condition, 65 ms for the bilateral condition and 125 ms for the
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45 Adaptation refers to a change in the sensitivity of the sensory system while habituation refers
to attentional effects or loss of awareness for a repetitive stimulus. Habituation effects disappear as soon
as attention is given to the stimulus.
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ipsilateral condition. In a control experiment, subjects judged which of two locations received a pattern
first when the same pattern was delivered to both locations. Thresholds for the bilateral and ipsilateral
condition were similar to those obtained by Hirsh and Sherrick (1961), although they used a 1 ms-pulse
instead of a vibration stimulus of 26 ms.

Short burst duration

In general, stimuli with a short burst duration (BDs smaller than 30 ms) are supposed to be processed
differently by the nervous system (Sherrick, 1968a, b; Kirman, 1974a). Although there are no
psychophysical data available that investigates this directly, several authors come to the same statement.
For example, Hill and Bliss (1968b) suggest that for small BDs, the sequence of the presentation is lost,
not the content (in their case which of 24 regions of the fingers was stimulated). In the data of Kirman
(1974a), there is a small hint that there is a larger SOA required for stimuli with smaller BD to be felt as
successive instead of simultaneous. Important data also comes from studies on apparent motion. To feel
smooth apparent motion requires a steeply rising SOA for BD values below 30 ms (see section 2.3.5).

Temporal difference thresholds

Only a few studies investigated difference thresholds in the timing domain, or more specifically, the Weber
fractions for temporal intervals. Important theoretical work was done by Grondin and colleagues. The
Weber fractions reported range from 0.10 (Grondin, 1998; McKee and Taylor, 1984; Goodfellow, 1934
or p. 219 in Fraisse, 1978) up to 0.25 (Grondin, 1993) all for stimulus durations shorter than 1 s.

Temporal summation

The relationship that exists between duration of a stimulus and the threshold required for detection is
known as temporal summation. Verrillo (1965) found effects of summation to require a minimal area of
stimulation. Summation effects were found up till durations of 1000 ms. For taps, temporal summation
is exponentially for the range 1-10 ms and constant for 10-100 ms.

Adaptation

Another effect of stimulus duration is adaptation. Adaptation corresponds to a change in the percept of
a stimulus after prolonged stimulation45. The absolute threshold increases and the sensation magnitude
decreases with increasing adaptation. The time constant of the adaptation process is approximately 2 min
(Hollins et al., 1990) and the effects can be found up to 25 min of constant stimulation after which the
change in the threshold is about 17 dB and the change in sensation about 6.5 dB. Recovery time is
approximately half the duration of the adaptation time (Hahn, 1966, 1968). Adaptation does not occur
across frequency bands (Verrillo & Gescheider, 1975; Gescheider & Verrillo, 1979; Capraro et al., 1979;
Hollins et al., 1990; Hollins et al., 1991). Interesting to note is that O’Mara et al. (1988) investigated
vibrotactile adaptation by means of physiological experiments. They found that extended exposure to a
vibratory stimulus produced substantial changes in the responsiveness of subcortical cells but not in the
peripheral afferents. This indicates that vibrotactile adaptation is largely a central process.
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AI.3.4 Aspects related to frequency

As with the other parameters, one can also manipulate the frequency of stimulation and measure for
example difference thresholds of frequency as Goff (1967) did. However, when varying frequency, care
must be taken not to vary subjective intensity as well. Similar to the detection threshold, subjective
magnitude of vibrotactile stimuli is frequency dependent. This requires measuring frequency contours of
equal intensity first. Goff found that the Weber fraction of frequency increased with increasing frequency
and for stimuli with a lower intensity, and ranged between 0.18 and 0.55. Cohen and Kirman (1986)
showed that thresholds increased for stimuli with a very short duration (30 ms). Rothenberg, Verrillo,
Zahorian, Brachman and Bolanowski (1977) found Weber fractions in the order of 0.20-0.25 for pulse
repetition rates between 20 and 300 Hz. Goff advised not to use frequency as an information parameter
in tactile communication systems at high frequencies.

AI.3.5 Aspects related to spatiotemporal perception

Vibrotactile phenomena such as apparent motion and position, and determining the relative location of
two or more consecutively presented stimuli (point localization) are based on the processing of
spatiotemporal patterns. This implies that there is a mechanism that is able to integrate place and time.
This mechanism might actually be very powerful (for example, judgments of the direction of apparent
motion can be more accurate than spatial resolution performance (Essick et al, 1991; Essick, 1998)), but
may also result in masking effects.
Spatiotemporal processing in the primate and human brain is assumed to be based on location as primary
parameter and additional time-modulated processes such as lateral inhibition and facilitation. Through
these processes, neurons are created that are sensitive to specific spatiotemporal patterns. This assumption
is logical because representations in the somatosensory cortex and other areas involved in the processing
of somatosensory stimuli are location based (also called somatotopic). Spatial relations are carefully
preserved in the neuronal pathways and in the representations in the cortex.

Sensory saltation

The saltatory area (Cholewiak, 1976; Geldard, 1975, 1982, 1985; Geldard & Sherrick, 1983, 1986;
Kilgard & Merzenich, 1995) refers to the area where mislocalization occurs for two successive and
spatially separated stimuli. Saltatory areas are found over the whole body, but they never cross the body
midline. Their size and form are related to those of the cortical RFs, i.e. small at body loci with a large
cortical representation (fingers, arm), and vv. (thigh, torso), and with an oval form along the long axis of
the limb). The process exists for strict timing parameters, of which the ISI has the major influence. BD
must be in the order of 5 ms. The vividness and strength of the saltatory effect are supported by
psychophysical data from a study done by Cholewiak and Collins (2000). They investigated the perception
of different line qualities (e.g. length, smoothness) under veridical and saltatory presentation modes as
function of the timing parameters. They concluded that there were no differences between the two modes.

The cutaneous rabbit

The cutaneous rabbit is the name given to a spatiotemporal perceptual illusion that made the researchers
think of a tiny rabbit hopping over their body (Geldard & Sherrick, 1972). The rabbit also occurs under
strict temporal parameters. Again the BD must be very short, i.e. a tap in the order of 2 ms. The illusion
is based on a series of these taps, delivered to two separate locations, with multiple taps at the first
location. When the timing between the taps is right, the observer feels the taps spaced between the two
locations where the taps were actually delivered (please note that this both resembles saltation and
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apparent motion, except for the fact that individual taps are felt instead of continuous motion). For ISIs
larger than 200 ms, the effect is absent. For ISIs between 200 and 100 ms, the displacement starts, with
the taps more or less evenly spaced at 100 ms ISI. The illusion is optimal for ISIs between 40 and 60 ms
for a five-tap rabbit. The number of taps becomes illusory for ISIs below 40 ms. The importance of the
timing parameter is confirmed by the fact that gaps in the stream seriously degrade the illusion. Besides
the ISI, the number of taps is important: 2 is enough, 4-6 is optimal, 18 is too much. Distance is not
important. The rabbit can cross the body midline only if one of the locations is on the body midline. The
illusion is very strong when both locations are within the same dermatome, but very weak or absent
between dermatomes (Geldard & Sherrick, 1972).

Apparent motion

Apparent motion is a perceptual illusion in which two or more nonmoving stimuli activated in a specific
spatiotemporal pattern evoke a percept of continuous motion. The percept is not always stable. Although
mentioned in the early psychophysical literature (e.g., Hulin, 1927), it was not until the 1960s that
researchers were able to evoke a reproducible effect (Sherrick, 1968a, b; Bice, 1969). Sherrick reported
that apparent movement can be induced by successive bursts of vibration but not by pressure stimuli,
which yield unreliable judgements of movement. It has been shown that the significant variable for the
appearance of ‘good’ movement is the interval between onsets of stimuli (SOA). Sherrick investigated
which variables determined the optimal SOA for good movement. The following variables had no effect
on the quality of movement or the optimal SOA: vibration frequency (60-250 Hz), body locus (forearm,
back, stomach, hand), subjective magnitude (6-30 dB SL, see also Gardner & Sklar, 1994), direction of
motion (proximal-distal or vice versa) and magnitude imbalance (when one stimulus had twice the
intensity of the other). Stimulus duration was crucial for good apparent movement: the optimal SOA varied
linearly with stimulus duration for 25 to 400 ms (with SOA about 0.70 of the stimulus duration, and an
offset of 60 ms). Kirman (1974a) used a rating method to measure the quality of apparent movement. The
degree of apparent movement varied as function of SOA: the function first increased and then decreased.
Both the optimal SOA and the impressiveness of apparent movement increased with stimulus duration
above 20 ms.
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Figure AI.2. Typical relation between the burst duration (BD) and the
stimulus onset asynchrony (SOA) for good vibrotactile apparent
motion.

Apparent motion is thus an illusion that is mainly related to timing parameters (and the number of stimulus
sites, Kirman, 1974b, Sparks, 1979). When apparent motion is plotted as function of BD and SOA, the
typical pattern (depicted in Figure 3.5) shows a decreasing SOA for smaller BD till a bottom value around
30 ms (which is equivalent to a decreasing ISI for larger BDs as found by Grossberg and Rudd, 1992).
For BDs smaller than 30 ms, the required SOA increases (Sherrick & Rogers, 1968; Sparks, 1979;
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46 Parallels between the visual and the tactile system in general and with regard to motion
processing in specific were pointed out by Campos, Lopez and Perez (1998), Feinsod, Bach-y-Rita, Madey
and Somoes (1973), Hsiao (1998), and Kirman (1974a). However, Hsiao’s choice to assign the Meisner
corpuscles the same function as the magnocellular pathway in vision is rather arbitrary. The main argument
is that the spatial resolution of the Pacinian corpuscles is too low. However, it may be argued that spatial
resolution is far less critical in apparent motion perception (i.e. with discontinuous stimuli) than in tasks
such as structure and surface perception. This is not in contradiction with the extremely high sensitive
found with continuous stimuli, which is often higher than spatial resolution tasks, see Barlow (1987) for
an overview.
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Kirman, 1983; Kirman, 1974a; Grossberg & Rudd, 1992). This dip or kink is of course absent in studies
that haven’t used BDs near or below the critical value.
What is remarkable about the dip in Figure 3.5 is that it is located near the threshold for temporal order
and the critical BD value below which stimuli may be processed differently (see Section 2.3.3). Interesting
is that the data for vibrotactile stimuli are similar to that for the visual system (including the dip)46. The
dip is also present for movement between both arms (Sherrick, 1968a, b). This indicates that apparent
motion can be extracted at a post callosal level.
The existence of a specific motion detection mechanism was concluded from the facts that motion is not
related to the processing of place and time as separate entities (for details on the prove of this, see Gardner
& Sklar, 1994; Essick, McGuire, Joseph & Franzen, 1992), that there is no link between motion and point
localization (Norrsell & Olausson, 1994), and that place, time and motion can exist independently (Essick
& Whitsel, 1988).

Pattern recognition

Pattern recognition (i.e., identification and discrimination, see also Cholewiak & Collins, 1995) as
function of timing parameters has not extensively been studied. Cholewiak and Craig (1984) report that
their data is more accurately described by SOA than ISI. An interesting fact in their data is that there is
a dip in the BD / SOA relation, quite similar to that found in the apparent motion graphs.

Masking

Masking is a change in the percept of a stimulus (target) when a second stimulus (masker) is close in time
and/or space. The masker may (negatively) effect several aspects of the target. Including the absolute
threshold, the difference threshold (e.g., Craig, 1974), and the perceived location. Furthermore, observers
may respond with the masking stimulus as though it was the target (also called response competition,
which assumes that both target and non target interfere at a later state of processing; Craig, 1995; Evans
& Craig, 1992). When two patterns occupy the same location at different times, one speaks of temporal
masking. In general, the interference between the patterns decreases when the temporal separation between
the onsets of the two patterns increases. The masking pattern can be presented prior to the pattern to be
identified (forward masking) or subsequently to the target pattern (backward masking). Both types do not
always result in the same amount of masking (Craig & Evans, 1987). At brief SOAs (< 100 ms) they found
more backward than forward masking. However, when the SOA was relatively long (> 200 ms) backward
masking became negligible whereas forward masking remained visible for SOAs up to 1200 ms. The same
pattern was already found by Bliss et al. (1966). However, Gescheider, Bolanowski and Verrillo (1989)
did not find differences and Weisenberger (1994) found more forward masking than backward masking
for relatively short ISIs. The difference between the mentioned studies might be due to the difference
between signal detection (Gescheider, Bolanowski and Verrillo, 1989; Weisenberger, 1994) and pattern
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47 Please note that many of the phenomena presented in the beginning of Section 3.5 of this
Appendix can also be considered as masking effects since the percept differs from the original stimuli
because of overlap in time and/or space.

48 The existing neurophysiological models of spatiotemporal mechanisms focus on a specific
neuronal structure or the interaction of two or small groups of neurons. Although these models describe
or explain specific effects, they do not make a link to behaviour of the organism as reflected in the
psychophysical data and which is also the main focus of this thesis. The same holds for the general models
or theories of cutaneous sensitivity, such as the specificity theory of von Frey (see Melzack & Wall, 1962)
and the pattern theory of Nafe (Nafe, 1934; Nafe & Kenshalo, 1962; Weddell & Miller, 1962). 
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recognition (Craig and Evans, 1987; Bliss et al., 1966). Probably very different processes are involved
in detecting simple vibrotactile signals and in recognising complex patterns of stimulation. Other factors
that affect the amount of temporal masking are the type of masking stimulus (Craig, 1982a) and the
frequency of the stimuli (no cross-channel masking, Verrillo & Gescheider, 1983). When two stimuli
occupy two locations but at different (possibly overlapping) times, one speaks of spatial masking47.
Sherrick (1964) measured the detection threshold of a pulse masked by a second pulse as function of the
inter stimulus interval and the spatial distance. He found that the amount of masking decreased when the
spatial separation between the two stimuli increased. He also found that contralaterally placed maskers
showed masking effects which indicates that the interaction between the pulses is not solely a peripheral
process but requires some degree of central involvement. Verrillo and Gescheider (1983) found masking
(increased detection thresholds) predominantly for high frequency stimuli. A very specific situation occurs
when a target is masked by another stimulus that is presented at the same location and at the same time.
Gescheider, Bolanowski, Verrillo, Arpajian and Ryan (1990) measured this by presenting a specific target
(an amplitude change) in a continuous white noise vibration. The thresholds increased with increasing
masking intensity. Finally, masking can also occur when target and masker overlap neither in time nor in
space (although they are in close proximity both spatially and temporally). Weisenberger and Craig (1982)
let subjects identify vibrotactile patterns presented to their left index fingertip in the presence of spatially
adjacent masking stimuli. Forward and backward masking decreased with increasing SOA (although
actually ISI is a better term to indicate the amount of overlap). Maximum interference in pattern
recognition was found to occur at an SOA of about 50 ms.

Theories for spatiotemporal processing

In general, the psychophysical theories do not agree on the specific mechanisms underlying spatiotemporal
integration or masking phenomena48. Below, some theories on masking will be discussed briefly.
Bliss et al. (1966), studying the effect of temporal masking on pattern identification, described masking
with a model consisting of three intervals: 1) a read-in interval of 50 to 100 ms in which stimuli occurring
in the interval are superimposed, 2) a period of 75 to 200 ms in which a second stimulus may cancel or
replace the first stimulus because both stimuli occur in the same temporal epoch, and 3) an interval in
which the mutual interference between the two stimuli is reduced. Craig (1982a, 1982b) and Evans (1987)
suggested that temporal masking obtained with vibrotactile patterns occurs because of two processes:
interruption and integration. Interruption arises when the features of a target are distorted or confused with
features of a masker. It is responsible for producing greater amounts of backward masking than forward
masking. Temporal integration operates in both backward and forward masking paradigms. Two patterns
that are presented in close temporal and spatial proximity are integrated into a composite form in which
the target pattern is obscured.
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Craig and Evans (1987), who found that forward masking occurred for SOAs up to 1200 ms, argued that
the presentation of a vibrotactile pattern yields an internal representation that persists following the
cessation of a stimulus for a certain amount of time. The information contained within the tactile sensory
store decays rapidly at first (till SOA = 100 ms) and then at a slower rate (till SOA = 1200 ms). Backward
masking is strong at SOAs < 100 ms since information presented to the same place of the skin is integrated
over a temporal window of approximately 100 ms. The reason that at relatively long SOAs there is more
forward masking than backward masking is that the representation of a pattern persists for about 1200 ms.
Gescheider, Bolanowski and Verrillo (1989) mentioned that according to Kirman (1984) forward masking
may be primarily a peripheral interaction maximally evident when peripheral interaction between target
and masker occurs, while backward masking has a strong central component. However, Craig and Evans
(1987) discussed that the persistence of features of vibrotactile patterns after stimulation, which explains
forward masking at long SOAs, is probably not a peripheral process.
Gescheider et al. (1990), who found that the effect of a masking stimulus on the vibrotactile threshold was
independent of frequency, concluded that either the neural processes responsible for vibrotactile masking
must be the same for each vibrotactile channel or the whole process operates at a level in the central
nervous system that integrates information across the psychophysical channels. However, the first
conclusion seems to be more likely, since Verrillo and Gescheider (1983) found that masking did not
occur between these channels.

A specific issue that has not been discussed yet is that tactile sensitivity (both in detection threshold and
spatial and temporal resolution) may be lower in the older observer than in the younger (e.g., Cholewiak
& Collins, 2003; Stevens & Choo, 1996; Stevens, Cruz, Marks & Lakatos, 1998; Van Doren, Gescheider
& Verillo, 1990; Verrillo, 1993). However, we have shown that in an operational setting resembling the
proposed applications, older observers performed as well as younger (De Vries, Hogema, Van Erp &
Kiefer, 2004). Therefore, this issue is not specifically investigated further.
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Appendix II. Hardware details

We used four different types of tactors in the experiments described in this thesis:
@ the MiniVib-4 tactor (Special Instruments Development AB, PO Box 3050, S-181 03 Lidingö,

Sweden)
@ TNO tactors (TNO Human Factors, PO Box 23, 3769 ZG, Soesterberg, The Netherlands)
@ DS tactors (Dutch Space, Newtonweg 1, 2333 CP Leiden, The Neherlands) 
@ TTTD JHJ-3 tactor (TNO Science and Industry, PO Box 6235, 5600 HE Eindhoven, The

Netherlands).
Table AII.1 indicates which tactor was used in which experiment.

Table AII.1. Overview of the tactors used in the 14 experiments.

Experiment: 1 2 3 4 5 6 7 8 9 10 11 12 13 14

MiniVib-4

TNO

DS

JHJ-3

The MiniVib-4 was used for all psychophysical studies and for part of the lab studies. The TNO tactors
were used for part of the lab studies and for the field studies, except for the 3D orientation experiment in
which the DS tactor was used. The JHJ-3 tactor is an improved version of the TNO tactor with rounded
edges and improved wiring and was approved for use under high G-load by the Swedish Defence Material
Administration. Details of the tactors are presented in Table AII.2. All tactors and stimuli in all
experiments were always amply above threshold (in the range of 15-20 dB above threshold, which is
judged comfortable; Boff & Lincoln, 1988).

 

Figure AII.1 Top and side view of a MiniVib-4 vibrator with the
housing partially removed.
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Figure AII.2. The TNO tactor (left) and the DS tactor (right) during the
measurements with the B&K accelerometer attached with double
sided sticky tape.

Table AII.2. Main characteristics of the MiniVib-4, the TNO tactor and the DS tactor.

MiniVib-4 TNO tactor / JHJ-3 DS tactor

manufacturer Custom made and
calibrated by Special
Instruments Inc., Sweden

TNO Human Factors / TNO
Science and Industry, The
Netherlands

Dutch Space, The
Netherlands

principle resonator DC motor DC motor

contact area rectangular, 16×22 mm rectangular, 15×20 mm circular, diameter 18 mm

frequency fixed at 250 Hz,
independent of amplitude

variable around 155 Hz,
confounded with amplitude

variable around 165 Hz,
confounded with amplitude

waveform pure sine undefined, see Figure AII.3 undefined, see Figure AII.4

input sine wave DC DC

outer material PVC PVC coated aluminium

Figure AII.1 AII.2, left AII.2, right

The MiniVib-4 was always driven by a 250 Hz sine wave. Tables AII.3 and AII.4 and Figure AII.5 give
a summary on the linearity and the frequency modulation of the MiniVib-4. The high frequency minivib-4
reaches half its amplitude within 10 ms, and a super threshold amplitude within its first sine wave (i.e.,
within 4 ms).
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Figure AII.3. Response characteristics of the TNO tactor when driven
by the hardware used in the experiments.
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Figure AII.4. Response characteristics of the DS tactor when driven
by the hardware used in Experiment 13.
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Figure AII.5. Response characteristics of the Minivib-4 tactor when
driven by a 250 Hz sine wave. 50% of the amplitude is reached after
10 ms.
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Table AII.3. Linearity of the MiniVib-4.

Peak level input (dB) Max. rms output Average rms output

0 -10,51 -13,25

-5 -15,49 -18,25

-10 -20,54 -23,25

-15 -25,59 -28,15

-20 -30,65 -33,24

-25 -35,7 -38,33

-30 -40,79 -43,31

-35 -45,8 -48,39

-40 -50,88 -5342

Table AII.4. Frequency modulation depth of the MiniVib-4.

mod. freq. (Hz) Modulation depth in Modulation depth out

0,5 1 0,99

0,63 1 0,99

0,8 1 0,99

1 1 0,99

1,25 1 0,99

1,6 1 0,99

2 1 0,99

2,5 1 0,99

3,15 1 0,99

4 1 0,99

5 1 0,99

6,3 1 0,98

8 1 0,98

10 1 0,97

12,5 1 0,95

16 1 92
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Appendix III. Guidelines

Tactile interaction is becoming increasingly important, not only in navigation and orientation tasks, but
also in communication, in assistive technologies and in special purpose computing environments. While
considerable research exists, lack of ergonomic standards in this area may result in systems being
developed without sufficient concerns for either ergonomics or interoperability (Van Erp, Carter &
Andrew, 2006). This can lead to difficulties for users of multiple, incompatible or conflicting tactile
displays or applications (see the section on coding and standardisation in Chapter 11). Guidelines are
important to bring the field of tactile interactions a step further. Based on this thesis and the work done
for the European Telecommunications Standards Institute (ETSI) on multimodal icons, symbols and
pictograms (ETSI, 2002) and for the International Organization for Standardization (ISO) on guidance
on tactile and haptic interactions (ISO, 2006), we come to the following.

Guidelines on tactile interactions.

• The system should provide context to help the user to understand the meaning of the tactile
sensation.

• The system should provide information on which task or function is active.
• The system should ensure comfort over short and extended periods of use. Reducing the risk of

tactile fatigue can be achieved by careful choice of body location for stimulation, method of
contact with the body, and lowest effective magnitude of the stimulus.

• The system should maintain coherence between sensory modalities, including the descriptions
of actions.

• When using multiple modalities, the system should avoid causing sensorial contradictions or
sensorial overload.

• The system should prevent the spreading of vibration from an active tactor to non-active tactors.
• Options to adjust tactile parameters should be provided to prevent discomfort, pain or injury.
• Acoustic energy emissions created by tactors should not annoy nearby persons or interfere with

the user perceiving presented auditory information.
• The system should minimise the occurrence of sensory adaptation, and when adaptation occurs,

the system should enable the user to recover from sensory adaptation to stimuli.
• The system should minimise the occurrence of unintended perceptual illusions for example

caused by stimuli that are presented closely in time and space.
• Where available, well known tactile patterns, which are familiar in daily life or that are easy to

learn, should be used for presenting information.
• System behaviour should conform to user expectations.
• The system's spatial resolution should be appropriate for the task and in accordance with the

user's perceptual capabilities.
• Apparent location may be used to increase the spatial resolution of a vibrotactile display.
• Where high spatial acuity is needed, the system should interact only with the distal body parts.
• Displays designed for trained or expert users may use a higher density of stimuli.
• Apparent motion may be used to simulate actual motion.
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• When encoding information in a temporal pattern, the time between signals should be
perceivable and customizable.

Guiding information for the design and application of tactile torso displays for local

guidance:

• The resolution of a tactile torso display may be in the order of 3 - 4 cm, both vertically and
horizontally.

• Applications that require a high spatial resolution can benefit from longer stimulus presentation
times, those that need a fast presentation require a larger distance between the tactors.

• In the horizontal plane, the system may use a direction resolution up to 15° for static stimuli.
• The system may use the body midaxis as origin of perceived directions for resolutions as small

as 30°. Applications that use a higher resolution should use an individual mapping of external
directions on skin locations.

• Most accurate direction perception is achieved for directions straight ahead or straight behind.
• Tactile direction perception can be complementary to 3D sound, in the sense that 3D sound is

optimal to present lateral directions but has a relatively high occurrence of front - back reversals.
• The system should ensure coherence between sensory modalities and compensate for biases in

tactile and visual phenomenal space and time.
• The system can apply crossmodal comparisons as well as unimodal comparisons.
• Tracking errors with a tactile display increase when there is an external disturbance signal

present in the tactile signal.
• 2D navigation with an 8-tactor waist belt indicating waypoint direction by a localized vibration

is adequate and quickly learned. The system may indicate approaching the waypoint by a simple
alerting signal.

• Navigation system should not have pauses longer than 2 s between consecutive signals.
• In waypoint navigation settings where continuous distance information is considered to be

important, the presentation of distance information should not be confounded with the temporal
resolution of the direction information.

• The system may employ a bimodal presentation to decrease reaction times.
• Tactile displays can release the load on the visual modality in local navigation tasks.
• Tactile cues can be used in time critical tasks.
• In environments with external stressors such as vibration and high G-load, or under conditions

of spatial disorientation, tactile displays may be employed when the use of visual displays is
hindered.

• The preferred coding on the tactile display is task dependent. The system should use the best
coding for the task.

• The system should avoid tactile clutter resulting from the parallel presentations of tactile signals
or functions.

• A tactile display can lessen performance degradation that is a consequence of increasing
workload.

• Tactile displays can lower experienced mental effort.
• Tactile displays can improve 360° threat awareness.
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Appendix IV: Overview of experimental methods in a nutshell

Experiment 1 in a nutshell: spatial resolution as function of location.
• Four observers performed a spatial discrimination task. After the presentation of two

vibrations they responded whether the second was left or right from the first. The stimuli were
located all over the torso.

• The independent variable was the location on the torso.
• The dependent variable was the spatial acuity, defined as the 84% threshold of the fitted

curve.

Experiment 2 in a nutshell: spatial resolution as function of timing parameters.
• Four observers performed a spatial discrimination task. After the presentation of two

vibrations they responded whether the second was left or right from the first. The stimuli were
located on the dorsal side of the torso.

• The independent variables were the burst duration (BD)and the stimulus onset asynchrony
(SOA).

• The dependent variable was the percentage correct responses.

Experiment 3 in a nutshell: absolute localization.
• 15 observers performed a triangulation task in which they had to line up a cursor with two

stimuli of which one was attached to the frontal side of the torso.
• The independent variables were the location and the modality of the torso stimuli. There were

15 stimulus locations and two modalities: visual and tactile.
• The dependent variable were the subjective location of the stimulus (either in x, y co-ordinates

or in polar co-ordinates).

Experiment 4 in a nutshell: direction perception.
• Ten observers performed a direction perception task, in which they positioned a cursor on a

table surrounding them such that it indicated the direction of a vibration on the torso.
• The independent variable was the angle of the tactor (there were 15 tactors in a belt around

the torso), calculated from the body midaxis.
• The dependent variables were the bias (calculated as the difference between the angle of the

tactor and the indicated direction), and the consistency (calculated as the standard deviation
over multiple responses given to the same tactor).
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Experiment 5 in a nutshell: temporal interval discrimination.
• Eight observers performed an interval discrimination task, in which they responded wether

the second of two intervals was shorter or longer than the first. The two open intervals had
different lengths. An interval was marked with either two visual flashes or two tactile bursts.
The two intervals could be of the same modality or of two different modalities.

• The independent variables were the combination of interval modality and the interval length.
• The dependent variables were the bias and the sensitivity.

Experiment 6 in a nutshell: tracking task.
• 12 participants performed several tracking tasks in which the error between a target and a

cursor had to be minimised. The cursor and target were either displayed on a visual display
(dots presented on a table surrounding the participant) or on a tactile display (a belt with
tactors around the torso).

• The independent variables were the modality of the cursor and target (visual and/or tactile)
and the tracking task (compensatory or pursuit).

• The dependent variable was the RMS tracking error.

Experiment 7 in a nutshell: waypoint navigation on foot.
• 12 participants walked several routes on an open terrain (each consisting of six waypoints),

while waypoint information was presented on a belt with 8 tactors around the torso. The
location of the vibration indicated the direction of the next waypoint. The rhythm of the
vibration displayed information on the remaining distance. 

• The independent variable was the scheme to code for the remaining distance.
• The dependent variable was the effective walking speed (calculated as the distance between

two waypoints divided by the walking time.

Experiment 8 in a nutshell: waypoint navigation in car.
• 16 drivers completed 12 routes through a town in a driving simulator. Route navigation

information was displayed on a visual display (an arrow for direction, and a number for
distance information) and/or on a tactile display (vibration on the left or right leg for direction,
and different rhythms for distance). The drivers were instructed to use their turn indicator as
soon as they received the navigation message. During navigation a peripheral detection task
PDT) was presented. The rating scale mental effort (RSME) was completed after a block of
four routes.

• The between subjects independent variable was workload (normal, high), the within subjects
independent variable was display modality (visual, tactile, bimodal).

• The dependent variables were reaction time to the navigation message, RSME score, reaction
time and errors in the PDT.
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Experiment 9 in a nutshell: waypoint navigation in helicopter and fast boat.
• One boat driver and one helicopter pilot navigated their vehicle along a triangular course

marked by three waypoints. The direction of the waypoints was indicated on a tactile display
consisting of 8 tactors in a belt around the torso.

• We gathered descriptive (vehicle location) data during the runs and gathered subjective
comments from the participants.

Experiment 10 in a nutshell: helicopter low level flight.
• 12 student pilots flew a in helicopter simulator. They performed a low-level ground target

following task at an instructed altitude of 15 m. They could be supported by a tactile display
that indicated the instructed altitude by a vibration on the shoulders or under the thighs
(simple variant), or by a tactile display that indicated the instructed altitude and wether the
helicopter was climbing or descending (complex variant). They completed trials in simulated
daytime and at night with simulated night vision goggles. During half of a trial, a secondary
mental workload task was added. The pilots completed the rating scale mental effort (RSME)
after a trial.

• The independent variables were the type of support (no support, simple display, complex
display), visual conditions (day, night), and the presence of the secondary task (present,
absent).

• The dependent variables were the mean and RMS altitude error, secondary task performance
and the scores on the RSME.

Experiment 11 in a nutshell: helicopter hover task.
• 12 student pilots flew in a helicopter simulator. They performed a helicopter hover task at an

15 m altitude. They could be supported by a simple tactile display that indicated the instructed
position by a vibration on the shoulders or under the thighs (vertical) and/or in a belt around
the torso (horizontal) (simple variant), or by a complex tactile display that indicated the
instructed position and the motion direction of the helicopter. They completed trials in
simulated daytime and at night with simulated night vision goggles. During half of a trial, a
secondary mental workload task was added. The pilots completed the rating scale mental
effort (RSME) after a trial.

• The independent variables were the type of support (no support, simple display, complex
display), visual conditions (day, night), and the presence of the secondary task (present,
absent).

• The dependent variables were the mean and RMS hover error (vertical and horizontal),
secondary task performance and the scores on the RSME.
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Experiment 12 in a nutshell: counteracting SD in rotating chair.
• 24 participants performed an orientation task in a rotating chair. A state of Spatial

Disorientation (SD) was evoked by a rotation around the yaw axis followed by a sudden stop.
In the following recovery phase, participants had to retain a stable orientation while
compensating for a disturbance added to the chair’s orientation. A hood blocked visual cues.
In half of the trials, they were supported by a tactile display consisting of a belt around the
torso with 24 tactors displaying orientation information.

• The between subjects independent variable was coding of orientation on the tactile display,
the within subjects independent variable was type of support (no support, support during the
recovery phase only, and support during both the pre-SD and recovery phase).

• The dependent variables were recovery performance (defined as the number of turns made
during the recovery phase), and control performance (calculated as the correlation between
the disturbance signal and the control input).

Experiment 13 in a nutshell: orientation awareness in microgravity.
• One participant performed several orientation tasks in the microgravity environment of the

International Space Station. The tasks were repeated on four days during adaptation to
gravity. The astronaut could be supported by a tactile vest covering his whole torso. The
location of the vibration on the vest indicated the direction of down.

• The independent variables were the day in microgravity (4) and sensory modality with task-
dependent levels (e.g. eyes only, vest only and bimodal).

• The dependent variables were subjective difficulty score, and task dependent performance
measures.

Experiment 14 in a nutshell: target interception task.
• Nine pilots performed a target interception and chase task in a high G flight simulator. After

target pop-up the instruction was to get the target in a small forward cone as fast as possible.
Standard visual displays were always present. In half of the trials, additional support was
provided by a tactile vest. The location of vibration indicated the direction of the target. In
half of the trial, an additional mental workload task was presented. After a run, the pilots
completed the modified Cooper-Harper scale and a questionnaire.

• The independent variables were the cueing modality (visual only or visual and tactile),
workload (additional task absent or present, and position of the threat at pop-up (8).

• The dependent variables were the G forces pulled during interception, the initial reaction time
to target pop-up, task completion time, rating on the questionnaires, workload rating, and
performance on the secondary task.
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Samenvatting

Er zijn situaties, bijvoorbeeld tijdens het autorijden, waarin we eigenlijk ogen en oren tekort komen.
Terwijl we in gesprek zijn met onze passagiers en tegelijkertijd de autoradio instellen besteden we
misschien wel te weinig aandacht aan wat er op de weg voor ons gebeurt. Om in dit soort situaties de
veiligheid, efficiëntie en het comfort te verbeteren zijn ontwerpers van mens-machine systemen continu
op zoek naar nieuwe manieren om informatie aan te bieden. Eén van de mogelijkheden hierbij is een
tactiel display. Een tactiel display is een display voor de huid zoals een beeldscherm een display voor de
ogen is. Een bekend voorbeeld van een eenvoudig tactiel display is de mobiele telefoon met één
trilelement die via de huid laat weten dat er een telefoontje of SMS bericht binnenkomt. Dit proefschrift
gaat over de vraag of geavanceerde tactiele displays met veel trilelementjes verspreid over borst en rug
(trilvest)  iets kunnen betekenen in het domein van stuur- en regeltaken; de relatief snelle processen zoals
het koers houden bij autorijden en het onderscheppen van vijandelijke doelen in een jachtvliegtuig.

 

Soms komen we ogen, oren, en mentale reserves te kort om alle
informatie om ons heen te verwerken (links). Een trilvest (rechts)
gebruikt de huid om informatie over te brengen en ontlast zo de ogen
en oren. Bovendien werkt een trilvest als een ‘tikje op de schouder’
en zorgt ervoor dat we informatie kunnen verwerken zonder dat we
er bij na hoeven te denken.

In hoofdstuk 1 brengen we deze problemen verder in kaart. We doen dit aan de hand van een model
(prenav) dat een beschrijving geeft van de regelprocessen bij sturen en navigeren. Uit prenav komen twee
potentiële knelpunten naar voren: sensorische en cognitieve overbelasting. Sensorische overbelasting
betekent dat er (te-) veel informatie wordt aangeboden via de ogen en de oren, cognitieve overbelasting
betekent dat de gebruiker niet genoeg capaciteit heeft om alle aangeboden informatie goed en tijdig te
verwerken. Als mogelijke oplossing voor beide knelpunten introduceren we het trilvest. Omdat dit tactiele
display de huid als communicatie kanaal gebruikt kunnen we de ogen en oren ontlasten. Daarnaast kan
een trilvest als het ware een tikje op de schouder geven om zo iemand de goede richting in te sturen of te
vertellen in welke richting een vijandelijk doel zich bevindt. Omdat dit tikje op de schouder intuïtief
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begrepen wordt, dus zonder er bij na te hoeven denken, kunnen we ook het risico op cognitieve
overbelasting verkleinen. 

In dit proefschrift komen de volgende onderwerpen aan de orde. In experiment 1 kijken we als eerste naar
de spatiële resolutie van de torso voor trilsignalen. Met andere woorden: hoe dicht kunnen trillertjes naast
elkaar zitten om ze nog uit elkaar te kunnen houden, en is dit overal op de torso hetzelfde? Het blijkt dat
trillers 3 - 4 cm uit elkaar moeten zitten. Alleen in de buurt van de middenlijn (de verticale lijn door
ruggenmerg (achter) en navel (voor)) kunnen trillers dichter bij elkaar zitten. Dit effect hangt
waarschijnlijk samen met de manier waarop de hersenen signalen van dit gedeelte van de torso verwerken.
In experiment 2 kijken we naar het effect van aanbiedingsduur op de spatiële resolutie. Stuur- en
regeltaken zijn immers snelle processen waarbij signalen mogelijk kort aangeboden worden of snel van
positie veranderen. Het blijkt dat de trilling heel kort kan duren en dat het vooral belangrijk is hoeveel tijd
er tussen twee trilsignalen zit: hoe meer tijd tussen twee trillingen, hoe beter je ze uit elkaar kunt houden.

In deze eerste twee experimenten gaat het om het uit elkaar houden van twee trillocaties. In experiment
3 onderzoeken we hoe goed mensen de plaats van een trilling op hun lichaam kunnen bepalen. Als we de
wereld als het ware op de torso willen projecteren is dit een belangrijk aspect: als we een doel aangeven
met een trilling op 2 uur (wijzer van de klok), maar de gebruiker lokaliseert de trilling op 1 uur kan dit tot
problemen leiden. We vinden echter dat mensen de plek van een trilling behoorlijk goed kunnen bepalen.
Dat klopt ook wel met de ervaring dat we een stekende mug gelukkig ook in een fractie van een seconde
kunnen raken. In experiment 4 kijken we naar hoe goed mensen een trilling op de torso om kunnen zetten
in een richting en hoe ze dat doen. Het lijkt logisch dat een trilling bij de navel een richting rechtuit
aangeeft, maar welke richting hoort er dan bij 10 cm rechts van de navel? Experiment 4 levert een drietal
interessante bevindingen op. Ten eerste blijkt dat we behoorlijk goed zijn in het koppelen van een richting
aan een trilling op de torso. De variatie in onze antwoorden valt ruim binnen het voorbeeld van de 12 uren
van de klok. Mensen hebben echter wel een systematische afwijking: we zijn geneigd richtingen meer van
recht van voren of van recht van achteren waar te nemen (respectievelijk voor de voorste en achterste helft
van onze torso). Hier kunnen we echter makkelijk rekening mee houden als een hoge nauwkeurigheid
vereist is. Ten slotte is het interessant om te kijken hoe mensen in staat zijn om richting waar te nemen.
Een (tril-) punt bevat immers geen richtingsinformatie. Het lijkt erop alsof we richting waarnemen door
een tweede punt als intern referentiepunt te gebruiken. Dit kennen we ook uit de visuele waarneming, waar
we praten over het cyclopisch oog. Onze cyclopische huid ligt echter niet -zoals we vooraf voorspelde-
op de lichaamsas. We concluderen dat er twee van dergelijke interne referentiepunten zijn: een voor iedere
lichaamshelft. Ook dit is verklaarbaar door te kijken naar de manier waarop de hersenen trilsignalen
verwerken. De linker en rechter torsohelften worden door de hersenen namelijk als aparte lichaamsdelen
beschouwd, en hebben dus ook beide hun eigen cyclopische huid.

Omdat tactiele displays vaak gebruikt zullen worden samen met of als aanvulling op een visueel display
(bijvoorbeeld om de kans op visuele overbelasting te verminderen) is het zinnig om te kijken hoe we
visuele en tactiele displays goed op elkaar af moeten stemmen. In hoeverre klopt wat we zien en wat we
voelen met elkaar? En hoe goed kunnen we informatie van voelen en van  zien naar elkaar vertalen? In
experiment 5 en experiment 6 onderzoeken we de crossmodale perceptie van tijd en ruimte. Het blijkt dat
we net zo goed zijn in het vergelijken van informatie in dezelfde modaliteit als tussen twee verschillende
modaliteiten. Opnieuw zijn er wel systematische afwijkingen (zo lijkt de tijd tussen visuele gebeurtenissen
korter te duren dan tussen tactiele), maar hier kunnen we opnieuw makkelijk rekening mee houden bij het
presenteren van informatie.

Deze eerste zes experimenten waren gericht op de waarneming van signalen van een trilvest. De
experimenten erna zijn gericht op gedrag, prestatie en werklast bij het gebruik van een trilvest. Kunnen
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gebruikers op basis van informatie van het trilvest bijvoorbeeld hun weg vinden en vijandelijke vliegtuigen
onderscheppen? En kost het inderdaad minder mentale inspanning om zulke taken uit te voeren met een
trilvest dan met een traditioneel visueel display? We onderzoeken deze vragen in acht experimenten,
onderverdeeld in vier categorieën. De eerste categorie is (waypoint) navigatie, met andere woorden:
kunnen mensen een route langs een aantal punten afleggen op basis van tactiele informatie. We beginnen
eenvoudig met lopen. Proefpersonen kregen een gordel met acht trillers om en moesten de richting van
de trilling volgen om van A naar B, naar C etc. te lopen. Met het aan-uit ritme van de trilling werd de
afstand tot het waypoint aangegeven. Het blijkt dat deze manier van navigeren goed werkt: alle routes
werden goed gelopen met een normale loopsnelheid. Het blijkt ook dat afstandsinformatie niet belangrijk
is, maar een waarschuwing vlak voor het bereiken van het waypoint wel. Dit principe testten we verder
met een helicopter piloot en een speedboat bestuurder. Dit zijn wat we noemen ‘uitdagende omgevingen’,
waarbij fysieke stress (b.v. trillingen) en mentale stress een rol spelen. Het is niet vanzelfsprekend dat in
dergelijke situaties een tactiel display ook nog goed werkt, bijvoorbeeld omdat voertuigtrillingen kunnen
interfereren met de trilsignalen van het vest. De resultaten bewijzen echter dat dit geen probleem is: ook
in deze uitdagende omgevingen kan het tactiel display adequaat gebruikt worden voor waypoint navigatie.

Tenslotte testen we waypoint navigatie ook in een groter rijsimulator experiment. Deelnemers moesten
een route door de stad rijden en kregen route-informatie via een standaard visueel display en/of via
trillingen in de autostoel. De ene helft van de deelnemers deed dit in normale omstandigheden, de andere
helft in een situatie met een hoge werkbelasting. Opnieuw blijkt dat het tactiele display goed werkt.
Mensen reageren eerder op de navigatie boodschappen en vinden het display minder inspannend.
Bovendien presteert de groep met de hoge belasting niet slechter mits ze een tactiel display hebben. Als
ze alleen een visueel display hebben is hun prestatie echter wel slechter dan de groep met de normale
werklast. Dit is een indicatie dat een tactiel display intuïtief is, en gebruikt kan worden als de chauffeur
druk is met andere taken, terwijl dit niet lukt met een visueel display. 

De resultaten van deze drie experimenten laten zien dat gebruikers met een tactiel display kunnen
navigeren in het platte vlak. Sommige gebruikers, zoals vliegers en duikers,  moeten echter navigeren in
de 3D ruimte. In hoofdstuk 7 breiden we de trilgordel daarom uit naar een trilvest waarbij we naast
richtingen in het horizontale vlak ook richting in het verticale vlak aan kunnen geven. We testen dit in
twee studies in een helicopter simulator. Opnieuw manipuleren we ook de werklast van de vlieger om te
kijken of een tactiel display de gebruiker inderdaad ‘immuun’ maakt voor de mentale werkbelasting. In
experiment 10 testen we of we vliegers kunnen helpen om op een bepaalde hoogte te blijven in de
achtervolging van een tank op de grond. We vinden dat het trilvest hierbij uitstekend helpt: de hoogtefout
wordt gehalveerd zodra de vlieger tactiele ondersteuning krijgt. In tegenstelling tot het autorijden vinden
we niet de voorspelde effecten van de extra werkbelasting. Ook met een tactiel vest vermindert de
prestatie. In experiment 11 combineren we de horizontale en verticale informatie in één taak, een
zogenaamde hover taak. Hierbij moet de vlieger de helicopter stil houden op een vaste plek, een moeilijke
taak, zeker onder slechte zichtomstandigheden zoals ’s nachts of bij opwaaiend zand. Ook hier vinden we
dat het trilvest de prestatie aanzienlijk verbetert: de positiefout wordt opnieuw gehalveerd. Bovendien
laten de resultaten zien dat de verslechtering als gevolg van de extra taken veel minder is als de vlieger
geholpen wordt met een trilvest.

Naast navigatie (waar ben ik ten opzichte van mijn doel en hoe kom ik daar, gerelateerd aan translaties),
is ook oriëntatie belangrijk (gerelateerd aan rotaties, b.v. wat is beneden en wat is boven). Deze vraag is
van belang voor onder andere duikers, astronauten en vliegers. Zo belangrijk zelfs dat spatiële
desoriëntatie gezien wordt als een belangrijke oorzaak van ongelukken in de (militaire) luchtvaart. In
experiment 12 onderzoeken we of een trilvest ook kan helpen bij oriëntatietaken. Allereerst in een 2D
situatie waarbij we een situatie van spatiële desoriëntatie creëren. We doen dit door mensen in het donker
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om hun lichaamsas te roteren en dan plotseling stil te zetten, een situatie die lijkt op wat in de luchtvaart
bekend staat als een graveyard spin. Vervolgens moeten ze proberen zichzelf stil te houden met of zonder
de hulp van een trilvest. Zonder trilvest blijkt dit onmogelijk te zijn, en raken mensen direct in een
graveyard spin. Met een trilvest lukt het de proefpersonen echter wel om uit een spin te blijven.
Vervolgens maken we ook voor oriëntatietaken de stap van een 2D omgeving naar een 3D omgeving.
Experiment 13 was een case study in het internationale ruimtestation ISS. Ook hier is oriënteren van groot
belang, maar door het gebrek aan zwaartekracht moeilijk. Eén ESA astronaut heeft tijdens zijn
adaptatieperiode aan gewichtloosheid een aantal oriëntatie-experimenten gedaan. Op basis van de
verzamelde gegevens en zijn subjectieve beoordelingen kunnen we zeggen dat een trilvest oriëntatie
sneller, beter en makkelijker maakt. Dit kan van belang zijn tijdens het dagelijkse leven in het ISS, maar
vooral ook in kritische situaties zoals tijdens een ruimtewandeling of een noodevacuatie. Tenslotte testen
we in het viertiende en laatste experiment de ondersteuning van straaljagervliegers bij het onderscheppen
van vijandelijke doelen. We doen dit in een simulator die in staat is om tot 9 keer de zwaartekracht op te
wekken tijdens het vliegen. Op dit moment zijn er in veel moderne jachtvliegtuigen al zeer geavanceerde
visuele displays aanwezig voor dit soort taken. De uitdaging ligt dus vooral in het aantonen van
meerwaarde van een tactiel vest in deze omstandigheden. De resultaten laten zien dat die meerwaarde er
is in de initiële reactietijd, en in het onderscheppen van doelen die achter het eigen vliegtuig verschijnen.

De experimenten in dit proefschrift tonen aan dat een tactiel display een belangrijk hulpmiddel kan zijn
bij het navigeren en oriënteren. We hebben laten zien dat het sensorisch systeem van de torso voldoende
capaciteit heeft om de trilsignalen van een trilvest te verwerken en dat gebruikers goed in staat zijn om
de ruimtelijke informatie die we met het trilvest op de torso projecteren te interpreteren. We vinden in
experimenten met rijden, vliegen en varen dat gebruikers beter presteren, de taken minder belastend
vinden en minder last hebben van situaties met een hoge mentale werkbelasting. 
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Dankwoord

Het traject dat leidde tot dit proefschrift was plezierig. Het relatief onontgonnen gebied waar collega’s en
ik ons tien jaar geleden instortte gaf ons vaak het gevoel eenoog in het land der blinden te zijn: wij weten
bijna niets, maar net iets meer dan de rest van de wereld. We vonden onszelf natuurlijk ook ‘gelovers’ op
een missie (feeling is believing!). Het bezoeken van bijzondere plaatsen en het ontmoeten van bijzondere
mensen maakte missies meer dan eens opwindend. Redenen genoeg om me bevoorrecht te voelen.

 

 

Boven: bijzondere mensen op bezoek: van lachende prins (ZKH J.F.
van Oranje-Nassau) tot de op gevoel vliegende militair (huidige Chef
Defensiestaf Generaal D.L. Berlijn). Beneden: bijzondere plaatsen
(Start City, Moskou) en gebeurtenissen (best demo award met de
‘vogeltjesdans demo’, worldhaptics Pisa).

Niet allen dit traject, maar ook het proefschrift is het resultaat van teamwork. Mijn allereerste dank gaat
uit naar promotor en co-promotor, Peter en HJ. Peter, met je besmettelijke enthousiasme heb je me erin
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geluisd met tactiel onderzoek aan de gang te gaan, en jouw crossmodale illusie van de vallende druppels
uit je lekkende dak was de directe aanleiding voor onze eerste gezamenlijke experimenten. Het is mij een
oprecht genoegen om bijna 10 jaar later onder jouw supervisie dit proefschrift te verdedigen. HJ, behept
met een minstens net zo besmettelijk enthousiasme en voorliefde voor avontuur, je verdient zonder enige
twijfel de eer van co-promotor. Vaak hebben we missies gedeeld. De zoektochten naar Indiaas eten -een
goede gewoonte sinds de ‘death by chocolate’ ervaring in Glasgow- horen daar zeker bij. ‘Gewapend’ met
onze demokoffer hebben we menig X-ray inspecteur op tilt doen slaan. Direct na 11 september wist jij de
argwanende Amerikaanse inspecteurs er gelukkig van te overtuigen dat er een ‘big vibrator for the skin’
in zat, en dat dat alles met wetenschap te maken had en niets met een bomgordel. Mede daardoor heb ik
dit proefschrift in alle vrijheid af kunnen maken. Rest me nog maar één vraag: wanneer gaan we nature

bellen?

Nog veel meer TNO collega’s hebben een belangrijk bijdrage geleverd aan dit werk - werkelijk teveel om
allemaal op te noemen. Sjouke, Antoon, Jan en Obbe verdienen het echter zondermeer om genoemd te
worden. Als technici, knutselaars en wizards onontbeerlijk voor het bouwen van het lab en het optuigen
en programmeren van de experimenten. Hetzelfde geldt ook voor Bernd en andere betrokken
geldschieters. Belangrijke teamgenoten bij de experimenten en het tactiele werk waren onder andere
Arjen, Chris, Maaike, Mark, Sjoerd, Wouter, Wytze, nu en dan aangevuld met stagiaires: Arjen, John,
Migh, Marc, Ian, Robert, Steven, Edward en Dennis. Gelukkig heeft tenminste één van jullie zijn doctors
titel eerder behaald dan ik. Verder waren er de vele anonieme collega’s die ik van de gang sleepte om
‘even’ een pilotexperimentje te doen. RB, JH, AO, NB, AdV. Het is mijn geloofwaardigheid niet, maar
men dankbaarheid wel degelijk ten goede gekomen. Hierbij dus. Verder zijn er veel leermeesters,
kamergenoten, carpoolers, treinmaatjes, en bridgers: Pieter, Leo, Sjoerd, Nico, Alexander, Martin, Tony,
Wytze, Jan, Richard. Jullie waren onontbeerlijk om sociaal en wetenschappelijk te groeien en om sommige
vormen van noodzakelijk kwaad te verzachten. 

Professionele ondersteuning kwam er ook van buiten TNO. A special thanks goes to Trevor who read
through many manuscripts and gave valuable suggestions for improvements. I am also grateful for the
opportunities to make many friends who joined us on our missions: Lars, Otto, Linda, Brian, Brad, Bill,
Bob, Angus, Sharon. And last but certainly not least, I would like to acknowledge the members of the
advisory committee: Anton, Astrid, Charles,  Roger and  Susan.

Maar er is, zelfs tijdens het schrijven van een proefschrift, meer dan werk. Rust komt er nu ook eindelijk
voor de potige dame Dunya die menig passage voor haar rekening nam als het niet snel genoeg ging, maar
wiens bijdrage achteraf bezien toch meestal werd geschrapt. Je vier pootjes komen beter tot zijn recht
naast dan op het toetsenbord. Hetzelfde gold trouwens ook voor Mustapha Pasha. Heel, heel bijzonder zijn
de mensen die me na staan; zij verdienen zondermeer het laatste dankwoord. Gebrek aan idee waar ik nu
precies allemaal mee bezig was heeft jullie vertrouwen op een goede afloop niet kunnen beïnvloeden.
Daan, Bas, David en laatste loodjes Liesbeth: ik ben blij dat jullie kunnen delen in de oogst. Mijn grootste
dank gaat uit naar de overlevers van het eerste uur: Kees, Ineke, Tiem, Arthur, Heleen en (niet voor niets
paranimf) Marianne.



Curriculum Vitae

215

Curriculum Vitae

Jan van Erp was born on the 9th of June 1969 in Lisse, The Netherlands. He finished his Atheneum B
education at the Fioretti College in Lisse at the age of 18. After finishing his first year degree
(propaedeutics) in civil engineering at the Delft University of Technology, he completed his Master’s
degree in Experimental Psychology at Leiden University, The Netherlands in 1994. After his military
service he started working at TNO Human Factors in 1995 as researcher and project manager in the
Steering and Control Task group. He became head of the same research group in 2004 and Chief Scientist
of the Department Human Interfaces in 2005. Over the past years, he has written more than 100 reports
and papers, organised international scientific meetings, has served as a member of programme committees
of international conferences and scientific groups, has been a member of expert teams for ETSI and
NATO, reviewed many papers for conferences and scientific journals, and coached MSc and PhD students
at TNO. Jan is currently chair of the Committee on experimental methods and statistics of TNO Human
Factors, chair of the NATO Task Group on tactile displays for orientation, navigation, and communication
in Air, Land and Sea environments, editor of the NATO publication on tactile displays, editor of the ISO
international standard on haptic and tactile interaction, member of the board of the Netherlands
Psychonomics Society, member of the ISO expert group on tactile and haptic interaction, and chair of the
trans disciplinary study group on man-machine interaction of the Netherlands Study Centre for
Technology’s project images of the brain.
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