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1. Introduction

1.1 Background: Effectiveness of Tactile Displays in Military
Operations

A review of published literature investigating the use of tactile displays in
operational settings has shown that this technology, when implemented effectively,
can increase performance (e.g., speed, accuracy) and lower cognitive workload in
general across a diverse domain of military operational settings, in land, sea, and
air (van Erp et al. 2004; Self et al. 2007; Elliott et al. 2009, 2013a, 2013b). Tactile
cueing has been shown to provide a particularly intuitive means of conveying
direction and orientation information. The contribution and effectiveness of tactile
displays for direction and orientation have been demonstrated in adverse,
demanding, and distracting situations, such as combat vehicles (e.g., Carlander and
Eriksson 2006; Krausman and White 2008), aircrew cockpits (Raj et al. 2000;
Rupert 2000a, 2000b, 2004; McGrath et al. 2004; van Erp et al. 2006; van Erp and
Self 2008), high-speed watercraft (Dobbins and Samways 2002), unmanned aerial
vehicle landings (Calhoun et al. 2004, 2005; Aretz et al. 2006; McKinley et al.
2007), high-acceleration environments (Eriksson et al. 2006, van Erp et al. 2007),
underwater environments (Chiasson et al. 2002; Samways 2005; Self et al. 2007),
dismount Soldier navigation in rough terrain (Elliott et al. 2006, 2007, 2010b),
dismount Soldier robot control (Redden et al. 2009; Elliott et al. 2010a) and during
strenuous movements (Elliott and Gilson 2006, Pettitt et al. 2006, Redden et al.
2006). A 2002 report on spatial disorientation countermeasures stated that “The
most important advance of recent years with the potential to combat spatial
disorientation has been the use of tactile stimuli to give information on spatial
disorientation” (Benson 2002). For dismount Soldier navigation, Soldier comments
were highly in favor, agreeing that the GPS-driven tactile torso belt system allowed
them to navigate “hands-free, eyes-free, and mind-free” (Elliott et al. 2010b).

Tactile alerts have also been effective in decision-making contexts, to better guide
attention and manage interruptions. For example, they effectively prompted task
switching in high-workload complex decision-making conditions (Ho et al. 2001;
Hopp et al. 2005; Hameed et al. 2006, 2007) and simulation-based scenarios for
human-robot interaction (Chen et al. 2008) and driving (Davis 2006, 2007; Ho et al.
2007). Krausman and her colleagues (Krausman et al. 2005, 2007) have
demonstrated the value of tactile alerts to guide attention in simulations of tank
leader communications and within simulated and actual vehicles with high levels
of vibrations. Additional studies further support the ability of Soldiers to detect
not only single alerts, but also spatio-temporal patterns presented across multiple



tactors (i.e., vibrating mechanisms) to represent and communicate different kinds
of information (Pettitt et al. 2006).

While preliminary results showed effectiveness of tactile displays for Army tasks,
further improvements were indicated. Subsequent development of tactile display
technology, funded by the Small Business Innovative Research (SBIR) program,
resulted in more user-friendly instantiations of this technology (Elliott et al 2011).
One effort integrated a tactile vest with instrumented glove technology that allowed
hand and arm signals to be covertly communicated from the glove-equipped sender
to the wearer of the tactile vest (Elliott et al. 2014). In that study, Soldiers were able
to successfully interpret tactile patterns portrayed on the tactile vest during
strenuous movements (e.g., running, crawling, climbing) and during tactical
movement through rough terrain.

A second effort, also funded by SBIR, developed a tactile system as a smartphone
app for networked communications and ease of use. Alternative tactors were also
developed to enable tactile displays to present vibratory sensations that are easily
distinguished when integrated within a dual-row tactile belt. Each row had a
different type of tactor (also referred as tactile actuators). One type of tactor was
used for navigation (direction cues), while another type, having a sharper sensation,
was used for incoming alerts (Pomranky-Hartnett et al. In review.). When this dual-
row tactile belt was added to a standard chest-mounted flip-down smart tablet
display, Soldiers were able to move more quickly and accurately, correctly
interpreting incoming messages while on the move. Soldiers were also able to
minimize the use of the visual display. When the tactile belt system was off,
Soldiers checked their visual map display an average of 17 times while navigating
300 m (during night operations); when the tactile system was on, Soldiers checked
their visual display an average of 1.2 times for the same distance. The lower number
of checks to the visual display frees the Soldiers’ attention to better monitor their
surroundings and helps maintain light security during night operations.

There is growing interest in using tactile cue displays for more-complex
communications representing operational information and replacing or augmenting
verbal (and possibly visual) concepts. Multiple resource theory (MRT) (Wickens
1992, 2002) predicts effectiveness of this approach given high workload through
other sensory channels. Prenav theory (van Erp 2007) places more emphasis on
ease of comprehension, such that the tactile cue displays would need to be
inherently intuitive or trained to automaticity. Prenav explains how tactile cues can
affect attention, cognition, and performance, with particular regard for the effects
of practice, automaticity, and intuitive response. For example, when tactors are
placed around the torso to indicate direction (e.g., turn in the direction of the
vibration), the operator response is immediate and without deliberation.



Consideration of both MRT and Prenav theories generates predictions of higher
effectiveness when there is 1) already a very high workload, 2) a need for attention
management cues (for example, alerts), 3) a need for direction or spatial orientation
information, or 4) tactile communication patterns are easily learned and easily
identified with little or no attentional effort. When multiple patterns are involved,
training through repetition can help achieve a more automatic recognition-based
response (Shiffrin and Schneider 1984).

1.2 Tactile Salience

1.2.1 Salience

One of the general problems in all sensory perception is information overload, but
humans are adept at using selective attention and quickly prioritizing large amounts
of information and thus give attention to that which is the most important. Salience
is the property of a stimulus that allows it to stand out and be noticed. Salience is
widely used in describing visual system performance of humans and in
computational models that drive computer vision (Frintop et al. 2010; Borji et al.
2013) but has not been extensively or systematically applied to the tactile modality.

1.2.2 Tactile Salience

Tactile salience can be simply defined as the probability that the tactile cue will be
detected. In controlled laboratory settings, salience can often be modeled as a
function of tactor engineering and the vibratory stimuli characteristics (i.e.,
physical characteristics of the signal itself) when context, or “noise”, is very low.
However, as context becomes more complex, additional factors become significant
(Mortimer 2011). Here we summarize key findings from a variety of increasingly
complex investigations as they relate to salience of tactile signals.

1.2.3 Factors Associated with Tactile Salience

Many questions remain with regard to how best to design tactile arrays for a
particular context. Further research in this area should clarify moderating factors
and refine guiding principles to determine when, where, why, and how to best
employ alternate cues to support operator performance in demanding or complex
environments. For example, research should also look at the effects on other
levels of performance complexity, from simple reaction times to complex
decision making under uncertainty, and particularly on aspects of workload. Very
few studies manipulate or measure workload in a systematic manner. A systematic



approach is needed to better define, investigate, and predict efficacy of tactile
displays. The following section offers one approach to conceptualization and
investigation of tactile display effectiveness.

1.2.3.1 Tactor Characteristics

Early studies of tactile signaling focused on psychophysical responses to tactor
characteristics (see, for example, the reviews by Verrillo et al. 1969; Cholewiak et
al. 1991; Kaczmarek et al. 1991; Cheung et al. 2008; Lederman and Klatzky 2009).
Others have also offered a thorough discussion of tactor characteristics in
engineering terms such as the transducer force, bandwidth, and duration of signal
(Loomis and Lederman 1986; Cholewiak and Wollowitz 1992; Jones and Sarter
2008). Self et al. (2007) provides a discussion of tactile signal properties (i.e., size,
shape, orientation, position, moving patterns, frequency, amplitude, thythm, and
waveform) as they can contribute to effectiveness in military operations. Redden
et al. (2006) showed significant differences in operational performance (e.g.,
perception and interpretation of tactile cues during strenuous movements). Many
studies have accumulated that demonstrate that tactor characteristics can have
significant impacts on tactile perception, localization, and interpretation.

1.2.3.2 Body Location

Sensitivity to touch and the discrimination of tactile cues are highly dependent on
the body location. Touch is arranged somatotopically (i.e., point-to-point
correspondence of body areas to the nervous system; Penfield and Rasmussen
1950), leading to an intuitive mapping of direction and spatial constructs on the
surface of the body (van Erp 2007). The location of touch stimuli is mapped onto a
posture percept to provide orientation. Information regarding direction and
orientation has usually been portrayed through tactors mounted on the torso due to
stability of the location and intuitive nature of the direction mapping (van Erp and
Werkhoven 1999; Rupert 2000a, 2000b; Cholewiak and McGrath 2006).

However, other locations have also been proven effective for alerts, attention
management, and, to some extent, direction information, including the wrist (Ho et
al. 2001; Dobbins and Samways 2002; Calhoun et al. 2004; Brewster and King
2005) fingers (Lathan and Tracey 2002; Hameed et al. 2006), palm of hand (Tang
et al. 1997), arm (Bloomfield and Badler 2007), abdomen (Moorhead et al. 2004;
Ho et al. 2007), shoulder (Hopp et al. 2005), back (Lindeman et al. 2003; Tan et al.
2003; Jones et al. 2006, Hameed et al. 2007), and head (Myles et al. 2013). For each
location, vibration amplitude and spatial sensitivity thresholds differ and affect the
ease by which tactile sensations are perceived, discriminated, and understood.



While locations on the body will affect several types of sensitivity per se, they can
also affect the intuitive understanding of the message. For example, a tap on the
shoulder often evokes not only awareness and attention, but also an automatic
response to turn one’s head toward the tap. These intuitive responses can aid the
development of effective tactile cues. It is clear that tactile salience can be strongly
influenced by body location.

1.2.3.3 Loading

It has also been shown that when holding tactor characteristics and body location
constant, the pressure placed against the tactor will also impact perception. Despite
what is measured on the benchtop, once tactors are mounted against the body,
mechanical loading is introduced that can reduce vibratory output in many types of
actuators (Mortimer et al. 2007).

1.2.3.4 Multitactor Cues

Perception of tactile cues can be enhanced through use of a multitactor array. These
arrays may be as simple as using 2 or more tactors together to boost the tactile
sensation. Multiple tactors can be used separately to convey meaning. For example,
a 2-tactor array, with one tactor placed on each wrist, may be used to convey a
direction cue (i.e., turn left, turn right). More-sophisticated arrays can be
constructed, with both simultaneous and sequential activations, such that the tactor
cues can be likened to melodies (Brewster and Brown 2004). Brewster and Brown
referred to these tactile melodies as tactons (TACTile icONS). Similarly,
multitactor cues developed to cue different operator actions have been referred to
as tactions or tactile actions (Mortimer et al. 2011). Tactions have been defined in
terms of broad dimensional variables and have also been linked to
recognition/discriminability and importance (i.e., salience). Characteristics of
tactions (e.g., simplicity, intuitiveness, meaningfulness, distinctiveness) can also
affect salience.

1.2.3.5 Task Demands/Environmental Context

Published reviews of tactor characteristics discuss how the physical stimulus
characteristics can affect perception and localization under controlled conditions
(Jones and Sarter 2008). However, it is evident that situational factors and task
demands also play a part in tactile perception. Theory-based discussions of
multisensory tactile integration, such as MRT (Wickens 2008) and the Prenav
theory of preattentive processing (van Erp 2007) emphasize the role of task



characteristics in design of multisensory tactile designs. In addition, tactile cues
have been found to be preferentially processed compared with other modalities
under conditions of divided attention (Hanson et al. 2009).

The importance of task characteristics was demonstrated in a meta-analysis
comparing tactile displays, visual displays, and tactile-visual displays. In a review
of over 600 initial publications regarding these displays, over 60 studies provided
empirical data meeting criteria for meta-analytic investigation (Elliott et al. 2009;
Prewett et al. 2012). These analyses identified several moderating effects including
workload, type of integration with visual display, and type of information cue (e.g.,
alert, direction, spatial orientation, semantic communication). Results were
consistent with MRT, which predicts that distribution of information across sensory
channels can result in better performance when one channel is overloaded. Tactile
cues were associated with higher performance when they were added to an existing
system. Results were also consistent with Prenav theory, which posits that an
advantage of the tactile sensory channel is that they can be processed in an intuitive
precognitive manner. Tactile cues were associated with higher performance when
applied to tasks such as cueing direction or orientation.

The moderating impact of task demands has been clearly demonstrated in military
applications. Pettitt et al. (2006) showed that tactile localization and perception can
be affected by strenuous movements depending on the stimulus parameters of tactor
actuation. Self et al. (2007) describes various issues with regard to spatial acuity,
localization, and perception of tactile cues in military applications use. They note
that while there are limits and biases associated with vibrotactile localization on the
torso (as described by Cholewiak et al 2004; van Erp 2005a, 2005b), they often do
not impact operational effectiveness, where information regarding general direction
(e.g., left, right, front, back, up, down) are usually critical and sufficient. On the
other hand, Self et al. (2007) noted that situations that require more-precise
localization can benefit from tactile characteristics such as burst duration, stimuli
onset asynchrony, and, in some instances, use of apparent motion and other tactile
illusions. While single location tactile cues and multitactor patterns can be
perceived during strenuous movements, care must be taken in the selection of tactor
stimulus parameters (Redden et al. 2006) to avoid the effects of loading (Mortimer
et al. 2007) during practical testing conditions.

1.2.3.6 Multisensory Considerations

In addition to consideration of the engineering aspects of tactile, there has also been
a stream of research that focuses on cognitive aspects of multisensory integration—
studying the effects of tactile signals as they are presented with information from
other sensory channels. With the exception of tactile devices developed to aid



persons with sensory impairments (sensory substitution), tactile displays function
primarily in multisensory situations (sensory augmentation). Much support has
amassed for the use of the tactile channel as an additional means of information
processing. The ability of the operator to integrate multisensory information can,
under some circumstances, create cross-modal interactions resulting in outcomes
such as sensory illusions. Several hypotheses have been offered to explain the
relative dominance of sensory modalities (Andersen et al. 2004, 2005; Spence and
Ho 2008). However, the variety of predictions and outcomes show the complexity
associated with this research, indicating that dominance can be a function of the
user’s chosen focus of attention.

While interesting effects have been noted as arising from multisensory
incongruence, more practical conclusions can be made in terms of how tactile,
along with other sensory channels, can enhance operator perception and response.
A meta-analysis of 24 studies showed advantages to visual-audio multisensory
displays compared with visual-only displays (Burke et al. 2006). Similarly, meta-
analyses of tactile and visual displays showed advantages when tactile cues were
added to visual display cues (Elliott et al. 2009). Effectiveness of tactile displays
has also been shown to be a function of intuitive design in multisensory context for
more-automated functions such as driving (van Erp and van Veen 2004) and spatial
orientation (van Erp et al. 2006).

The study of human factors in multisensory integration research is ongoing;
however, there is some convergence (Spence and Driver 1997). Specifically, in the
majority of situations, a combination of stimuli across modalities that present
correlated information will likely be more powerful and effective than that from a
single sensory modality (Coovert et al. 2006). The addition of tactile cues has been
associated with faster reaction times. Faster vehicle braking responses occurred in
reaction to tactile rear-end collision warnings compared with when visual cues were
used (Scott and Gray 2008; Spence and Ho 2008). Operators fired more quickly in
outdoor target practice using targets to the left, right, and center when using torso-
mounted tactile direction cues than with visual cues (Gilson et al. 2007). Tactile
cues added to visual cues also yielded faster reaction times in simulation-based
studies of operator decision making and performance (Forster et al. 2002; Calhoun
et al. 2004, 2005,). van Erp and his colleagues found that adding tactile cues
improved performance in visually demanding situations such as navigating a car
through unfamiliar urban terrain (van Erp et al. 2004) and maintaining helicopter
altitude in low visibility (van Erp et al. 2003). Similarly, Chiasson et al. (2002)
reported faster navigation in air (high-altitude parachute environment), ground, and
underwater using tactile direction cues. Tactile cues were found to be particularly
helpful when added to provide additional information, such as alerts, direction cues,



and spatial information. Redundancy of both visual and tactile cues was also
associated with better performance. Overall results showed a consistent positive
result for tactile cues, particularly when tactile cues were added to support an
existing task rather than replace a visual information cue. Results show
overwhelming evidence for the effectiveness of tactile cues when added to a task
situation to guide direction, manage attention, or support spatial orientation.

However, meta-analytic results also showed a great deal of variation, particularly
when tactile cues were used for communication, as opposed to their use as alerts,
or for direction or orientation. Results were more consistently positive when tactile
cues were used for direction, orientation, or alerts, particularly when the tactile cues
were augmenting visual cues as compared with when they were used to replace
visual cues (Elliott et al. 2009). When tactors are signaling direction, orientation,
or just a general “alert”, results regarding performance (e.g., speed, accuracy) were
consistently positive depending more on tactor characteristics that affect perception
and localization. Outcomes regarding speed and accuracy for more complex and
nonintuitive information were moderated by the level and type of workload. In
addition, remaining variance, after consideration of information type and workload
level, indicates the presence of other factors that significantly affect perception and
performance.

1.3 A Systematic Framework

It is clear that tactile salience is affected or moderated by many factors in addition
to engineering characteristics of the tactors. While issues of tactor engineering are
clearly important to the concept of salience, the salience of any tactile cue or taction
will be affected, perhaps to a great extent, by many factors, including body location,
characteristics of the user, task demands, and the environment in general.

Perhaps even more important, these core factors interact with each other such that
the interactions may be more highly predictive than particular characteristics
per se. Predictions of operator performance in naturalistic settings require the
consideration of these characteristics as they interact in a particular setting. To
better emphasize the interplay of these factors, Fig. 1 shows the construct of tactile
salience as mediated by 3 core factors—characteristics pertaining to the user, the
technology, and the environment—and their interactions. The effect of any one
characteristic cannot be precisely predicted without consideration and/or control of
other core factors.



Fig. 1 Core factors and interactions affecting tactile salience

A description of the 3 main sources of influences on tactile salience, as shown in
Fig. 1, follows.

1.3.1 Technology Characteristics/Capabilities

Many studies have addressed a multitude of features related to the design of tactile
stimulators and the construction of the stimulus signal. There is no doubt that these
factors affect salience and can predict user perception, localization, and
interpretation in controlled settings. For example, abrupt onset (or changes) in
stimuli and high-frequency (200-300 Hz) tone-burst vibrations are known to be
naturally salient. Effects of characteristics such as amplitude, frequency, and
interstimulus interval are well summarized in a number of publications (Cholewiak
and Wollowitz 1992; Mortimer et al. 2007; Jones and Sarter 2008).

1.3.2 Individual/User Differences

Salience can also be affected by characteristics of the user. These include sensory
and perceptual characteristics common to all operators, such as sensory processing
limitations that limit tactile discrimination and body location (Cholewiak and
Collins 1991). These can also include individual differences in cognitive abilities,
personality, training, experience, age, or posture. Differences can always occur with
regard to user motivation or focus of attention.

1.3.3 Environmental Factors and Task Demands

It has been shown that factors such as physical demands and workload can
significantly affect tactile cue perception. In addition, a variety of contextual



aspects, such as operational tempo, physical demands, nature and type of
distracters, level of threat, and consequences of failure should be considered.
Features such as environmental noise can certainly impact the perception,
recognition and thus effectiveness of tactile signals.

While each category can act as a main effect on tactile salience, interactions among
the categories are also important. Interactions between the user and the
environment/task context produce factors such as perceptions of stress, workload,
or fatigue that are likely to affect attention, the need for alerts, and/or the ability of
the user to attend to alerts. As an example, individuals with higher levels of
neuroticism, emotional reactivity, and/or lower stress tolerance are likely to
experience work situations more intensely (Hogan 1991). While simple direction
cues may prove valuable when the user is stressed or fatigued, more complex cues
may be less likely to be attended to. Thus, map-based visual information and
complex audio information (e.g., turn north after the second street on your left) can
become much less effective than tactile direction cues (e.g., go this way). One can
see that issues regarding multisensory integration would fit here.

Interactions between environmental/task context and technology include the degree
of match between the operational context and technology features or capabilities.
Basic examples include situations that require tactors that are very quiet (e.g.,
covert communications), or that augment attention management (complex decision
making), or that are very easily perceived (e.g., during strenuous movements).

Interactions between the user and technology basically address the traditional
domain of human factors engineering. The mismatch between user and technology
characteristics can result in poor performance when technology does not address
operator norms that affect their ability to perceive and easily interpret tactile
signals. Thus, it is reasonable to posit that tactile salience depends on main effects
and interactions among characteristics of the user, the technology, and the
environment.

The identification of these core factors is not new. Many human factors approaches
list similar or comparable factors (Hollnagel 2003; Crandall et al. 2006; Hall et al
2012) as do theories of decision making (Hollenbeck et al. 1995). The triangular
framework resembles that of Hollenbeck’s decision-making theory, with regard to
implications that can be tested using hierarchical regression analysis, to test for and
distinguish mediating versus moderating effects. The framework emphasizes the
interactions among the 3 core constructs, the importance of situation factors, and
discourages the generation of principles that posit universal effects.
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The framework allows for systematic identification of factors that are relevant to
tactile salience in a particular operational context. It also can serve to organize and
guide research through systematic hypothesis generation. As an example of a
variable relating to technology, some tactors have been found to be effective under
strenuous conditions while others have not, depending on the engineering
specifications of the tactor used for the display. Another set of variables includes
those relating to the type, degree, and distribution of task demands/workload. For
example, waypoint land navigation is now relatively easy with a handheld device
that has a visual map display. Many cars have such a device, often augmented by
audio cues. For the driving task, this visual-audio display is usually sufficient for
task performance. It can also be sufficient for a hiker, assuming the hiker is on a
mapped trail. However, if the hiker goes off-trail, task demands increase. There
may be more incentive to put the device away and pay attention to surrounding
landmarks or threat (e.g., flora, fauna) and have hands free for other tasks (e.g.,
making one’s way, drinking water). When attentional and physical task demands
increase, the wusefulness of tactile information that is intuitive and
hands-/eyes-free is also likely to increase. Similarly, tactile alerts can help manage
and focus attention in a complex high-tempo multitasked environment.

Figure 1, while simple, can serve to organize the variety of predictive factors (e.g.,
main effects and core mediating variables) and moderating interrelationships and
guide systematic investigations for research. In addition, it can be a useful guide
for tactile system development, using cognitive task analytic techniques (e.g.,
observation, interview) to identify characteristics of the naive and expert users,
along with characteristics of the task demands and environment context. This
systematic approach allows consideration of the extent to which experiment
findings will generalize from one situation to another.

1.4 Study Experimental Design

After reviewing important issues such as tactile limitations and advantages,
multimodal combinations, and possible interactions, it is clear that a core
characteristic of a tactile cue array in a given situation would be the degree to which
the tactile cues are salient. In this study, we completed a preliminary exploration of
the nature of tactile salience to collect baseline measures: when the cues occur in a
more controlled situation and when the participant is stationary.

We operationally defined tactile salience through operator self-reports regarding
their perceptions of various tactions. Tactile salience was explained as the degree
to which a taction was “noticeable, distinct, strong”. It was measured in 2 ways. In
one set of paired cues, for each pair, the participant was asked to choose which one
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was more salient. In another set of paired cues, the participant was asked to rate
each taction separately, on a 5-point scale, ranging from 1 = “weak, blurred, faint,
vague” to 5 = “noticeable, distinct, strong, salient”. They then indicated which
taction of the pair was stronger. For each pair of tactions, we systematically varied
the tactor type within and across the 6 different taction cues. These baseline
measures were evaluated for reliability and discriminability with regard to the
different tactile cue signals.

2. Method

In this study, we examined the effect on salience of 2 tactor types as they were used
on 6 different tactions. Differences were also expected among the tactions as a
second main effect.

2.1 Type of Tactor

In this study, we compared perceptions of salience associated with 2 types of
specialized tactors. In other common tactor types, frequency and intensity of the
delivered stimulus may be less well controlled (limited more by the mechanical
construction and skin coupling of the device than the electrical driving signal) and
may be inseparably linked to one another. In one commonly used version of such a
tactor (e.g., eccentric mass devices like pager motors), these qualities vary
simultaneously and have complex multimodal skin stimulation that make precise
definition of the stimulus signal more difficult. For this effort, we used 2 tactors
developed to avoid these problems and optimized for human tactile perception, the
EAI C-2/C-3 tactor and the EAI EMR tactor, as shown in Fig. 2.

Fig. 2 EAI EMR, C-2, and C-3 tactor transducers (left to right)
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2.1.1 EAI C-3 Tactors

The EAI C-3 tactor is a smaller variant of the EAI C-2 tactor, which has been
proven effective in previous experiments (Redden et al. 2006) The C-2 and C-3 are
almost equivalent in vibratory output. The C-3 (6 g) is substantially lighter than the
C-2 (18 g). In this study, we used the C-3 tactor, which has the same engineering
approach as the C-2, shown in Fig. 2. The contact with the skin is from the
predominant moving mass (Fig. 3), driving the skin with perpendicular sinusoidal
movement that is independent of the loading on the housing (Mortimer et al. 2007).
Only the “inner circle” vibrates, while the outer ring is still, thus stopping the
“spread” of vibrations. In this study, the C-3 tactors were programmed at the
frequency that is optimal for human perception on the torso (250 Hz). The sensation
is particularly “sharp” with this type of tactor due to its structure and designed
resonance. These linear actuator tactors provide a strong, point-like sensation that
is easily felt and localized. The C-3 tactors have a rise time of less than 2 ms.

Fig. 3 C-3 linear actuator: photograph (left) and operational schematic (right)

2.1.2 EAI EMR Tactors

The EMR is a new, potentially low-cost design that produces the highest
displacement amplitudes reported thus far, with an operating frequency around
80—100 Hz. The EMR has a rise time of about 12 ms. The C-3 tactors are considered
to be moving magnet linear motors, while the EMR uses rotational motors that are
suspended in a unique linear actuator configuration. The rotational motor is
mounted on the moving “contactor”, which is lightly preloaded against the skin.
When an electrical signal is applied, the “contactor” oscillates perpendicular to the
skin.
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Table 1 provides a description of characteristics of each type of tactor. Figs. 4 and
5 show the EMR and C-3 tactors as they are embedded within the prototype dual-
row belt used in this study.

Table 1 Characteristics of C2, C-3, and EMR tactors

Characteristic C-2 and C-3 Tactors EMR Tactors
Mechanism Moving magnet linear Motor-based actuator
actuator
Diameter C-2:1.17 inches; C-3: 0.74 1.00 inch
inch
Thickness C-2:0.30 inch; C-3: 0.24 0.4 inch
inch
. 200-300 Hz (but can operate ~ 50—140 Hz (but can operate at
Main frequency . .
at lower frequencies lower frequencies)
Peak displacement 0.04 inch 0.047 inch
. Anodized aluminum, Polycarbonate and ABS
Material .
polyurethane plastic

Note: ABS = acrylonitrile butadiene styrene.

Fig. 4 EMR and C-3 tactors in a prototype dual-row belt

Fig. 5 Prototype dual-row belt. Each belt contained a row of 8 C-3 tactors and a row of
8 EMR tactors.
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2.2 Tactions

Tactile actions, or “tactions”, are a type of tactile communication where the
activation of more than one tactor is used to communicate a single unique meaning.
A taction can also be developed through multiple activations of a single tactor,
where the timing can vary to communicate different meanings, similar to how
Morse code can represent different letters. Tactions should be developed such that
the user easily recognizes and distinguishes each taction. While the engineering
characteristics of a particular tactor can affect tactile salience, so can characteristics
of tactions with regard to the number of tactors used, their placement, and their
sequencing.

The tactions used in this study are described in detail with the following figures.
Tactions were created through software using visual graphics to easily create, save,
and modify taction characteristics. Tactors 1-8 correspond to a lower row of EMR
tactors and tactors 9—16 correspond to a higher row of C-3 tactors. Each tactor was
separated by 3 inches. Some of the tactions (e.g., the ones with names, as opposed
to “circle” or “x”) were developed and used in previous studies using Soldier
subjects and were found to be easy to perceive and interpret (Gilson et al. 2007).

While each taction is given a label, such as “rally”, these labels were not
communicated to the Soldier, as we wanted impressions of salience independent of
assigned meaning. Further investigations will pursue taction characteristics
associated with meaning (e.g., ease of learning, ease of recall).

Rally

The Rally taction comprises a dynamic sequence of pulses starting in the center
(belly) and moving clockwise around the body. It was implemented on both rows
(EMR, tactions 1-8, C-3, tactions 9—-16), as portrayed in Fig. 6. Note that in these
experiments, only one type of tactor was used in particular taction.

Fig. 6 Rally taction for EMR (tactions 1-8) and C-3 (tactions 9-16)
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NBC

The NBC (nuclear biological chemical threat) taction comprises a dynamic
sequence of alternating pulses (between the back left front right). It was
implemented on both rows (EMR, tactions 1-8, C-3, tactions 9-16), as portrayed
in Fig. 7. Note that in these experiments, only one type of tactor was used in a
particular taction.

Fig. 7 NBC taction for EMR (tactions 1-8) and C-3 (tactions 9—16)

Halt

The Halt taction comprises of 4 repeated pulses (front, left, right, and back on
simultaneously). It was implemented on both rows (EMR, tactions 1-8, C-3,
tactions 9-16), as portrayed in Fig. 8.

Fig. 8 Halt taction for EMR (tactions 1-8) and C-3 (tactions 9-16)
X

The X taction comprises 9 simultaneous pulses. It uses both the EMR and C-3
tactors in the taction. This taction was “static” in the sense that the pulse stimuli
were presented on fixed tactors in the belt array. However, each tactor pulse was
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“complex” in that the amplitude or gain was ramped linearly. Specifically, each
tactor was pulsed on for a 1,500-ms tone-burst duration while the gain was linearly
varied from maximum to zero (254-1 gain) (see Fig. 9).

Fig. 9 X taction for EMR (tactions 1-8) and C-3 (tactions 9-16)

Circle

The Circle taction comprises 8 dynamic pulses on both the EMR and C-3 tactors.
Each tactor pulse was “complex” in that the amplitude or gain was ramped linearly
(see Fig. 10).

Fig. 10  Circle taction for EMR (tactions 1-8) and C-3 (tactions 9-16)

The effect of the circle taction was to produce the illusion of a circle being drawn
on the front right torso.

2.3 Participants

Twenty-six Soldiers volunteered to participate in this data collection. They were
drawn among Soldier participants who volunteered for a study on tactile support
for Soldier navigation and covert communications. These Soldiers were recruited
from active-duty units located at Fort Benning, GA (2-69 Armor Battalion). The
Soldiers ranged in age from 18 to 31 (mean = 23), ranged in height from 60 to 74
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inches (mean = 70), and weighed between 123 and 240 Ib (mean = 175). They
averaged 31 months of military service and ranged in rank from PVT to SGT. Their
occupational specialties centered on infantry/armor and support operations. Twelve
Soldiers listed deployments in combat operations such as Iraq and Afghanistan.
Very few reported being ticklish in the chest/waist area (mean = 1.94, where
1 = not at all ticklish and 5 = very ticklish).

2.4 Procedures

2.4.1 Orientation

Upon arrival, each Soldier was briefed on the purpose of the investigation, the
procedures to be followed during the study, and any risks involved in their
participation. While Soldiers volunteered to be part of this study, they were given
a more formal opportunity to reconsider. Copies of the informed consent form were
provided to all participants, and the investigator explained the contents. They were
informed that the nature of the experiment focused on their perceptions and
rankings with regard to single tactile cues and pairs of tactile cues. All cues were
presented while the Soldier was sitting and stationary. They understood they would
wear the tactile belt and headphones delivering white noise to mask audio cues.
Soldiers were given an opportunity to review the experiment objectives, have any
questions answered by the investigators, and sign the consent form indicating their
informed voluntary consent to participate if they were still willing. The participants
were informed that if they chose not to participate, they could convey that choice
privately to the experimenter. All Soldiers agreed to participate. A demographic
questionnaire was then administered to obtain pertinent information on their
backgrounds.

2.4.2 Training

Soldiers donned the belt system and responded with a yes or no (e.g., felt or not
felt) each time a tactor was activated, during the fitting procedure, to ensure proper
functioning of the belt. No problems with belt functioning were noted during the
course of the study. Training consisted of familiarizing each Soldier with the rating
scale used to assess salience. The tactions were previously developed to be
associated with meaning (i.e., “rally”); however, in this study they were not
associated with any meaning. The Soldiers did not need to be trained to recognize
or distinguish them. This was to attain a rating of salience per se, as opposed to
interpretability.
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2.4.3 Data Collection

Two blocks of paired tactions were presented to each participant. Each block
consisted of pairs of tactions, which were counterbalanced to enable systematic
comparisons. For example, some pairs of tactions allowed for systematic
comparisons of C-3 versus EMR tactors where the pair consisted of the same
taction: the first taction was presented with C-3 tactors and the second with EMR
tactors (and vice versa). Similarly, some tactions were paired to compare the
relative salience of 2 different tactions when presented with the same tactor type.
In this way, main effects due to tactor type and taction characteristics can be
identified.

The first block of paired tactile signals were presented in pairs that crossed tactor
type (EMR vs. C-3) and 3 different tactions named Rally, Halt, and NBC. The
participants did not need to learn these tactions, as we were only interested in their
perceptions of salience. Each Soldier was presented with a taction, followed by the
second taction of the pair. Each Soldier was asked to indicate whether the first or
second cue was more salient using the definition that was explained previously. A
poster having this definition of salience was within sight. After the Soldier
experienced both tactions, he/she indicated which one was more salient. Soldiers
responded with either “first” or “second”. Figure 11 shows a row from the data
collection sheet.

First Presentation Second Presentation Selection

1 HaltC-3 HaltEMR 1st 2nd

Fig. 11 First row of block 1 data collection sheet where the experimenter circles either the
first or second taction as more salient

The order of pairings in block one crossed each tactor type and taction. For
example, HALTC-3 was followed either by HaltEMR or HaltC-3. Similarly,
RallyEMR was followed by either RallyEMR or RallyC-3. The ordered pairs can
be seen in Appendix A. This order enables a 2 X 3 analysis of variance (ANOVA)
to disentangle the effects of tactor type, taction, and their interaction.

For the second block of cues, tactile signals were also presented in pairs; however,
each cue was rated independently for the degree to which the cue was salient
according to the 5-point rating scale. The experimenter would present the first
taction and the participant would respond with a rating from 1 (very low salience)
to 5 (very high salience). The experimenter then presented the second taction,
which the participant would also rate. The participant would then indicate which
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taction of the pair was more salient. The experimenter recorded each response on
an observer form (see Appendix B for the complete form). Figure 12 shows the
organization of the answer sheet filled out by the researcher.

Rating for first (top row) and

First taction | Second taction second (bottom row) tactions
1 2 3 4 5
RallyC-3 HaltC-3 1 2 3 4 5

Fig. 12 Data collection answer sheet for block 2 pairings; preferred taction was circled

The tactions used in block 2 included 4 tactions used in block 1 (RallyC-3,
RallyEMR, HaltC-3, and HaltEMR) and 2 additional ones (X and circle). Each
taction was presented first 5 times so that each taction was followed by each of the
other tactions. There were no repeated pairs in this block and the presentation order
of the pairs were randomized. The data collection sheet is provided in Appendix B.

3. Results

The following section provides descriptive statistics (means, standard deviations
[SDs]) and inferential tests of significance based on repeated measures general
linear model (GLM). In addition to the F and p statistic associated with hypothesis
testing, we also provide a measure of effect size, partial eta square (np?), to better
interpret the practical significance of differences between conditions. In addition,
we provide visual representation of the 95% confidence intervals within the bar
graphs, which indicate the precision of the mean as it generalizes to the population
(i.e., the range estimated, with 95% confidence, to include the “true” mean).

3.1 Block 1: Paired-Comparison Forced-Choice Responses

Analysis of this dataset was based on the mean number of times the signal, when
presented first, was chosen to be more salient. Given the forced choice nature of
the variable, this mirrors the number of times the signal, when presented second,
was chosen to be more salient. Data were separated with regard to pairs that
contrasted different taction/types versus those that repeated the same taction/type.
Descriptive data for the comparison pairs are presented in Table 2. The first
commands are listed in the first left-most column followed by the second command.
Some signal pairings were of the same signal (e.g., HaltC-3 followed by HaltC-3).
Such “same” pairings are used to determine if an order bias exists (e.g., the first in
the pair is always rated as “best”). Each pairing was presented 4 times. The pairings
of interest are those that compared different tactions. Thus, for the first pairing,
HaltC-3, when followed by HaltEMR, was chosen to be more salient an average of
20 times by the 26 Soldiers. When HaltEMR was presented first, it was chosen to
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be more salient an average of 3.25 times. Consideration of these comparisons leads
to reliable estimates of the relative salience of each pairing. When averaged across
all presentations, the mean number of times a particular signal was chosen as more
salient ranged from 11.63 to 13.25, which is approximately half the time. This
suggests no significant trend due to order bias.

Table 2 Descriptive results for block 1 dataset (without repeats), which indicates the mean
number of times the first cue was chosen as more salient in a forced choice pairing

Mean No.
Tactor Type Taction Times Chosen SD N
More Salient
Halt 20.00 2.160 4
C3 NBC 24.50 0.577 4
Rally 23.00 1.414 4
Total 22.50 2.393 12
Halt 3.25 1.500 4
NBC 2.00 2.000 4
EMR Rally 1.00 0.816 4
Total 2.08 1.676 12
Halt 11.63 9.117 8
Total NBC 13.25 12.104 8
Rally 12.00 11.808 8
Total 12.29 10.622 24

Table 3 presents ANOVA results for the 2 main factors of tactor type (C3; EMR)
and taction (Halt; NBC; Rally) and the interaction term.

Table 3 ANOVA results for tactor type, taction, and interaction term for the prediction of
forced-choice preference

Factor df F value P value np?
Tactor type 1,18 1,078.293 <0.001 0.984
Taction 2,18 2.497 0.110 0.217
Type x taction 2,18 8.749 0.002 0.493

Results indicate a significant and strong effect due to the type of tactor used, with
the C-3 tactor being chosen much more frequently as more salient in the forced-
choice pairing. In this context, the differences among tactions used did not reach
the significance criterion of 0.05; however, the effect size showed a small to
moderate effect. The effect size measures the actual difference between the means,
controlling for factors such as sample size. For example, when one has a very large
sample size, small effects can be found to be significant. However, in small
samples, large effects can be found to be not significant because there is not enough
statistical power to reach significance. When the sample size is small and
significance is not found, larger effect sizes indicate a possibility that differences
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Table 4 Descriptive results for forced choice dataset consisting of only identical pairs. Values
greater than 12 indicate varying levels of preference for the first cue presentation.

Mean No. of
Tactor Type Taction Tm;:sl\f;lrlsen SD (1st) N
Salient

Halt 12.50 3.109 4

c3 NBC 16.75 2.630 4
Rally 13.00 1.633 4

Total 14.08 3.029 12

Halt 14.50 2.082 4

NBC 17.75 2.363 4

EMR Rally 15.25 1.500 4
Total 15.83 2.329 12

Halt 13.50 2.673 8

Total NBC 17.25 2.375 8
Rally 14.13 1.885 8

Total 14.96 2.789 24

In Table 4, values lower than 12 indicate the second presentations were more
frequently indicated as salient, while values higher than 12 indicate the first
presentation was more frequently indicated as salient. It can be seen that NBC
taction had a tendency to be more likely chosen as more salient for both C3 and
EMR tactors. Further descriptive data providing means for each taction, as followed
by each of the other tactions, are provided in Appendix C.

Within these identical pairings, there was a slight tendency overall to choose the
first signal. Observation of raw data showed that some Soldiers had a tendency to
consistently choose the first signal when both were perceived as “same”. However,
there was also some variance due to the taction signal. The NBC taction was more
likely to have the first presentation chosen as more salient, regardless of tactor type.
ANOVA results, presented in Table 5, showed a significant difference due to
taction. Results are portrayed in Fig. 14.

Table 5 ANOVA results for forced choice identical pairs (NBC, Rally, Halt) (repeated pairs
only)

Factor df F value P value np?
Tactor type 1,18 3.509 0.077 0.163
Taction 2,18 6.167 0.009 0.407
Type X taction 2,18 0.167 0.847 0.018
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Table 6 Mean ratings for first presentation for each taction in block 2 where each signal was
individually rated for salience on a scale from 1 to §

Tactor Type Taction Mean SD Mean SD N
Rally 3.64 0.637 26
c-3 Halt 417 0559 86 039 g
Rally 2.66 0.534 26
EMR Halt 3.4 0546 29 03000 g
C-3 and EMR Circle 1.90 0.731 26
combined X 4.09 0.613 2.99 0.482 26
5
4.5
4 1 1
35 || I
3
25 |
2 1
1.5
1
0.5
0 T T T T T 1
RallyC3 RallyEMR HaltC3 HaltEMR Circle X

Fig. 15 Mean ratings for signals as they were presented first. Circle and X tactions used both
C3 and EMR tactors. Error bars represent 95% confidence intervals.

Data were also analyzed for interaction between tactor type and taction among 4
tactions (RallyEMR, RallyC-3, HaltEMR, and HaltC-3C-3). Results are shown in
Table 7 and indicate a significant and large effect for both tactor type and taction;
their interaction was not significant. Results are displayed in Fig. 16.

Table 7 ANOVA results for tactor type, taction, and interaction term for the prediction of
block 2 rating

Factor df F value P value np?

Tactor type 1,25 70.74 <0.001 0.74

Taction 1,25 57.79 <0.001 0.70
Type X taction 1,25 0.375 0.546 0.015
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4. Discussion

4.1 Overview

This report summarizes published research regarding the effectiveness of tactile
displays in tactical operational environments. These findings show that this
technology, when implemented effectively, can increase performance (e.g., speed,
accuracy) and lower cognitive workload in general across a diverse domain of
operational settings, from underwater navigation to orientation in space
environments. They have been found effective during strenuous movements and
within heavily vibrating vehicles. Results also show effectiveness for different
tasks, depending on the nature of the tactile cue (e.g., alert, direction, spatial
orientation, communication), and whether the tactile cue is an independent source
of information or whether it augments, in consistent fashion, information from other
sensory channels. Tactile cues have been effectively perceived and localized across
a variety of body locations. The effectiveness of a particular location will be
affected by the purpose of the display.

While these findings are optimistic, further guidance is needed for the system
developer to understand how best to design a tactile display for a particular purpose.
While many research results show positive effect, results also indicate many
moderating variables that affect whether, and to what degree, a tactile display
would impact performance, such as operator training, tactor characteristics, level
of workload, and operational context. These factors were organized in a framework
that acknowledges 3 core main factors that mediate the salience of a tactile cue or
taction—those relating to technology, operational context (task demands and
environmental factors), and characteristics of the user. Perhaps more important are
the interactions among these core factors. The main factors and their interactions
affect the salience of the taction and the ability of the user to perceive, localize, and
interpret the tactions.

. User characteristics (training, sensitivity, stress tolerance, ability)

« Operational context (task demands, environmental factors, noise, visibility,
threat, etc.)

. Technology characteristics (tactor characteristics such as amplitude, power,
etc., and system characteristics such as wearability, portability, weight
loading, etc.)
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4.2 Summary of Results

The experiment described in the report addressed some baseline issues with regard
to relative salience of a small set of tactions varying in taction characteristics, such
as whether they are static (simultaneous presentation of multiple tactors), dynamic
(sequential activation of tactors), or complex (activation of multiple tactors using
ramp modulations in vibrational amplitude). These tactions also varied with regard
to the type of tactor used in the presentation. Two tactor types were used that varied
in presentation characteristics. In the first block of paired presentations, tactile
salience was measured by the user indicating which taction was stronger in each
pair. In a second block of paired presentations, users provided forced-choice ratings
and were asked to provide independent ratings of the salience of each taction using
a 5-point scale ranging from 1 = “weak, blurred, faint, vague” to 5 = “noticeable,
distinct, strong, salient”. This allows comparison of measurement approaches.

The first block of taction pairs presented 2 types of tactors, each presenting 3
different tactions, using forced-choice paired comparisons, where the Soldier
indicated which of 2 tactions were more salient. Summation of these preference
scores indicate the relative salience of each taction compared with every other
taction. ANOVA results indicated a strong and significant effect due to type of
tactor, with the C-3 tactor being more salient as expected (due to its higher
operational frequency). It also indicated a significant interaction effect, in that the
difference due to tactor type was different for different tactions, such that the
NBC-C3 taction was associated with the highest degree of salience. There were
also noticeable differences in salience among the tactions, as indicated by their
effect size; however, these differences did not meet the statistical criterion for
significance. These differences will be further investigated in a follow-up study.

Block 1 data also included identical pairs, where one taction was followed by the
same taction, with the intention of evaluating the presence of any order bias in the
data. There was a slight tendency to choose the first signal; examination of raw data
showed some Soldiers consistently chose the first signal given an identical pair.
Results also indicated a significant order effect due to taction. Respondents were
more likely to indicate the first taction as more salient if the taction was NBC
regardless of whether the NBC was presented with C-3 or EMR tactors. The NBC
taction was also associated with higher salience scores in general. This may be due
to the simultaneous firing of multiple tactions or to body location. A follow-up
investigation will investigate taction characteristics more fully.

In block 1, the differences due to tactor type were quite large. However, the large
effect size may be due to the nature of forced-choice data: the higher the mean
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preference for one taction, the mean for the other taction will be correspondingly
lower. The consistency of preference in a forced choice format is not a direct
measure of the difference in degree of salience. A tactor type might be somewhat
more noticeable, as opposed to very much more noticeable, and still be associated
with high consistency of preference.

For the second block of paired presentations, we augmented the forced-choice
response by also collecting subjective responses based on independent ratings of
each taction based on a 5-point scale. This allows more quantitative analysis of the
degree of preference. It also introduced 2 more tactions based on combinations of
C-3 and EMR tactors. Results were consisted with the block 1 forced-choice data
with regard to the effect of tactor characteristics: the differences among the mean
ratings were statistically significant and large in favor of C-3 tactors.

A subset of block 2 data was also analyzed for interaction between tactor type and
taction, among 4 tactions (RallyEMR, RallyC-3, HaltEMR, and HaltC-3). Results
show a significant and large effect for tactor type, consistent with block 1 data.
Unlike block 1 data, block 2 data also resulted in significant differences among the
tactions, with lowest ratings for the circle taction and highest for the Halt and X
tactions. Block 2 data did not find a significant interaction effect as was found in
block 1. This may be because block 2 data did not include the NBC taction.

Block 2 data were also examined for order effects among identical pairs. Results
did not find the order effect found in block 1 data: Results indicated the differences
among the rankings were not significant. Analysis also compared the mean ranking
of each taction with the mean of all other tactions averaged together; for example,
the mean rating of the Circle taction compared with the average rating assigned to
all other tactions presented second was analyzed. If there were no effect of the first
taction on the second taction, one would expect the average of all tactions presented
second would be similar, regardless of the first taction. However, the average of the
second presentations varied, such that the mean was higher when the first taction
had a low rating of salience and lower when the first taction had a high rating of
salience. This indicates a contrast effect consistent with other subjective data
involving rank order decisions (Tversky et al. 1982). Thus, it is important in
experiment design to control for both order and contrast effects by using a
counterbalanced approach such as Williams’s squares. (Williams 1949).

Comparison of block 1 and block 2 analysis shows some difference due to
measurement approach. The forced-choice approach appears to be more sensitive
to differences in perception effects such as order even when these differences may
be small. When respondents were able to indicate that a given pair was perceived
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as “same” (e.g., assigning the same rank) through the ratings procedure in block 2,
the differences were minimized. The appropriate measure to be used in analysis
will depend on the context and nature of the research question.

5. Conclusions

Findings from these analyses demonstrated significant effects due to tactor
characteristics, with the C-3 tactor consistently associated with higher measures of
salience using 2 approaches to measurement. This was expected, as the C-3 tactor
was engineered with specifications similar to the C-2 tactor, which has been
demonstrated in previous studies to be more effective than traditional tactors. The
C-3 tactor is much smaller and lighter than the C-2, and thus these results have
practical significance for the design of wearable tactile displays.

While C-3 tactors were more salient, Soldiers also had no problem perceiving the
EMR tactors. The EMR tactors have the following advantages: It produces low-
frequency stimuli, very-low acoustic signature, and high efficiency (with regard to
power use). This experiment was performed with the Soldier stationary in a sitting
position. Further investigation is planned for comparisons while on the move.

Significant effects were also found for differences among tactions and for
interactions between tactor type and taction. Given these baseline findings, further
research is indicated to investigate taction characteristics to better explain how
some tactions are perceived as more salient. Further research is also indicated to
better delineate the moderating effects of user characteristics and operational
context as discussed within the conceptual framework of factors affecting tactile
salience. Additional research is planned to investigate moderating variables on
tactile salience. In addition, other cognitive performance constructs will also be
examined with regard to ease of learning and recognition.

30



6. References

Andersen TS, Tiipana K, Sams M. Factors influencing audiovisual fission and
fusion illusions. Cognitive Brain Research. 2004;21:301-308.

Andersen TS, Tiipana K, Sams M. Maximum likelihood integration of rapid flashes
and beeps. Neuroscience Letters. 2005;(380):155-160.

Aretz DT, Andre TS, Self BP, Brenaman CA. Effect of tactile feedback on
unmanned aerial vehicle landings. Proceedings of the Interservice/Industry
Training, Simulation, and Education Conference; 2006 Dec 4—7; Orlando, FL.

Benson A. Spatial disorientation in military vehicles: causes, consequences and
cures. La Coruna (Spain): North Atlantic Treaty Organization (NATO); 2002.
Technical evaluation report.

Bloomfield A, Badler NI. Collision avoidance using vibrotactile arrays.
Proceedings of the IEEE Virtual Reality Conference; 2007 Mar 10-14;
Charlotte, NC. p. 163—-170.

Borji A, Sihiti D, Itti L. Quantitative analysis of human-model agreement in visual
saliency modeling: a comparative study. IEEE Transactions on Image
Processing. 2013;22(1):55-69.

Brewster SA, Brown LM. Tactons: structured tactile messages for non-visual
information display. Proceedings of Australasian User Interface Conference
2004; 2004 Jan 18-22; Dunedin, New Zealand. ACS Conferences in Research
and Practice in Information Technology, Vol. 28. p. 15-23.

Brewster S, King A. An investigation into the use of tactons to present progress
information. INTERACT 2005. Proceedings of Human-Computer
Interaction. Lecture Notes in Computer Science, Vol. 3585; 2005. p. 6-17.

Burke JL, Prewett MS, Gray AA, Yang L, Stilson FRB, Coovert MD, Elliot LR,
Redden E. Comparing the effects of visual-auditory and visual-tactile
feedback on user performance: a meta-analysis. ICMI 2006. Proceedings of
the 8th International Conference on Multimodal Interfaces; 2006 Nov 2—4;
Banff, Canada. ACM Digital Library; 2006. p. 108—117.

Calhoun G, Draper M, Ruff H, Fontejon J. Utility of a tactile display for cueing
faults. Proceedings of the Human Factors and Ergonomic Society 46th
Annual Meeting; 2002 Sep 30—Oct 4; Baltimore, MD. p. 2118-2122.

31



Calhoun GL, Fontejon J, Draper M, Ruff H, Guilfoos, B. Tactile vs. aural redundant
alert cues for UAV control applications. Proceedings of the HFES 48th Annual
Meeting; 2004 Sep 20-24; New Orleans, LA. p. 137-141.

Calhoun GL, Ruff HA, Draper MH, Guilfoos, BJ. Tactile and aural alerts in high
auditory load UAV control environments. Proceedings of the Human Factors
and Ergonomic Society 49th Annual Meeting; 2005 Sep 26-30; Orlando, FL.
p. 145-149.

Carlander O, Eriksson, L. Uni- and bimodal threat cueing with vibrotactile and 3-D
audio technologies in a combat vehicle. Proceedings of the Human Factors and
Ergonomics 50th Annual Meeting; 2006 Oct 16-20; San Francisco, CA.
p. 1552-1556.

Chen JY, Terrence PI. Effects of tactile cueing on concurrent performance of
military and robotics tasks in a simulated multitasking environment.
Ergonomics. 2008;51(8):1137-1152.

Cheung B, van Erp J, Cholewiak R. Anatomical, neurophysiological, and
perceptual issues of tactile perception. In: van Erp JBF, editor. Tactile displays
for orientation, navigation, and communication in air, sea, and land
environments. Brussels (Belgium): NATO; 2008. Technical Report No.: RTO-
TR-HFM-122.

Chiasson J, McGrath B, Rupert A. Enhanced situation awareness in sea, air, and
land environment. Proceedings of NATO RTO Human Factors and Medicine
Panel Symposium; 2002; La Coruia (Spain). Paper No.: No. TRO-MP-086,
1-10.

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

Cholewiak R, Collins A. Sensory and physiological bases of touch. In: Heller M,
Schiff W, editors. The psychology of touch. Hillsdale (NJ): Lawrence Erlbaum
Associates; 1991. p. 23-60.

Cholewiak R, McGrath C. Vibrotactile targeting in multimodal systems: accuracy
and interaction. Proceedings of the 14th Symposium on Haptic Interfaces for
Virtual Environment and Teleoperator Systems; 2006 Mar 25-26; Arlington,
VA. p. 413-420.

Cholewiak R, Wollowitz M. The design of vibrotactile transducers. In: Summers
R, editor. Tactile aids for the hearing impaired. London (UK): Whurr
Publishers; 1992.

32



Coovert M, Gray A, Tolentino A, Jagusztyn N, Stilson F, Klein R, Willis T, Rossi
M, Redden E, Elliott L. Guiding principles for tactile technology: implications
from theory and empirical findings. In Proceedings of the Human Factors and
Ergonomics Society Annual Meeting; 2006 Oct 16—20; San Francisco, CA.

Crandall B, Klein G, Hoffman R. Working minds: a practitioner’s guide to
cognitive task analysis. Cambridge (MA): Massachusetts Institute of
Technology Press; 2006.

Davis B. Effect of tactical navigation display modality on navigation performance,
situation awareness, and mental workload. Proceedings of the Human Factors
and Ergonomics 50th Annual Meeting. 2006 Oct 16-20; San Francisco, CA.
p- 2089-2093.

Davis B. Effects of visual, auditory, and tactile navigation cues on navigation
performance, situation awareness, and mental workload. Aberdeen Proving
Ground (MD): Army Research Laboratory (US); 2007. Technical Report No.:
ARL-TR-4022. Also available at: https://www.arl.army.mil/arlreports/2007
/ARL-TR-4022.pdf.

Dobbins T, Samways S. The use of tactile navigation cues in high-speed craft
operations. Proceedings of the Royal Institute of Naval Architects Conference
on High Speed Craft: Technology and Operation; 2002 Nov 11-12. p. 13-20.

Elliott L, Coovert M, Redden R. A summary review of meta-analysis of tactile and
visual displays. Proceedings of the 13th International Conference on Human-
Computer Interaction; 2009 June; San Diego, CA.

Elliott LR, Duistermaat M, Redden, E., van Erp, J. Multimodal guidance for land
navigation. Aberdeen Proving Ground (MD): Army Research Laboratory
(US); 2007. Report No. ARL-TR-4295. Also available at: http://www.arl
.army .mil/arlreports/2007/ARL-TR-4295.pdf.

Elliott LR, Gilson R. “In touch” recent developments in tactile applications.
Presented at the 50th Annual Conference of the Human Factors and
Ergonomics Society; 2006; San Francisco.

Elliott L, Mortimer B, Cholewiak R, Mort G, Zets G, Pittman R. Development of
dual tactor capability for a Soldier multisensory navigation and
communication system. Proceedings of the 2013 International Human
Computer Interface Conference; 2013 July; Las Vegas, NV.

Elliott L, Redden E. Reducing workload: a multisensory approach. In: Savage-
Knepshield P, editor. Designing Soldier systems: current issues in human
factors. Farnham (UK): Ashgate; 2013.

33



Elliott L, Redden E, Pettitt R. Using a GPS-based tactile belt to assist in robot
navigation. Proceedings of the 3rd International Conference on Applied
Human Factors and Ergonomics (AHFE); 2010 July; Miami, FL.

Elliott LR, Redden E, Pettitt R, Carstens C, van Erp J, Duistermaat M. Tactile
guidance for land navigation. Aberdeen Proving Ground: Army Research
Laboratory; 2006. Report ARL-TR-3814. Also available at: http://www
.arl.army.mil/arlreports/2006/ARL-TR-3814.pdf.

Elliott, L, Schmeisser E, Redden’ E. Development of tactile and haptic systems for
U.S. infantry navigation and communication. Proceedings of the 14th
International Conference of Human Computer Interaction 2011 July; Orlando,
FL.

Elliott L, Skinner A, Pettitt R, Vice J, Walker A. Utilizing glove-based gestures and
a tactile vest display for covert communications and robot control. Aberdeen
Proving Ground (MD): Army Research Laboratory (US); 2014 June. Report
No. ARL-TR-6971. Also available at: http://www.arl.army.mil/arlreports
/2014/ARL-TR-6971.pdf.

Elliott L, van Erp JBF, Redden E, Duistermaat M. Field-based validation of a tactile
navigation device. IEEE Transactions on Haptics. 2010;3(2):78-87.

Eriksson L, van Erp J, Carlander O, Levin B, van Veen H, Veltman H. Vibrotactile
and visual threat cueing with high G threat intercept in dynamic flight
simulation. Proceedings of the Human Factors and Ergonomics Society 50th
Annual Meeting; 2006 Oct 16-20; San Francisco, CA. p. 1547-1551.

Forster B, Cavina-Pratesi C, Aglioti SM, Berlucchi G. Redundant target effect
and intersensory facilitation from visual-tactile interactions in simple reaction
time. Experimental Brain Research. 2002;143(4):480—487.

Frintop S, Rome E, Christensen H. Computational models of visual selective
attention and their cognitive foundations: a survey. ACM Transactions on
Applied Perception. 2010;7(1):1-46.

Gilson R, Redden E, Elliott L. Remote tactile displays for future soldiers. Aberdeen
Proving Ground (MD): Army Research Laboratory (US); 2007. Technical
Report No.: ARL-SR-0152. Also available at: http://www.arl.army.mil
/arlreports/2007/ARL-SR-0152.pdf.

Hall D, Shattuck L, Bennett K. Evaluation of an ecological interface design for
military command and control. Journal of Cognitive Engineering and Decision
Making. 2012;6(2):165-193.

34



Hameed S, Ferris T, Jayaraman S, Sarte, N. Supporting interruption management
through informative tactile and peripheral visual cues. Proceedings of the
Human Factors and Ergonomics Society 50th Annual Meeting; 2006 Oct
16-20; San Francisco, CA. p. 376-380.

Hameed S, Jayaraman S, Ballard M, Sarter N. Guiding visual attention by
exploiting crossmodal spatial links: an application in air traffic control.
Proceedings of the Human Factors and Ergonomics Society 51st Annual
Meeting; 2007; Baltimore, MD. p. 220-224.

Hanson JVM, Whitaker D, Heron J. Preferential processing of tactile events under
conditions of divided attention. Neuroreport. 2009;20(15):1392—-1396.

Ho C, Nikolic M, Sarter N. Supporting timesharing and interruption management
through multimodal information presentation. Proceedings of the Human
Factors and Ergonomics Society 45th Annual Meeting; 2001; Santa Monica,
CA. p. 341-345.

Ho C, Reed N, Spence C. Multisensory in-car warning signals for collision
avoidance. Human Factors. 2007;49:1107-1114.

Hogan R. Personality and personality measurement. In: Dunnette and Hough,
editors. Handbook of industrial psychology. Palo Alto (CA): Consulting
Psychologists Press; 1991.

Hollenbeck J, Ilgen D, Sego D, Hedlund J, Major D, Phillips J. Multilevel theory
of team decision making: Decision performance in teams incorporating
distributed expertise. Journal of Applied Psychology. 1995;80:292-316.

Hollnagel E. Handbook of cognitive task design. Mahwah (NJ): Lawrence Erlbaum
Associates; 2003.

Hopp PJ, Smith CAP, Clegg BA, Heggestad ED. Interruption management: the use
of attention-directing tactile cues. Human Factors. 2005;47(1):1-11.

Jones L, Sarter N. Tactile displays: Guidance for their design and application.
Human Factors. 2008;50:90-111.

Jones LA, Lockyer B, Piateski E. Tactile display and vibrotactile pattern
recognition on the torso. Advanced Robotics. 2006;20(12):1359-1374.

Kaczmarek K, Webster J, Back-y-Rita P, Tompkins W. Electrotactile and
vibrotactile displays for sensory substitution systems. IEEE Journal of
Biomedical Engineering. 1991;38(1):1-16.

35



Krausman AS, Elliott LR, Pettitt RA. Effects of visual, auditory, and tactile alerts
on platoon leader performance and decision making. Aberdeen Proving
Ground (MD): Army Research Laboratory (US); 2005. Report No.: ARL-TR-
3633.

Krausman A, Pettitt R, Elliott L. Effects of redundant alerts on platoon leader
performance and decision making. Aberdeen Proving Ground (MD): Army
Research Laboratory (US); 2007. Report No. ARL-TR-3999. Also available
at: http://www.arl.army.mil/arlreports/2007/ARL-TR-3999.pdf.

Krausman A, White T. Detection and localization of vibrotactile signals in moving
vehicles. Aberdeen Proving Ground (MD): Army Research Laboratory (US);
2008. Technical Report No.: ARL-TR-4463. Also available at:
http://www..arl.army.mil/arlreports/2008/ARL-TR-4463.pdf.

Lathan, C., Tracey, M. The effects of operator spatial perception and sensory
feedback on human-robot teleoperation performance. Presence: Teleoperators
and Virtual Environments. 2002;11(4):368-377.

Lederman S, Klatzky R. Haptic perception: a review. Attention, Perception, and
Psychophysics. 2009;71(7):1439—-1459.

Loomis JM, Lederman SJ. Tactual perception. In: Boff K, Kaufman L, Thomas J,
editors. Handbook of perception and human performance. Vol. 2. New York
(NY): Wiley; 1986. Chapter 31.

McGrath BJ, Estrada A, Braithwaite MG, Raj AK, Rupert AH. Tactile situation
awareness system flight demonstration final report. Fort Detrick (MD): Army
Aeromedical Research Laboratory (US); 2004. AARL Technical Report No.:
2004-10.

McKinley RA, Tripp LD Jr. Multisensory cueing to improve UAV operator
performance during landing. Aviation Space and Environmental Medicine.
2007;78(3):338.

Moorhead IR, Holmes S, Furnell S. Understanding multisensory integration for
pilot spatial orientation. Farnborough (UK): QinetiQ Ltd., Centre for Human
Sciences, European Office of Aerospace Research and Development; 2004.

Mortimer B, Zets G, Cholewiak R. Vibrotactile transduction and transducers.
Journal of the Acoustical Society of America 2007:121:2970.

Mortimer B, Zets G, Mort G, Shovain C. Implementing effective tactile symbology
for orientation and navigation. Proceedings of the 14th International
Conference on Human Computer Interaction; HCI; 2011 July; Orlando, FL.

36



Myles K, Kalb J, Fluitt K, Kehring K. Comparison of a visual and head tactile
display for soldier navigation. Aberdeen Proving Ground (MD): Army
Research Laboratory (US); 2013 Dec. Report No.: ARL-TR-6742. Also
available at: http://www.arl.army.mil/arlreports/2013/ARL-TR-6742.pdf.

Penfield W, Rasmussen T. The cerebral cortex of man. New York (NY):
Macmillan; 1950.

Pettitt R, Redden E, Carstens C. Comparison of Army hand and arm signals to a
covert tactile communication system in a dynamic environment. Aberdeen
Proving Ground, (MD): Army Research Laboratory (US); 2006 Aug.
Technical Report No.: ARL-TR-3838. Also available at: http://www.arl
.army.mil/arlreports/2006/ARL-TR-3838.pdf.

Pomranky-Hartnett G, Elliott L, Mortimer B, Mort G, Pettitt R. Soldier-based
assessment of dual-row tactor displayed during simultaneous navigation and
robot-monitoring tasks. Aberdeen Proving Ground (MD): Army Research
Laboratory (US). In review.

Prewett M, Elliott L, Walvoord A, Coovert M. A meta-analysis of vibrotactile and
visual information displays for improving task performance. IEEE
Transactions on Systems, Man, and Cybernetics, Part C: Applications and
Reviews. 2012;42(1):123-132.

Raj AK, Kass SJ, Perry JF. Vibrotactile displays for improving spatial awareness.
Proceedings of the International Ergonomics Association XIV Triennial
Congress/44th Annual Meeting of the HFES. 2000 July 29—Aug 4; San Diego,
CA.p. 181-184.

Redden ES, Carstens CB, Turner DD, Elliott LR. Localization of tactile signals as
a function of tactor operating characteristics. Aberdeen Proving Ground (MD):
Army Research Laboratory (US); 2006 Oct. Technical Report No.: ARL-TR-
3971. Also available at: http://www.arl.army.mil/arlreports/2006/ARL-TR

-3971.pdf.

Redden E, Elliott L, Pettitt R. Carstens C. A tactile option to reduce robot controller
size. ] Multimodal User Interfaces. 2008;2:205-216.

Rupert AH. An instrumentation solution for reducing spatial disorientation
mishaps. IEEE Engineering in Medicine and Biology. 2000a;19:71-80.

Rupert AH. Tactile situation awareness system: proprioceptive prostheses for
sensory deficiencies. Aviation, Space, and Environmental Medicine.
2000b;71(9):A92—-A99.

37



Rupert A, Graithwaite M, McGrath B, Estrada A, Raj A. Tactile situation awareness
system flight demonstration. Fort Rucker (AL): Army Aeromedical Research
Laboratory (US); 2004. Technical Report No.: A891224.

Samways S. Diver trails of a tactile information display, as cited in van Erp and
Self 2005, 2008.

Scott JJ, Gray R. A comparison of tactile, visual, and auditory warnings for rear-
end collision prevention in simulated driving. Human Factors: The Journal of
the Human Factors and Ergonomics Society 2008;50(2):264-275.

Self B, van Erp J, Eriksson L, Elliott LR. Human factors issues of tactile displays
for military environments. In: van Erp J, Self BP, editors. Tactile displays for
orientation, navigation, and communication in air, sea, and land environments.
NATO Research and Technology Report No.: RTO-TR-HFM-122; 2007.
[accessed 2014 Dec 12]. http://ftp.rta.nato.int/public/PubFullText/RTO/TR
/RTO-TR-HFM-122/TR-HFM-122-03.pdf.

Shiffrin RM, Schneider W. Automatic and controlled processing revisited.
Psychological Review. 1984;91(2):269-276.

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

Spence C, Ho C. Tactile and multisensory spatial warning signals for drivers. IEEE
Transactions on Haptics. 2008;1(2):121-130.

Stafford S, Gunxelman K, Terrence P, Brill C, Gilson R. Constructing tactile
messages. In: Gilson R, Redden E, Elliott L, editors. Remote tactile displays
for future soldiers. Aberdeen Proving Ground (MD): Army Research
Laboratory (US); 2007 May. Technical Report No.: ARL-SR-0152. Also
available at: http://www.arl.army.mil/arlreports/2007/ARL-SR-0152.pdf.

Tan H, Gray R, Young J, Traylor R. A haptic back display for attentional and
directional cueing. Haptics-e. 2003;3(1):2003.

Tang, H., Beebe, D., Kramer, A. Comparison of tactile and visual feedback for a
multistate input mechanism. Proceedings of the 19th Annual International
Conference of the IEEE Engineering in Medicine and Biology Society; 1997.
[accessed 2015 Oct 14]. http://ieeexplore.ieee.org/stamp/stamp.jsp?arnumber
=756496.

38



Tversky A, Kahneman D. Judgment under uncertainty: Heuristics and biases. In:
Kahneman D, Slovic P, Tversky A, editors. Judgment under uncertainty:
heuristics and biases. Cambridge (UK): Cambridge University Press; 1982.

van Erp JBF. Vibrotactile spatial acuity on the torso: effects of location and timing
parameters. In Proceedings of WorldHaptics 2005a; Los Alamitos (CA);
p. 80-85.

van Erp JBF. Presenting directions with a vibro-tactile torso display. Ergonomics.
2005b;48:302-313.

van Erp J. Tactile displays for navigation and orientation: perception and behavior.
Leiden (The Netherlands): Mostert and van Onderen; 2007.

van Erp J, Eriksson L, Levin B, Carlander O, Veltman J, Vos W. Tactile cueing
effect on performance in simulated aerial combat with high acceleration.
Aviation, Space, and Environmental Medicine. 2007;78(12):1128-1134.

van Erp JBF, Groen E, Bos J, van Veen H. A tactile cockpit instrument supports
the control of self-motion during spatial disorientation. Human Factors.
2006;48(2):219-228.

van Erp, Jan BF, van Veen HAHC. Vibrotactile in-vehicle navigation system.
Transportation Research Part F: Traffic Psychology and Behaviour
2004;7(4):247-256.

van Erp JBF, Jansen C, Dobbins T, van Veen HAHC. Vibrotactile waypoint
navigation at sea and in the air: two case studies. Proceedings of EuroHaptics
2004; June 5-7; Munich, Germany. p. 166—173

van Erp JBF, Self BP. Tactile displays for orientation, navigation, and
communication in air, sea, and land environments. Research and Technology
Organization, North Atlantic Treaty Organization; 2008. Technical Report
No.: RTO-TR-HFM-122.

van Erp J, Veltman J, van Veen H. A tactile cockpit instrument to support altitude
control. Proceedings of the Human Factors and Ergonomics Society 47th
Annual Meeting; 2003; Santa Monica, CA. pp. 114-118.

van Erp JBF, Werkhoven PJ. Spatial characteristics of vibro-tactile perception on
the torso. Soesterberg (The Netherlands): TNO Human Factors; 1999. Report
No. TM-99-B007.

Verrillo R, Fraioli A, Smith R. Sensation magnitude of vibrotactile stimuli.
Perception and Psychophysics. 1969;6(6A):366-372.

39



Wickens CD. Engineering psychology and human performance. New York, NY:
Harper Collins; 1992.

Wickens CD. Multiple resources and performance prediction. Theoretical Issues in
Ergonomics Science. 2002;3(2):159-177.

Wickens CD. Multiple resources and mental workload. Human Factors.
2008;50(3):449-454.

Williams E. Experimental designs balanced for the estimation of residual effects of
treatments. Australian Journal of Scientific Research. 1949;2:149-168.

40



Appendix A. Block 1 Data Collection Sheet

This appendix appears in its original form, without editorial change.
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Soldier ID: Date:
TEST BLOCK1
First Second
Presentation Presentation Selection
1 | HaltC-3 HaltEMR Ist 2nd
2 | NBCEMR NBCC-3 Ist 2nd
3 | RallyC-3 RallyC-3 Ist 2nd
4 | HaltC-3 HaltC-3 Ist 2nd
5 | HaltEMR HaltC-3 Ist 2nd
6 | RallyEMR RallyC-3 Ist 2nd
7 | NBCC-3 NBCEMR Ist 2nd
8 | NBCC-3 NBCC-3 Ist 2nd
9 | HaltEMR HaltEMR Ist 2nd
10 | NBCEMR NBCEMR Ist 2nd
11 | RallyC-3 RallyEMR Ist 2nd
12 | RallyEMR RallyEMR Ist 2nd
13 | NBCEMR NBCC-3 Ist 2nd
14 | RallyC-3 RallyC-3 Ist 2nd
15 | HaltEMR HaltEMR Ist 2nd
16 | NBCC-3 NBCC-3 Ist 2nd
17 | RallyC-3 RallyEMR Ist 2nd
18 | RallyEMR RallyC-3 Ist 2nd
19 | HaltEMR HaltC-3 Ist 2nd
20 | NBCC-3 NBCEMR Ist 2nd
21 | NBCEMR NBCEMR Ist 2nd
22 | HaltC-3 HaltC-3 Ist 2nd
23 | RallyEMR RallyEMR Ist 2nd
24 | HaltC-3 HaltEMR Ist 2nd
25 | HaltEMR HaltEMR Ist 2nd
26 | HaltEMR HaltC-3 Ist 2nd
27 | NBCEMR NBCEMR Ist 2nd
28 | NBCC-3 NBCEMR Ist 2nd
29 | RallyC-3 RallyC-3 Ist 2nd
30 | HaltC-3 HaltC-3 Ist 2nd
31 | NBCEMR NBCC-3 Ist 2nd
32 | HaltC-3 HaltEMR Ist 2nd
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33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48

NBCC-3 NBCC-3 Ist 2nd
RallyC-3 RallyEMR Ist 2nd
RallyEMR RallyEMR Ist 2nd
RallyEMR RallyC-3 Ist 2nd
NBCEMR NBCEMR Ist 2nd
NBCC-3 NBCC-3 Ist 2nd
HaltC-3 HaltEMR Ist 2nd
RallyC-3 RallyEMR Ist 2nd
HaltEMR HaltC-3 Ist 2nd
NBCC-3 NBCEMR Ist 2nd
HaltC-3 HaltC-3 Ist 2nd
RallyC-3 RallyC-3 Ist 2nd
NBCEMR NBCC-3 Ist 2nd
RallyEMR RallyEMR Ist 2nd
HaltEMR HaltEMR Ist 2nd
RallyEMR RallyC-3 Ist 2nd

43




INTENTIONALLY LEFT BLANK.
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Appendix B. Block 2 Data Collection Sheet

This appendix appears in its original form, without editorial change.
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10

11

12

13

14

15

16

17

18

19

20

21

First Second
Presentation Presentation Response
1 2 3 4 5
RallyC-3 HaltC-3 1 2 3 4 5
1 2 3 4 5
RallyEMR RallyC-3 1 2 3 4 5
1 2 3 4 5
X RallyEMR 1 2 3 4 5
1 2 3 4 5
X HaltC-3 1 2 3 4 5
1 2 3 4 5
RallyEMR X 1 2 3 4 5
1 2 3 4 5
X RallyC-3 1 2 3 4 5
1 2 3 4 5
RallyC-3 RallyEMR 1 2 3 4 5
1 2 3 4 5
HaltC-3 X 1 2 3 4 5
1 2 3 4 5
Circle HaltC-3 1 2 3 4 5
1 2 3 4 5
HaltEMR RallyC-3 1 2 3 4 5
1 2 3 4 5
Circle HaltEMR 1 2 3 4 5
1 2 3 4 5
X RallyEMR 1 2 3 4 5
1 2 3 4 5
HaltEMR HaltC-3 1 2 3 4 5
1 2 3 4 5
RallyC-3 Circle 1 2 3 4 5
1 2 3 4 5
RallyEMR HaltEMR 1 2 3 4 5
1 2 3 4 5
HaltC-3 RallyC-3 1 2 3 4 5
1 2 3 4 5
Circle HaltC-3 1 2 3 4 5
1 2 3 4 5
Circle RallyC-3 1 2 3 4 5
1 2 3 4 5
Circle X 1 2 3 4 5
1 2 3 4 5
HaltC-3 HaltEMR 1 2 3 4 5
1 2 3 4 5
HaltEMR X 1 2 3 4 5
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22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

1 2 3 4 5
X HaltEMR 1 2 3 4 5
1 2 3 4 5
RallyEMR HaltEMR 1 2 3 4 5
1 2 3 4 5
X Circle 1 2 3 4 5
1 2 3 4 5
Circle RallyEMR 1 2 3 4 5
1 2 3 4 5
HaltC-3 RallyC-3 1 2 3 4 5
1 2 3 4 5
HaltC-3 Circle 1 2 3 4 5
1 2 3 4 5
RallyEMR RallyC-3 1 2 3 4 5
1 2 3 4 5
HaltC-3 RallyEMR 1 2 3 4 5
1 2 3 4 5
HaltEMR Circle 1 2 3 4 5
1 2 3 4 5
Circle X 1 2 3 4 5
1 2 3 4 5
RallyC-3 HaltEMR 1 2 3 4 5
1 2 3 4 5
RallyC-3 RallyEMR 1 2 3 4 5
1 2 3 4 5
RallyEMR HaltC-3 1 2 3 4 5
1 2 3 4 5
HaltEMR RallyEMR 1 2 3 4 5
1 2 3 4 5
RallyEMR Circle 1 2 3 4 5
1 2 3 4 5
HaltC-3 HaltEMR 1 2 3 4 5
1 2 3 4 5
X HaltEMR 1 2 3 4 5
1 2 3 4 5
Circle RallyC-3 1 2 3 4 5
1 2 3 4 5
HaltEMR X 1 2 3 4 5
1 2 3 4 5
X RallyC-3 1 2 3 4 5
1 2 3 4 5
HaltC-3 X 1 2 3 4 5
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43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

1 2 3 4 5
Circle HaltEMR 1 2 3 4 5
1 2 3 4 5
RallyC-3 X 1 2 3 4 5
1 2 3 4 5
HaltEMR RallyC-3 1 2 3 4 5
1 2 3 4 5
HaltEMR Circle 1 2 3 4 5
1 2 3 4 5
RallyC-3 Circle 1 2 3 4 5
1 2 3 4 5
HaltC-3 Circle 1 2 3 4 5
1 2 3 4 5
RallyC-3 HaltEMR 1 2 3 4 5
1 2 3 4 5
RallyC-3 HaltC-3 1 2 3 4 5
1 2 3 4 5
RallyEMR Circle 1 2 3 4 5
1 2 3 4 5
HaltC-3 RallyEMR 1 2 3 4 5
1 2 3 4 5
HaltEMR HaltC-3 1 2 3 4 5
1 2 3 4 5
RallyEMR X 1 2 3 4 5
1 2 3 4 5
Circle RallyEMR 1 2 3 4 5
1 2 3 4 5
HaltEMR RallyEMR 1 2 3 4 5
1 2 3 4 5
RallyEMR HaltC-3 1 2 3 4 5
1 2 3 4 5
X Circle 1 2 3 4 5
1 2 3 4 5
X HaltC-3 1 2 3 4 5
1 2 3 4 5
RallyC-3 X 1 2 3 4 5
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Appendix C. Descriptive Results, Block 1 Variables
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In the following table, the first column shows the taction command that was
presented first. The second column shows the taction that followed the first. The
third column (First Count) is the summation of preferences for the first taction. The
fourth column presents the mean of the counts included for each specific pair. The
fifth column presents the mean for all pairings starting with the first taction (e.g.,
HaltC-3). The sixth column presents the mean for all pairings beginning with the
same command regardless of tactor (e.g., across HaltC-3 and HaltEMR).

First Second First

Command Command Count?® Mean Mean (SD) Mean (SD)

HaltC-3 12.5

9 16.25
22 (4.713)

HaltEMR 20.0

HaltC-3

: T35 12.56 (6.562)

HaltC-3

HaltEMR 7 125 8.88 (6.244)

HaltEMR

18 16.75
NBCC-3

19 20.62

NBCC-3 24 24.5 (4.502)

NBCEMR

: X 15.25 (8.676)

NBCC-3

NBCEMR o1 1775 9.88 (8.659)

NBCEMR

13 13.0
RallyC-3

RallyC-3 18.0 (5.529)

25 23.0
RallyEMR

5 o 13.63 (7.800)

RallyC-3

RallyEMR 8.96 (7.298)

16 15.25
RallyEMR

*Each pair was presented 4 times.
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Appendix D. Descriptive Results, Block 2 Dataset

This appendix appears in its original form, without editorial change.
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Table D-2 Mean rating of block two second tactions, ordered by preceding taction

First Second Mean Std.
. . 2nd . . N
Presentation Presentation . Deviation
Presentation
HaltC3 4.0370 .05238 2
HaltEMR 3.3889 .02619 2
Circle RallyC3 3.8519 .10476 2
RallyEMR 2.8333 .13095 2
X 4.2593 .10476 2
Total 3.6741 .54062 10
Circle 1.8889 .00000 2
HaltEMR 3.3519 .02619 2
RallyC3 3.9815 .13095 2
HaltC3 RallyEMR 2.7222 18332 2
X 4.2963 20951 2
Total 3.2481 92123 10
Circle 1.8704 .02619 2
HaltC3 4.3333 .00000 2
RallyC3 3.7593 .07857 2
HaltEMR RallyEMR 2.8148 36665 2
X 4.3704 .05238 2
Total 3.4296 1.02107 10
Circle 1.9074 .02619 2
HaltC3 42778 .07857 2
RallyC3 HaltEMR 3.3148 .02619 2
RallyEMR 2.6667 26189 2
X 4.2963 .05238 2
Total 3.2926 98076 10
Circle 1.8333 .02619 2
HaltC3 4.3148 .02619 2
HaltEMR 3.3333 15713 2
RallyEMR RallyC3 3.7778 15713 2
X 4.2407 13095 2
Total 3.5000 95792 10
Circle 1.8148 .10476 2
HaltC3 4.3704 .05238 2
X HaltEMR 3.2593 20951 2
RallyC3 3.7593 .07857 2
RallyEMR 2.6852 .13095 2
Total 3.1778 93188 10
Circle 1.8630 .05252 10
HaltC3 4.2667 .13042 10
HaltEMR 3.3296 .09946 10
Total RallyC3 3.8259 12352 10
RallyEMR 2.7444 .18760 10
X 4.2926 .10395 10
Total 3.3870 .88368 60
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List of Symbols, Abbreviations, and Acronyms

ANOVA

GLM
MRT
NBC
SBIR
SD

analysis of variance

general linear model

multiple resource theory

nuclear biological chemical

Small Business Innovative Research

standard deviation
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