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ABSTRACT
Humans operating in stressful environments, such as in mili-
tary or emergency first-responder roles, are subject to high sen-
sory input loads and must often switch their attention between
different modalities. Conventional supportive devices that
assist users in such situations typically provide information us-
ing a single, static sensory modality; however, this carries the
risk of overload when the modalities for the primary task and
the supportive device overlap. Effective feedback modality
selection is essential in order to avoid such a risk. One po-
tential method for accomplishing this is to intelligently select
the supportive device’s feedback modality based on the user’s
environment and given task; however, this may result in de-
layed or lost information due to the performance cost resulting
from switching attention from one modality to another. This
paper describes the design and results of a human-participant
study designed to evaluate the benefits and risks of various
intelligent modality-selection strategies. Our findings suggest
complex interactions between strategies, sensory input load
levels and feedback modalities, with numerous significant
effects across many different performance metrics.
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INTRODUCTION
Modern human-machine systems, such as navigational aids,
communications networks, or vehicle control systems, rely
upon software to process vast amounts of data and then convey
relevant information to a human operator through a supportive
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device, typically incorporating a visual, auditory, or haptic
feedback modality. For the most part, the selected feedback
modality for a supportive device will remain constant through-
out all use cases: for example, information provided by a mili-
tary friendly-force tracker will always be displayed visually,
vehicle anti-lock brake activation will always be represented
via a vibrating pedal, and radio communications will always
be auditory.

Although this type of static modality design is beneficial in its
simplicity and standardization, it is not without its drawbacks.
Designs in which the feedback modality does not change carry
a risk that information from other tasks (whether expected
or unexpected) conveyed using the same modality may cause
interference or sensory overload [32, 17]. A soldier may
not be able to focus on a friendly-force tracker while also
attempting to navigate difficult terrain, a driver may not be
able to distinguish anti-lock brake activation from debris on
the road, or a first-responder may not be able to understand
radio communications while simultaneously talking to a victim
or working at a loud emergency scene.

This is of particular concern in extreme environments, where
sensory input loads are very high and users must rapidly switch
their attention between different modalities. If a supportive
device’s feedback modality conflicts with the sensory modality
a person is using to perform his or her primary task, there is
a risk of sensory overload. In many cases, systems designed
for these users may only be physically capable of providing
feedback using a single modality, thereby making this point
irrelevant. However, technological devices for military and
emergency-response applications are increasingly being de-
signed using smartphones, tablets, or other mobile computing
devices that are able to provide feedback using any of the three
major sensory modalities (visual, auditory, or haptic). Never-
theless, one communication modality is still typically selected
during the design process: that which is perceived to be most
effective at communicating information of the given type, in
isolation of other factors. This approach is limited in that it is
not context-sensitive — it does not take the possible effects of
sensory overload into consideration — and may result in a net
negative effect on user performance.

http://dx.doi.org/10.1145/3025171.3025228


Sensory overload, however, is not the only factor to be consid-
ered when selecting feedback modality for a supportive device.
Other effects, such as within-task [13, 23] and between-task
[33, 14] switching costs, must be addressed as well. The sizes
of these effects vary depending on environmental context, and
their relative magnitudes must be weighed when selecting
feedback modality. Although existing works have investigated
each of these effects individually, there is a notable lack of
research investigating the interactions of these effects with
each other and with other factors.

This paper describes the design and results of a 45-participant
experiment intended to determine these effect sizes and to
compare them across several intelligent modality-selection
strategies. The experiment was conducted according to a
within-participants design, with sensory input load level and
modality selection strategy as controlled independent variables.
The data was analyzed with a linear mixed model, and the main
and interaction effects of various factors on many performance
metrics are presented and discussed here.

RELATED WORK
This paper considers a case in which a user attempts to com-
plete a primary task/objective (PT) while also receiving addi-
tional information presented through a supportive device as
a secondary task (ST). We assume that the modality of the
PT is changing often, as would be the case for a user in an
extreme environment (e.g., a soldier attempting to focus on fir-
ing at a target, receiving radio communications, understanding
hand/touch signals from other squad members, etc.).

There are three competing theories as to the optimal strategy
for modality selection when attempting to convey additional
information through a different system for a ST: to ensure that
the ST always uses a different modality than the PT (“decou-
pled”), to ensure that the ST always uses the same modality as
the PT (“coupled”), or to ensure that the ST’s modality never
changes (“constant”). Each of these strategies is supported by
a body of prior work.

Resource Overload
The sensory modality channel is one of four dimensions elab-
orated upon in Wickens’ model for multiple resource theory
[31, 32]. The theory, which follows initial work by Navon and
Gopher [18], states that these four dimensions are subject to
overload if excessive information is conveyed through a single
channel (visual, auditory, etc.). Results from one early study
by Wickens et al. demonstrated that resource competition
arises between two memory search or tracking tasks when
they share the same input or output modality [34]. Similarly,
the “cue-overload principle,” a well-established principle in
the field of cognitive psychology [29], states that in memory-
related tasks (in this case, Brown-Peterson tasks [4, 19]), the
greater the amount of information linked to a single cue —
and, therefore, presented through a single sensory modality —
the less information a user will be able to absorb.

Results from multiple studies have suggested that the best way
to overcome these issues is to decouple the sensory modalities
used for different information inputs, i.e. to ensure that no two
inputs use the same modality. Moroney et al. demonstrated

that when a flight and navigation PT is accompanied by a
concurrent search or monitoring ST, which is presented in
either a visual or auditory modality, PT performance was
better when the ST was presented in a modality that did not
occupy the same sensory modality as the PT [17]. Results
from a study by Liu indicated that during a primarily visual
task (vehicle navigation and hazard identification), assistive
feedback provided in an auditory-only or auditory-and-visual
format aided the user more effectively than feedback provided
in a visual-only format [15]. Samman et al. found that study
participants were able to remember nearly three times as many
items when they were presented in different modalities as
opposed to a single modality [22]. Early research by Navon
and Gopher on time-sharing [18] suggested that representation
using multiple sensory modalities is often beneficial, possibly
because it ensures that information is available in a modality
other than that which the user is employing for other tasks.
Similarly, several additional publications by Wickens et al.
have demonstrated an advantage with multimodal displays
compared with unimodal displays [30, 31], and a study by
Cohen et al. also suggested that multimodal warning alerts are
more effective than unimodal alerts [7].

These prior works indicate that in a multiple-task use case, the
optimal strategy for selecting a feedback modality to convey
ST information may be to always select a modality different
than that which is being used for the PT, in order to ensure that
a single modality is not overloaded. When the user switches
his or her attention to a different modality for the PT, the
feedback modality used for the ST should also switch to ensure
that they never overlap. In this paper, we refer to this as the

“decoupled” strategy.

Switching Costs — Between Tasks
Although it has often been found that avoiding overlap be-
tween input modalities is beneficial for performance, other
factors can have a negative performance impact. Of prin-
cipal concern for intelligent modality selection in extreme
environments, however, is the cost associated with switching
modalities: the decrease in performance resulting from the
user switching his or her attention from one modality to an-
other. This effect may present itself in two ways, the first
of which occurs when the PT and ST incorporate different
modalities. In this case, switching attention between the PT
and ST also involves switching from one sensory modality to
another, yielding a loss in performance referred to in this paper
as a “between-task” switching cost. Extensive work has been
published evaluating this effect, particularly with regard to
an auditory ST interrupting a PT that incorporates a different
modality. Results from work by Wickens et al. indicated a
highly significant increase in error during an ongoing visual
(vehicle tracking) task when information for an interrupting
task (digit entry) was presented in the auditory modality [33].
Latorella conducted an experiment testing the effects of cross-
modality vs. same-modality interrupting tasks (air traffic con-
trol instructions) on flight simulator performance, and found
that cross-modality interruptions yielded significantly poorer
performance [14]. Also, a summary of a related body of work
known as “irrelevant sound” studies highlighted that auditory



interruptions usually have a detrimental effect on performance
of a task involving a different modality [1].

These works suggest that in a multiple-task use case, the opti-
mal strategy for selecting a feedback modality to convey ST
information may be to always select a modality that is the
same as that being used for the PT, to ensure that there is no
modality-switching cost when the user shifts his or her atten-
tion between the PT and ST. When the user switches attention
to a different modality for the PT, the ST modality should
also switch. In this paper, we refer to this as the “coupled”
strategy.

Switching Costs — Within Tasks
The second manner in which modality-switching cost may
manifest is when the modality for a given task (whether it
be the PT or ST) changes over time, particularly when the
user is unaware of what this change will be. Studies have
suggested that this leads to a loss in performance, referred
to in this paper as a “within-task” switching cost. While
the body of research assessing this effect is small, numerous
studies have shown its influence to be significant. In a study by
Klein, participants exhibited slower response time when they
received a simple stimulus in a modality different from that
which they expected [13]. A later, similar study by Spence et al.
yielded the same result for the detection of target locations [23].
Post and Chapman demonstrated that participants responded
less quickly to simple stimuli when they did not know which
modality to expect them in or when they expected them in the
incorrect modality, compared to when their expectations were
correct [20].

These works suggest that in a multiple-task use case, the opti-
mal strategy for selecting a feedback modality to convey ST
information may be to select one and never change it, regard-
less of the modality used for the PT, in order to ensure that no
modality-switching cost is incurred by the ST. When the user
switches his or her attention to a different PT modality, the
ST modality should remain constant. This is the conventional,
static-modality design for modern supportive devices. In this
paper, we refer to this as the “constant” strategy.

While the application of multiple modalities for presenting
system feedback is an active area of research, little work has
been done evaluating the net effects of intelligent modality
selection. It has been shown previously that it is beneficial
to avoid overlap when a user is receiving information from
multiple modalities. Prior work also indicates that switching
between modalities will likely have a negative effect, but there
has been little evaluation of how these effects combine in a
system that incorporates both.

HYPOTHESES
The works above highlight three strategies for selecting ST
modality in the presence of a PT: decoupled, coupled and
constant. As each has been validated in numerous studies, this
experiment was designed to evaluate the effects of the cou-
pled and decoupled strategies compared with the conventional
constant strategy under the assumption that the PT modality
switches often, as it would in an extreme environment.

Figure 1. The hypothesized effects of modality-selection strategy on per-
formance.

Hypothesis 1: At a low sensory input load for the PT, in keep-
ing with multiple resource theory [31, 32], the user will have
ample spare capacity within the PT modality to accommodate
additional sensory load for a ST. Therefore, the benefit of
decoupling ST from PT modality is expected to be minimal.
However, the between-task switching cost is likely to still be
prevalent if the PT and ST are in different modalities, and the
associated performance loss is likely to outweigh any gains
resulting from avoiding overload. From this, we hypothesize
that the coupled strategy will have a detrimental interaction
effect with sensory input load, yielding better performance at
lower levels of sensory input load and poorer performance at
higher levels.

Hypothesis 2: At a high sensory input load for the PT, multi-
ple resource theory suggests that additional input in the same
modality is likely to cause a significant performance loss in
both the PT and ST due to overload. While between-task
switching costs will still be prevalent, it is likely that the bene-
fit produced by decoupling ST from PT modality (preventing
overload in a single modality) will outweigh the cost resulting
from switching the ST modality each time the PT modality
changes. From this, we hypothesize that the decoupled strat-
egy will yield a beneficial interaction effect with sensory input
load, with poorer performance at lower sensory input load
levels and better performance at higher levels.

These hypotheses relate to overall performance across all tasks
(PT and ST); however, it is possible that the performances of
the PT and ST could be affected differently. Therefore, we
also tested changes across multiple metrics individually for
PT and ST, including response rate, accuracy, response time,
and workload.

EXPERIMENTAL DESIGN
The experiment, conducted according to a within-participants
design, consisted of a PT and ST provided on a laptop com-
puter, with two controlled independent variables (“difficulty”
and “strategy”). In this experiment, “difficulty” refers to the
amount of sensory load imposed upon the participant.



Primary Task (PT)
In order to increase the upper available limit of task difficulty,
the PT consisted of the following two subtasks:

1. The first primary subtask was ongoing for the duration of
each trial and consisted of the participant controlling an
object in order to keep it centered on a target. This subtask
could be presented using three different modalities:

• Visual: the object was depicted as a green box on the
screen, and the target was depicted as a blue line on
the screen. The participant was required to keep the
green box centered on the blue line.
• Auditory: the object was a swarm of bees, audible to

the participant through headphones, and the target was
the center of the participant’s head. The participant was
required to keep the swarm of bees centered around
his or her head.
• Haptic: the object was a 2,000 Hz vibration occur-

ring on the participant’s waist via vibratory tactors
placed on each hip (with relative intensities creating
the impression that the source of the vibration was on
the participant’s left or right side), and the target was
positioned the center of the participant’s body. The
participant was required keep the vibration centered
on his or her body.

The participant controlled the object using the “A” and “D”
keys on the laptop, which applied an instantaneous “veloc-
ity” to the object. Random “accelerations” were applied to
the object over the course of the trial, requiring the partici-
pant to continuously provide control input in order to keep
the object centered on the target. The object’s movement
was restricted by hard stops equidistant from the target on
each side. The difficulty level for this subtask was adjusted
by modifying the magnitude of the accelerations, the up-
per limit of the object’s velocity, and the magnitude of the
velocity applied to the object via the participant’s inputs.

2. The second primary subtask occurred in discrete instances
and consisted of the participant receiving a stimulus on his
or her left or right side and responding to it by clicking the
left or right mouse button, respectively. As with the first
primary subtask, this subtask could be presented using three
different modalities:

• Visual: the stimulus was a red square that appeared on
the left or right edge of the computer screen.
• Auditory: the stimulus was a 440 Hz tone presented

in the left or right headphone.
• Haptic: the stimulus was a 2,000 Hz vibration applied

via tactors to the participant’s left or right upper arm.

The stimulus disappeared as soon as the participant re-
sponded to it. The difficulty level for this subtask was
adjusted by modifying the frequency with which the stim-
ulus appeared. The participant was allowed no more than
1.8 seconds to respond, which equates to the time between
stimuli when operating at the highest difficulty level.

We chose these two subtasks to pair as a combined PT due
to their similar spatial requirements (distinguishing left from

Figure 2. A screen capture of the experiment, with both primary sub-
tasks and the ST occurring simultaneously in the visual modality

right and responding appropriately). While each primary sub-
task could be presented using three different modalities, over
the course of the experiment, the second subtask was always
presented in the same modality as the first. For the remainder
of this section, PT refers to both primary subtasks conducted
together in the same modality.

Secondary Task (ST)
The ST occurred in discrete instances and consisted of the
participant being presented with a number (an integer between
1 and 5, inclusive) and providing a specific response to it, as
described below. As with the PT, the ST could be presented
using three different modalities:

• Visual: the number was a digit that appeared in the upper
center of the computer screen.

• Auditory: the number was spoken through the headphones.

• Haptic: the number was a rapid series of 2,000 Hz vibration
pulses applied via tactors to the participant’s lower back,
with the number of pulses representing the number.

Before each trial, the participant received a starting number
(an integer between 2 and 4, inclusive). When the participant
received his or her first number during a given trial, he or
she was asked to compare it to the starting number; for every
subsequent number received, he or she was asked to compare
that new number to the previous number. The participant was
instructed to press the “forward” mouse button if the current
number was greater than the previous number, or the “back”
mouse button if the current number was less than the previous
number. The difficulty level for this task was adjusted by
modifying the frequency with which the numbers appeared.
The participant was allowed no more than 1.8 seconds to
respond, which equates to the time between stimuli when
operating at the highest difficulty level.

The “difficulty” variable was set using a percentage of the
maximum possible difficulty settings. 100%, the highest diffi-
culty setting, means that the object in the first primary subtask
moves as fast as possible, and the instances of the second pri-
mary subtask and the ST occur as frequently as possible (these
limits being defined as the most difficult that still allowed the
tasks to be feasible). 20%, the lowest difficulty setting, means
that the object in the first primary subtask moves at 20% of



Figure 3. All equipment used during the experiment.

the speed that it would at the 100% setting, and the instances
of the second primary subtask and the ST occur at 20% of the
frequency they would at the 100% setting. We selected 20%
as the lower bound of difficulty due to anything lower being
trivially simple. Three other difficulty levels were equally
spaced between these two, giving five possible difficulty levels
(20%, 40%, 60%, 80%, and 100%).

Equipment
The experiment was conducted using ARMA 3 simulation soft-
ware [3] on a Eurocom Sky X9 laptop with a single monitor
display. ARMA 3 was selected due to its in-game script-
ing language that allows programming the experiment task,
a database connection capability to record data, control of
directional sound effects, and visualization tools to create on-
screen graphics. ARMA 3’s open-world and character control
aspects were not utilized. Audio was provided through a pair
of Sennheiser HD 202 II headphones. Haptic feedback was
given through a custom-built wearable device consisting of
an elastic belt containing three tactors positioned on the left
hip, right hip, and lower back, as well as two armbands con-
taining one tactor each. The tactors were C-2 models from
Engineering Acoustics, Inc. Participants provided input via a
Logitech M500 corded mouse and the built-in laptop keyboard.
Figure 3 and Figure 4 depict the equipment.

Procedure
The entire experiment took approximately two hours per partic-
ipant. Participants began with an initial screening and provided
demographic information to ensure they would be physically
able to complete all tasks, and were then gradually introduced
to each individual task and their various combinations during
a thorough training phase. This training also acted as a screen-
ing mechanism, identifying participants who were unable to
complete any individual task and therefore ineligible to con-
tinue. At the end of the training phase, participants received
five opportunities to complete a test trial and achieve the min-
imum overall performance level required to continue, which
was set at the 25th percentile following a pilot study involving
nine participants. As the purpose of this experiment was to de-
termine how the effects of intelligent modality selection apply
to users in extreme environments, this minimum performance

Figure 4. The custom haptic belt, as worn by a participant.

Table 1. An example of which modality each task might be presented in
depending on the selected strategy. A: auditory, H: haptic, V: visual.

Segment
Constant Coupled Decoupled

PT1 PT2 ST PT1 PT2 ST PT1 PT2 ST
1 A A A A A A A A V
2 V V A V V V V V H
3 H H A H H H H H A
4 V V A V V V V V H
5 A A A A A A A A V
6 H H A H H H H H A

level served to reduce the potential for low-performance out-
liers that did not represent the population the results would be
applied to.

Participants who met the minimum performance level then be-
gan the main phase. Each trial was divided into six, 10-second
segments, with an associated modality for the PT and ST for
each segment. In all trials, the PT included two segments in
each modality, with the order randomized (with the restriction
that no two sequential segments use the same modality). The
modalities for the ST depended on the strategy being used for
that trial, as follows (see Table 1 for an example):

• Constant: The ST used the same modality for all six seg-
ments of the trial. The same number of trials was conducted
with each modality used for the ST to account for inherent
performance differences between modalities.

• Coupled: The ST always used the same modality as the
PT (i.e., when the PT changed to a new modality, the ST
changed to the same one). In each trial, the ST was con-
ducted in each modality for two segments.

• Decoupled: The ST was always presented using a different
modality than the PT (i.e., when the PT modality changed,
the ST also changed ). In each trial, the ST was conducted
using each modality for two segments.

We assigned each trial one of the five discrete difficulty levels
described above (20%, 40%, 60%, 80%, or 100%) and one
of the three strategies. Each combination of strategy and
difficulty level was conducted three times, resulting in a total
of 45 trials. The order in which the trials were conducted was



balanced between participants using a full Latin square design
in order to compensate for learning effects, resulting in 45
required participants. After each trial, participants completed
a “Raw” NASA-TLX workload rating scale. Upon completing
all 45 trials, participants responded to an exit questionnaire in
which they provided subjective opinions about performance
and preference.

Data Collection
The experiment began with a questionnaire designed to de-
termine whether participants were eligible to complete the
experiment (i.e., free of disabilities preventing task perfor-
mance), as well as to collect demographic information. The
collected demographic information consisted of the following:

• The participant’s age

• The participant’s sex

• Frequency of computer use

• Frequency of video game use

• Number of years of service in a military organization (if
any)

Over the course of each trial, every action the participant
took was recorded, including each press and release of the
keys or mouse buttons, allowing for analysis of the following
dependent variables:

• PT Score: a measure of how well the participant performed
during the first primary subtask (keeping an object centered
on a target). The distance between the object and target
was calculated at regular, 50 Hz intervals; the greater the
distance, the fewer points the participant received for that
interval, with the score ranging from 0 points at the great-
est possible distance to 1.5 points at zero distance from
the target. The PT score for each trial was the sum of all
points awarded over the course of that trial. A higher score
indicates better performance.

• PT Keypresses: how many times the participant pressed
the “A” or “D” keys in order to control the object during
the first primary subtask over the course of a trial — i.e.,
whether the participant pressed the keys less frequently but
held them down for longer durations, or pressed them more
frequently but for shorter durations in order to achieve the
same effect.

• PT Response Rate: a measure of how often the partici-
pant responded to the second primary subtask (the left/right
stimulus). This measure is represented as the proportion
of all stimuli presented during a trial that the participant
responded to within the allowable time, with a higher value
indicating better performance. PT Response Rate was cal-
culated across all instances of the subtask, as well as for
instances of each specific modality.

• PT Accuracy: a measure of how often the participant pro-
vided the correct response during the second primary sub-
task. This measure is represented as the proportion of all
stimuli that the participant responded to that were responded
to correctly, with a higher value indicating better perfor-
mance. PT Accuracy was calculated across all instances

of the subtask, as well as for instances of each specific
modality.

• PT Response Time: a measure of how quickly the partici-
pant responded to stimuli during the second primary subtask.
This measure is represented as the average response time
for all stimuli responded to within the allotted time, with
a lower value indicating better performance. PT Response
Time was calculated across all instances of the subtask, as
well as for instances of each specific modality.

• ST Response Rate: a measure of how frequently the partic-
ipant responded to the ST (comparing given numbers to pre-
vious ones). This measure is represented as the proportion
of all numbers presented during a trial that the participant
responded to within the allotted time. A higher value indi-
cates better performance. ST Response Rate was calculated
across all instances of the ST, as well as for instances of
each specific modality.

• ST Accuracy: a measure of how often the participant pro-
vided the correct response to the ST. This measure is repre-
sented as the proportion of all numbers that the participant
responded to that were responded to correctly, with a higher
value indicating better performance. ST Accuracy was cal-
culated across all instances of the ST, as well as for instances
of each specific modality.

• ST Response Time: a measure of how quickly the par-
ticipant responded to the ST. This measure is represented
as the average response time for all stimuli responded to
within the allotted time, with a lower value indicating better
performance. ST Response Time was calculated across all
instances of the ST, as well as for instances of each specific
modality.

• Workload: This value was calculated according to a “Raw”
NASA-TLX subjective workload rating scale [10], a vari-
ant of the standard NASA-TLX [11] that eliminates the
weighting process eliminated and only incorporates raw
scale values. We selected this version of the NASA-TLX
due to it being much quicker to perform (as each participant
completed a NASA-TLX evaluation upon finishing each
trial, a weighting process for each would be prohibitive)
and because it has been at least as sensitive as the standard
NASA-TLX in prior study [2, 12]. The workload rating
was analyzed as a mean of all subscales, as well as for each
subscale individually.

Upon completion of all trials, each participant responded to
an exit questionnaire in which they provided the following
information:

• Which modality he or she thought gave the best performance
during each PT subtask and the ST

• Which modality he or she preferred to use during each each
PT subtask and the ST

Participant Demographics
Forty-five participants who completed the experiment gener-
ated evaluable data (one additional participant completed the
experiment, but the data failed to save), including 29 men and



16 women. The participants ranged in age from 18 to 36 years,
with a mean of 22.5 years and median of 21 years.

Three additional participants began the experiment but failed
to meet the minimum performance level following training,
and were therefore excluded. Note that although the minimum
overall performance level was set as the 25th percentile of
post-training performance in the pilot study, suggesting that
25% of all participants in the main study should have failed to
meet that minimum, that threshold was calculated using only
two post-training trials per pilot participant. In the main study,
each participant was allowed five attempts to meet that level
in order to accommodate participants who took longer for the
learning effect to subside, resulting in a much lower exclusion
rate.

RESULTS

Model
We conducted all modeling and analysis in MATLAB 2016b
[26]. In order to determine the effects of each factor on each
dependent variable, we fit a linear mixed effects model accord-
ing to the following equation in Wilkinson Notation [36] using
MATLAB’s native linear mixed effects modeling capability
(fitlme):

DV ∼ Age ∗ Di f f iculty + GameUse ∗ Di f f iculty +
Sex ∗ Di f f iculty + Strategy ∗ Di f f iculty +
(Di f f iculty |Participant)

DV is the dependent variable in question (we fit this model
for each dependent variable individually). The independent
variables were as follows:

• Age: the participant’s age in years.
• Game Use: the frequency of the participant’s video game

use, categorized as “low” (fewer than several times per
week) or “high” (at least several times per week). In the
models, “low” served as the reference category and “high”
was the indicator variable.
• Sex: the participant’s physiological sex. In the models,

“female” was the reference category and “male” was the
indicator variable.
• Difficulty: the difficulty level of the trial (20%, 40%, 60%,

80%, or 100%), which was treated as continuous.
• Strategy: the strategy applied to the given trial (constant,

coupled or decoupled). In the models, constant was the ref-
erence category and coupled and decoupled were indicator
variables.
• Participant: the participant’s ID number.

Data related to computer use and military service collected
through the demographics questionnaire were disregarded due
to homogeneity among the responses: all participants reported
“high” or “very high” computer usage, and only one of the
participants reported any military service.

Interactions
In addition to the main effects of each independent variable,
we included multiple two-way interaction effects in the linear
mixed effects model due to suggestions in prior literature of

their existence. The potential interaction effects we evaluated
were as follows:

• Age : Difficulty: results from multiple studies have indi-
cated that the detrimental effect of increased workload on
task performance increases with age [6, 28, 24, 16]. There-
fore, we anticipated an interaction effect between age and
difficulty level during this experiment as well.

• Game Use : Difficulty: more frequent use of video games
has been shown to potentially improve multitasking perfor-
mance [9, 8] and hand/eye coordination [21]. Consequently,
there was potential for such an effect to be present in this ex-
periment, as the need for multitasking ability and hand/eye
coordination in the evaluated tasks increased with difficulty.

• Sex : Difficulty: prior work has suggested that changes to
task complexity can affect performance differently depend-
ing on a participant’s sex. For example, results from one
study indicated that women were less affected by changes
from single-task to dual-task scenarios [25], while another
reported that men may be more inclined than women to
prefer to multitask (without a significant effect on task per-
formance) [5].

• Strategy : Difficulty: determining the effects of this inter-
action term, and whether they are significant, is one of the
main objectives of this paper.

Random Effects
The linear mixed effects model for each dependent variable
was fit using “Participant”’ as grouping variable, with a ran-
dom intercept (baseline performance for each participant),
random slope for the effect of difficulty (different participants
would have different inherent reactions to increased workload),
and allowance for correlation between them (a participant with
high baseline performance may be less affected by increased
workload than a participant with lower baseline performance).

Analysis
The results of the linear mixed models for each dependent
variable are presented in Table 2. This table depicts the effect
estimate for each factor on each dependent variable, shown as
a percentage of the effect estimate of the “Difficulty” factor on
that same dependent variable. Among all aggregate dependent
variables (i.e., dependent variables assessed across all modali-
ties or all types of workload), the “Difficulty” factor had by
far the strongest effect; depicting other factors’ effect sizes as
a proportion of the “Difficulty” effect size allows for easier
understanding of their relative size. The table also indicates
the approximate p-value for the significance of each effect. In
addition, 95% confidence intervals were calculated for each
effect. Effects that were shown to yield relatively small and
not statistically significant effects (bounded by no more than
7.5% effect size compared to “Difficulty” within the 95% con-
fidence interval), termed “trivial,” are indicated on Table 2 as
well.



Table 2. Heat map of each main or interaction effect on each dependent variable. Red cells indicate a positive coefficient for the effect (increased value of the dependent variable) and blue cells
indicate a negative coefficient for the effect (decreased value of the dependent variable). Values are presented as a proportion of the effect of “Difficulty” for the given dependent variable, which
was expected to have a strong effect on all dependent variables. Significant or near-significant effects on dependent variables are indicated with superscripts as follows: �p < 0.075, *p < 0.05,
**p < 0.01. Trivial effects are indicated with a ‘Tr’ superscript.

A
ge

G
en

de
r(

M
al

e)

G
am

e
U

se
(H

ig
h)

D
iffi

cu
lty

St
ra

te
gy

(C
ou

pl
ed

)

St
ra

te
gy

(D
ec

ou
pl

ed
)

A
ge

:D
iffi

cu
lty

D
iffi

cu
lty

:G
en

de
r(

M
al

e)

D
iffi

cu
lty

:G
am

e
U

se
(H

ig
h)

D
iffi

cu
lty

:S
tr

at
eg

y
(C

ou
pl

ed
)

D
iffi

cu
lty

:S
tr

at
eg

y
(D

ec
ou

pl
ed

)

PT Score -0.838%� 11.1%** 5.31% -100%** -1.06%Tr -0.723%Tr -1.20%* -0.347% 6.90% -0.851%Tr -1.61%Tr

PT Keypresses 24.7%** 64.9% -31.7% -100%** 0.750%Tr -1.73% -2.12% -27.8% 41.5% 13.0% 7.50%
PT Response Rate (All) -1.11%Tr 23.0% 44.8% -100%** -2.87% 1.27% -3.80% 14.5% 56.8% -15.4% -18.0%
PT Response Rate (Visual) -0.139%Tr 44.4%* 22.3% -100%** -8.19% 4.84% -3.67% 39.8% 11.6% -7.44% -16.7%
PT Response Rate (Auditory) -0.056% 24.6% 74.9% -100%** 23.7%* -14.0% -5.99% 8.75% 50.5% -36.7% -14.2%
PT Response Rate (Haptic) -1.99%Tr 15.0% 36.5% -100%** -15.0%** 8.06% -2.69% 9.01% 75.3%* -6.82% -20.5%
PT Accuracy (All) -1.46%Tr 7.89% 15.3% -100%** -3.37% 0.614% -2.99% 17.4% 19.0% 35.5%� 16.3%
PT Accuracy (Visual) -2.94%� 20.3% 21.9% -100%** -4.67% 8.62% 4.01% 38.9% 78.3% -54.8% 10.3%
PT Accuracy (Auditory) -0.416%Tr 5.49% 21.0% -100%** 2.39% -2.69% -5.03% 18.7% -17.3% 62.5%* 9.89%
PT Accuracy (Haptic) -1.83%Tr 7.03% 2.72% -100%** -8.23% -5.17% -3.37% 8.07% 41.5% 33.0% 38.8%
PT Response Time (All) 1.28%Tr -40.4%� -34.7% 100%** 13.8%** 0.011% -0.186%Tr 0.267% 14.4% 19.9% -9.67%
PT Response Time (Visual) 0.861%Tr -28.8% -28.5% 100%** 11.8%* -1.69% -0.150%Tr -3.13% -13.7% -0.472% -32.2%�

PT Response Time (Auditory) 1.67% -45.1% -43.5% 100%** -24.5%* 10.8% -3.07% 15.2% 29.0% 17.9% -23.6%
PT Response Time (Haptic) 1.86% -62.7% -49.1% 100%* 71.2%** -1.98% 3.48% -9.43% 64.8% 83.8%� 52.5%
ST Response Rate (All) -7.63% 3.31% 60.9% -100%* 2.19% -14.4% -3.92% 13.7% 88.5% 42.1% -12.8%
ST Response Rate (Visual) -0.371% 10.9% 52.7% -100%* -7.08% -39.6%** -4.51% 71.9%� 34.6% 43.5% 1.61%
ST Response Rate (Auditory) -9.69% 46.0% 143% -100% 37.0% 20.6% -6.10% -60.0% -0.179% 99.6% -53.4%
ST Response Rate (Haptic) -17.8%* -7.22% 43.1% -100% -3.94% -7.88% -4.46% -33.5% 170%� 23.0% -11.5%
ST Accuracy (All) -0.975%Tr -10.1% 55.5% -100%** -1.90% -8.20% 0.817% -24.4% 17.7% 33.0% 27.8%
ST Accuracy (Visual) -9.62% -69.8% 141% -100% 19.4% 43.5% 46.3%� -173% 247% -27.5% -166%
ST Accuracy (Auditory) 1.11%Tr -1.30% 30.1% -100%* -22.1% -19.6% -7.92% -5.96% -12.7% 3.58% 87.9%�

ST Accuracy (Haptic) -1.55% -26.8% 101%* -100% 16.7% -12.1% 6.95% -81.7% 87.0% 84.5% -24.8%
ST Response Time (All) 5.18% -45.2% 18.1% -100%** 9.97% 27.3%** -0.032% 10.9% 56.5% 18.2% -11.5%
ST Response Time (Visual) 8.55% -91.9% 10.5% -100% 0.220% 80.6%** 11.0% 31.7% 62.6% 41.1% 11.4%
ST Response Time (Auditory) 1.86% -24.1% 9.36% -100%* -0.564% 4.68% -3.94% 20.2% 25.9% 10.9% -11.0%
ST Response Time (Haptic) 8.79% -46.5% 35.8% -100% 87.0%** 32.2% -17.2% -84.7% 161% -48.0% -77.5%
Workload (Combined) 0.679%Tr 12.5% -40.9% 100%** 3.32% 4.90% -0.742%Tr 10.1% 40.1% 7.65% 5.53%
Workload (Mental) 0.321%Tr 7.63% -47.7% 100%** 4.24% 3.91% -1.62%Tr -0.201% 18.2% 7.21% 19.2%
Workload (Temporal) 12.0% -4.63% -18.8% 100%� 9.48% 18.8%* 0.224% 28.6% 101% 51.7% 0.456%
Workload (Physical) -0.909%Tr 35.8% -34.8% 100%** 5.93%� 9.12%** -1.18%Tr 11.5% -1.72% 21.0%� 24.3%*
Workload (Performance) 6.04% -27.5% -38.0% 100%** -6.84% -2.84% -0.351%Tr 31.2% 62.0% -11.9% -14.0%
Workload (Effort) -2.29% 24.1% -47.6% 100%** 3.52% 4.99% 1.85%Tr -8.38% 88.7%** -6.49% -11.0%
Workload (Frustration) -3.56% 16.1% -46.3% 100%** 4.12% 0.089% -2.65% 14.8% 27.0% 0.559% -1.79%



DISCUSSION

Factor Effects
As the data in Table 2 indicates, each factor affected each
dependent variable differently; additionally, several factors
had trivial effects on some dependent variables. This section
discusses the specific effects (or lack thereof) of each factor.
For clarity, the names of dependent variables are bolded, and
the names of factors are italicized. “Significant” refers to
p < 0.05 and “trending toward significance” refers to 0.05≤
p < 0.075.

Difficulty
As expected, performance with regard to every recorded ag-
gregate dependent variable (i.e., dependent variables assessed
across all modalities) was significantly detrimentally impacted
as Difficulty level increased. PT Score decreased, along with
response rates and accuracies for both the PT and ST. PT
Response Time (All) and ST Response Time (All) both in-
creased significantly with increasing Difficulty. Overall Work-
load, as well as workload as measured on each individual
subscale, also increased significantly with increasing diffi-
culty.

Note that increasing Difficulty led to a significant increase
in PT Keypresses, suggesting that greater difficulty caused
participants to enter command inputs for the given task with
greater frequency, but for shorter durations. This is potentially
the result of participants being less able to devote their atten-
tion solely to that task: at lower difficulty levels, participants
could hold the command input down for an extended duration
and release once the object was over the target; at higher diffi-
culty levels, participants were required to divert their attention
away from this task to focus on others, and were more likely to
release the key in order to avoid accidentally over-correcting
while not looking at it.

Age
The only significant main effects of Age were a detrimental
influence on ST Response Rate (Haptic) — likely due to a
well-documented decrease in haptic sensitivity with increasing
age [35, 27] — and an increase in PT Keypresses. The effects
of Age on PT Score and PT Accuracy (Visual), both of which
were detrimental, trended toward significance. For most other
dependent variables, Age was shown through 95% confidence
interval equivalence testing to have a relatively small effect
(< 7.5% compared with the effect of Difficulty), as reported
throughout Table 2.

In addition, Age had some notable interaction effects with
Difficulty, resulting in a small but significant detrimental effect
on PT Score. This suggests that increases in Difficulty have a
greater detrimental effect with increased participant Age. This
interaction also yielded a beneficial effect on ST Accuracy
(Visual) that trended toward statistical significance. For many
other dependent variables, the interaction between Age and
Difficulty yielded a relatively small and equivalent effect, as
reported throughout Table 2.

Sex
All models were fit using “female” as the reference category
and “male” as the indicator variable. Sex (Male) had a signif-

icant beneficial effect on PT Score and PT Response Rate
(Visual), with an additional benefit to PT Response Time
(All) that trended towards significance. Sex (Male) also exhib-
ited an interaction effect with Difficulty on ST Response Rate
(Visual) that trended toward significance, suggesting that men
were less detrimentally effected by increasing difficulty than
women.

Game Use
All models were fit using “low” game use as the reference
category and “high” game use as the indicator variable. Game
Use (High) had a significant beneficial main effect on ST Ac-
curacy (Haptic), as well as a significant beneficial interaction
effect with Difficulty on PT Response Rate (Haptic). A ben-
eficial interaction effect with Difficulty on ST Accuracy also
trended toward significance. Overall, these results suggest that
more frequent video game use improved participants’ ability
to perform tasks with higher difficulty levels. However, this
factor did not have as many significant effects as we initially
expected based on prior literature [9, 8, 21]. We believe that
this is likely due to insufficient diversity in the participants’
use of video games. 53% of participants reported that they
played video games “less than once per month” and 31% re-
ported “several times per month” (“Low” use). Only 16% of
participants reported playing video games “several times per
week” or “most days” (“High” use).

Strategy
As the primary factor of interest in this study, Strategy had
several notable main and interaction effects. All models were
fit using the “constant” strategy — the standard design for
most modern supportive devices — as the reference category,
with the “coupled” and “decoupled” strategies as indicator
variables. Here, we consider the effects of selecting either
the “coupled” or “decoupled” strategy compared with the
“constant” strategy.

Strategy (Coupled) had a significant detrimental main effect
on PT Response Time (All). Note, however, that Strategy
(Coupled) affected PT Response Time differently depending
on the PT modality. Strategy (Coupled) had a significant
beneficial main effect on PT Response Time (Auditory), but
a significant detrimental main effect on both PT Response
Time (Visual) and PT Response Time (Haptic). Similarly,
Strategy (Coupled) had a significant beneficial main effect on
PT Response Rate (Auditory) and a significant detrimental
effect on PT Response Rate(Haptic) and ST Response Time
(Haptic).

Strategy (Decoupled) had numerous significant main effects,
including detrimental influence on ST Response Rate (Vi-
sual), ST Response Time (All), ST Response Time (Visual),
Workload (Temporal), and Workload (Physical). These re-
sults suggest that overall, the “decoupled” strategy resulted in
poorer performance than the “constant” strategy.

Strategy (Coupled) and Strategy (Decoupled) each also shared
numerous interaction effects in conjunction with Difficulty.
Strategy (Coupled) and Difficulty had a significant beneficial
interaction effect on PT Accuracy (Auditory), along with a
beneficial interaction effect on PT Accuracy (All) and detri-



mental interaction effects on PT Response Time (Haptic)
and Workload (Physical) that trended toward statistical sig-
nificance. Strategy (Decoupled) and Difficulty had a signifi-
cant detrimental interaction effect on Workload (Physical),
with beneficial interaction effects on PT Response Time (Vi-
sual) and ST Accuracy (Auditory) that trended toward sig-
nificance.

Strategy (Coupled) and Strategy (Decoupled) both exhibited
trivial main effects and interaction effects in conjunction with
Difficulty on PT Score, with effect sizes bounded by no more
than 5.83% of the main effect size of Difficulty at a 95% confi-
dence interval. These results suggest that when determining
a modality-selection strategy for device design, it may not be
necessary to consider its effects on an ongoing (i.e., continu-
ous) primary task.

Design Implications
Potentially the most interesting result from this study is the
lack of a simple answer as to which strategy yields the best
performance, or how the ideal strategy might change with
increasing difficulty. Each strategy affected various depen-
dent variables differently, particularly when each task modal-
ity was considered independently. The detrimental interac-
tion effects between Strategy (Coupled) and Difficulty on PT
Response Time (Haptic) and Workload (Physical), both of
which trended toward significance, lend support to Hypoth-
esis 1; however, the significant beneficial interaction effect
between Strategy (Coupled) and Difficulty on PT Accuracy
(Auditory) does not. Similarly, the beneficial interaction ef-
fects between Strategy (Decoupled) and Difficulty on PT Re-
sponse Time (Visual) and ST Accuracy (Auditory), both of
which trended toward significance, support Hypothesis 2, but
the significant detrimental interaction effect between Strategy
(Decoupled) and Difficulty on Workload (Physical) does not.
These results demonstrate that it is essential for the designer of
a supportive device to carefully consider which performance
measures are most relevant to the task at hand, and to use that
knowledge to determine which strategy will maximize overall
performance.

For example, consider the selection of the “coupled”’ strat-
egy as opposed to the conventional “constant” strategy. The
above results suggest that when using a supportive device, an
operator would exhibit improved PT response time when in-
formation were provided in the auditory modality, but poorer
PT response time if that same information were presented
using the visual or haptic modalities. In addition, selecting
the “coupled” strategy would seem to increase the level of a
user’s physical workload in situations involving high sensory
input load (i.e., tasks of higher Difficulty). The designer would
have to decide whether the benefits of selecting the “coupled”
strategy outweigh the costs, or whether the “decoupled” or
“constant” strategies would be more appropriate.

Limitations and Future Work
Although the experiment described in this paper was carefully
designed to maximize internal validity, this came at the cost
of ecological validity. All three modalities were used during
every trial, and each trial incorporated at least one task during

which modalities were regularly switched. While this was
necessary due to the within-participants design, it is not an
accurate representation of real-world scenarios. Realistic use
cases would likely incorporate only two of the three modali-
ties, depending upon the practicality of conveying the desired
information in each modality. Now that effects of interest have
been identified, further research is required to determine how
these effects apply to specific real-world scenarios.

CONCLUSION
This paper describes the design and results of an experiment
evaluating the effects of intelligent secondary task modality
selection on user performance, particularly for application in
environments with extremely high sensory input loads. Based
on prior work across multiple fields, we defined three potential
modality selection strategies: constant (always using the same
modality — i.e., the conventional method), coupled (always
using whichever modality is most actively incorporated into
the primary task) and decoupled (always using a different
modality than that which is most actively incorporated into
the primary task). We hypothesized that the coupled strategy
would result in the best task performance at a low sensory
input load (i.e. low “difficulty”), while the decoupled strategy
would result in the best task performance at a high sensory
input load (i.e. high “difficulty”). Mixed model analysis
of the results from the 45-participant experiment indicated
that the influence of each strategy was far too complex to
generalize into two such hypotheses, as each strategy had
various different effects on specific aspects of both primary and
secondary task performance. Many of these effects, however,
were statistically significant or showed equivalence and should
inform design decisions for supportive devices.
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