On the use of secondary tasks

In addition to other objective measures of pilot workload
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Secondary tasks can be used to measure how much effort a given primary tasks requires from the pilot. However, there
are many different types of secondary tasks, each with their own merits and demerits. In this paper we discuss a number of
commonly used secondary task types and their limitations. We will specifically look at problems that may arise when
combining secondary task measurements with other objective measures of pilot workload, including psychophysiological
data such as heart rate and heart rate variability. We discuss our experiences with various types of secondary tasks in
experiments where subjects flew our fixed-base flight simulator.
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1. Introduction

Secondary task performance has been used widely in cognitive neuroscience as a measure of the cognitive effort (attention,
workload) a subject puts into the primary task. The secondary task technique builds on the assumption that there is a limit to the
subject’s cognitive capacity, and that an increased cognitive requirement of the primary task leaves less capacity remaining for the
secondary task. This assumption may not always hold true [1, 2]. In addition, the use of secondary tasks may significantly interfere
with other objective measures of workload, in particular with psychophysiological measures such as heart rate, brain waves, and
eye tracking data.

However, secondary tasks can provide valuable data if the type of secondary task is chosen carefully [3], considering both the
primary task characteristics and interference with other measurements. Minimal secondary tasks may even be a simple and
practical alternative for more elaborate psychophysiological measurements if only roughly discriminative measures are sufficient.
In this paper we introduce a number of common secondary tasks and analyze their merits and demerits. We will focus on their
application in a simulated instrument flight task, and in combination with psychophysiological measurements. Finally, we share
some lessons we learned from actual experiments that may benefit the design and setup of future experiments.

2. Types of Secondary Tasks

In principle, any task can be used as a secondary task. The only requirement would be that the task has a clearly measurable
result, which preferably indicates the quality of task performance (score). Below we will introduce a number of commonly used
task types.

2.1. Overloading

Typical secondary tasks used to evaluate a human pilot’s workload (or actually spare capacity) are complex processing tasks,
designed to be difficult (but doable) even as a single task. Adding such a secondary task to the primary task is expected to overload
the subject, as illustrated in Fig. 1, and the performance on (score of) the secondary task is expected to degrade with increasing
primary task difficulty. This heavily relies on the assumptions of single channel processing and fixed total capacity, as explained
in the following section. Examples are memory tasks (such as the Sternberg task [4] or the n-back task [5]; Fig. 2), mental
mathematics, or information communication & processing tasks.

2.2. Simple

Another commonly used type of secondary task requires the subject just has to press a button when he notices an external
stimulus (e.g., hears a specific sound or sees a specific visual cue) presented at random time intervals [6]. This method assumes
that the subject’s response will be slower (longer reaction time) when his workload is higher. Such tasks generally require very
little central processing effort and memory.

A variation that requires just a little bit of central processing is the choice reaction time, where one of 2 slightly different stimuli
is presented at random, and the subject has to press a different button depending on which of the 2 stimuli he perceived. Examples
of the simple and simple choice task procedures are shown at the bottom of Fig. 3.
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Fig. 1. lllustration of how a difficult secondary task can be used to measure the amount of effort a subject puts into the primary task, assuming the single
channel capacity model.

2.3 Continuous

Tracking or monitoring tasks require continuous attention. In tracking task the subject has to operate a device to follow a
guidance signal. Tracking tasks may require varying amounts of central processing effort. Monitoring tasks focus on the
perception, rather than on control. The subject has to filter perceived information to find specific cues obscured by “noise”. These
tasks assume that tracking performance or detection rate of the secondary task degrades when the effort required for the primary
task increases.

2.4 Time Estimation

Time estimation tasks assume that subjective perception of time changes with workload [7]. For instance, when waiting for 1
minute, it feels like 5 minutes, whereas “time flies when you’re having fun”. The subject can be ask to create a regular beat (which
is likely to become irregular due to workload changes), or the subject can be asked how much time he thinks has passed during a
specific interval.

3. Limitations of Secondary Tasks
3.1. Single Channel Processing and Fixed Total Capacity Assumptions
Using secondary tasks for workload measurement only works under the assumptions of single channel processing and fixed
total capacity, meaning that additional effort put into one task will lead to a reduction of effort put into another task (especially
when the subject is using his full processing capacity). As mentioned in the introduction, this may not always be the case [1, 2].
For instance, remembering a shopping list requires a certain amount of mental capacity, and each additional item will reduce the
amount of spare capacity. If we need to remember more than 7 items, each additional item will increase the probability that we
forget some of the original items (reduced main task performance). However, if the additional (secondary) task is not remembering
additional shopping list items, but walking to the supermarket, this task doesn’t influence remembering the shopping list items
(primary task performance), because walking requires a different type of effort/capacity (“channel”).
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Fig. 2. Illustration of the displays and subject’s required actions for some common “overloading type” secondary tasks. For all tasks the response time
from the last display change until the subject’s button press is recorded. In case of multiple input options, correct/incorrect score is also recorded. For the
Sternberg task, the number of mistakes in reading back the original digit series is also recorded.

Simple

Simple

Sound

Fig. 3. lllustration of different variations of “simple” response time secondary tasks. Task stimuli may be presented in a different modality (e.g.,
auditory or tactile instead of visually). For all tasks the response time from the last display change until the subject’s button press is recorded. In case of
multiple input options, correct/incorrect score is also recorded. For the Sternberg task, the number of mistakes in reading back the original digit series is
also recorded. The “Sound choice” task displayed here adds the a sound just to warn the subject that a change has happened. The visual “simple choice”
task could also be implemented with sounds only, where the subject has to differentiate between high and low pitch sounds.



The total capacity (information processing capacity, memory capacity, physical movement capacity, etc.) may also not be
constant. Specifically, it may change with motivation, stress, and tiredness. We constantly manage our workload internally, and if
we feel a specific need, motivation, opportunity for quick gain, we may temporarily increase our capacity to a non-sustainable
working level. Such fluctuations will affect the secondary task results, but are typically ignored.

3.2. Interference with Primary Task

A large risk is that the secondary task may interfere with the primary task. This is illustrated in Fig 1F. The basic idea is that the
primary task should always be prioritized, and the secondary task should only be executed to the degree of spare capacity the
subject has at that time. However, the secondary task may be distracting, or the subject may manage his workload differently when
he has to perform a secondary task. Specifically, the subject may feel that a slight decrease of performance on the main task can
get him a large performance gain on the secondary task, and therefore shift his priorities. Although undesirable, and against the
clear instructions (to prioritize the primary task) that should always be given, it is only human to manage our own workload and
show our best (overall) performance.

3.3. Artificiality

Secondary tasks are typically artificial tasks, which the subject is not used to. The secondary task may therefore require some
training or practice to get used to it.

In some cases, it is possible to use an “embedded” task, for example, when the primary task is to control an aircraft in a landing
approach, carrying out a checklist or communicating with the control tower could be used as an embedded secondary task.
However, the risk of using embedded tasks is that they could easily be considered as an inherent part (sub-task) of the primary task,
and therefore receive a higher priority than just using up “spare capacity”.

4. Lessons Learned from Workload Evaluation Experiments

Recently, there has been a significant increase in the use of psychophysiological measures such as heart rate, brain waves, and
eye tracking data for the objective evaluation of workload, mainly due to the fact that the necessary equipment has become much
cheaper. In this section we discuss our experiences combining various types of secondary tasks with psychophysiological data for
the evaluation of workload.

4.1. Experiment Overview

We carried out various experiments with secondary tasks in the fixed based training device (hereafter “simulator”) owned by the
Suzuki-Tsuchiya laboratory at The University of Tokyo (Fig. 4). Various subjects took part in these experiments, including
students of the Aeronautics & Astronautics Department, researchers, and experienced pilots. During the experiments we recorded
the aircraft state, pilot’s control inputs, secondary task performance, and psychophysiological data [8, 9]. We used and the Takei
TalkEyeL.ite eye-mark camera (to record the gaze direction, pupil diameter, and blinks), the ParamaTech EP-301 portable ECG
recorder (for heart rate and heart rate variability), and eMotiv EPOC+ EEG headset (for brainwaves).

Fig. 4. Simulator of the Suzuki-Tsuchiya laboratory at The University of Tokyo. Left: overview. Middle: Sternberg 7 digits secondary task and response
switches (Yellow & Orange) attached to the control column. Part of the primary flight display is covered for experiment’s primary task purposes. Right:
Eye mark camera, Portable ECG device, and brainwave measurement headset.



4.2. Overload Tasks (e.g., Fig. 2)

Combining psychophysiological measurements with a secondary task poses some significant problems, because the effort a pilot
puts into the secondary task will influence the psychophysiological data. This means that the commonly used “overload” types of
task will be particularly unsuitable, since they will always use up all the pilot’s capacity. Therefore, we won’t be able to measure
the psychophysiological effects of (only) the primary task anymore (unless we would run separate experiments). In our
experiments, we noticed clear differences between trials with and without overload type secondary tasks in heart rate variability
and some brainwave indices.

We therefore propose the use of minimal secondary tasks, such as a “simple” reaction time task or a “simple choice” reaction
time task (fig. 3). Although not as comprehensive as the complex processing tasks, these minimal tasks are easier to combine with
the psychophysiological measurements, which in turn will provide the more detailed information about the degree to which the
pilot is using his internal processing resources.

4.3. Visual-only simple tasks (e.g., “Simple” and “Simple Choice” in Fig. 3)

Visual secondary tasks will require the pilot to change his scan-pattern (i.e., order & timing of looking at various cockpit
displays & outside visual scene) to include the secondary task display. This may be minimized by positioning the display close to
the primary flight display and making changes very salient, so that they may be perceived in peripheral vision, rather than
requiring foveal attention.

The fact that pilot will need to look at the display to perform the task may actually be beneficial. A slower response of the pilot
may indicate that he has high workload, or at least less spare visual scanning capacity. Remembering the flaws of the single
channel processing assumption mentioned in section 3.1, it may be well possible that a pilot has spare memory capacity, but no
spare visual perception capacity. Therefore, if we are particularly interested in visual scan patterns or the way visual information is
acquired (e.g., when evaluating the design of cockpit displays), a visual secondary task may provide useful data.

A drawback is that, when using an eye mark camera to record gaze direction and fixations, the secondary task will undoubtedly
influence the reliability or usefulness of such data.

4.4. Sound-only tasks (e.g., “Simple Sound” in Fig. 3)

Sound-only secondary tasks have a very minor influence on the primary task. The human brain can process sound much faster
than visual information, and unlike visual information, we don’t have to pay specific attention to perceive sound. This also means
that reaction times are typically much shorter and show less variation, so they should be measured more accurately.

One interesting result from our experiments is that we actually become unable to perceive sounds in extremely high workload
conditions. For example, when making landing approaches, the flare maneuver, which is critical and carried out just seconds
before touchdown requires a pilot’s full attention. At this time, our subjects didn’t notice the sounds, and generally for all sounds
presented from a few seconds before until a few seconds after the touchdown, the responses timed out. This indicates that rather
than measuring response time to evaluate spare capacity on a continuous scale, measuring timeouts in a simple sound tasks could
be useful as a binary evaluation of whether or not there is any remaining capacity at all.

4.5. Visual & Sound Combined Tasks (e.g., “Sound Choice” in Fig. 3)

In an attempt to get the best of both, we developed a combined visual & sound task, indicated as “Sound Choice” in Fig. 3. The
task is identical to the visual-only simple choice task, but at the moment a new choice is presented, a sound will be played as well.
This should remove the necessity to continuously scan the secondary task screen for changes. At the same time, the choice element
will still make it necessary to check the screen, rather than immediately responding to the perceived sound (as would be the case in
the sound-only task). We assume that the pilot postpones the checking of the secondary task screen for a longer time when his
remaining (visual perception) capacity is low. We could therefore use the pilot’s response time as a continuous measure of
remaining (visual perception) capacity, while of course any timeouts would still be useful to know no capacity remained at all.

4.6 General experiences

Even though we always instruct subjects that the primary task is absolutely first priority, and the secondary task should only be
carried out if and to the extent at which they have spare capacity, we found that different subjects treat each task differently.

First of all, there was a difference between inexperienced pilots (students), trained students, and experienced (private and
professional) pilots. We would expect experienced pilots would have more spare capacity, and therefore shorter response times or
less timeouts. However, we found that the least experienced students generally scored better on the secondary task. We think this
can be explained by the task interference (mentioned in section 3.2). The more experienced the subject, the easier it is for them to
ignore the secondary task in high-workload situations, and focus on the primary task. Subjects who are not comfortable yet with
the primary task probably find it difficult to focus when needed, and give up on it in favor of the secondary task (Fig. 1F).

Even between professional pilots, there are personal differences in how they deal with the secondary task. Comparing the visual
simple choice task with and without additional sound, some find it easier to “not scan the visual only task” than to “not
immediately check it when they hear a sound” if they have no spare capacity, for others it is exactly the opposite. This might be a
difference in general between people who prefer finishing simple tasks first, then focus on difficult things, or people who prefer to
do the difficult things first, then the easy ones.



5.

Conclusion

While secondary tasks may provide objective data that can be useful for workload evaluation, it is important to carefully
consider the type of task to use. We introduced various task types and discussed their merits and demerits, as well as the general
assumptions on which the secondary task method is based.

The main factors that play a role when choosing the type of secondary task in an experiment are:

- The type of primary task (mainly visual, mainly information processing, mainly memory, ...)

- Risk of interference with the primary task (single channel assumption, experience level with primary task, personality type)
- Risk of interference with other measurements (psychophysiological measurements)

- Type & quality of data needed (continuous scale remaining capacity, or only timeouts)

- Amount of preparation/post-processing required (hardware, software implementation, carrying out, data analysis)

We found that subjects may trade off the efforts spent on the primary and secondary tasks to some extent, even when they are
specifically instructed to fully prioritize the primary task. Therefore, in addition to choosing a task carefully, it is important to
check for deterioration of primary task performance when a secondary task is present.

An interesting finding is that a minimal sound-only task can at least indicate moments when zero capacity is left, and can
therefore constitute a baseline for the interpretation of the psychophysiological data.

We are currently gathering more data with various subjects to quantify the experiences shared in this paper.
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