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Abstract. Delays between user input and the system’s reaction in con-
trol tasks have been shown to have a detrimental effect on performance.
This is often accompanied by increases in self-reported workload. In the
current work, we sought to identify physiological measures that corre-
late with pilot workload in a conceptual aerial vehicle that suffered from
varying time delays between control input and vehicle response. For this
purpose, we measured the skin conductance and heart rate variability
of 8 participants during flight maneuvers in a fixed-base simulator. Par-
ticipants were instructed to land a vehicle while compensating for roll
disturbances under different conditions of system delay. We found that
control error and the self-reported workload increased with increasing
time delay. Skin conductance and input behavior also reflect correspond-
ing changes. Our results show that physiological measures are sufficiently
robust for evaluating the adverse influence of system delays in a concep-
tual vehicle model.

1 Introduction

Delays between input and feedback in a closed-loop control task can result in
both perceptual and control instabilities. For example, in head-slaved visual-
ization systems (i.e., head-mounted virtual reality displays), temporal discrep-
ancies between head movements and display updating can result in oscillopsia
(also referred to as simulator sickness) in which the human operator perceives
an unstable virtual environment that “swims around” his head [1]. In vehicle
simulators, time delays between manual inputs and visual feedback can lead to
notable increases in performance errors as well as perceived workload [2-4]. The
latter can induce stress that induces physiological reactions in the autonomic
nervous system.
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Previous studies of flight performance have shown that visual feedback delays
can decrease performance and increase workload. For example, participants who
performed a low-level flight task under visual lag conditions produced larger
altitude errors and responded with higher workload scores on a questionnaire
[5]. In a different study, increasing system delays decreased piloting performance
as well as the subjective handling qualities of the aircraft, when pilots were
required to perform a side-step maneuver in a helicopter simulation as well as
actual test flight [4].

This decrease in performance can be more specifically attributed to the in-
fluence of visual feedback delays on closed-loop control performance. Trying to
compensate for a time-delayed error has been shown to result in pilot-induced
oscillations, wherein the control inputs from the pilot actually adds to the overall
system disturbance instead of subtracting from it [2]. This is especially detri-
mental to the performance of precision tasks, such as hovering or landing. If the
pilot is trained on such maneuvers in a simulator that suffers from time delays,
more time is necessary to acquire the targeted skill and the transfer of training
to real flight could be problematic, since a real aircraft with no system delays
can be expected to respond differently [6]. Moreover, training with system delays
has also been shown to increase the workload that is subjectively experienced
by the pilot [5].

Many studies employ questionnaires to assess the participants’ workload. Al-
though this approach is well established, it has known weaknesses; the measure-
ment is obtrusive and cannot be conducted during the task itself. Therefore,
self-assessment of workload relies on the participant’s recollection of the task,
which could be subjectively altered.

An increase in workload can induce stress, which in turn leads to psycho-
physiological reactions of the autonomic nervous system. For example, induced
workload can increase the heart rate as well as disrupt the regular fluctuations
of inter-heartbeat-intervals [7]. In addition, it can widen the perspiratory glands
and affect skin conductance [8]. Both heart activity and skin conductance can
be measured using skin electrodes, thus providing an online metric for stress and
workload during control activity itself.

In the current work, we investigate the influence of system delays on the
control of a personal aerial vehicle (PAV) concept model [9]. We introduced
delays of 0, 200, 400 or 600 ms and the influence of these delays was assessed
in terms of our participants’ control performance, control inputs, physiological
responses and questionnaire results.

The remainder of this paper is organized as follows. Section 2 describes the
flight task as well as the simulator and the aircraft model, followed by a de-
scription of data acquisition and analysis. Section 3 presents the results and
possible interpretations. In section 4 we summarize our findings and discuss the
implications for flight simulator studies.
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Table 1. The parameters for the disturbance in the roll axis of the vehicle

L T W N

Tl 05 | 0 | 00159
2| 03 | 1 | 0079
31 02 | 0 | 00477
4| —02 | 1 | 00159

2 Methods

2.1 Participants

Eight male participants took part in our study. Their ages ranged between 22
and 34 years. All were researchers at the Max Planck Institute for Biological
Cybernetics and had normal or corrected-to-normal vision.

2.2 Apparatus and Flight Model

We evaluated the effect of system delay of a dynamic PAV concept model in
a fixed-base flight simulator. The simulator consisted of a display wall of nine
screens taking a field-of-view of 105° by 100°. The participants used generic
helicopter controls consisting of foot pedals, collective stick and cyclic stick.

The outside visualization was provided by Flightgear, an open-source flight
simulator [10], while the control model was implemented in Matlab/Simulink
and running at 256 Hz. The control model simulated the vehicle’s dynamics and
calculated the position and orientation of the aircraft based on the current con-
trol inputs. The outputs were then transformed into world coordinates and sent
to the Flightgear computers that rendered the scene, namely San Francisco In-
ternational Airport. The landing zone measured approximately 55 by 260 meters
and was at the end of a runway (see Figure 1).

The PAV model represents an augmented helicopter with uncoupled cyclic, col-
lective and pedal controls. Its rotational dynamics were of the Attitude Command-
Attitude Hold (ACAH) type, such that a constant deflection of the cyclic stick re-
sulted in a constant rotational attitude. Participants directly controlled a rate in
the heave axis with the collective stick. A constant input on the pedals resulted
in a specific rotational rate around the yaw axis. Subjects had full control over all
the vehicle’s degrees of freedom during each trial. In our experiment, a time delay
of 0, 200, 400 or 600 msec was introduced between the control input and vehicle
dynamics. These values were chosen based on a pilot study.

In addition, a disturbance was introduced in the roll axis during flight. Thus,
our participants had to compensate for this disturbance even whilst performing
the primary task of landing the PAV. The forcing function was a summation of
four sinusoidal functions
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Fig. 1. Landing site as seen from the participants upon trial initiation

d(t) = iai * sin(e; * g + 27 * fi x t) (1)
i=1

with the parameters a;, ¥; and f; given in Table 1.

2.3 Procedure

Our participants were instructed to fly the PAV from their initial position at
the start of the trial towards the visible airport, follow the runway and land in
a designated area at the end of the runway. In addition, they were required to
maintain PAV stability and to compensate for disturbances in roll axis. Upon
a successful landing, they were required to press a button to end the trial. Al-
ternatively, each trial ended automatically if the maneuver was not successfully
completed within eight minutes.

Prior to data collection, every participant had at least five one-hour training
sessions with the simulator and the PAV model. During the first two training
sessions, there were neither disturbance nor system delay to facilitate user fa-
miliarization with the control devices and the vehicle’s dynamics. In addition,
participants had to learn to navigate by relying on visual landmarks near the
landing site. In the next two sessions, the roll disturbance was introduced, but
without any time delay. Each training session always consisted of five flight ses-
sions, separated by a thirty second break.
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After the first four training sessions, the participants experienced at least one
additional session under actual experimental conditions. The sessions for data
collection consisted of four trials that varied in roll disturbance and time delay
(0 ms, 200 ms, 400 ms and 600 ms) separated by a break of five minutes. In
this break, participants were asked to rate workload with a digital version of
the NASA-TLX questionnaire on a separate laptop. We collected ECG and skin
conductance values during flight as well as during the breaks.

2.4 Data Collection and Analysis

Subjective workload was assessed using a computerized NASA Task Load Index
(NASA-TLX). This rating scale consists of six independent scales, defined as
follows [11]:

Mental Demand (e.g. thinking, deciding, remembering, looking, etc.)
— Physical Demand (e.g. pushing, pulling, activating, etc.)

Temporal Demand (e.g. time pressure)

Performance

— Effort (required to achieve the level of performance)

Frustration Level

This questionnaire was administered after every condition. It provides an over-
all workload score as well as scores for each individual scale and the composition
of the overall score by the individual scales.

To measure performance, we calculated the root mean square error in com-
pensating for the roll disturbances as well as control input activity. When partic-
ipants experience a subjective loss of control or are performing badly, they tend
to alter their input behavior or control effort. Therefore, we analyzed changes in
the stick input activity. The stick input was collected at 256 Hz and analyzed in
the frequency domain. We evaluated spectral densities in the frequencies higher
than 0.1 Hz, since the disturbances took place in frequencies lower than 0.08 Hz.
Thus, any changes in bandwidth above 0.1 Hz could be attributed to the pilot
and not our disturbance function.

The first physiological measure is the skin conductance, which can be mea-
sured with a constant potential. The human skin possesses a natural electrical
resistance, but contains sweat glands serving as conductive channels. Higher ac-
tivity in the sweat glands results in lower resistance and better conductance
[12]. The sweat glands are innervated by sympathetic activity only and, there-
fore, the skin conductance can serve as an indicator for stress and anxiety [8].
For the analysis, we normalized the mean conductance of each trial to a baseline
measurement taken before the first test trial.

The second physiological measure is based on ECG measurements. The mean
heart rate changes constant in response to changing environmental demands.
These changes occur periodically and depend on the mental and physical state of
the human. They are evoked by activity in the (para)sympathetic nervous system
and have been found to be sensitive to work conditions, such as before and after
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a driving task [7], or different phases of a monitoring and detection experiment
[13]. We collected ECG data at 256 Hz and filtered it offline. The heart-beats in
this signal were detected and the instantaneous heart-rate for every inter-beat-
interval was calculated. We analyzed the spectral densities of the resampled time
series in the 0.07-0.14 Hz band as well as the 0.15-0.4 Hz band. The power in the
low frequencies is related to sympathetic activity, whereas the high frequency
band is almost completely influenced by the parasympathetic nervous system in
addition to respiration [14]. The low band is therefore widely regarded as the
better measure for workload and stress.

3 Results and Discussion

All data was submitted to a one-way repeated measures analysis of variance
(ANOVA) for the factor of time delay.

The questionnaire data showed an effect of system delay. The overall work-
load follows a linear trend (F(3,21)=22.44, p<0.01), indicating that increases in
system delay induced higher subjective workload in our participants. The same
linear trend can be found for the independent scales of the NASA-TLX. Inter-
estingly, even though the self-rated performance decreased and the frustration
increased, the participants did not “give up” on the task but increased their
effort accordingly. In addition, the overall composition of the workload stayed
the same (see figure 2). This suggests that the experimental manipulation of
system delay increased subjective workload without changing the nature of the
task itself.

delay: Oms delay: 200ms delay: 400ms delay: 600ms
5% 6% 7% 8% I Vental demand
21% 21% ; 23% 19% ) I Physical demand
27% [""]Temporal demand
27% 28%
28% | ] Performance
15% 14% [ Effort
9 129
17% % S I Frustration
P / ) P 8%
8% 21% 7% a0 7% % 7T
Workload: 46 Workload: 51 Workload: 63 Workload: 72

Fig. 2. Subjective workload increases with system delays but does not vary in its
composition

As is the case with the self-rated performance, the objective error in compen-
sating for the disturbance increased with increasing system delay (F(3,21)=12.65,
p<0.01). Therefore, it follows that time delays have a deteriorating effect on the
control task.

This deterioration in performance with increasing system delays evoked cor-
rective inputs from the participants who tried to keep the vehicle stable. This
is indicated by a linear increase in the power of the stick activity between 0.1
to 0.5 Hz (F(3,21)=36.32, p<0.01; see Figure 3). Since these disturbances take
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Fig. 3. Increasing input activity at frequencies higher than the disturbance. This can
lead to pilot induced oscillations.

place at lower frequencies than these inputs, this behavior can destabilize the
vehicle even more, resulting in pilot induced oscillations.

In correspondence with subjective workload measurements, an increase in
system delays also resulted in higher skin conductance (F(3,21)=>5.72, p=0.01,
see figure 4). This indicates that participants experienced stress and arousal.
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Fig. 4. The skin conductance increases linearly with increasing time delay

Nonetheless, the ECG measures for heart-rate and heart-rate variability did
not show any significant changes to the manipulation of system delays. In addi-
tion, we did not find any changes between the test trials and breaks. Therefore,
ECG based measures are not a reliable metric for stress and arousal in the cur-
rent control task.
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4 Conclusions

Overall, our findings show that delays between the control input and system
response can impair control performance, elicit pilot-induced oscillations and
increase workload, both in terms of self-reported and physiological measures.
This is an important point to note in the design of virtual simulation systems,
such as driving and flight simulators, that are intended for the purpose of training
closed-loop control.

A system that is slow in responding to the human operator’s input could
induce the human operator to submit a larger response than is required for
precise maneuvers. This results in a larger than intended vehicle response that
needs to be corrected for subsequently. It could, thus, result in more errors
than necessary and even instill counter-productive behavior that will have to be
unlearned in the real world.

Our findings indicate that this loss of control has an impact on the operator’s
perceived and physiological workload. Therefore, system delays have a genuine
influence on the operator’s conscious sense of well-being as well as his physio-
logical system.

In this work, we demonstrated that skin conductance activity can offer a
complementary approach to the use of questionnaires. Changes in heart-based
measurements might be too slow to indicate the changes in stress levels experi-
enced by the human operator in our current experimental task. In contrast to
a questionnaire, an unobtrusive measure such as this can be employed to assess
multiple maneuvers in a complex mission. In addition to the traditional assess-
ment of novel controller systems for their handling qualities, skin conductance
measurements can allow the same systems to be evaluated for their physiological
comfort.

To conclude, we demonstrate that system delays can detrimentally affect con-
trol performance due to pilot-induced oscillations. This has an adverse effect on
the perceived workload of the operator as well as on his physiological system.
The approach described here is a viable protocol for the evaluation of novel
controller systems and simulators intended for closed-loop control.
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