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Retention of Manual Control Skills
in Multi-Axis Tracking Tasks

Rowenna Wijlens* Peter M. T. Zaal' Daan M. Pool*
Delft University of Technology San José State University Delft University of Technology
Delft, The Netherlands NASA Ames Research Center Delft, The Netherlands

Moffett Field, CA, USA

This paper presents the results of a training and retention experiment conducted to objec-
tively and quantitatively evaluate the acquisition, decay, and retention of skill-based manual
control behavior in a compensatory dual-axis roll and pitch attitude tracking task. In this
study, thirty-eight fully task-naive participants were trained in a fixed-base setting in the
Human-Machine Interaction Laboratory at Delft University of Technology and subsequently
divided into three matched groups based on their training performance and control behavior.
Performance of the first group was re-evaluated after a period of non-practice of six months,
whereas the second group was retested at both three and six months after training, and skill
retention of the third group was measured after two, four, and six months. The goal of the
experiment was to model the decay curve of skill-based manual control behavior and to deter-
mine the re-acquisition rate of lost skills compared to their initial acquisition rate. To explicitly
quantify changes in manual control skills, learning curve models were fitted to metrics of task
performance and control activity. The results suggest that control skills decay following a
negatively accelerating decay curve and that lost skills are re-acquired at a higher rate than
their initial development rate.

Nomenclature
Akl =  amplitude of k™ sinusoid, deg s =  Laplace operator
e = tracking error signal, deg Ta,,Ta, = amplitude filter time constants, s
F =  learning curve learning rate Tm =  tracking run measurement time, s
fi = target forcing function, deg t = time,s
H(jw) = frequency response function u = human operator control signal, deg
H(s) = transfer function Vie =  learning curve value
H,. =  controlled aircraft dynamics Oa =  aileron deflection, deg
Hp, = human operator crossfeed response Oe =  elevator deflection, deg
H,, = human operator error response 6 =  pitch attitude, deg
i = tracking run index P =  Pearson’s correlation coefficient
J =  imaginary unit o? =  variance
K =  stick gain 1) = roll attitude, deg
k =  forcing function sinusoid index o[ k] = phase shift of k™ sinusoid, rad
N, = number of sinusoids in forcing function dt.m = phase shift of m™ sinusoid realization, rad
n = human operator remnant signal, deg w = frequency, rad - s~
mlk] = frequency integer factor of k™ sinusoid W =  measurement time base frequency, rad - s~
Da =  learning curve asymptotic value wi[k] =  frequency of k" sinusoid, rad - s~
Do = learning curve initial value
Suu = control signal spectrum, deg?/(rad - s™1)
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Subscripts tr =  training phase

c =  crossfeed response X = Sl'gnal component

e = error response 0 =  pitch

end = end of session ¢ = roll .

st = start of session 6M =  6-month retention test
t = target forcing function

I. Introduction

1Lots’ manual flying skills have degraded due to the increase in flight deck automation over the last decades [1, 2].

This has resulted in a growing concern that today’s pilots perhaps lack the skills to safely and successfully prevent
or recover from unexpected upset events or to take over control after a sudden transition to manual flying [3]. Although
the development of additional standards and guidelines for (recurrent) training procedures is a topic of current interest
[1-8], additional research is required to be able to implement scientifically substantiated standards to ensure pilots
receive sufficient training opportunities to develop, maintain, and improve manual flying proficiency [2, 3].

Likewise, the retention of manual control skills, i.e., the ability to perform these skills after a period of disuse and
non-practice, becomes ever more important in space flight [9, 10]. Especially for long-duration deep space missions,
mission success and safety depend on the autonomy and retained skills of the astronaut crew, as traditional risk
mitigation factors are inaccessible. To prevent skill decay, i.e., the loss of trained skills over a period of non-practice,
during space operations, in transit to the mission destination, or even before launch — i.e., due to the lengthy process
of ground training — it is necessary to investigate how (e.g., onboard refresher) training should be designed to better
support long-duration deep space operations [9].

Although the first retention studies concerning the development of manual flying skills were already conducted
in the 1960s and 1970s [11-18], understanding skill decay and retention has remained a challenging task up to this
day. Besides the fact that many who have tried believe that a universal skill decay curve — i.e., the trend of skill decay
over time — might not exist [19], two other reasons for this challenge can be put forward. Firstly, skill decay research
has been limited due to its challenging nature, as generally long retention periods (i.e., periods of non-practice) are
involved. Earlier research was often comprised of short retention intervals (RIs) ranging from less than an hour to
a few days, or a few weeks at most [20, 21], evaluating only a small part of the skill decay curve. Secondly, earlier
research on skill decay cannot be compared in a fair manner due to their use of different performance measures, which
could influence the shape of the measured skill-decay trend [19]. The main focus of this paper will be on the former
concern, whereas the latter will be focused upon in our future work.

The goal of this paper is to explicitly analyze the retention of skill-based manual control behavior in a multi-axis
tracking task. To accomplish this, a human-in-the-loop experiment was performed in the fixed-base simulator in
the Human-Machine Interaction Laboratory (HMILab) at Delft University of Technology (TU Delft) with 38 fully
task-naive participants. In the first phase of the experiment, all participants were trained (100 tracking runs) under the
same conditions in a challenging compensatory dual-axis roll and pitch attitude tracking task. After the training phase,
the participants were divided into three matched groups based on their task performance and control behavior during
training. In the subsequent retention phase, participants performed the same tracking task as during the training phase
to be able to re-evaluate their performance after a period of non-practice. The three groups differed from one another in
the length of the RI and the number of retention tests (RTs) they performed, with intervals ranging from 2 to 6 months.

This experiment setup of three experiment groups with different RIs enabled the current study to address three
questions. First, “what trend does the decay curve of manual control skills of novices follow?” Second, “what is the
optimal RI to ensure that manual control skills of novices do not decay significantly, while at the same time minimizing
the amount of refresher training?” The last question is “how does the re-acquisition rate of manual control skills of
novices during retention testing compare to their initial acquisition rate?”” This research is performed with novices, as it
is impossible for general aviation pilots to refrain from flying for the duration of the research, a stringent and important
requirement to obtain reliable results.

Changes in human operator control behavior over the course of the experiment were explicitly analyzed using
metrics of task performance and control activity. In addition, learning trends in the considered control behavior
metrics over the course of the experiment were quantified using fitted exponential learning curve models. Finally, the
considered metrics were decomposed into individual contributions from distinct sources to gain a deeper insight into
the characteristics and retention effects of human operator control behavior in dual-axis tracking tasks.
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This paper is structured as follows. The methods, experimental setup, and hypotheses are described in Sec. II.
Section III presents the results of the experiment. The paper ends with a discussion and conclusions.

II. Method

A. Control Task

A schematic representation of the compensatory dual-axis roll and pitch attitude tracking task performed to assess
the retention of manual control skills is shown in Fig. 1. Participants were required to follow the desired roll and pitch
attitudes, specified by the target forcing functions f;4 and f;¢, as accurately as possible by simultaneously minimizing
the roll and pitch errors, ey and eg, respectively. Participants controlled the roll and pitch attitudes, ¢ and 6, which
are the outputs of the aircraft roll and pitch dynamics, H.4 and H.g, respectively, using a sidestick with roll and pitch
gains K4 and K. The roll and pitch errors were presented on a dual-axis compensatory display, similar to an attitude
indicator, as, respectively, the angle and vertical distance between a reference line, representing the artificial horizon,
and a static aircraft symbol, as also depicted in Fig. 1.

Human operator g sidestick aircraft

roll gain | | roll dynamics “
| | Hp,(s) - Koo i . i Heg(s) i -
! : I I I
Skl o |
I
] EES - |
: | ! \ 0
Hp,,(s) Ky > Heo(s) [ >
pitch gain : : pitch dynamics :

Fig. 1 Schematic representation of the compensatory dual-axis roll and pitch attitude tracking task with crossfeed present.

Whereas, following the current state-of-the-art in manual control, multi-axis control is often modeled as if multiple
fully independent single axes are controlled [22, 23], earlier research has shown that manual control in multi-axis tasks
is actually markedly different from single-axis control [24—28]. One of the observed phenomena in multi-axis human
manual control is the presence of crossfeed [24, 25, 27-29]. Crossfeed can be described as a form of task interference
in which the human operator is not able to completely decouple two tasks [25].

In the compensatory dual-axis roll and pitch attitude tracking task, as shown in Fig. 1 with crossfeed present, the
human operator can be modeled through four different linear operator response functions: the error responses Hp,,
and Hp,, respond to the principal-axis error signals in roll and pitch, respectively, and the crossfeed responses Hp,,,,
and H),_, react to the off-axis error signals. The operator’s roll and pitch control inputs, us and ug, respectively, both
consist of a linear error and a linear crossfeed response, u, and u., respectively, and an additional remnant n, accounting
for nonlinear behavior and measurement noise [30]. This control structure has successfully been applied in earlier
multi-axis manual control research in which the presence of crossfeed was investigated [28].

B. Controlled Aircraft Dynamics

To make the tracking task feel as realistic as possible different aircraft roll and pitch dynamics were used. The
linearized roll and pitch dynamics are defined by Eqs. (1) and (2), respectively. These are the controlled aircraft
dynamics of a medium-sized twin-engine transport aircraft, similar in size to a Boeing 757. The gross weight of the
aircraft was set to 185,800 Ibs. The aircraft dynamics were linearized at a flight condition close to the stall point, at
an airspeed of 150 kts and an altitude of 41,000 ft. These aircraft dynamics have successfully been applied in earlier
research into the training of multi-axis manual control tasks [31].
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¢ 0.76773(s* + 0.2195s + 0.5931)

H = = 1
ca(5) 6a (s +0.7363)(s — 0.01984)(s% + 0.1455s + 0.6602) b
0 0.33282(s% + 0.09244s + 0.002886)
Hep(s) = — = )
Se  (s2—-0.01388s + 0.004072)(s2 + 0.4465 + 0.4751)

The linearized roll dynamics of Eq. (1) have a mildly unstable pole (spiral) in this flight condition. The roll
dynamics approximate a single integrator (%) at low frequencies up to 0.8 rad/s and a double integrator (Slz) at higher
frequencies, as shown in Fig. 2a. The linearized pitch dynamics of Eq. (2) have an unstable phugoid. The pitch
dynamics approximate a double integrator (siz) at frequencies higher than 0.6 rad/s, as shown in Fig. 2b. Both the roll
and pitch dynamics required the operator to adopt lead equalization, making the task rather challenging to perform
[30, 32].

1
10 _90
—— Roll dynamics
100 o0 Double integrator
= 2 -120 Single integrator |
3 3
) 107! )
3 3150
E 1072 E
103 | | —-180 - :
107! 10° 10! 10! 100 10!
w, rad/s w, rad/s

(a) Roll dynamics

=30

—— Pitch dynamics
Double integrator ||

|
D
(=}

=90

ZHCG(J.L‘))s deg

107! 100 10! 107! 100 10!
w, rad/s w, rad/s
(b) Pitch dynamics

Fig. 2 Frequency response of the linearized aircraft dynamics.

C. Forcing Functions
To facilitate reliable identification of human operator control dynamics, the roll and pitch target forcing functions,
Jip and fig, respectively, were constructed as two independent sum-of-sines signals [32, 33]:

Nig,0
figo®) = > Agplklsin(ig oK1t + ¢rg,0[k]) (3)
k=1
where N4 ¢ is the number of sines used and A4 6[k], wip,0[k] and ¢,4 ¢[k] represent the amplitude, frequency, and
phase of the k" sine in Jig OF fro, Tespectively.

To allow for estimating frequency domain describing functions for Hp,,,, Hp, 4, Hp,.,, and Hp, ., using an extended
frequency-domain Fourier coefficient method [28, 33, 34], the frequencies of the individual sinusoids, w,¢ ¢[k], were
defined as integer multiples of the measurement time base frequency, meaning w4 6[k] = nyp 0[k]w,,, Where the
measurement time base frequency w,, = 27/T,,, = 0.0767 rad/s and the measurement time 7}, = 2'3 = 8192 ms. The
measurement time was taken as the last 81.92 seconds of a 90-second run, where the first 8.08 seconds were considered



Downloaded by TU DELFT on January 8, 2020 | http://arc.aiaa.org | DOI: 10.2514/6.2020-2264

the run-in time, as done in many previous tracking studies [28, 31, 35-42]. This run-in time was included in a tracking
run, but discarded for data analysis to remove the initial transient response resulting from participants stabilizing the
controlled aircraft dynamics and adjusting to the task. Table 1 lists all parameters of the target forcing functions used
in pitch and roll.

Table 1 Experiment forcing function data.

Pitch target signal, fr¢

nig, — wrg, rad/s Aqg, deg br0,1, rad $r0,2, rad br0,3, rad ¢r0,4, 1ad br0,5, rad

3 0.230 1.404 6.137 3.088 6.118 2.355 3.703

7 0.537 1.229 2.041 5.551 5.407 4.129 0.244
13 0.997 0.896 3.634 0.901 3.296 1.360 3.050
29 2.224 0.366 2.536 0.616 4.078 2272 2.251
41 3.145 0.218 0.866 0.978 2.904 0.833 5.150
53 4.065 0.146 4.636 1.245 2919 2.333 3.509
73 5.599 0.091 4.345 2.019 0.920 5.331 4.573
103 7.900 0.058 2.748 4.612 1.687 3.547 4.034
139 10.661 0.042 5.681 2.675 4.146 4951 1.065
194 14.880 0.033 3.803 5.144 5.621 3.641 5.280

Roll target signal, f; 4

Nyg,— Wy, rad/s Ay, deg Prg,1, rad Prg,2, rad b1 ¢,3, rad b1 ¢,4, rad Dr4,5, rad

2 0.153 1.334 0.300 2.381 4.068 4.619 6.002

5 0.384 1.239 0.779 3.931 2.995 4.273 1.254
11 0.844 0.937 2.880 4.957 6.065 4.753 1.007
23 1.764 0.467 2.367 3.478 5.460 1.650 3.055
37 2.838 0.238 4319 0.335 5.556 0.730 2.074
51 3912 0.145 4.056 2.990 0.593 0.550 2.652
71 5.446 0.088 1.421 5516 1.169 4.398 5.213
101 7.747 0.055 5717 1.195 3.397 3.815 3.439
137 10.508 0.040 3.634 2.205 2.811 2.204 5.957
191 14.650 0.031 3.431 0.527 4.760 6.161 2.335

To form sufficiently unpredictable forcing functions [32, 43], as well as to capture all human operator dynamics
over the frequency range of interest, while assuring a high signal-to-noise ratio to maximize identification accuracy
[44], both the roll and pitch target forcing functions were the sum of N;s ¢ = 10 individual sinusoids covering the
frequency range of human control at regular intervals on a logarithmic scale. Additionally, the integer multiples of the
individual sinusoids were selected such that they were not multiples of one another to prevent higher harmonics and
thereby ensure that the target signal was not recognizable [45].

A second-order low-pass filter was used to define the amplitudes of the individual sines in both the roll and pitch
target forcing functions. This low-pass filter is described by Eq. (4) and has been considered in many previous tracking
studies [28, 35, 36, 39-41, 45, 46] to reduce amplitudes at higher frequencies, yielding a more feasible control task
and minimizing the chances of crossover regression [32, 44, 47].

1+ TAljU)t¢,9 2

Asgolk] = “4)

1+ TAzja)m),g

InEq. (4) T4, = 0.1 sand T4, = 0.8 s. The amplitude distributions A4 ¢[k] were scaled to attain variances for f;4 ¢
of 1.5 deg?.

To ensure that describing functions resembled real-life control behavior as closely as possible, target forcing
functions with a Gaussian magnitude distribution were desired. Also, to prevent peaks which cause sudden moments
of high workload, target signals were required to have an average Crest Factor (CF) [47, 48]. The CF depends on the
choice of the respective phases ¢;4 ¢ of the individual sinusoids. To determine the forcing function phase distributions,
10,000 random sets of phases were generated. Sets that yielded signals with a Gaussian-like distribution and an average
CF were selected [48]. For both the roll and pitch target forcing functions, five different realizations were used, differing
only in their phase distributions ¢4 ¢ (see Table 1). These five different forcing function realizations in roll and pitch
yielded five different forcing function settings, as the m™ realization in roll was always paired with the m™ realization
in pitch. The different forcing function realizations were used to assure that it was virtually impossible for participants
to detect patterns and be able to anticipate the signal, in which case participants would introduce feedforward behavior
and thereby change the control structure to a system including additional feedforward paths for both roll and pitch
[32, 43].
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D. Apparatus

The experiment was performed in the fixed-base simulator setup in the HMILab at TU Delft, as shown in Fig. 3.
To give roll and pitch control inputs, participants used a control-loaded hydraulic sidestick with +30° excursion in roll
and +22° excursion in pitch. The sidestick was installed on the right-hand side of the participants’ seat, which was a
fully adjustable aircraft seat. Participants could adjust this seat to their preferred position. The compensatory display
was shown on the Primary Flight Display (PFD) directly in front of the participants. The display update rate was 100
Hz and the time delay of the image generation was in the order of 20-25 ms. The size of the compensatory display
was 11.0 cm x 11.2 cm (widthxheight). Besides this display, no other visual information (e.g., outside visual) was
displayed during the experiment. Measurement data were logged at a sampling frequency of 100 Hz.

Fig. 3 [Experiment setup in the HMILab at TU Delft.

E. Participants and Instructions

A total of 38 fully task-naive participants completed the experiment and all gave written informed consent for their
participation. They also agreed to refrain from participation in all other tracking or flying experiments until having
completed their participation. All participants were students at TU Delft, except for one, who had graduated from the
university five months prior to the training phase of the experiment. The majority of students were from the Faculty
of Aerospace Engineering. The participants were between 18 and 32 years old at the time of training, with an average
age of 21.1 years and a standard deviation of 2.9 years. Twenty-eight participants were male, and ten female. All
participants were comfortable operating the sidestick with their right hand.

The participants received a briefing before the start of the experiment. In this briefing the objective of the study,
the dual-axis tracking task and the experiment procedures were explained, without disclosing the research questions
and accompanying hypotheses. Additionally, participants filled out a pre-experimental questionnaire to determine
participants’ previous experience with tracking tasks. The answers to this questionnaire were used as reference when
analyzing the experiment results. The experiment protocol and all forms participants received or were required to fill
in had been approved by the Human Research Ethics Committee of the TU Delft prior to the experiment.

F. Experiment Procedures

To evaluate the retention of manual control skills, a human-in-the-loop experiment was conducted consisting of two
phases, referred to as the fraining phase and the refention phase. During the training phase, all participants received
ab initio training in the dual-axis tracking task under the same conditions. After several months of no practice, the
period referred to as the retention interval (RI), participants returned for the retention phase, where the same tracking
task was performed as during the training phase.

The training phase of the experiment consisted of a fixed number of 100 tracking runs. These 90-second runs
were performed in four sessions of 25 runs each, with each session on a separate (successive) day. This was done in
order to enable skill improvement between training sessions, an effect known as offline learning (i.e., consolidation of
learned control skills while not physically performing the task), as sleep enables offline skill improvement following
explicit (intentional) learning [49]. Although there is no solid consensus yet on the optimum amount of time between
consecutive training sessions, in a meta-analysis by Kantak and Winstein [50] it was found that for low-level motor
skills a retention time between training sessions of 24 hours can be considered close to an optimum. It was not possible
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to completely honor the 24-hour break between training sessions by having all participants perform their training
sessions at the same time every day. However, at least 14 hours of rest were scheduled between consecutive training
sessions, including a night’s sleep. During each training session, a five-minute break, in which participants left the
simulator, was held after the first 15 runs. After the break, participants performed the last ten runs of the session. These
breaks within training sessions were held to promote the participant’s concentration during the training runs.

After each run, participants received feedback on their performance in roll and pitch by displaying their scores (the
root mean square (RMS) of the tracking error signals in roll and pitch, respectively) on the PFD. Participants were
encouraged to improve (i.e., lower) their scores with each tracking run. After each run, participants were asked if they
were ready for the next run. In case of a positive response, the next run was started. Otherwise, participants were
offered a brief break in order to ensure that their concentration levels were high and as constant as possible throughout
the training session.

Although no actual evidence has been found favoring spaced practice, i.e., training with reasonably long rest
intervals between separate training sessions, over massed practice, i.e., training with no or only short rest intervals
between successive training sessions, for the retention of control skills [S1-53], a spaced practice schedule was applied.
Individuals training with a massed practice schedule often show worse performance than the performance level that
would reflect their actual learning due to the effects of boredom and fatigue [54-56]. Therefore, spaced practice was
preferred for this human-in-the-loop experiment, to be able to accurately capture the true learning curves of participants.

After all participants had completed the training phase, they were divided into three matched groups based on two
criteria: their task performance and control behavior during the training phase, and their availability for retention testing.
Training performance and control behavior of participants were evaluated based on two criteria: (1) by averaging their
values of the tracking performance and control behavior metrics over the last ten training runs (runs 91-100), and (2) by
fitting learning curve models (see Section II.H.1) to the RMS values of their tracking error signals throughout training
to quantify the learning rate. These evaluations were made separately for pitch and roll. Subsequently, groups were
formed such that there were no significant differences in the performance and control behavior metrics between the
three groups to allow for a fair comparison of the retention performance of the different groups.

As illustrated in Fig. 4, the three groups differed in their RI length and in the number of retention tests (RTs) they
performed. The first group, Group 1, only performed a single RT after a RI of six months. The second group, Group
2, performed two RTs with RlIs of three months in between. The last group, Group 3, performed a total of three RTs
with RIs of two months in between. This means that all participants performed their final RT six months after the end
of training. At every RT participants were asked whether they had been involved in any activities during the RI that
could either positively or negatively affect their retention performance. The final RT of each group was structured in
the same manner as the training phase, meaning that the test consisted of a session of 25 90-second runs performed on
a single day. The other RTs — i.e., the first RT of Group 2 and the first two RTs of Group 3 — consisted of only five
90-second runs. These five-run tests were kept short on purpose, to be able to capture the participants’ performance at
that moment in time, while at the same time minimizing additional learning.

TRAINING GROUP RETENTION TESTING
Day 1 : Day 2 : Day 3 : Day 4 DIVISION
1 1 1 fT o \ g
X X X RI 1 RT 1 RI 2 RT 2 RI 3 RT 3
| | | Group 3 || F------ - - - - - -1 F - - - - - - - 1
| | | 2 months |\| & runs 2 months 5 runs 2 months 25 runs
| | | - ‘
] ] ] =
! ! ! RI1 RT 1 RI 2 RT 2
25 runs | V| 25 runs | V| 25 runs | V| 25 runs Group 2((+r------—-——------Fr-l/F---- - -
: : : 3 months 5 runs 3 months 25 runs
1 1 1 Sl . |
1 1 1 ~ S
\ \ \ RI1 RT1 |
| | | Group 1 || |-------"-“"“"“"“"“"“"-"-"-—~"—~ - -~~~ AL |
| | | 6 months 25 runs ||
— ]
| | | R
Retention tests compared to determine: \! T skl decay curve : B ‘ ‘optimal’ retention interval

Fig. 4 Experiment setup (RI = Retention Interval, RT = Retention Test).

Whereas the first RT of each group was used to identify the trend of the skill decay curve, as indicated in blue
in Fig. 4, the use of all final, 6-month, RTs was twofold: (1) to identify the ‘optimal’ RI (red highlights in Fig. 4) to
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prevent skill decay, and (2) to establish participants’ relearning rate of lost skills, if any skill decay had occurred after
six months. The latter objective was also the reason for the 6-month RTs to be longer again compared to the 2-month,
3-month, and 4-month RTs.

G. Dependent Measures

To quantify the acquisition, decay, and retention of participants’ skill-based manual control behavior, a number of
different objective dependent measures were determined from the measurement data. These dependent measures were
analyzed for each axis of control separately. First, tracking performance and control activity in the roll and pitch axes
were evaluated in terms of the RMS of the error and control signals, RMS(e) and RMS(u), respectively, per experiment
run. Next, to investigate the presence of crossfeed and its training and retention effects, the fraction of the crossfeed
contribution to the total error and control variances over the course of the experiment was calculated.

H. Data Analysis Methods

1. Learning Curve Modeling

To quantitatively describe how human operators’ performance and control behavior varies during training and after
a period of non-practice, exponential learning curves were fitted to the considered dependent measures of tracking
performance and control activity. The considered exponential learning curve model is given by Eq. (5) and has
successfully been applied in earlier training studies to quantify learning trends [31, 41, 46, 57].

Vie(i) = pa + (1 - F)i(pO - Pa) (5)

In Eq. (5) yc is the learning curve value for tracking run i, pg the initial value, p, the asymptotic value and F the
learning rate. The parameters pg, p, and F were determined using a nonlinear optimization method to minimize the
summed squared error between the experimental data and the learning curve model. Separate learning curves were
fitted to the training phase data and data from the final 6-month RT. No learning curves were fitted to the intermediate
RT data due to the low number of tracking runs performed in those tests. To assess the quality-of-fit of the learning
curves, Pearson’s correlation coefficient p was calculated for each fitted curve. However, only in case p was higher
than 0.5, learning curves are shown in Sec. III. This is done to ensure that the data for which learning curves with a
correlation coefficient lower than 0.5 were found, are clearly visible, as the data themselves might give an indication of
why it could be less suitable to fit a learning curve to it.

2. Between-Participant Variability

To assess the between-participant variability in tracking performance and control activity, the approach developed
by Pool and Zaal [58] to assess training effectiveness in transfer-of-training experiments was used. To apply this
approach to the current experiment, exponential learning curves as described above were fitted to the training and
6-month RT RMS(e) and RMS(u) data of individual participants. To compare the retention performance between
participants, the instantaneous changes in tracking performance and control activity between the end of training and
the start of the 6-month RT are defined by ARMS(e) and ARMS(u), respectively. These measures were determined by
subtracting the RMS values at the end of training (RMS(e).end and RMS(u4)reng) from the RMS values at the start of
the 6-month RT (RMS(e)em s« and RMS(u)em.st), and subsequently dividing by the RMS values at the end of training,
as described by Eq. (6). Whereas Eq. (6) shows the calculation for ARMS(e), the same calculation can be made for
ARMS(u). The changes in tracking performance and control activity are in this case expressed as non-dimensional
numbers to facilitate an easier comparison between individuals.

RMS(e) — RMS(e)tr,end
RMS(e )tr,end

ARMS(e) = (6)

In Eq. (6) RMS(e) without any subscripts is used to indicate that the change in RMS value compared to the end of
training can be calculated for any tracking run. For all groups, the retention performance during the 6-month RT was
analyzed instead of during the first RT of each group, as the 2-month and 3-month RTs of Groups 3 and 2, respectively,
did not consist of a large enough number of runs to estimate learning curves.
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3. Statistical Analysis

For statistical analysis of the variation in tracking performance and control activity throughout the training and
retention phases, two-run averages of RMS(e) and RMS(u), respectively, at several moments during the experiment
were subjected to pairwise comparisons (dependent ¢ tests). For all groups, these moments included the start and end
of both the training phase and the 6-month RT. Additionally, two-run averages were taken at the start and end of the
3-month RT for Group 2 and at the start and end of the 2-month and 4-month RTs for Group 3. Sec. III presents the
results of four types of pairwise comparisons, namely (1) between the start and end of the training phase, (2) between
the end of training and the start of every RT, (3) between the start and end of every RT, and (4) between the end of
training and the end of every RT. In case at least one of the compared samples could not be considered sufficiently
normally distributed, a nonparametric Wilcoxon signed-rank test was applied instead of a dependent ¢ test.

For statistical analysis of the differences in tracking performance and control activity between the three groups, the
two-run averages of RMS(e) and RMS(u), respectively, of the three groups were subjected to a one-way ANOVA. In
case at least one of the compared samples was not sufficiently normally distributed, a nonparametric Kruskal-Wallis
test was performed instead.

4. Human Operator Crossfeed

To contribute to the understanding of crossfeed in multi-axis manual control by verifying if training or retention
effects would show, the presence of crossfeed and its training/retention effects were investigated in this dual-axis
compensatory control task performed by task-naive participants. To gain a preliminary understanding of the amount
of crossfeed present and its training/retention effects, the tracking error and control input variances were decomposed
into individual contributions from the target signal of the principal axis, the target signal of the other axis (i.e.,
crossfeed), and the human operator remnant. To be able to separate these individual contributions, the variances of the
measured error and control signals were calculated from spectral analysis, as the separate contributions provide power
at independent frequencies [59].

Estimates of the variance contributions of the principal
and off-axis target signals were obtained by integrating the 10!
power spectral density (PSD) only over the respective forcing
function input frequencies, and then subtracting the remnant
contribution at those input frequencies. The remnant contri-
bution at a specific input frequency was estimated from the
remnant signal power at adjacent non-excited frequencies, as
the remnant signal power is continuously distributed over the
frequency spectrum [32, 44]. The total remnant contribution

— Spectrum
1073 }| — Smoothed remnant

was estimated by integrating over the remaining frequencies © Target

and then adding the remnant contributions found at the input A Off-axis target (crossfeed)
frequencies of the principal and off-axis target signals. An 1077 101 109 10!
example PSD illustrating the above is shown in Fig. 5. This w. radls

figure shows a smoothed remnant spectrum to give an indica-

tion of the remnant contribution at the principal and off-axis Fig. 5 Example PSD of roll control signal w4 (¢)
target forcing functions’ input frequencies. (participant 2, training run 68).

I. Experiment Limitations
Due to the complex experiment procedures described earlier the introduction of several experiment limitations was
inevitable. The most important limitations which had to be considered during data analysis were as follows:

1. Participants did not train to the same relative performance level

Some individuals have a more ‘natural’ ability than others in performing a task without prior practice, as a result of
which they generally require less practice to reach a particular performance level [60]. Since all participants received
the same number of training runs, this led to a situation in which at the end of the training phase, some participants
had reached asymptotic performance, whereas others were still in the learning phase. This meant that at the end of
training, part of the participants had ‘overlearned’ the tracking task, whereas others had actually ‘underlearned’ the
task. The level of original learning is often seen as the most important determinant of the retention of control skills
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[12, 14, 61-63]. Since overlearning is known to enhance retention [16, 19, 64, 65], this had to be taken into account
when analyzing the experiment results.

In an ideal situation all participants would have been trained until they had just reached asymptotic performance,
meaning that they would neither have overlearned nor underlearned the task, since the experiment was designed to
only look at skill retention as a function of time, not at the effects of overlearning. However, training all participants
to asymptotic performance would have meant that the number of training runs would have needed to be tailored to
the individual and could only have been determined while training was taking place. Unfortunately, this scheduling
uncertainty could not be accommodated for, because of simulator availability, having to avoid scheduling training on
the weekends, as well as the large number of participants required.

2. Participants did not perform training at the same time every day

Training had to be scheduled around the individual (study) schedules of participants. This meant that training could
not take place at the same time every day, which introduced a circadian confound. Because of the large number of
participants required and the limited time available for the entire training phase of all participants, this limitation could
not be avoided.

3. Retention intervals were not exact

The real RlIs differed slightly from the ‘ideal’ ones due to participant availability. Especially the RIs of Group 3
(2-month RIs) contained some more variability. This was, in the first RI, caused by holidays, and was carried through
in the second and third Rls in an attempt to ensure that the number of days between the end of training and the final,
6-month, RT of this group was as similar as possible to the number of days for Groups 1 and 2. The exact Rls can be
found in Table 2*.

Table 2 Individual retention intervals (Partic. = Participant, RI = Retention Interval, RP = Retention Period, STD = Standard Deviation)

Group 1 Group 2 Group 3
Partic. RI 1/ Total RP, days Partic. RI1,days RI2,days Total RP, days Partic. RI1,days RI2,days RI3,days Total RP, days

2 181 1 91 92 183 3 55 63 63 181
4 183 16 90 91 181 5 55 64 64 183
7 181 17 91 90 181 6 60 63 67 190
9 182 21 90 92 182 8 57 62 68 187
11 181 29 90 93 183 12 55 64 63 182
13 182 31 89 93 182 19 60 59 63 182
14 181 33 90 96 186 22 61 63 58 182
18 187 34 89 92 181 24 61 62 58 181
23 181 35 89 96 185 26 61 59 61 181
25 181 39 89 93 182 27 53 64 65 182
28 181 40 90 91 181 38 60 62 59 181
30 182 41 90 92 182 43 60 59 63 182
37 182 42 90 92 182

Mean 181.9 89.8 92.5 182.4 58.2 62.0 62.7 182.8

STD 1.6 0.7 1.7 1.5 2.8 1.9 3.1 2.7

Ideal 182 91 91 182 60.7 60.7 60.7 182

J. Hypotheses

Based on the findings of previous (dual-axis) tracking task experiments as well as several experiments concerning
the retention of manual control skills, five main hypotheses were formulated for the current research. No hypotheses
were formulated concerning the presence of crossfeed and its training/retention effects, as the limits and capabilities of
the data analysis methods used to identify crossfeed are still being explored [28].

As observed in a number of earlier training experiments [41, 46, 66], clear effects of training were expected to
occur. We hypothesized that training causes an improvement in performance and task proficiency (lower RMS(e))
(hypothesis 1).

As also found in previous dual-axis tracking task experiments [28, 31, 38, 40, 42], it was expected that participants
perform better in pitch than in roll both during training and retention testing (hypothesis 2). This will be visible
through a lower RMS(e) in pitch than in roll.

*Participant numbers range from 1 to 43 instead of from 1 to 38 as participants 10, 15, 20, 32, and 36 dropped out before the experiment was
completed.

10
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When comparing the retention results of the three groups, it was hypothesized that skill decay can be captured by
a positively accelerating decay curve, meaning that at first, skills are retained fairly well, but at some point start to
deteriorate at an increasing rate (hypothesis 3). This skill-decay trend has been found in two flying task experiments
[67, 68] that are most comparable to the control task used in the current research.

During the last RTs, six months after training, the best performance and task proficiency was expected for Group
3, whereas the worst performance was anticipated for Group 1 (hypothesis 4). This expectation was based on the
fact that individuals perform better at retention testing if they are provided with some form of practice during the RI
[67, 69—71]. When comparing the final, 6-month, RTs of the three groups, the experiment setup can also be seen as
if all groups have a RI of six months, during which Group 1 receives no practice at all, Group 2 receives one practice
moment mid-interval and Group 3 receives two practice moments.

Additionally, during the final RTs, six months after training, degraded control skills of all three groups were
predicted to be re-acquired at a higher rate than the initial acquisition rate during the training phase (hypothesis
5). Earlier retention experiments concerning motor skills have consistently shown that retraining after a RI up to
performance levels achieved at the end of training requires less time than initial training, hardly ever exceeding 50% of
the initial training time [12, 63, 72].

IT1. Results
This section presents the experiment results. For results figures that show data from all experiment runs, solid
black vertical lines indicate the interval between training and the first RT, as well as the intervals between subsequent
RTs. At the top of each figure, the experiment phase is indicated, where ‘Training’ indicates the 100 training runs
performed by all groups, ‘2’ and ‘4’ represent the 2-month and 4-month RTs of Group 3, ‘3’ indicates the 3-month RT
of Group 2 and ‘6M’ the 6-month, final, RTs of all groups.

A. Tracking Performance

Tracking performance is defined in terms of the RMS of the pitch and roll error signals e, i.e., the errors presented
to the human operator on the PFD. The lower the value of RMS(e), the better the task performance is. Figure 6
shows the average pitch and roll RMS(e) per experiment run throughout the experiment. Average results per run are
indicated with blue squares for Group 1, red triangles for Group 2 and yellow circles for Group 3. Gray error bars
present the 95% confidence intervals of the mean data. Pearson’s correlation coefficients for comparison of the fitted
learning curves and the data are presented in the figure legends for both the training phase and the 6-month RT as
© = [Puaining> Pretention]. The parameters of the fitted learning curves are presented in Table 3. Tables 4 and 5 present
the statistical analysis results of the training and retention effects within groups and between groups, respectively.

7 : : : ——— 7 T T : ———
I[_ O Average of group 1 = Fit group 1, p =[0.95, 0.88] I m— Fit group 1, p =[0.72, 0.79]
6 /\  Average of group 2 == Fit group 2, p =[0.92, 0.80] || 6 | == Fit group 2, p =[0.69, 0.84] ||
Average of group 3 Fit group 3, p = [0.84, 0.55] Fit group 3, p =[0.55, 0.54]
o 5 Training 213|4 oM | o Sl Training
O b5y A
° o
0 1 4
) 2
S =
~ g I~ 3
g 2
TTYf 18
; | 1 )
25 50 75 1005 5 5 25 25 50 75 1005 55 25
Training runs Retention runs Training runs Retention runs
(a) Pitch performance (b) Roll performance

Fig. 6 Average pitch and roll tracking error with corresponding learning curves.

Figure 6 shows that at the start of training, average tracking errors varied between 3.5 deg and 5.8 deg in pitch and
between 5.6 deg and 7.1 deg in roll for the three groups. All groups showed a steep initial learning curve for the first

11
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Table 3 Learning curve parameters for the pitch and roll tracking error RMS data

Pitch 0 Roll ¢
RMS(e), Training phas Retention phas Training phas Retention phas
deg raining phase etention phase raining phase etention phase
po.deg  pa.deg  F(x107)  po.deg  pa.deg  F(x107%) po.deg  pa.deg  F(x107)  po.deg  pa.deg  F(x107?)
Group1  5.75 1.25 6.45 1.44 1.18 22.62 7.09 1.77 4.55 2.09 1.58 7.01
Group2 541 1.32 8.61 1.75 1.33 23.77 6.43 1.79 5.14 2.76 1.88 21.61
Group3  3.52 1.32 5.99 1.27 -2.03 0.13 5.56 1.71 451 1.92 1.14 2.34
Table 4 Statistical analysis results within groups for tracking error Table 5 Statistical analysis results between groups
(TR = Training, St = Start, M = Month) for tracking error (G = Group, M = Month,

RT = Retention Test, St = Start)

RMS(e) Pitch 6 Roll ¢ RMS(e) Pitch®  Roll ¢

Comparison Group 1 Group2  Group 3 Group 1 Group2  Group 3 Start training — —a
End traini —a —a

Training sk wxd el fxd s ol nd training

End TR - St 2M =4 %4 Start 6-month test —a —a

St 2M - End 2M —a 4 End 6-month test —a —a

End TR - End 2M —a —a

Start RT1 of each group

a a

I;::;R E:; 3311\\/[4 *:; - (St2M G3,St3M G2, St6MGl) -

End TR - End 3M * * < At least one sample not normally distributed,

End TR - St4M — < Kruskal-Wallis test applied instead of one-way ANOVA.
St4M - End 4M _a xdd

End TR - End 4M —a _a

End TR - St 6M *4 x4 — x4 Py —a

St 6M - End 6M P x4 — w59 sk x4

End TR - End 6M — —a — —a — —a

< At least one sample not normally distributed, Wilcoxon signed-rank test applied
instead of dependent # test.
#«x = highly significant (p < 0.01)
Legend: * = significant (0.01 < p < 0.05)
not significant (p > 0.05)

25 runs in pitch and the first 50 runs in roll, followed by a more gradual decrease in RMS(e). The observed learning
rates were around 7 x 1072 in pitch and 5 x 1072 in roll (see Table 3). Still, over the course of training, the differences in
average tracking errors between the groups decreased. At the end of training, average RMS(e) values of around 1.30 deg
in pitch and 1.76 deg in roll were observed for all three groups, as shown in Fig. 6 and Table 3. Although the differences
in tracking performance between the groups were larger at the start than at the end of training, the statistical analysis
results in Table 5 show that both at the start and at the end of training these differences were not significant, which was
a desired result of the group division. The average tracking errors observed during training were slightly higher than
those observed in an earlier training experiment with a comparable dual-axis tracking task [31]. However, this was not
surprising, as the earlier experiment was performed with motion feedback, and task proficiency is often better when
motion feedback is present [35, 36]. The statistical analysis results in Table 4 show that performance improvement
during training was significant in both pitch and roll for all three groups. Nonetheless, over the course of the experiment
pitch tracking performance was consistently better than roll tracking performance for all three experiment groups. This
observation is consistent with earlier dual-axis tracking task experiments [28, 31, 38, 40, 42] and shows a general
emphasis on pitch control. The fact that roll errors are more difficult to perceive on a PFD than pitch errors due to
a lower pixel resolution might be the cause of this [28]. However, the difference in performance between pitch and
roll decreased throughout training. Whereas at the start of training, the performance difference in pitch and roll was
around 1.5 deg on average, this difference decreased to around 0.5 deg, i.e., around 30-35% of the initial difference, at
asymptotic performance, as shown in Table 3.

For the retention of the final ‘learned’ performance level at the end of training, Fig. 6 clearly shows that to a large
extent the end-of-training performance was retained until the 6-month RTs by all three groups. Though the RMS(e)
values during the RTs were overall much lower than those at the start of the training phase, performance in roll was
found to degrade more compared to the end of training than performance in pitch, after a period of inactivity. This
observation is consistent with previous studies on skill retention [16, 19, 64, 65], as overlearning is known to enhance
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retention. With steeper learning curves and earlier stabilization in pitch than in roll during the training phase, pitch
control was evidently more ‘overlearned’ than roll control. As a result of the larger performance degradation in the
roll axis, larger performance improvements were observed in roll compared to pitch during retention testing.

At the start of each group’s first RT (the 2-month RT of Group 3, the 3-month RT of Group 2 and the 6-month RT
of Group 1), the RMS(e) increased on average by 0.19 deg in pitch and 0.58 deg in roll compared to the end of training.
All of the instantaneous increases at the start of the groups’ first RTs compared to the end of training were significant
(see Table 4). However, no significant performance differences were observed between the different groups at the start
of their first RTs (see Table 5). This suggests that tracking performance follows a negatively accelerating decay curve,
as performance decreases rapidly during the first months after training, after which the decrease starts to slow down.

During the 6-month RT, Group 2 performed consistently worse than Groups 1 and 3, which exhibited similar
tracking performance (see Fig. 6). This can be considered a curious result, as from the earlier finding that operators
perform better during retention testing if they have received some form of practice during the RI [67, 69-71], it was
expected that Group 1 would show the worst performance during the 6-month RT. However, statistical analysis results
in Table 5 show that tracking performance of the three groups was not significantly different from one another, neither
at the start, nor at the end of the 6-month RT. As a result, the groups’ performances during the 6-month RTs did not give
an indication of what the ‘optimal’ RI is while at the same time minimizing the amount of refresher training, as was
one of the ideas behind this experiment setup. However, Table 4 indicates that when ‘refresher’ training was provided
to Group 1 after two months, five ‘refresher’ runs were sufficient to decrease RMS(e) again to end-of-training values,
whereas when ‘refresher’ training was given to Group 2 after three months, performance in both pitch and roll was still
significantly different from end-of-training values after an equal number of five tracking runs.

When comparing learning rates between the training phase and the 6-month RT, it is shown in Table 3 that Groups
1 and 2 had higher learning rates during retention testing than during training, whereas Group 3 exhibited the opposite
behavior, i.e., higher learning rates during training than during the 6-month RT. For Group 3, a very low learning rate
of 0.13 x 102 in pitch during the 6-month RT even resulted in a negative asymptotic RMS(e) (see Table 3). The
difference between Groups 1 and 2 and Group 3 can be explained by the fact that Groups 1 and 2 exhibited significant
performance decrements at the start of the 6-month RT when compared to the end of training, both in pitch and roll,
whereas Group 3 did not show any significant decrements compared to the end of training due to its earlier ‘practice’
opportunities in the 2-month and 4-month RTs. However, the higher learning rates during the 6-month RT compared
to the training phase for both pitch and roll of Groups 1 and 2 suggest that lost control skills are re-acquired at a higher
rate than their initial acquisition rate.

B. Control Activity

Control activity is measured in terms of the RMS of the pitch and roll control signals, ug and us, respectively.
A lower RMS(u) indicates less control effort. Operator control activity for pitch and roll are shown in Fig. 7. The
parameters of the fitted learning curves are provided in Table 6. Tables 7 and 8 present the statistical analysis results
of the training and retention effects within groups and between groups, respectively.

9 O Average of group 1 = Fit group 1, p = [0.83, 0.88] oF = Fit group 1, p =[0.95, 0.95] []
8 /\  Average of group 2 8L == Fit group 2, p =[0.77, 0.78] ||
Average of group 3 Fit group 3, p =[0.84, 0.93]
7t Tk .
20 Training o0 Training 21314 6M
= 6] =6 1
= s K
25 2 50 . h 1
< < i
4 4 ! .
2 2 b Ko
Sl L W 3 Sl
2 2

50 75 1005 5 5 25 25 50 75 1005 5 5 25

Training runs Retention runs Training runs Retention runs
(a) Pitch control activity (b) Roll control activity

Fig.7 Average pitch and roll control input with corresponding learning curves.
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Table 6 Learning curve parameters for the pitch and roll control input RMS data

Pitch 6 Roll ¢
Rl\iljzéu), Training phase Retention phase Training phase Retention phase
po.deg  pa.deg  F(x10%)  pg.deg  pg.deg  F(x107%)  po.deg pg.deg  F(x1072)  pp.deg  pg.deg  F(x107%)
Group 1 5.32 3.48 431 4.56 3.12 19.65 5.30 2.06 2.60 3.20 2.01 13.07
Group 2 n/a n/a n/a n/a n/a n/a 4.07 2.55 3.05 3.96 2.67 22.62
Group 3 n/a n/a n/a n/a n/a n/a 4.03 2.26 1.92 4.96 3.02 27.97
Table 7 Statistical analysis results within groups for control input Table 8 Statistical analysis results between groups
(TR = Training, St = Start, M = Month) for control input (G = Group, M = Month,
RT = Retention Test, St = Start)
RMS(u) Pitch 6 Roll ¢ RMS(u) Pitch 6 Roll ¢
Comparison Group 1 Group2  Group 3 Group 1 Group2  Group 3 Start training — —
. End training —a —a

Training x4 — —a *k %4 *

End TR - St 2M x4 Y Start 6-month test —a —

St 2M - End 2M —a *% End 6-month test —a —a

- *ll
End $§ End]j[M - * Start RT1 of each group a .
nd TR - St 3 * ** (St2M G3, St 3M G2, St 6M G1)

St 3M - End 3M =4 Hx

End TR - End 3M — # @ At least one sample not normally distributed,

End TR - St4M < ok Kruskal-Wallis test applied instead of one-way ANOVA.

St 4M - End 4M %4 sk

End TR - End 4M —a *

End TR - St 6M %4 —a —a * —a Hk

St 6M - End 6M w54 —a — x4 x4 sk

End TR - End 6M —a —a —a —a —a _

< At least one sample not normally distributed, Wilcoxon signed-rank test applied
instead of dependent ¢ test.

Over the course of the training phase, the control input in pitch varied in a different manner than the control input in
roll, as shown in Fig. 7. Whereas in roll the performance improvement during training was achieved with a significant
decrease in control input for all three groups, the control input in pitch only decreased significantly for Group 1 (see
Table 7). At the start of training, Group 1 exhibited the highest control activity in pitch and roll of around 5.8 deg
and 5.5 deg, respectively, compared to around 4 deg for Groups 2 and 3 in both pitch and roll. However, at the end
of training, Group 1 actually showed a control activity in pitch similar to that of Groups 2 and 3 (around 3.5 deg)
and an even slightly lower control input in roll (around 2.3 deg for Group 1 compared to 2.6 deg for Groups 2 and 3).
The aforementioned shows that the between-group differences in control input decreased throughout training for both
pitch and roll. Also, whereas at the start of training control activity was very similar in pitch and roll, at the end of
training control activity in roll had decreased to below RMS(ug). The significant decreases in control input throughout
training were achieved despite a significant spread in control input data. Although the spread was less prominent in
roll compared to pitch, this spread is consistent with earlier findings [35, 36, 41].

As a desired result of the group division, the control input differences between the groups were not significant in
pitch or roll, neither at the start, nor at the end of training (see Table 8). However, a clear “sawtooth shape” was observed
in the control input group averages throughout training, which can be explained by the motivation and attention span
of operators. Control activity started out relatively high at the start of each training day and reduced as motivation
or attention gradually decreased. Control activity sometimes rose again in the last few runs before the break within
the training sessions, as controllers regained motivation due to the upcoming break. After the break, control activity
started out higher again due to increased attention and then gradually decreased throughout the second segment of the
training sessions. Control activity increased once more during the last few runs of the sessions as controllers regained
motivation as the end of the session neared. This effect was, however, more prominent in pitch than in roll and more
noticeable for Groups 2 and 3 compared to Group 1.

During the retention phase, control activity was higher in pitch than in roll, as was also the case at the end of
training. When comparing retention and training performance, Fig. 7 shows that for all groups and RTs control activity
in both pitch and roll started out higher than at the end of training. Although due to the large spread, not all of these
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instantaneous increases were statistically significant (see Table 7), the increases at the start of each group’s first RT
were. During the retention phase, the between-group differences in control activity were larger again than at the end of
training. When comparing the first RTs of each group, the statistical analysis results in Table 8 indicate that a significant
between-group difference in control input was observed in roll, as post-hoc tests indicated that the control activity of
Groups 2 and 3 was significantly higher than that of Group 1. However, the between-group differences during the
6-month RTs were not statistically significant. Also, during the RTs, the same ““sawtooth shape” was observed as during
training. Again, the effect was more prominent in pitch than in roll, and more evident for Groups 2 and 3 compared to
Group 1. The data of the 6-month RTs followed the same trend as the training phase data; in roll, all groups exhibited a
clear and significant decrease in control activity, whereas in pitch only Group 1 demonstrated a statistically significant
decrease (see Fig. 7 and Table 7). Similar to the RMS(e) data of Groups 1 and 2, for RMS(x) much higher learning
rates were observed during the 6-month RTs compared to training.

C. Between-Participant Variability

Figure 8 presents the retention performance of individual participants in the 6-month RT in terms of the relative
change in tracking performance and control activity with respect to the end of training, ARMS(e) plotted against
ARMS(u). The left column of graphs concerns pitch performance, whereas the right one presents roll performance.
Each row of graphs presents the results of a single group. The instantaneous changes in tracking error and control
input, as found in the first run of the 6-month RT, are indicated with square markers with the participant numbers in
them. The evolution of the tracking errors and control inputs throughout the 6-month RT are indicated with solid lines.
These lines are terminated by a cross, representing the error and control RMS differentials of the last run of the RT.
Finally, the gray oval area in each figure indicates the maximum variation in tracking error and control input over the
last ten training runs for all participants in the group, serving as an indication of the overall end-of-training spread.

After a period of non-practice, a decrease in performance (positive ARMS(e)) is expected. Most graphs of Fig. 8
indeed show that a notable number of squares, indicating the behavior of participants in the first run of the RT, are in
the upper half of the graph. An exception to this, however, is seen in Fig. 8e, in which around half of the squares are
located at the divider between the upper and lower halves or in the lower half itself, indicating that these participants
of Group 3 exhibited either no change or an instantaneous improvement in pitch tracking performance at the start of
the RT compared to the end of training.

At the end of the 6-month RT, the majority of participants exhibited tracking performance and control effort similar
to at the end of training, as most of the crosses lie within the gray oval areas. Some exceptions to this can be found
in Figs. 8a, 8b, 8e and 8f, showing that at the end of the RT participant 7 in Group 1 and participant 24 in Group 3
exhibited slightly better tracking performance and lower control activity compared to the end of training in both pitch
and roll. This also holds for participant 27 in Group 3, but in this case, only for the pitch axis. On the contrary, Figs. 8c
and 8d show that at the end of the 6-month RT participant 17 in Group 2 still performed considerably worse than at the
end of training, meaning that after 25 runs of practice he/she had not fully regained the skills lost during the RI.

In every graph, several squares fall within the gray oval area, meaning that those participants did not show a
real difference in performance and control effort between the end of training and the start of the 6-month RT. In a
considerable number of these cases, the crosses also fall within these gray oval areas, illustrating that at the end of the
RT these participants still performed and behaved similar to at the end of training.

It must be noted from Figs. 8a to 8f that the majority of participants started off the 6-month RT with a higher
control effort than at the end of training. A possible explanation for this is that participants were motivated to perform
to the best of their abilities after a few months of inactivity. Additionally, it is likely that concentration levels were
high, as participants had just started. Overall, Group 3 seemed to have experienced the least degradation in manual
control skills, as their square markers can be found the closest to the horizontal divider between ‘worse’ and ‘better’
performance. This was to be expected, as Group 3 had the most practice opportunities between the end of training
and the 6-month RT. Participants of Group 2 had clearly experienced the largest degradation in skills, as Figs. 8c
and 8d have the most square markers close to the top of the graph. Whereas most participants showed an increase in
performance again during the 6-month RT (solid line going in a downward direction from square to cross), Fig. 8d
shows that the tracking performance in roll of participant 17 in Group 2 even worsened during the RT, as its cross is
located higher in the graph than the square marker. Although from the experiment setup it was not expected that Group
2 would perform worst in the 6-month RT, it is consistent with the tracking error results in Fig. 6.

Based on Figs. 8a to 8f, skill retention of participants could be categorized into five different groups, as depicted
in Table 9. These five different groups are based on participants’ tracking performance during the 6-month RT
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Fig. 8 Individual performance at 6-month retention test expressed in ARMS(e) vs. ARMS(u).
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Table 9 Participants’ skill retention at 6-month retention test categorized based on tracking performance and control activity.
(CE = control effort)

Group 1 Group 2 Group 3

Only pitch  Only roll Both axes Only pitch  Only roll Both axes Only pitch Only roll Both axes

1. No change

. ey . 25 4,9 11, 30, 37 31 34, 39,42 26 27 8,43
remains within end-of-training spread
a) Higher CE 2 40 35 17 5 6
2. Always worse b)L CE 7
than at the end ower -
of training c) Higher — 4
lower CE
3. Worse (higher CE) — no change 1,16, 21, 3,5,12,
9 2,14 13, 18,28 35 31,40 19
when compared to the end of training ’ T ’ 29, 33,41 22,26, 38
a) Higher CE 14 3,22,38
4. Worse — better
than at the end b) Lower CE 2
of training ¢) Higher — 2
lower CE
a) Higher CE 12
5. Always better b L CE 27
than at the end ) Lower
of training ¢) Higher — 4 ”
lower CE

compared to their end-of-training performance (ARMS(e)). Subcategories are based on participants’ control activity
compared to their end-of-training control inputs (ARMS(u)). A right arrow indicates that during the first run of the RT
participants’ tracking performance or control activity, respectively, was at one end of its spectrum when compared to
the end of training, after which it evolved and in run 25 ended at the other end of its spectrum. Table 9 indicates that
Group 2 showed the most consistency between its participants, as all participants fell within only three out of eleven
subcategories and 10 out of the 13 participants showed the same trend in retention performance in both pitch and
roll. Group 3, on the other hand, despite showing the best performance, was the least consistent as eight out of eleven
subcategories were used to classify the participants’ retention behavior and only 4 out of the 12 participants exhibited
the same behavior in both axes. Whereas for Group 1 eight subcategories were required to describe participants’
retention behavior, this group includes eight participants who showed the same kind of retention behavior in both axes.

When comparing the group average tracking error and control input results in Figs. 6 and 7, respectively, with the
individual results in Fig. 8, it is clear that notably more different variations in behavior were observed than the group
average results show. Although the group average results often showed similar changes in control behavior for the pitch
and roll axes, a considerable number of individuals in fact showed different changes in control behavior in both axes.
Thus, the group average results actually mask these different retention effects.

D. Human Operator Crossfeed

To gain insight into both the amount of crossfeed present in the dual-axis tracking task performed by task-naive
participants, as well as possible related training and retention effects, the decomposition of tracking error and control
input variance into contributions from the target signal of the principal axis, the target signal of the other axis (i.e.,
crossfeed), and human operator remnant was examined, as described in Section II.H.4. These contributions are shown
as a fraction of the total variance in Figs. 9 and 10 for the tracking error and control input, respectively. Again, the
left column of graphs concerns the pitch axis, whereas the right one shows the roll axis results. Each row of graphs
presents the results of a single group. In these figures, the contribution from the target signal of the principal axis is
shown in blue, the crossfeed contribution is shown in red, and the remnant signal contribution is shown in green. Solid
lines indicate the variations in the group medians over the course of the experiment, whereas transparently colored
areas define the boundaries of the minimum and maximum contributions throughout the experiment.

Figure 9 shows that at the start of the training phase the largest contribution to the error variance was from the human
operator remnant, making up around 80% of the total variance in both pitch and roll for all three experiment groups,
whereas the principal-axis target signal and the off-axis target signal (i.e., crossfeed) contributed around 15% and 5%,
respectively, in the pitch axis and around 12% and 8%, respectively, in the roll axis. Throughout the training phase,
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Fig.9 Normalized principal-axis target, off-axis target, and remnant signal contributions to tracking error variance.

the crossfeed contribution remained relatively constant, whereas the contribution from the remnant signal decreased
and that from the principal-axis target signal increased. At the end of training, all groups exhibited a slightly larger
contribution from the principal-axis target signal compared to the remnant signal in the pitch axis (around 52% opposed
to around 43% for the principal-axis target and remnant signals, respectively). The opposite was observed in the roll
axis, where at the end of training the contribution from the remnant signal remained larger than the contribution from
the principal-axis target signal (around 37% opposed to around 55% for the principal-axis target and remnant signals,
respectively). The values of the remnant signal contribution to the total error variance confirmed the generally accepted
notion that in dual-axis tracking, the contribution of the human operator remnant signal is larger than is usually the case
in single-axis compensatory tracking. For single-loop tasks, remnant signal contributions up to 40% for fully task-naive
human operators and contributions around 20% for more experienced operators are generally reported [28, 41, 73].
An instantaneous increase in the remnant signal contribution was observed at the start of the retention phase, whereas
the contribution of the principal-axis target signal showed an instantaneous decrease. The crossfeed contribution
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Fig. 10 Normalized principal-axis target, off-axis target, and remnant signal contributions to control input variance.

remained similar to its contribution during the training phase. Figure 9 shows that the instantaneous increase of the
remnant signal contribution at the start of the retention phase was the largest for Group 2, as was also the case for the
instantaneous increase in RMS(e) (see Fig. 6). Throughout the retention phase, the contribution of the remnant signal
decreased again while that of the principal-axis target signal increased.

In the decomposition of the control input variance in Fig. 10, similar observations can be made as for the tracking
error variance. Early on in the training phase, the human operator remnant was responsible for the largest contribution to
the total control input variance as it composed around 80% of the total variance in the pitch axis and around 85% in the
roll axis. The contributions of the principal-axis target and off-axis target signals were around 16% and 4%, respectively,
in the pitch axis, whereas they provided very similar contributions in the roll axis of around 7% or 8%. Throughout the
training phase, the principal-axis target signal contribution increased while the remnant signal contribution decreased.
Similar to the error variance, the crossfeed contribution remained relatively constant throughout training. Towards the
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end of training, both the principal-axis target and remnant signals had contributions of around 48% in the pitch axis,
whereas in the roll axis the remnant signal contributed around 65% and the principal-axis target signal around 28%.

Whereas at the start of the retention phase, Groups 2 and 3 showed an instantaneous increase and decrease in the
contributions of the remnant and principal-axis target signals, respectively, for both pitch and roll, Group 1 did not
show any noteworthy instantaneous contribution changes in roll at the start of the retention phase. In addition, the
instantaneous changes of Group 1 in the pitch axis were small. A possible explanation for this marked result is that
remnant is known to scale with overall control input [74] and Group 1 exhibited the smallest instantaneous change in
control input of the three groups at the start of the retention phase. Similar to the observations made concerning the
RMS(e) and the component contributions of the error variance, the largest changes were observed for Group 2. In the
retention phase, the crossfeed contribution was again similar to its contribution in the training phase.

IV. Discussion

The goal of this paper was to objectively and explicitly quantify the acquisition, decay, and retention of skill-based
manual control behavior. This was done by analyzing changes in performance and control behavior during training and
retention testing of a compensatory dual-axis roll and pitch attitude tracking task in a human-in-the-loop experiment
with 38 fully task-naive participants. All participants were trained under the same conditions and subsequently divided
into three matched groups based on their training performance and control behavior. These groups differed in their
RI length and the number of RTs they performed. The first group had their performance re-evaluated after a period
of non-practice of six months, whereas the second group was retested at both three and six months after training, and
the third group at two, four, and six months after training. The aim of this study was threefold: (1) to determine
the trend of the skill decay curve, (2) to determine the optimal RI which ensures that manual control skills do not
decay significantly, while simultaneously minimizing the amount of required refresher training, and (3) to evaluate how
the re-acquisition rate of manual control skills during retention testing compares to their initial acquisition rate. To
objectively evaluate and quantify changes in manual control behavior, exponential learning curve models were fitted
to metrics of tracking performance and control activity. In addition, to contribute to the understanding of crossfeed in
multi-axis manual control, the presence of crossfeed and its training and retention effects were explicitly investigated.

Based on the findings of previous training experiments [41, 46, 66], participants were expected to show consid-
erable skill development during the training phase of the experiment (hypothesis 1). Throughout training, tracking
performance indeed improved significantly (i.e., lower RMS(e)) for all three groups in both pitch and roll.

In accordance with previous dual-axis tracking task experiments [28, 31, 38, 40, 42], better tracking performance
was anticipated in pitch compared to roll (hypothesis 2). Tracking errors were indeed consistently lower in pitch
compared to roll during the training phase and higher learning rates were observed for pitch as well. The difference
in performance between pitch and roll might be caused by a decreased visibility of errors in roll due to a lower pixel
resolution in roll compared to pitch. Similar performance differences between the pitch and roll axes were observed in
the retention phase.

As the aim of the current experiment was to model the decay curve of skill-based human operator control behavior,
it was expected that skill decay could be captured by a positively accelerating decay curve, with fairly little skill loss
right after training and a higher rate of decay later on (hypothesis 3). Such a decay curve was found in previous
experiments with flying tasks comparable to the current tracking task [67, 68]. The first RT of each of the groups
showed that all groups exhibited significantly degraded tracking performance compared to the end of training in both
pitch and roll. However, no significant differences were observed between these first RTs (the 6-month RT of Group
1, the 3-month RT of Group 2 and the 2-month RT of Group 3). These findings actually suggest the opposite of the
hypothesis, i.e., that skill-based manual control behavior in fact decays according to a negatively accelerating decay
curve, as tracking performance degraded quickly the first few months after training, after which the degradation slowed
down and performance stabilized at a new, lower level than end-of-training performance. Also, the retention results
showed that the rate of skill decay was influenced by the rate of learning during training. Task performance deteriorated
more in roll than in pitch due to the lower learning rate in the roll axis during training, resulting in less additional
practice beyond the point of asymptotic performance compared to the pitch axis. The observed difference in skill decay
between the pitch and roll axes is consistent with previous retention research which identified the level of original
learning as one of the most important factors for skill retention [12, 14, 61-63]; overlearning is well-known to enhance
retention [16, 19, 64, 65].

For the 6-month RTs of all groups, the best performance was expected to be shown by Group 3, whereas the worst
performance was foreseen for Group 1 (hypothesis 4), based on the finding from earlier retention experiments that
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operators perform better during retention testing if they have received practice opportunities of some form [67, 69-71].
In this case, the 2-month, 3-month, and 4-month RTs of Groups 2 and 3 can be regarded as additional practice moments
scheduled during a 6-month RI. Surprisingly, the worst performance during the 6-month RT was shown by Group 2,
whereas Groups 1 and 3 exhibited very similar performance. However, statistical analysis results revealed that the
performance of none of the groups was significantly different from that of the other groups, due to which no solid
conclusions could be drawn on the best and the worst performing group during the final RT, and the hypothesis could
neither be accepted, nor rejected.

Based on previous retention studies [12, 63, 72], skill re-acquisition during the retention phase was expected to
occur at a higher rate than initial skill development (hypothesis 5). Learning curve fitting indeed showed that the
6-month RT learning curves of Groups 1 and 2 had higher learning rates than the learning curves fitted to their training
phase data. The 6-month RT learning curve of Group 3, however, had lower learning rates than the group’s initial
development learning curves due to the group’s relatively good performance immediately from the start of the 6-month
RT, which could be explained by the fact that the group had already had two practice opportunities in the past six
months. Therefore, based on the learning curve parameters of Groups 1 and 2, the results, in accordance with the
hypothesis, still suggest that relearning occurs at a higher rate than initial development.

The experimental results presented in this paper suggest that manual control skills decay following a negatively
accelerating decay curve. However, the remarkable good performance of Group 1 and the comparatively worse
performance of Group 2 in the 6-month RT suggest that a larger-scale experiment should be conducted to reliably
and quantitatively model the curve of skill decay. A larger number of participants per experiment group is required
to reduce the influence of single individuals with extraordinarily good or poor performance and to increase statistical
power. At least twice as many participants per group as in the current experiment would be preferred, as with a sample
size larger than 25 the distribution of the sample means tend to be normally distributed around the population mean
[75]. Additionally, the number of experiment groups should be increased to be able to evaluate RIs ranging from a few
hours or days up to several years and to capture (almost) the complete curve of skill decay.

Although the groups’ performance during the 6-month RT did not give an indication of what the ‘optimal” RI is
while at the same time minimizing the amount of refresher training, the 2-month RT of Group 3 and 3-month RT
of Group 2 did give a slight indication. When ‘refresher’ training was provided to Group 3 after two months, five
‘refresher’ runs were sufficient to decrease RMS(e) again to end-of-training values, whereas when ‘refresher’ training
was given to Group 2 after three months, performance in both pitch and roll was still significantly different from
end-of-training values after an equal number of five tracking runs. This somewhat suggests that refresher training can
better be provided in the form of shorter refresher training sessions on a more regular basis. Although over a longer
period of time this might lead to the same total amount of refresher training as when longer refresher training sessions
are provided on a larger between-session interval basis, the likelihood of skill decay occurrence might be smaller due
to the shorter RIs.

The presence of crossfeed and its training and retention effects were investigated by examining the decomposition
of the tracking error and control input variance into contributions from the target signal of the principal axis, the target
signal of the other axis (i.e., crossfeed) and human operator remnant. The results showed that the identified crossfeed
could explain up to 8% of the measured control inputs. However, no training or retention effects were observed, as
the relative crossfeed contribution to the total tracking error and control input variances remained relatively constant
over the course of the experiment. In an earlier study [28] it was found that in a similar task the identified crossfeed
contributed up to 20% to the total human operator control response. These differences demonstrate that the presence
of crossfeed noticeably depends on the manipulator. Whereas the previous study [28] was performed in the SIMONA
Research Simulator (SRS) at the TU Delft, the current experiment was completed in the HMILab at the TU Delft. The
position of the sidestick in the HMILab allows for the participant’s arm to be placed more in line with the sidestick’s
pitch axis, opposed to in the SRS, in which due to the position of the sidestick the operator’s arm is not aligned with
either the pitch or roll axis. The location of the sidestick in the simulator setup in the HMILab resulted in a lower
likelihood of introducing cross-coupled control inputs compared to in the previous experiment.

To further contribute to the understanding of skill decay and retention, in future work we aim to quantify the
changes in human control behavior over the course of this training and retention experiment using quasi-linear human
operator models obtained for each individual tracking run. The use of this cybernetic approach [66] will provide
a unique insight into the development of manual control skills during training and retention testing by modeling
operators’ control behavior in terms of distinct contributions that are physically interpretable [32], which in turn will
enable a systematic optimization of manual control skill training [22]. Additionally, by objectively quantifying skill
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development, decay, and retention using this cybernetic approach, our future work will attempt to solve the issue of the
use of different performance measures which made the results of earlier retention studies difficult to compare.

Finally, it should be noted that the findings of the current experiment apply only to skill-based control behavior, as
it is generally believed that different types of skills and behavior decay in different ways [19]. Although evaluating the
retention of manual control skills in more complex, realistic flying tasks is of utmost importance to be able to design
training procedures such that pilot flying proficiency can be developed, maintained, and improved, the control task in
the current experiment was chosen based on the fact that no quantitative analysis techniques exist yet for evaluating
manual control behavior in more complex tasks, requiring the higher levels of control behavior known as rule-based and
knowledge-based behavior [76]. The advancement to human operator modeling techniques suitable for identification
of the higher levels of control behavior and thus for human operator control behavior identification in more complex
and realistic flying tasks is, however, essential for the advancements in skill decay and retention research and the
determination of optimal (recurrent) training procedures.

V. Conclusions

The goal of this paper was to objectively evaluate and quantify the acquisition, decay, and retention of skill-based
manual control behavior in a training and retention experiment with 38 fully task-naive participants. Participants were
trained in a compensatory dual-axis roll and pitch attitude tracking task and were divided into three groups, differing
in their RI length and the number of RTs they performed. The performance of the first group was re-evaluated after a
period of non-practice of six months, whereas the second group performed the task again at both three and six months
after training, and the third group was retested after two, four, and six months. To explicitly quantify skill development,
decay, and retention, exponential learning curve models were fitted to metrics of task performance and control activity.

The results of the experiment suggest that manual control skills decay following a negatively accelerating decay
curve. The rate of decay is influenced by the learning rate during training. Performance in roll decayed more than
performance in pitch due to participants’ higher learning rates and earlier stabilization in pitch during the training
phase. In addition, fitted learning curve models to metrics of task performance and control activity showed that during
the retention tests the lost skills were re-acquired at a higher rate than their initial development rate. Finally, the
comparison between the different experiment groups with different RIs suggests that short refresher training sessions
can be effective for limiting skill decay over periods of inactivity. However, to be able to implement scientifically
substantiated standards to ensure pilots receive sufficient training opportunities to develop, maintain, and improve flying
proficiency as well as to be able to design (e.g., onboard refresher) training to prevent skill decay during long-duration
deep space operations, a larger-scale experiment should be conducted with at least twice the number of participants
per experiment group as in the current experiment and with periods of non-practice ranging from a few hours or days
up to several years to be able to capture the complete skill decay curve.
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