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This paper investigates the modeling of human manual contidehavior for pursuit tracking tasks in which
target forcing functions consisting of multiple ramp-like changes in target attitude are used. Due to the use of
a pursuit display and the predictability of such forcing function signals, it can be anticipated that a pursuit or
precognitive control strategy, consisting of open-loop fedforward control inputs in response to the predictable
reference signal, is applied by the human operator. If combied with an additional disturbance on the con-
trolled element, a control task results that is similar to peforming a commanded turn entry/exit or altitude
capture in turbulence. It is as of yet uncertain if such purstit or precognitive control is indeed used during
such a control task, and to what extent a quasi-random distubance would suppress pursuit/precognitive con-
trol strategies. A human-in-the-loop evaluation of the corhined ramp-following and disturbance-rejection
task was performed to gather data for the modeling of human maual control behavior. It is found that de-
spite the anticipated pursuit and precognitive control inputs, classical compensatory models of human manual
control dynamics are highly capable of describing human dyamics for these specific control tasks. Measured
control inputs, however, are found to correspond well with poposed models for open-loop feedforward opera-
tions as well, suggesting future evaluation of a model of huan behavior that combines, or switches between,
error-reducing compensatory and open-loop feedforward oprations.

[. Introduction

The theory of Successive Organization of Perception (S@PJqgsth by McRuer et at. defines three different
levels of manual control behavior that can be adopted duriagual tracking. Depending on defining features of
the control task such as display format and tracking foréimgtion, human operators may revert to compensatory,
pursuit, or precognitive control strategies, or could bé&aving between any combination of those. Most research
into human manual control behavior has focused on purelypemsatory control, typically for control tasks where
tracking errors induced by a quasi-random forcing funcsigmal are attenuated from a visual display. Considerable
success has also been achieved in modeling of human mamiedlda both single-loop and multimodal compen-
satory control task:®> Despite the fact that most real-life manual control taskisig® pursuit or precognitive control
strategies, modeling of these higher levels of manual control behavésr treceived significantly less attention.

This paper focuses on manual control behavior in manuataltaisks where a deterministic reference trajectory,
defined as a number of discrete ramp-like changes in targetds, is to be tracked using a pursuit display. In
addition, a quasi-random disturbance signal is appliecettupb the controlled element dynamics. Compared to the
control tasks that are typically used for studying the éffet physical motion feedback during manual control, where
two quasi-random forcing function signals are appfiedsuch ramp target signals yield more realistic manual contro
tasks, similar to in-flight maneuvers such as a turn entryitiinde change in turbulence® Furthermore, Ref. 9 has
shown that, depending on ramp signal design, reliable iififsatton of the multimodal pilot models that are used for
modeling manual control under such multimodality conditigs possible using measurements taken during combined
ramp-following and disturbance-rejection tasks.

For repetitive manual tracking of such deterministic ralikp-reference signals, however, it is likely that human
operators will develop such familiarity with the referersignal and controlled element dynamics that it allows for
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generation of open-loop precognitive control inptt8:11In addition, despite the fact that the use of a pursuit displa
does not preclude the adoption of pursuit behavior by a huopanatori? 12 a pursuit display in combination with
ramp signals with a predictable rate of change does proviggeaopportunity for pursuit tracking. On the other hand,
previous experimental work has hinted at suppression dfyiuoperation when an additional disturbance signal is
present as disturbances on the controlled element can only be aftediusing compensatory control.

It is the purpose of this paper to evaluate which mode of dmeréor combination of modes) human controllers
select for combined ramp-following and disturbance-rigjectasks. Due to the adaptivity of human control behavior
it is likely that the type of control behavior (compensatqoyrsuit, precognitive) that is adopted in such control
tasks is dependent on both the characteristics of the ragmalsi (steepness, magnitude) and the controlled element
dynamics. This paper describes an experiment in whicheilogip manual control behavior is evaluated for control
of both single and double integrator dynamics. Note thaeffexts of physical motion feedback on manual control
are not considered in this study. Rather, the focus lies emtihman dynamics that occur during ramp-following, to
which the effects of additional motion feedback are exmbtiebe added in later work. Due to a likely effect of ramp
signal design on control strategies and the modeling thiet@aet signals with two different ramp steepnesses are
considered, which are the same as those evaluated in Regifg this experimental data, required extensions to the
compensatory pilot models that are used in previous W& will be pointed out.

This paper is structured as follows. First, Sec. Il providdstailed description of the manual control task and gives
an overview of the the pertinent literature on modeling n@icontrol behavior for such a control task. Then, Sec. IlI
describes the details of the human-in-the-loop experirtteattwas performed to gather the required measurements
of human manual control behavior. The results of this expenit are presented in Sec. IV. The paper ends with a
discussion and conclusions.

II. Background

IILA. Control Task

This paper investigates human manual control behaviort@hgittitude tracking tasks performed with a pursuit dis-
play. Fig. 1 depicts a schematic representation of such aiat@ontrol task, where a human pilot controls the pitch
attituded of the controlled elemenit.. Two forcing function signals are indicated in Fig. 1: thegtt forcing function

f: defines the reference trajectory tifaghould follow as closely as possible, whijfg represents an external distur-
bance that works on the controlled element. Note that dubaaise of a pursuit display as depicted in Fig. 2, the
human pilot can use information on the target sigfialthe tracking erroe, and the controlled element stateo
achieve a suitable control input

Jt
f f d
o] - e hu_man U + Y 0
pilot Y. —
B 0 dynamics

Figure 1. Schematic representation of a combined target-flowing and disturbance-rejection task.

Pursuit tracking tasks similar to the one depicted in Figalehbeen studied extensively in literatdré; 13 1%put
mainly for control tasks with quasi-random target forcimgpdtion signals (;) and without further external distur-
bances f;). As a continuation of previous researcfithis paper addresses human control behavior for trackskgta
in which the target signal is composed of a series of disceetg-like changes in reference attitude and an additional
guasi-random disturbance signal is present. Fig. 3 defhietsvo ramp target forcing functions (R1 and R10, which
have different ramp steepnesses) and the quasi-randornsimaidisturbance signal (MS). The details of these forcing
function signals are provided in Sec. III.

Human dynamics during manual control have been shown togt#yradaptable to the dynamics of the controlled
elementy,..1:2 Therefore, this paper will investigate control behaviathie combined ramp-following and disturbance-
rejection task defined by the forcing function signals diguidn Fig. 3 for both single and double integrator contblle
element dynamics, given by:

Yi(s) = 2o yi(e) = e )
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Figure 3. Time traces of the multisine disturbance forcing
function (MS) and both ramp target forcing function signals
(R1 and R10).

II.B. Successive Organization of Perception

In the 1960s, McRuer et al. developed their theory of Successive Organization of Réime (SOP). This SOP
theory defines three distinct levels of skill-based manaatmol behavior that can be adopted during manual tracking,
depending on the nature and characteristics of the coratsél t Schematic representations of these three levels of
manual control behavior are depicted in Fig. 4.

The lowest level of manual control behavior is referred to@apensatory behavior, which is depicted in Fig. 4(a).
During compensatory control, the human operator only acthe perceived tracking errer thereby closing a sin-
gle loop around the controlled elemerit Compensatory behavior is typically adopted during cdritisks where
tracking errors induced by a quasi-random forcing funcsigmal are depicted on a compensatory display.

If information other than the tracking erreiis also available to the human operator, such as for instarméded
on the pursuit display shown in Fig. 2, he may choose to etiiarsuit tracking behavior as depicted in Fig. 4(b).
Even though the explicit presentation fsfandé on a pursuit display would allow the human operator to alserate
on both those quantities, thereby utilizing a multi-loomtrol strategy, this is no guarantee for the utilization of a
pursuit tracking strategy. As rightly pointed out by Hé$s, distinction needs to be made between external changes
in available variables and the internal organization of thenan operator’'s control strategy. This also implies, as
argued by McRuer et at.that higher level control behavior might occur for purelymuensatory tracking tasks if, for
instance, the forcing function signal is recognizably tijye or predictable.

The final type of control behavior depicted in Fig. 4 is preatitige control. Such control behavior typically
occurs in control tasks where certain stored control contteane to be given in response to a trigger (see Fig. 4(c)).
Predictable forcing function signals as considered in plaiger (see Fig. 3) are an example of an control task that,
given extensive training and familiarization, would sugoprecognitive control strategy.

The taxonomy of control behavior summarized in the SOP thaod Fig. 4 is a useful starting point for the
evaluation of control behavior in the combined ramp-follagvand disturbance-rejection tasks studied in this paper.
As can be verified from all three block diagrams depicted o Bi a disturbance signal on the controlled element
output can only be attenuated through a (compensatoryb&sédcontrol strategy. To what extent the presence of
such a disturbance signal clashes with the human dynanto#red for following of ramp target signals is as of yet
unknown. The same holds for the modeling of these human digsam

II.C. Modeling Manual Control Behavior

[1.C.1. Modeling Compensatory Control

The modeling of compensatory control behavior as depictdeld. 4(a) has been well established since the work of
McRuer et af Using measurements of pilot dynamics for a multitude ofedéht controlled elements and forcing
function signals, McRuer et al. developed a models and apaaging sets of rules of thumb that have proven to be
widely applicable for describing compensatory pilot dymesnHere, the following model, which is based on the work
of McRuer et al? is used:
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(a) Initial phase: single-loop compensatory behavior
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Figure 4. The different phases in the Successive Organizati of Perception. Adapted from Ref. 1.

Y. (s) = Ky, (1+sTr,) e " Yam(s) (2

In Eq. (2),K,, (1 + sT1,) represents the pilot equalization characteristic. No&¢ iththe original model as de-
scribed in Ref. 2 this equalization characteristic was @effis a lead-lag transfer function. McRuer et &lqwever,
established that human operators adapt their equalizetiaracteristics to yield an open-loop systerj, ) with
approximately single integrator dynamics around gairssoser? This implies that for single integrator controlled
element dynamics, the equalization characteristic asgiv&q. (2) is reduced to only the proportional g&ip, . For
double integrator dynamics, low-frequency lead needs tgdmerated to achievE /s dynamics around crossover.
Therefore, the full equalization characteristic listedEi. (2) is needed for describing human dynamics during com-
pensatory double integrator control. Note, however, thatdqualization is required for neither controlled eleraent
The delay parameter, accounts for any delays internal to the pilot that accuneulatgenerating a compensatory
control input. Finally, the transfer functioh,,,, represents the combined dynamics of the neuromusculaatamtu
and the manipulator, which are modeled as a second-order mass-spring-dampenmsys

w?

52 4 2CamwWnm s + w2,

Yom(s) =
The neuromuscular frequeney,,, and damping facto¢,,,,, are free parameters of this compensatory model, as
areK,, , 7., andTy, (the latter for double integrator control only).
[1.C.2. Modeling Pursuit/Precognitive Control

Compared to the modeling of compensatory manual contraweh the modeling of pursuit and precognitive track-

ing has received only moderate attentfol¥:1%13:6One of the reasons for this is the fact that during both pursui
tracking and control tasks where precognitive inputs arergimanual control behavior will involve responses to mul-
tiple perceived variables. This is, for instance, cleardqrursuit display configuration as presented in Fig. 2. This
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reference
—— system response

Figure 5. Hypothetical response of controlled
element output during step tracking. Adapted
from Ref. 1. | = Time delay phase, Il = Rapid
response phase (precognitive), Il = Error reduc-
tion phase (compensatory).

Figure 6. Two channel model of pursuit/precognitive contrd. Adapted from Ref. 1.
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Figure 7. Example feedforward control inputs resulting from the proposed model of Eq. (4).

makes the modeling of such multimodal control behaviorificantly more complex than the modeling of purely
compensatory behaviét. 3

For pursuit tracking, Wasicko et &. have shown that due to the fact that= f, — 6, pursuit control behavior
can be captured by considering only two of the three pilgpeeses depicted in Fig. 4(k),,, Y., andY,,. Allen
and McRuet® have therefore proposed to model pursuit control behaviibronly theY,, andY,, channels depicted
in Fig. 4(b), that is, as a closed-loop compensatory costraktegy combined with feedforward control on the target
signal.

For precognitive control inputs in a control task with pieeble forcing function signals as considered here, the
representation of Fig. 4(c) would only hold when the humaerafr’s internal representation ffin Y, allows for
perfect execution of the appropriate control responseiriguactual manual control this can, however, be expected to
never fully be the case. Hence, McRuer and Kretfdaigue that compensatory error reduction will still be néti
after an initial precognitive control input is given, asisitrated by Fig. 5. Such a dual-mode representation of @ontr
behavior, where the human operator is hypothesized to Iswsigtweeny,, andY,, upon a certain trigger, yields a
control theoretic structure equal to that proposed by Adled McRuet® for pursuit tracking, see Fig. 6.

For modeling of the compensatory response in the two-chHanodel of Fig. 6, some authors have suggested
to use the form of Eq. (2, thereby assuming similar compensatory human dynamics @suatered for pure
compensatory control. As to the contents of #)e block of Fig. 6, it has been argued that for optimal perforogan
of the feedforward’,, should approximate the inverse of the controlled elemenadyics, yielding,, Y. ~ 1.1:1213
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From Fig. 6 it can be verified that if this is the ca8eyill approximatef;. As it can be anticipated that feedforward
control will, however, not be perfect, this paper suggdstsollowing model for the feedforward resporisg:

1
}/Pt (S) = Kpt m}/ﬂ]t (S)eisn (4)

In Eq. (4),K,, andr; are the gain an time delay associated with this feedfornespanse. These parameters are
equivalent tokK,,, andr. in the compensatory model of Eq. (2). Further dynamic¥ pfare then governed by the
inverse controlled element dynamics and the transfer fomat,,,, which represents further equalization performed
by the operator on the target signal, analogous to the leadliggtion in Eq. (2). Here it is proposed, as a starting
point for further investigation, to sét,, to:

1

Yeq, (8) = T+ 5Ty

®)

This first-order lag is included in the model f&}, to allow for capturing lags that may accumulate in this feed-
forward channel. These lags could result, for instancenfimitations on the inversion df, by the human operator,
or, as it is unlikely that human operators will attempt togisely follow f;, especially for steep changes in reference
value, represent internal filtering or smoothing of the infdo visualize the responses the model of Eq. (4) is capable
of describing, Fig. 7 shows theoretical control inputs fotthramp signals depicted in Fig. 3, and for both single and
double integrator controlled elements. For generatingitita shown in Fig. 7, the following parameter values have
been usedi,, = 1.0, » = 0.3 sec, and;, = 0.05 sec.

lll. Experiment

lIILA.  Setup
I11.A.l. Apparatus

To gather the data needed for testing the models proposestinISC, an experiment
was performed in the SIMONA Research Simulator (SRS) attiiversity of Tech-
nology, see Fig. 8. During the tracking tasks performedfie €xperiment, both the
motion system and the outside visual system of the simule¢oe switched off. The
(foveal) pursuit display (see Fig. 2) was projected on thmary flight display (PFD)
in the SRS cockpit. The PFD update rate was 60 Hz and the titag déthe image
generation on this PFD has been measured to be in the ord6r2B ths (including
the projection) using a custom visual delay measuremetgsy$

Participants used the pitch axis of an electrical sidestickve their control inputs,
u. The sidestick was calibrated to have no break-out forcesamdximum deflection
of +£13 deg in pitch. Stick stiffness was set to 1.5 N/deg over tiiednge of pitch
stick deflections. The roll axis of the sidestick was lockedm the experiment.

Figure 8. The SIMONA Research
Simulator.

[11.A.2. Controlled Element Dynamics

As already stated in Sec. Il, the feedforward part of predagnand pursuit control behavior is hypothesized to be
proportional to the inverse of the controlled element dyieany,, Y. ~ 1.1:1213 For this reason, two different con-
trolled elements were considered in this experiment: siffgl./s) and double . /s?) integrator dynamics (Eq. (1)).
The controlled element gaili. was tuned to yield similarly optimal control authority witbspect to the disturbance
signal (see Fig. 3) for both controlled elements within tege of sidestick inputsi{13 deg). For the single integrator
dynamicsK . was set to 1.5, while for the double integrafdy was taken equal to 8.0.

I11.A.3. Forcing Functions

The target and disturbance forcing function signals thatevepplied in the experiment are depicted in Fig. 3. The
ramp target signals, both consisting of one positive andragative commanded pitch excursion, are the same as
those considered in a previous theoretical investigatilmrnultimodal pilot identification using such forcing fuiumn
signals? This previous work indicated improved identification résdbr such target signals with steeper ramps. In
addition, as both pursuit and precognitive control are nemtieith a responsé&f,, ) to which the target signg, is the
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input, control inputs were also expected to change as aiamaf ramp signal steepness, as illustrated by Fig. 7. For
these reasons, two levels of ramp steepness were considehasl experiment: 1.0 deg/s and 10.0 deg/s. Note that
these two values of ramp steepness represent extreme vélhese considered in Ref. 9, the former being relatively
benign, the latter approximating a step input. These twoprtarget forcing function signals are referred to in the

following as R1 and R10, respectively.

Table 1. Multisine disturbance forcing function data.

ng wq Ag ¢d

- rad/s deg rad
20 3 02301 09588 1.9611
.40 4 0.3068 0.9353 0.3818
11 0.8437 0.6855 5.4408
-60 12 0.9204 0.6479 5.9008
3 23 17641 03415 6.1193
E -80 a 24 18408 0.3233 5.1898
‘:.s 100 37 2.8379 0.1739 5.5133
=2 38 2.9146 0.1670 0.7492
” -120 amplitude filter 51 3.9117 0.1058  3.3134
— spectrum 52 3.9884 0.1027 6.2120
140 o amplitude distribution n 5.4456 00643 1.9044
72 5.5223 0.0630 5.4372
160 2 — '1'00 == o 101 7.7466 0.0402 1.2647
102 7.8233 0.0398 6.1412
w, rad/s 137 105078 0.0291 5.0417
Figure 9. Quasi-random disturbance forcing function spec- 138 10.5845 0.0289 6.0918
trum and amplitude distribution. 171  13.1155 0.0243 2.2620

172 13.1922 0.0242  3.9989
225 17.2573 0.0206 5.2100
226 17.3340 0.0205 3.1755

The time trace of the multisine disturbance sigfial referred to as MS in the remainder of this paper, is also
depicted in Fig. 3. This signal was generated as a sui;of 20 sinusoids:

Ng Ng
fa(t) = Aa(k)sin [wa(k)t + ¢a(k)] =Y Aa(k) sin [na(k)wmt + ¢a(k)] (6)
k=1 k=1

The sinusoid frequencies; were chosen to cover the complete frequency range of intinesvaluation of pilot
dynamics. To allow for measurement of frequency-domaiotlescribing functiorfsand evaluation of coherence
of pilot control with respect to the disturbance sighapairs of neighboring frequencies were selected that alhfit a
integer number of times(;) into the experimental measurement tiffig. All sinusoid frequencies were therefore
integer multiples of the experimental measurement basgiéecyw,, = 27/T,,. The experimental measurement
time for this experiment was 81.92 seconds, yielding a baspiency ofv,,, = 0.0767 rad/s.

Sinusoid amplitudegl; were defined according to the same low-pass filter amplitskgilolition used in previous
experiments’-1° Amplitudes were scaled to yield a disturbance signal witimedomain variance of 1.5 dégThe
spectrum off;, showing this low-pass distribution, is depicted in Fig.The filter frequency response is depicted in
gray, while the full spectrum of;; is depicted in black. Red markers indicate the magnitudés gf, equivalentto the
selected sinusoid amplitudek;. The sinusoid phases; were selected from a large number of randomly generated
sets of phases to yield a disturbance signal with averagénmuax absolute excursion, rate and acceleration and an
approximately normal distributioff. The numerical values for all disturbance forcing functi@mgmeters are listed
in Table 1.

[11.A.4. Independent Variables

Due to their hypothesized effect on manual control behal@othe control task depicted in Fig. 1, three different
independent variables were varied in the experiment: théralbled element dynamics, the steepness of the ramps in
the target forcing function signal, and the presence of tlesigrandom disturbance signal. For both single and double
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integrator controlled elements, the tracking task wasqueréd in a baseline compensatory configuration where only
fa was presentf; = 0). A further four conditions for each controlled elementulésd from the factorial variation of
ramp signal steepness (R1 and R10) and the presence of thbditce signal (MS). This yielded a total number of
ten experimental conditions, which are listed in Table 2.

Table 2. Experimental conditions.

Symbol  Ye(s) fe fa Table 3. Experiment Latin square design.
S1 - MS
S2 R1 _ subject session | session Il
S3 & R1 MS 1 S5 S1 S2 S3 S4 | D5 D3 D4 D2 D1
S4 s R10 - 2 DI D4 D5 D3 D2| S3 S4 S5 S1 S2
S5 R10 MS 3 S1 S2 S3 S4 S5 | D4 D2 D3 D1 D5
D1 — MS 4 D2 D5 D1 D4 D3| S2 S3 S4 S5 S1
D2 K R1 — 5 S4 S5 S1 S2 S3 | D3 D1 D2 D5 D4
D3 S—; R1 MS 6 D1 D4 D3 D2 D5| S1 S2 S4 S3 S5
D4 R10 —
D5 R10 MS

In the following, these different experimental conditierthat is, combinations df., f;, andf,; — will be referred
to using the symbols listed in Table 2. For instance, the panepensatory conditions for single and double integrator
controlled elements are indicated by S1 and D1, respegtivel

[11.LA5. Participants, Experimental Procedures, and Instructions

Six subjects were asked to perform the tracking task foreheekperimental conditions listed in Table 2. All partic-
ipants were students or staff of the Faculty of Aerospacdriesging and all had extensive experience with manual
tracking tasks from previous human-in-the-loop experiteeAll participants were male, and their ages ranged from
25 to 47 years old.

As indicated in Table 3, all subjects performed the expeniritetwo separate sessions, which were both completed
in the same week. Each session consisted of all variatioterget and disturbance forcing function settings (see
Table 2) for one of the controlled elements. For both colgtbélements, the different forcing function conditions
were randomized over the different subjects according talanted Latin square design. In addition, half of the
participants first performed the single integrator contiask in the first session (gray shaded cells in Table 3), while
the other half first performed the double integrator cortasks.

The individual tracking runs of the experiment lasted 90seés, of which the last 81.92 seconds were used as
the measurement data. For each experimental conditioticipants’ tracking performance was monitored by the
experimenter. When participants had clearly reached destgierating point and their proficiency in performing the
tracking task had reached an asymptote, five repetitiogsatonstant level of tracking performance were collected
as the measurement data. Typically, two short breaks (nmamiButes) were taken during each session, always after
finishing the measurements for one condition and beforérggathe next. On average, each session took 2.5-3 hours
to complete.

Participants were instructed to continuously attempt toimize the pitch tracking errar presented on the visual
displays, by minimizing the deviation of the target linelwiespect to the aircraft symbol (see Fig. 2). After each run
subjects were informed of their tracking score, defined lgyrtdot mean square (RMS) of the error sigaah order
to motivate them to constantly control at their maximum lefgerformance.

[11.A.6. Dependent Measures

During the experiment, the time traces of the error signtie control signad;, and the pitch attitudé were recorded

for each measurement run. From these measured time trasesalkdependent measures are calculated to give
insight into the effects of the independent variables malated during the experiment on manual control behavior.
First, tracking performance and control activity — expeekas the time-domain varianae?j of the error and control
signals, respectively — are evaluated briefly for comparnisith compensatory measurements from previous wadrk.
addition,o? ando? are analyzed to reveal the effects of the ramp forcing foncaignals on performance and control
activity.
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The main dependent measures considered in this paper, Bowes those related to the models of manual control
behavior introduced in Sec. 1I.C. Both the compensat®y)and feedforwardY,,) models proposed in this section
have been fit to the measured time traces using time-domentifitation methods! Note that a full combined model,
as depicted in Fig. 6, is not yet evaluated in this paper. tita to the identified model parameters, the extent to
which the identified models can describe measured confpatsu is evaluated. For this, the variance accounted for
(VAF) of the modeled control signal is defined as:

N 20\ _ A2/
VAF = |1 2=t “jv O =61 100% @)
Zi:l u? (i)
This VAF defines the percentage of the measured control Isigtteat is explained by the model. In this paper it
will be used to evaluate how well the different models of mamontrol behavior describe the collected measurements.

lIl.B. Hypotheses

It is anticipated that due to the repetitive tracking of det@istic target input signals, some evidence of human
operations on the target signal, perhaps in addition to emsgtory operations on the tracking er¢pcan be found
from behavioral measurements. Especially for the conmutiwithout the quasi-random disturbance signal (S2, S4,
D2, and D4), the combination of the pursuit display and tresljmtable target signals is expected to allow for a control
strategy in whichy),, is dominant.

Furthermore, it is expected that the presence of the qaasiem disturbance signal might put more emphasis
on the compensatory control loop the human operator needwse, thereby suppressing open-loop feedforward
control in favor of a more stable closed-loop. This wouldgess tracking performance and compensatory pilot model
parameters for conditions S3/S5 and D3/D5 are anticipatdsktsimilar to those found for the pure compensatory
conditions S1 and D1, respectively. Due to the less prontieect on task performance, this effect is expected to be
largest for the lowest steepness ramp signal (R1).

IV. Results

IV.A. Measured Time Traces

Fig. 10 presents sample time traces of the tracking errotyagbinput, and pitch attitude recorded during the exper-
iment for subject 1 in control of single integrator dynami&sach row of graphs depicts these three signals for each
of the five variations in forcing function settings (see ®aB). Each graph depicts the forcing function signal (for
the graphs ot andu scaled down for plotting purposes) in gray and the five ctdiéoeasurements of the depicted
variable in black. The time-domain average of these fiverdings is depicted in red, to show the consistency in the
measurements. Note that for each set of time traces, thagifapthe different experimental conditions have the same
y-axis scaling, to allow for quantitative comparison. Ferthore, note that only 40 seconds of the total run length (90
seconds) are depicted here.

First of all, Fig. 10 clearly shows the effect of the disturba signal on the recorded signals. Where for the
conditions wheref; is not present (S2 and S4) the depicted signals only showitsctiround the interval where a
ramp in f; occurs, the disturbance signal continuously induces iingairrors and hence control inputs. Furthermore,
Fig. 10 also clearly shows an effect of ramp signal steepnEggures Fig. 10(j) and (m) clearly show significant
build-up of the tracking error directly after the occurreraf a R10 ramp due to the delay in the operator’s response,
as illustrated by Fig. 5. As can be verified from Figures Fig(d) and (g), the effect of the R1 ramps on the tracking
error is of significantly lower magnitude. The correspomgdimaphs of the control signal show the same effect of
ramp signal steepness. Especially for the conditions wiinerelisturbance is present (S3 and S5), the control inputs
that are performed in response to the target signal clethdout from those needed to attenuate the disturbance for
condition S5, while they appear to be lost in the compengatmntrol action for S3. Finally, note from the time traces
of the pitch attitude that overshoots in the following of the ramp signals aredg{ty markedly larger for the steeper
ramps (S4 and S5) than for R1 (S2 and S3).

IV.B. Tracking Performance and Control Activity

Highly similar measurements to those depicted in Fig. 1@&wéso obtained for the double integrator dynamics and for
the other participants in the experiment. To evaluate tleeame effect of the independent variables of the experiment
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Figure 10. Measured time traces o, u, and 6 for control of single integrator dynamics (conditions S1-S, subject 1).
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on the tracking error and control input signals, Fig. 11 degthe means of the tracking error and control input vaganc
(02 ando?, respectively) taken over the six experiment participafibe variance bars indicate the corresponding 95%
confidence intervals. The depicted data has been corremtbéatfiveen-subject variance.
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Figure 11. Average tracking performance and control activiy.

Fig. 11(a) clearly shows tracking performance was foundeatnsistently worse (higher?) for the double
integrator controlled element. This is an expected resaged on previous workdue to the fact that double inte-
grator dynamics are significantly more difficult to contrdaih integrator dynamics. Note from Fig. 11(a) that this is
somewhat independent of the applied forcing function digna

Furthermore, Fig. 11(a) also shows that tracking errorgdmditions S2 and D2, where only the R1 ramp signal
was present, are very small compared to those for the otimelitaens. This shows that participants were able to keep
tracking errors during the following of this low-steepnessp signal very small, as can also be verified from Fig. 10.
For the steeper ramp signal (conditions S4 and D4) trackirgyewere found to be markedly larger. This can be
attributed to more rapid build-up of tracking error for theteeper ramps, which already yield significant tracking
errors within in the human operator’s reaction time (see Hj. Overall, especially for the single integrator date, t
addition of the disturbance signal during ramp trackingersto increase tracking error variance by approximately th
error variance found for the MS conditions. Note from Fig(a)that this implies almost equal tracking performance
for the MS and R1+MS conditions for both controlled elements

Fig. 11(b) depicts the measured control signal variancealloconditions of the experiment. Note that control
activity for the condition with only the disturbance sigii&lS) is found to be almost equal for the single and double
integrator controlled elements. This confirms the selaatibappropriate values for the controlled element g&in
as described in Sec. lll.LA.2. Fig. 11(b) further shows veny tontrol activity for both controlled elements for the
conditions with only the R1 target, as also expected from FigSurprisingly, control activity is found to be slightly
lower for the control tasks with both the R1 target and théudimnce signal (R1+MS) than for the corresponding
conditions with only the disturbance signal (MS). For tiagkof the steeper ramp signal, consistently higher control
activity is found, which would be expected from the clearkseduring ramp tracking depicted in Fig. 10. In addition,
control activity is found to be markedly higher for the simghtegrator than for the double integrator data.

IV.C. Modeling Behavior for Pure Disturbance-Rejection Tasks

For the conditions where no ramp target signal was presenoy the effects of the quasi-random disturbance signal
were to be attenuated (that is, S1 and D1), a compensatotgottask equivalent to those considered by McRuer et
al? is obtained. Therefore, pilot control behavior for thesaditions can be described with the compensatory pilot
model described in Sec. II.C.1. Fig. 12 depicts the frequeesponses of the fits of Eq. (2) to data from conditions S1
and D2 for subject 1. In addition to the model fit shown in reid, E2 also depicts the describing function estimate,
calculated at the frequencies 6f.°

Fig. 12 shows that the estimated describing functions, lwhie independent of the selected pilot model, corre-
spond well with the frequency responses of the fitted comatengbehavior model. In addition, note that the VAFs
of the depicted pilot models for conditions S1 and D1 are @b &b%0, respectively, indicating that the remnanis
confirmed to contribute a typical 20-25% to the variance efdbntrol signat:.?*

Furthermore, note the marked difference between the cosapety control of single and double integrator dynam-
ics, as expected based on the work of McRuer étA can be verified from Fig. 12(a) and (c) human dynamics are
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Figure 12. Example pilot describing functions and compengary model fits for compensatory conditions (S1 and D1, subgt 1).

approximately those of a pure gain, with the peak attribtwetie combined neuromuscular and manipulator dynam-
ics'” just above 10 rad/s. In comparison, Fig. 12(b) and (d) (diD1) show control behavior where significant
phase lead is generated by the human operator, to compémstite controlled double integrator dynamfcs.

Highly similar model fits to those shown in Fig. 12 were obgairfor the other participants in the experiment.
Table 4 presents the average estimated compensatory mardehgters for conditions S1 and D1, in addition to the
average VAF of the model fit. The final column of Table 4 indésaén average model VAF of 85% for both the S1
and D1 conditions, indicating accurate compensatory mfitdeFurthermore, the estimated parameter values listed in
Table 4 reflect the different control behavior shown in Fig.. On average participants were generating low-frequency
lead for frequencies above 0.75 rad/s for condition D1,attist of a marked increase in the compensatory time delay
T.. These results are highly consisted with those reportecein Rand later publications on compensatory manual
control.

Table 4. Average compensatory parameters and model VAF foranditions S1 and D1.

Condition K, Tr.,S 7eiS wnm,radls Cum VAR, %

S1 1.95 - 0.16 13.93 0.16 84.36
D1 0.25 1.33 0.23 11.33 0.18 86.03

IV.D. Modeling Behavior for Ramp-Following Tasks
IV.D.1. Pursuit/Precognitive Behavior Modeling

To investigate to what extent the model gy, proposed in Sec. 11.C.2 can describe measured controlsnihe three
parameters of the modek{,,, T7,, andr;) were fitted to the average time tracesuofsee Fig. 10) for all conditions
where a ramp target signal was present. Note that the full thiamces of. were used to fit one set of parameters,
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Figure 13. Feedforward control signal fits for pure ramp-
following conditions (S2, S4, D2, and D4) for subject 1.
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yielding parameter estimates based on control inputs fdoat ramp-like changes in reference attitude occurring in
the target signal (see Fig. 3). Fig. 13 depicts typical texflfitting the model of Eq. (4) to measurementsdor all
ramp-tracking conditions where the disturbance signalvegresent, that is, S2, S4, D2, and D4. The results shown
in Fig. 13 were obtained for subject 1, but highly similarukés were obtained for all other participants.

Note from Fig. 13 that for all four pure ramp-following cotidns, the model of Eq. (4) is able to capture the initial
control input given after a ramp in the target signal. As fmstance visible in Fig. 13(b) and (d), the identification
of the proposed model also appears to yield good estimatiée afelay in the control response as defined in Fig. 5.
Fig. 13, however, also illustrates that the model¥py is not capable of explaining all measured control inputs. Fo
all conditions, the measured time tracesiafhow some overshoots and additional oscillatory inputspaoed to the
modeled control signals. In addition, as illustrated bgsFiy. 13(c), even in the absence fif the unstable double
integrator controlled element dynamics required signifi¢@ompensatory) control inputs for stabilization, alsoidg
periods where no ramp signal was to be followed. As will beased in more detail in Sec. I1V.D.2, these additional
control inputs can all be captured with the compensatoryeh(ie. (2)), suggesting that subjects indeed performed
compensatory control in addition to feedforward operationf;, as proposed in Fig. 6.

Fig. 15 depicts the mean estimated parameters of the moHe|. ¢#) for all experimental conditions. Note that for
the control tasks with only the quasi-random disturbangeaino target signal was present, and hence no estimates
of the dynamics ot},, were made. As in Fig. 11, the depicted variance bars indib@&®5% confidence intervals,
corrected for between-subject variability.
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Figure 15. Average identified parameters of the pursuit/preognitive model of Eq. (4).

The first thing to note from Fig. 15 is the remarkable consisye given a small number of exceptions, of the
estimated parameters over the different conditions. Iritimahg note that on average the values of all three parameter
are found to be markedly higher for the double integratontfua the single integrator dynamics. For the single
integrator, the estimated feedforward galtis are found to be close to the theoretically optimal value af 1 Y. ~
1), see Fig. 15(a). Notable is the fact that for the doubleajirator, this gain is found to be consistently higher than 1.
Fig. 15(b) and (c) further indicate significantly more phksg(higherl;,) and slightly more delay iy, (higherr)
for the double integrator dynamics.

Finally, Fig. 15 shows different estimated parameter \@ared significantly more spread in the results obtained for
the conditions where the R1 ramp signal and the disturbagnalsvere both present (conditions S3 and D3). This can
be explained by considering the control signal time traegsaded in Fig. 10(h). By comparing these measurements
with the control input that would be modeled by, (Fig. 13(a)), it is clear that the compensatory control ispu
dominate those that would result from the feedforward, mgldentification of the model of Eq. (4) difficult.

IV.D.2. Compensatory Behavior Modeling

The compensatory model described in Sec. II.C.1 was fittdtidcsame averaged data as the modelffgrusing
the time-domain maximum likelihood estimation procedwstaded in Ref. 21. Fig. 14 depicts the resulting modeled
control signals for the same four conditions shown in Fig. li3te that these four conditions are those without the
guasi-random disturbance signal, which theoretically iboequire the least compensatory control inputs.

Fig. 14(a) illustrates that for condition S2, the contrgbus given to follow the R1 target signal can not be
explained by the compensatory control model. The reasothtdris the fact that, except for small errors due to
the time between the occurrence of a ramp and the first congat, ramp tracking errors are negligible (see also
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Fig. 10(e)). Note, however, by comparing Figures Fig. 1a¢&) Fig. 14(a), that the compensatory model can fit the
overshoots and slight oscillations present in the meadimegitraces of that the model fol,, misses.

Surprisingly, the model time traces depicted of the renmgitihree conditions in Fig. 14 reveal that the complete
measured control signals — that is, both the initial and thal #rror-reducing compensatory control inputs, that is,
phases Il and Il in Fig. 5 — are captured at reasonably highracy by the model of Eq. (2). This especially holds
for the conditions with the steeper R10 ramps. The simylarfithe error and control signals for condition S4 depicted
in Fig. 10 explains this, as clearly enough tracking erraritdbup to fit the model for¥,,, on. Note, however, that
from these results it can not be concluded that pure compaysaontrol behavior was utilized for these conditions,
as judging the results shown in Fig. 13 the total control trquuld still be the sum of both thE, andY, responses.
Fig. 14, however, does show that the model of Eq. (2) is highjyable of capturing the oscillatory control inputs the
model forY,, fails to describe.

Fig. 16 depicts the mean estimated values of three of themdeas of the compensatory model of Eq. (2) — the
proportional gairk,_, the lead time-constafit;, ., and the time delay, — for all experimental conditions. Again, the
depicted variance bars indicate the 95% confidence intgreafrected for between-subject variability.
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° 7 I I 0.35
O single integrator
4 (| m double integrator 0.30 %
5 0.25
) % T L] L] E
| s 2o w020 E
3} 2 i qu f
< g S 3 % ¢ ol T % o 5

1 1
. 2 } 0.10
0 LI ... B 1 0.05
1 0 0.00
MS R1 R1+MS R10 R10+MS MS Rl R1+MS R10 R10+MS MS R1 R1+MS R10 R10+MS

forcing functions forcing functions forcing functions

Figure 16. Average identified parameters of the compensatgrmodel of Eq. (2).

Fig. 16 shows consistent estimates9f, , 1., andr, for all conditions where the disturbance signal was present
For the conditions with only ramp target signals, where Emmpensatory behavior would be expected, estimated
parameter values clearly deviate from those of the pure eoisgtory conditions (MS) and tend to show more spread,
indicating that only the model of Eq. (2) is not capable ofgistently describing the measured data. The only very
small differences observed between the compensatory rpadaineter estimates for the MS and R1+MS conditions
for both controlled elements, however, do suggest domic@mpensatory control behavior for conditions S3 and D3.
Note that this corresponds well with the conclusions drawmfthe estimated parameters of the pursuit/precognitive
model of Eq. (4) presented in Fig. 15.

IV.D.3. Comparison of Model Variance Accounted For

The time traces for the model fits obtained for conditions&R,D2, and D4 depicted in Figures 14 and 13 already
indicate how well both models considered in this paper digzsdche measured control signals. Further qualitative
evaluation of the goodness-of-fit of both models has bedoeed using the model variance accounted for as defined
by Eq. (7). Fig. 17 depicts the average VAF for each conditifam both the pursuit/precognitive and compensatory
models of Eq. (4) and (2), respectively.

Fig. 17(a) shows that, as expected, the VAFs of the pursatfgnitive model are highest for the conditions with
only ramp target signals. For the conditions where more @nsatory control inputs are observed (see Fig. 10),
clearly degraded VAFs are found. Similarly, note the markéfdet in average VAF (but highly similar effect of
the applied variation in forcing function signals) betwebe data for single and double integrator dynamics. As
for instance illustrated by Fig. 13(c), this is caused byatditional compensatory effort required for stabilizihg t
unstable double integrator dynamics.

The compensatory model VAFs depicted in Fig. 17(b) show @maye higher values than depicted in Fig. 17(a)
for all conditions except S2 and D2 (R1). This is most likedused by the difference in nature of both models: the
compensatory model is able to provide a good fit over the felhsurement time, while the feedforward model only
provides a model fit around the ramps in the reference sifuathermore, note that the compensatory model is able to
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Figure 17. Comparison of goodness-of-fit in terms of model VA for pursuit/precognitive and compensatory modeling of piot control.

describe the data for all conditions where the disturbaigrasis present with a VAF of over 80%. Severely degraded
VAFs are observed for the conditions with only the R1 rammaigin line with the discussion of the fit shown in
Fig. 14(a). The extremely high VAFs found for conditions 34l ®4 (R10) also correspond to the good fits obtained
for this condition (see Fig. 14) and are also caused by thecestlvariance in the measured control signals due to the
absence of the disturbance signal.

V. Discussion

This paper investigated the modeling of human dynamicsiitrobtasks where predictable target forcing function
signals, consisting of multiple ramp-like changes in refee attitude, are tracked using a pursuit display. In autdit
the effects of the presence of an additional quasi-randaturiance signal on the adopted control strategy were
evaluated.

Based on the SOP theory described by McRuer €t ialwould be expected that the use of predictable forcing
function signals would yield some precognitive controlutg In addition, the use of a pursuit display would allow
for a pursuit tracking strategy. The work of Wasicko et'alAllen and McRuer® and McRuer and Krendé?,
indicate that both pursuit and precognitive control can loelabed with a similar model of human behavior, which
combines compensatory (error reducing) control with feegérd operations on the predictable reference signak Thi
paper evaluated the modeling of both these contributiotisetdotal control behavior separately, thereby allowing fo
comparison of their relative importance for the differexperimental conditions.

For identification of the feedforward dynamics, a model wappsed that yielded a human feedforward response
proportional to the inverse of the controlled element dyitanfiltered by a pure first-order lag and a pure time delay.
Though leaving room for extension, this model was found tadgeable of identifying the time delay associated with
the feedforward control inputs. In addition, for both simgind double integrator controlled element dynamics, the
initial model response to the ramps in the forcing functi@nals were found to correspond well with measured
control inputs.

Measurement of pure compensatory pilot dynamics for batplsiand double integrator controlled element dy-
namics during tracking with the quasi-random disturbancly gielded estimates of the compensatory model pa-
rameters that are highly consistent with previous reseichaddition, for the data from the tasks where the same
disturbance signal was applied in addition to a ramp taiigebs highly similar compensatory model estimates were
obtained, suggesting nearly constant compensatory hupenator dynamics. If compensatory control dynamics in-
deed stay constant when pursuit or precognitive contratesies are applied as proposed by McRuer and Kréhdel
and Wasicko et af? the model parameters obtained for the pure compensatodjtizons (as listed in Table 4) should
to some extent be capable of describing the compensatotgotadopted in the conditions where ramp target signals
were present in addition to the disturbarnGe Such a generalization of the results presented in thisrpspeemed
important future work.

Concluding, based on the SOP theory and the experimentalgelescribed in this paper, a dual-mode model of
human behavior that includes both compensatory and femdfdroperations seems appropriate for modeling mea-
sured control behavior in control tasks with predictablecifog function signals. The results shown in this paper
suggest that for low-steepness ramp signals combined wdtiagi-random disturbance pure compensatory model-
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ing might, however, still be acceptable. Table 5 summatizesequired model structure for the different conditions
evaluated in the experiment described in this paper.

Table 5. Appropriate manual control model structure for all experimental conditions.

Condition  Forcing functions  Required model

S1,D1  MS Yp.
S2,02 Rl Yp, + Yo,
S3,0D3  R1+MS Yp, (+Yp,)
S4D4  RI10 Yp. + Yp,
S5D5  R10+MS Yp. 4 Yp,

This paper has not yet evaluated a model of human behavibinit@porated both the compensatory and feed-
forward elements as depicted in Fig. 6. Evaluation of sucbrabined model for the selected conditions listed in
Table 5 is expected to be performed in the coming months. ditiad, the extent to which the modeling of ramp-
following behavior described in this paper also applies mahigontrol in the presence of physical motion feedback
will be evaluated in future human-in-the-loop experiments

VI. Conclusions

The modeling of human manual control behavior in contrdtsashere predictable forcing function signals, such
as signals consisting of multiple ramp-like changes indaegtitude, are applied could require models of human be-
havior that account for both compensatory behavior andféeedrd operations on the reference signal. This paper
described the results of an experiment and correspondingling effort aimed at revealing if such dual-mode models
are indeed required for modeling the tracking of ramp sigidth different ramp steepnesses. In addition, the impact
on the modeling of human behavior for control tasks wheredtitianal quasi-random disturbance forcing function
is applied, which can only be attenuated through compensatmtrol, was also evaluated. The proposed model for
capturing open-loop feedforward control was found to aataly capture the initial control inputs resulting from the
predictable forcing function signals. From measured adsignal time traces, the need for modeling additional com-
pensatory control was, however, found to be evident fonalieated conditions. Compensatory behavior even appears
to be dominant for the control tasks that combine low-stespmamp signals with a quasi-random disturbance.
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