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Interactions of Outside Visual Cues and Motion Cueing
Settings in Yaw Tracking

H.P.M. Peters&D.M. Pool! M.M. van Paassehand M. Muldef
Delft University of Technology, Delft, The Netherlands

Knowledge of how human operators’ tracking behavior is affectedby simulator motion cueing settings is
of great value for flight simulator design and fidelity evaluations. Preious studies have revealed strong effects
of degraded motion cueing quality on human operator control behgior in compensatory tracking, but the
presented visual cues in such studies are often not consistent itvhat operators perceive in more realistic
settings, as they typically do not include the visual cues provided bthe out-of-the-window view from their
vehicle. This paper aims to investigate the effects of the interactioof such outside visual cues and of motion
cueing settings on human operator behavior. Thereto, an experient in a flight simulator was conducted in
which participants performed a yaw-axis target-following disturbance-rejection tracking task. The presence of
an outside visual scene and simulator motion feedback quality wereavied independently. In the experiment,
motion cues were either absent or presented with varying attenu#n induced by changing the break frequency
of a first-order high-pass yaw motion filter. The results indicate a frong effect of outside visual cues on human
operator control behavior in the absence of motion feedback, wich is comparable to the measured effect of
motion feedback. Overall, human operator control behavior was éund to be less affected by varying motion
cueing settings when the outside visual cues were available in parallel.

[. Introduction

In real flight, the pilots perceive matching and redundasu&i and physical motion cues as feedbacks on the
motion of their vehicle, in addition to the information pided by the cockpit’s instrumentation. To create a realisti
sensation of flight in simulators, these cues must both belated in a virtual environment at a sufficient level of
fidelity.> To do this adequately, it must be understood how a visu#izaif the view from the aircraft's cockpit —
referred to as an outside visual — and the simulator’s ialaribtion cues individually influence the simulator realism
and hence its fidelity, but also how they interact in doing3oe to the physical limitations of the simulator's motion
system, inertial motion cues must often be attenuated aedeiil>® This is done by so called motion cueing algo-
rithms (or motion filters), which induce inherent differesdetween the visual and physical motion stimuli provided
in simulators. The mismatch is a direct result of the chosetian filter parameters (gains and break frequencies) and
affects the fidelity of the flight simulatér*-" Knowledge on how human tracking behavior is affected by awin
motion filter settings is of great value for flight simulatasign.

One approach considered for evaluating simulator fideditygised on objective measures of human tracking behav-
ior obtained from aybernetic approacf1° By comparing such measures in compensatory tracking tagksand
without physical motion cues, previous studies have shixatrhotion feedback strongly influences human operators’
behavior when lead equalization is requitéd:* Furthermore, it was found that as the quality of motion feiide-
grades, by changes in the motion filter settings, human tgstaracking behavior approaches behavior as measured
without motion feedback.*>~*” The performance increase observed for the addition of mdéedback reduces, as
the mismatch of the motion cues increases, which is at&ibtt a reduction in control gain and an increase in the
amount of visual lead generated.
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Unfortunately, the effects of degraded motion feedbackwmdn operator behavior have nearly exclusively been
studied in tracking tasks with pure compensatory displdya. these experiments, participants were provided with
no additional visual cues than the tracking error preseoted (head-down) display. In other studies it has been
shown, however, that providing human operators with feekllzes available from outside visual cudsesaffect
human tracking behavid®: 1821 Some studies have suggested that operators use the vedbdhgir vehicle as
perceived from outside visual cues equivalent to how the&yrstion feedback for generating lead, though not as
effectively!? 821 Some experiment data even suggests that the informatieidebby visual velocity cues becomes
redundant?'® How the findings concerning the effects of motion cueingirsgst on tracking behavior translate to
tasks with additional visual cues is as of yet still unknoasmthe combined effects of these cues and of varying motion
cueing settings have not been explicitly investigated.

In this paper this problem is addressed through a humahefietop experiment conducted in the SIMONA Re-
search Simulator (SRS) at TU Delft. The goal of the curramgis to perform an explicit side-by-side comparison of
the effects of varying motion cueing settings on human fragkehavior with and without an outside visual present.
This is realized by measuring tracking behavior in a sintéaget-following disturbance-rejection yaw-axis tragki
task as considered in an earlier experiment by Beckers & hut where the presence of an outside visual scene
and variations in the provided motion feedback are indepethy varied. In the experiment, a compensatory dis-
play is presented to participants using a head-up-displ&f)), overlaid on either a homogeneous black background
or a realistic outside visual scene. The controlled elerdgnamics are a low-order of AH-64 Apache yaw dynam-
ics >1422.23which are known to require significant human operator leathkzation. A no motion feedback condition
was tested, in addition to three different break frequeletirgys for a unity-gain high-pass yaw motion filter (0, Q.58
and 1.73 rad/s), resulting in 0 deg, 30 deg, and 60 deg phas®tdin at 1 rad/s. Using measured tracking perfor-
mance, control activity, crossover frequencies and phaagins, and estimated parameters of a multi-modal human
operator model, the interaction of the outside visual coeltlae varying motion cueing quality is quantified expligitl

Background information regarding the control task congdén this paper is treated first, in Section I, as well as
some known effects of additional (outside) visual cues aoking behavior. Second, the methods for the human-in-
the-loop experiment are described in Section Ill. The texflthis experiment are presented in Section IV. Thereafte
in Section V, these results are discussed. Finally the csiaris regarding this study are given in Section VI.

[I. Background

IILA. Control Task

To measure the effects of degrading quality of motion feeklms human operator tracking behavior with and without
additional outside visual cues, the same yaw-axis tractasly as studied in Ref. 22 is considered. In this tracking
task the human operator is presented with the tracking ermr a HUD shown in Figure 1, in which the lateral
displacement of the green line with respect to the fixed traissndicates the tracking error. In the current study,
the compensatory HUD was overlaid either on a homogeneaak blackground as shown in Figure 1(a), or on an
outside visual scene of Schiphol Airport as shown in Figyi®.1The tracking erroe, which is to be minimized by
the human operator, is the difference between the contrelement yaw attitudeé and the target signgl,. While
tracking the target signal the controlled element is alstupleed by a disturbance signgl. This type of control task
is known as a target-following disturbance-rejection tasll allows for multi-modal human operator identification
and modeling#2°

In the considered tracking task participants were alsogmtesl with yaw motion feedback. In case the visual
scene or yaw motion feedback are available, human operatwes different sources of feedback information that
may (or may not) be used for control. Human control behawviotracking tasks is generally modeled as a set of
linear responses to the perceived variables and a remmgrat sithat accounts for noise and the nonlinear part of the
operator’s respons&:2’ A schematic representation of the control task and humaratgrecontrol organization for
our task is given in Figure 2, which is based on previous mebelay Hosman and Van der Vadft?® In this figure,
the human operator’s linear response to the tracking esrmdicated byH,,_ (jw), while his linear responses to the
provided physical motion cues and the outside visual cuesndicated byH,,  (jw) andH,_, (jw), respectively. It
can be observed in Figure 2 that the yaw accelerafis passed through a motion filtéf,,, s (jw) before reaching
the operator. The resulting operator’s control inpus a summation of the linear responses and the remmaihe
stick gain is denoted by, and the corresponding control surface deflection is syrmédlas,., which includes the
disturbancef,;. The dynamics of the controlled element are indicatef ggw).
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(a) Display with no outside visual

(b) Display with an outside visual of Schiphol Airport

Figure 1. The considered display configurations.

Human operator

Hoe ) .
b .
ol s 0

Hp (7‘*’)

ov

Figure 2. Block diagram of the target-following disturbance-rejection task considered in this study.

ILA.1. Controlled Element

The controlled element dynamié$.(jw) in this study are a low-order linear approximation of the y&ymamics of
the AH-64 Apache, which are given by Eq. 13223

K. 5

= 1

s2+wps s24+0.27s (1)
These dynamics approximate a single integrafofq) for frequencies below 0.27 rad/s, and a double integrator

(K /s?) for higher frequencies. Therefore, significant human aferiead equalization is required for adequate control
of the dynamics given by Eq. (3.

HC(jw) =

[ILA.2. Motion Cueing

Motion feedback is provided to the operator through a playsiaw rotation of the simulator. The motion filter

dynamicsH,,¢(jw), see Figure 2, determine the attenuation — and hence gualityhese provided physical motion

cues. In the current study, motion attenuation from a firdeohigh-pass filter, Eq. (2), is considered.

Jw

—_— 2
fjw + Wi s 2)

The filter gaink,,; controls the frequency-independent scaling of simulatotion cues and is kept constant at

1 in the current study (unity-gain filters). The break fremgiew,, ; defines the frequency below which presented

Hynf(je0) = K
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motion cues are attenuated by the high-pass filter. Noteifthgt s is equal to 0 rad/s, the controlled yaw motion is
thus presented one-to-one (no filtering). Whh,; = 1 and increasing, ¢, the presented motion cues are affected
by H,,,;(jw) up to an increasingly higher frequency and the quality oftiegion feedback is degraded.

I1.B. Human Operator Modeling

Tracking tasks in which human operators are (only) presiewtth the tracking erroe are known as compensatory
tracking taskg’ In the current study, when the outside visual scene is al{sertFigure 1(a)), the tracking task
can thus be considered compensatory. The state-of-thie-t#u modeling of compensatory human operator control,
including the added roles and effects of motion and outsisiga¥ feedback, will be addressed in this section.

[1.B.1. Compensatory Tracking

In compensatory tracking tasks the human operator’s regptorthe displayed errdi,,_ (jw) see Figure 2, is known

to adapt according to the dynamics of the controlled eleniiijw).2” The combined open-loop dynamics, in this
case equal td7,, H.(jw), are known to approximate an integrator in a wide range attl@ crossover frequenéy.

As the dynamics of the controlled element studied in thisspa@pproximate d /s> system over a broad frequency
range around crossover, the human operator’s error reggbng;w) takes the form of Eq. (3¥27 In this equation,
H,n(jw) represents the dynamics of the neuromuscular system, \ahediypically modeled as a second-order mass-
spring-damper system, as given in Eq. (4). The visual gathlaad time-constant are indicated B§, and 7,
respectively, while the error response time delay is indiddy ..

Hy, (jw) = Kp, (1+ Tpjw) € 7™ Hpym(jw) ®)

2
Wnm
(jW) (]w)z + 2 Wpm Cnm Jw + wnm2 ( )

I1.B.2. Compensatory Tracking with Motion Feedback

Providing motion feedback to human operators gives thenofimmrtunity to perform feedback control on the per-
ceived motion of the controlled element. For yaw and othttimnal degrees-of-freedom, rotational acceleratioas a
sensed with the semicircular canals of the vestibular sysihe dynamics of the semicircular canalscc (jw) are
often modeled using Eq. (3§,which approximates an integrator over the frequency rafigeerest for manual con-
trol (0.1-10 rad/s). Based on previous work by Hosman anddéarVaart?®:2° operators’ linear responses to inertial
motion cuesH,, (jw) in Figure 2, are modeled as in Eq. (6).

L 0.109Tjw + 1

H — e T 2 5
scc(jw) 592470 1 1 %)

H,, (jw) = Ky, Hscc (jw) € 7™ Hyp (jw) (6)

For compensatory tracking tasks, motion feedback is knawimprove performance in both target-following
and disturbance-rejectidi.*? 48|t has been shown that due to the effective lead available tre added motion
cues (Eq. (6)), human operators decrease their visual ieeddonstant;,, while increasing theif(,_, resulting in
improved tracking performancé:16.17.30

Numerous studies have reported that these beneficial £fiéanotion feedback are suppressed when motion
feedback is attenuated by high-pass filtet&.1"31In Ref. 17 an effort was made to quantify these effects, biyihey
first-order prediction equations for the expected changdsiman operator control parameters, as well as crossover
frequencies and phase margins, from a database of a largeenwfrprevious studies. As the “predictor” variable the
motion filter gain at 1 rad/s, symbolized &%, was used. Note that this same 1 rad/s motion filter @ainis also a
key metric in well-known motion cueing criterfe2! The prediction equations of Ref. 17, here included as Ecto(7)
(12), will be used for comparison with our collected expennndata.
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Ky (Ks) = Ky, (1) [ 0.019(Ks — 1)+ 1] @)
TL(Ks) = 72(1) [-0.29(Ks — 1) +1] 8
re(Ks) = 7o(1) [0.069(Ks — 1) + 1] ©)

Wam (Ks) = wpm (1) [0.058(Kg — 1) 4+ 1] (10)

ey (Ks) = wey (1) 0.23(Ks — 1) +1] (12)

Oma(Ks) = om,(1)[-0.10(Ks — 1) + 1] (12)

11.B.3. Tracking with Additional Visual Feedback

The presence of the outside visual scene as shown in Figbjesllikely to affect human control behavior, as it
provides human operators with additional feedback/pkimilar as the supplied motion feedback does (Eq. (6)).
This has been confirmed in a number of experiments investigtie separate contributions of central and peripheral
visual cues on human manual control behavfot® 28 In these studies, displays that presented a vertically mgovi
checkerboard pattern were placed in the peripheral visela fd provide a roll rate stimulus. The conclusion from
a direct comparison to the effect of physical motion fee#baas that human operators indeed use the additional
visual velocity information to generate lead, though witless strong effect on task performance than observed for
motion feedback. Given these earlier observations, ikilylithat human operators’ responses to the outside visual
cues provided by our displayd,,, (jw), see Figure 2), is also an additional stabilizing rate raspo

Similar conclusions are drawn for human operator contrglirsuit tracking task&21:32.33Note that the combi-
nation of the outside visual scene and the superimposedawsapry HUD shown in Figure 1(b) essentially results
in pursuit display configuration, in addition to providingual flow (velocity) cues. For double integrator contrdlle
elements, the extra information supplied by a pursuit digji known to result in improved task performance com-
pared to compensatory tracking. Recent data collected byeVal?! also suggests that human operator dynamics in
pursuit tracking tasks with double integrator dynamicsharst modeled with an additional rate feedback response.

[1l. Methods

A human-in-the-loop experiment was conducted in the SIMCRESearch Simulator (SRS) at TU Delft. In the
experiment, data was collected from participants perfognthe yaw-axis tracking task introduced in Section II.A,
while motion cueing settings, and the presence of the aatgislial scene, were varied over different experiment
conditions. This section first provides the details of theezimental setup, then explains the methods used to analyze
the obtained data, and finally presents the hypotheses.

llILA. Forcing Functions

To excite and identify the participants’ control behavioyp multisine forcing functions were applied in the yaw
tracking task. The participants were to follow a target algfy while being perturbed by a disturbance sigfial as
shown in Figure 2. Both signals were multisines, summatafni0 individual sinusoids with different amplitudes,
frequencies and phases. Both signals were generated agreocEq. (13), in which4, 4(k), w q(k) and ¢, q(k)
represent thé-th sine’s amplitude, frequency and phase, respectively.

10

fra(t) = Avalk]sin (wp alk]t + ¢1,a[K]) (13)
k=1

The experiment’s measurement tiffig was 81.92 s. All sinusoid frequencies were defined to be eéntemiltiples
(n¢,q) of the measurement time base frequengy= %—’T to avoid spectral leakage. To yield forcing function signal
with reduced power at higher frequencies, the amplitutles k) were defined using a low-pass filter as described in
Ref. 34. The target and disturbance signals were desigretdteat they had a variance of 15 deand 3.75 deg
respectively, on the yaw attitude This tracking task can therefore be considered a domimagét-following task.
For the phases, five different phase-setsq(k)) were used in this experiment to create five different resiims
of both forcing functions, to ensure that the forcing fuaot remained unpredictable for the participants, evem afte
repeated tracking. The phase-sets were chosen such thatstiigng forcing function signals had an average crest
factor, using a method detailed in Ref. 35. All parameterthefconsidered forcing functions are listed in Table 1.
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Table 1. Multisine target and disturbance forcing function properties.

k [ 1 2 3 4 5 6 7 8 9 10
target forcing function f
Nng, — 6 13 27 41 53 73 103 139 194 229

Ay (k),deg 4283 9472 1352 0.728 0.489 0.303 0.192 0.140 0.109 0.010
wi(k),rad/s | 0460 0997 2.071 3.145 4065 5599 7900 10.661 14.880 647.5
¢¢1(k),rad | 1.939 1.366 4.044 0.063 2965 2.625 1.156 3.354 4.646 2.022
¢¢,2(k),rad | 0.745 0967 5643 2722 2822 1672 3.343 4.029 1.242 4.384
¢¢,3(k),rad | 0.672 0.811 4353 0.316 3583 1.985 3.215 0.436 1.236 6.012
¢¢,4(k),rad | 0.306 1.640 1.872 3421 3160 0.178 3.721 4,131 1.352 0.782
¢t 5(k),rad | 1.953 0.623 0.671 2190 4.143 2.369 3.271 3.013 3.029 4.203
disturbance forcing functianf,

N, — 5 11 23 37 51 71 101 137 171 226
Aq(k), deg 0.074 0.233 0.488 0.639 0.737 0.867 1.096 1.457 1.893 2.798
wq(k),rad/s | 0.384 0.844 1764 2.838 3912 5446 7.747 10508 13.116 347.3
¢q,1(k),rad | 6.615 3.233 5613 9.154 7981 7.181 8.876 4.754 4.735 4.738
¢a,2(k),rad | 4360 3.284 9.070 4718 4.235 8.285 3.925 5.383 4.248 7.987
¢aq,3(k),rad | 7.068 8271 6.304 9.213 3945 5921 6.159 8.363 5.956 3.594
¢aq,4(k),rad | 7.067 7711 6.711 3291 4.891 6.474 8938 7.155 9.138 3.165
¢a,5(k),rad | 2.827 3.066 6.252 4581 4.958 6.838 9.355 8.450 5.196 4.306

llI.B. Apparatus

The experiment was performed in the SRS at TU Delft, see Ei§(@@). The SRS is a six-degree-of-freedom flight
simulator and has a hydraulic hexapod motion system travalfor a maximum displacement ©f41.6 deg in yaw®

The motion system’s latency is approximately 35313 he outside visual system of the SRS used in this experiment
consists of three projectors that generate a:28@° collimated visual scene. The visual system’s delay is irotider

of 30 ms and was ran at a 60 Hz refresh fte.

(a) The SRS (b) The SRS cockpit during the experiment

Figure 3. The SRS (a) and a participant performing the expennent in the SRS (b).

Participants were seated in the right pilot seat in the SREmbduring the experiment, as shown in Figure 3(b).
To ensure pure yaw cueing, the simulator's yawing motion peaformed around an axis aligned with the backrest of
the right pilot seat. The participants gave control inputsing the roll axis of an electrical side-stick. The actitieks
was set to have a linear force-deflection characteristic®NIdeg with no breakout-force. Deflections were limited
to + 15 deg. The stick gai&’; shown in Figure 2 was set to 1.5. This value was tuned so thahtximum deflection
limits of the side-stick would not be reached, while the saty could still give accurate control inputs.

To mask the acoustic noise from the simulator's motion sysgarticipants wore a noise-canceling headset, visible
in Figure 3(b). In addition, masking aircraft engine noiseswplayed over the headphones throughout the experiment.
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llI.C. Independent Variables

For the experiment a full factorial variation in two indeplent variables was considered. First, the outside visual
scene could be either off or present (see Figure 1). Secouddifferent motion cueing settings were tested, giving a
total of eight experimental conditions. A no-motion (fixedse) condition was included, as well yaw motion feedback
settings obtained with the first-order high-pass motioeffitiiven by Eq. (2) withk,,; fixed at 1 and with three
different settings ofv,,,y. Break frequency settings resulting in a 60 de 80 deg or O deg filter-induced phase
mismatch at 1 rad/s were evaluated, corresponding,tpvalues of 1.732 rad/s, 0.577 rad/s and O rad/s, respectively
These phase-mismatches were chosen based on the resthksesiperiments of Ref. 22, where clear differences in
the perceived simulator motion fidelity over these settingse reported.

[Il.D. Participants and Procedures

Eight male subjects voluntarily participated in the expent. The participants were 24 to 51 years old and all had
previous tracking experience. The participants receivéetailed briefing before the experiment. They were inséict
to continuously minimize the error presented to them on t®Hsee Figure 1.

All subjects were first familiarized with the task and the esiment, by performing at least one run of every exper-
imental condition. After this familiarization, the eightreditions were tested sequentially. The order of conditifmn
each participant was based on a Latin square design, todeadan the effects of fatigue and learning. Before collect-
ing the measurements, the participants performed at legest training runs, more if needed, until their proficiency
in performing the tracking task had stabilized. Then, fivetfer repetitions of the same experimental condition were
collected as measurement data, each performed with aatiffésrcing function realization (see Table 1).

After each run, participants were informed of their perfance, expressed through the root mean square (RMS)
of the error signak (lower error RMS, better performance). Breaks were takguolegly to avoid fatigue, typically
after every 2-3 evaluated conditions (around 16-24 rungchEun in the experiment lasted 110 s of which 81.92 s
was used as the measurement, with a fade-in of 10 s and a fadé-&08 s. The data were logged at 100 Hz.

lILE. Dependent Variables

To quantify and compare changes in human operator behawigp@formance over the different experimental condi-
tions, a number of dependent variables is presented in dipisrp

e Task Performance and Control Effoffhe variances of the error signg} and of the control input? were used
as measures of task performance and control effort, ragpct-urthermore, these variances were decomposed
into contributions attributable to the target, disturteaad remnant signatf$.

e Crossover Frequencies and Phase Margiss typically done for tracking tasks with two input signéfs3
the dynamics of the combined pilot-vehicle system wereyaea by comparing the target and disturbance
open-loop crossover frequencies, andw,,, and phase marging,,,, andy,,,, .

e Human Operator Modeling To explicitly quantify human control dynamics a quasiefm human operator
model was fit to the data. The considered operator model isrsio Figure 4, in which the dynamics of the
human operator responsgs, (jw) andH,_ (jw) are modeled according to Eq. (3) and (14).

H,, (jw) = Hp,, (jw) + (jw)* Hin g (jw) Hp,, (jw) = Kp, jw e ™7 Hyp (j0) (14)

Human operator

n fa
e, G * . 1<£5—— Hoje) [

Hy, (jw)

Figure 4. Human operator model structure, including a visualerror response Hy, (jw) and a feedback response to the controlled element
output, Hp,, (jw).
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This human operator model is equivalent to models used foressful quantification of human operator be-
havior in earlier studies, see references in Sections2la®d 11.B.3. The main assumption in our modeling
approach for the current study is the combination of thearses to outside visual and motion feedback in
the model forH,, (jw), see Eq. (14), wherél,, (jw) andH,, (jw) are the operator’s responses to the out-
side visual and inertial motion cues, respectively. If bibth outside visual cues and inertial motion cues are
presentH,_(jw) describes the human’s combined response to these cugethe.eperator’s total response to
z. H,_ (jw) is assumed to be absent in case both the outside visual ammhrfe¢dbacks are not available and
models both individual responses in conditions where only af the cues is present. This choice fy, (jw)

in the human operator model facilitates direct comparisoth® model parameters over our different motion
conditions. The model has seven free parameters, collecgegarameter vectdt, to estimate:

0= [er TL Te Wnm Gnm Kpm Tm] (15)

All dependent variables are presented with calculated Eampans and 95% confidence intervals over the eight-
participant dataset. Statistical analysis of the data veafopmed using two-way repeated measures ANalysis Of
VAriance (ANOVA) tests, where the effects of outside visciaés and motion feedback were accounted for separately,
with independent statistical factors “OV” and “MOT", regpigely.

[ll.F.  Human Operator Identification and Modeling

For the collected data, different human operator identificaand modeling methods were applied for quantitative
analysis of human control responses and dynamics. Fitstritdng functions for the human operator errdi,( (jw))
and controlled element outpull{, (jw)) responses were calculated using two methods:

e FCE: The main method used for obtaining describing functioinesties was the spectral method elaborated
in Refs. 38-40. For tracking tasks with two independent isink forcing functions, this method allows for
accurate and reliable estimation of two human operatorribésg functions?>3%4% Here, these describing
function estimates are referred to as the Fourier Coeftitistimates (FCEs) of the human operator dynamics
and were used as the basis for estimating our human operattgls

e ARX Linear time-invariant AutoRegressive models with eXogmums inputs (ARX3® were used to obtain a
second independent estimate of the human operator freguesgonse#,, (jw) and H,,_ (jw). ARX models
with different assumed orders (ranging from 3 to 5 for both nlumerator and the denominator polynomials)
were fit to the data, from which the lowest order model prawidh good fit to the data was selected as the final
ARX result. The ARX models were used for bilateral verificatof the FCE describing functions.

For modeling the measured human operator behavior, thaimpenodel described in Section I11.E, was fit to the
data. Also for this quantitative modeling, two differenttimeds were applied in parallel:

e FDE: The main method applied for modeling human operator emadr @ntrolled element output responses
(Hp, (jw) and H,, (jw)) used the estimated frequency-domain FCE describing ifums:t This human oper-
ator model estimate is here referred to as the FrequencyaPokstimate (FDE). The normalized quadratic
frequency-domain (complex) cost function given by Eq. (@6¥ used to find the optimal set of model parame-
tersé for the FDE:

o [H PP (jweald) — By O (jwea)* | o [Hy PP (jwr,al8) — Hy O (jora)

J(0) = - : - :
; |HJCF (jwra)? ; [H}CF (jwra)l?

W (16)

In Eq. (16),H P (juw, 4|0) andHEPE (jw, 4|0) represent the modeled human operator frequency respanses a

the target and disturbance forcing functions frequendfgg@e.cE(jwt,d) andFIiCE(jwt,d) indicate the estimated
describing functions to which the models are fit. In this e¢ium W represents a vector of weights on the
modeling errors at eaaby 4. Through this weight vector a zero weight was assigned tdidifeest and lowest
frequency points in the FCEs, as well as a lower weight of @ #hé¢ second and third lowest frequencies. This
was done, as the FCE data at these frequencies has an inloarenteliability 3 4*
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e TDE: For verification of the FDE, a second independent methode-tithe-domain identification method of
Ref. 25 — was applied to obtain a second fit of the operator itodke measured data. As this method fits the
human operator model to the time-domain data, the resultted model is here referred to as the Time-Domain
Estimate (TDE).

The quality of all fitted human operator models was verifiedgithe Variance Accounted For (VAF), as given by
Eq. (17). The VAF calculates the percentage of the measunethh operator control input that is explained by the
modeled control input:.

VAF — (1 - Zgﬂ(ﬁ[k] - ﬁ[k})2> x 100% (17)
> k=1 u?[K]

ll.G. Hypotheses

Based on earlier findings and a literature search, the faligWypotheses were formulated for the current experiment:

H1: Outside visual cues result in improved tracking performeatirough human operators’ use of a controlled
element output responsBrevious experiments have shown that for tasks requirimggimuoperator lead equal-
ization, the presence of outside visual results in impraes# performancé 1418 Some evidence exists that
human operators’ use of outside visual cues is equivaleémiiothey utilize physical motion feedbatk}8i.e.,
as an alternative source of lead. For this reason, it is eégdebat the model foff,, (jw) defined in Section
[1l.E, which essentially is a response proportional to thetmolled element output rate, will be able to accurately
describe the measuréd,, (jw) describing functions for conditions with outside visuaésu

H2: The positive effects of outside visual feedback on humarampebehavior and performance are less pro-
nounced than those of motion feedbadtis hypothesis is based on a number of previous studieshtvat

reported a distinctly reduced performance benefit of oatsidual cues compared to physical motion feed-
back.12'14’18’33

H3: Increased motion filter break frequency will result in reddause of motion feedback and attenuated perfor-
mance benefitsConsistent with earlier findings (see Section 11.B.2, eRef. 17) increased motion phase-
mismatch is expected to result in worse task performanaereedsed disturbance crossover frequengy, a
reduction in the human operator error response ggjn and increased visual lead equalization (highgr

H4: Outside visual cues do not change the effects of increas¢idmfdter break frequency on human operator
behavior. With the hypothesized dominance of motion feedback (H2), dranges in crossover frequencies,
phase margins, and human operator model parameters wigmgamnotion filter break frequency (H3) are
expected to be unaffected by the presence of outside visieal cThe motion feedback contribution to human
operators’H, (jw) (see Eq. (14)) will thus dominate the outside visual compbreven with degraded motion
feedback quality.

IV. Results

In this section the results of the experiment are presentedll figures, the different motion settings (MOT) are
indicated as NM (“No Motion”), 60, 3C°, and 0, the numbers referring to the motion filter-induced phasssmatch
at 1 rad/s (see Section IIl.C). Data for conditions with antheut the outside visual cues are labeled as “with
OV” or “no OV”, respectively. For each dependent variable individual effects of outside visual cues (“*OV”) and
motion feedback quality (“MOT") are discussed, as well asrthteraction (“OVx MOT"). Noted effects are further
substantiated with the results of two-way repeated meaANOVAS, presented in tables with each data figure.

IV.A. Task Performance and Control Effort

Figure 5(a) shows the variance of the error sigrialdecomposed in the contributions of the targg},(disturbance
(f4) and remnants) signals. Lowers? indicates better tracking performance. Note in Figure Bfaj the target
signal contribution to the tracking error variance has irgdst magnitude, as is expected for a predominantly target
following task (see Section Ill.A). For the NM conditionsarficipants performed markedly better when the outside
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visual cues were available, as the total error variance%s Bver for “with OV” than for “no OV”. All three contribu-
tions too? (i.e., target, disturbance and remnant) show this promidecrease. Compared to the pure compensatory
condition (no OV, NM), the performance benefit of outsideugiscues (OV, NM) seems comparable to the effect of
adding 1-to-1 motion feedback (no OV;)0as the totab? for these conditions is nearly identical. Also for all other
motion settings, performance was generally better withaignificant effect, see Table 2 (“OV”).

(a) Tracking performance (b) Control effort
20 . . —— . . 20 ,
[ — |
15} | ] 15} |
i E !
b5 ([ Jremnant | & |
T 10t | T 10t |
wa I Nb: I
S5t t S5t t
| |
0 0
NM 60° 30° 0° NM 60° 30° 0° NM 60° 30° 0° NM 60° 30° 0°
no OV with OV no OV with OV

Figure 5. Tracking performance (¢2) and control effort (¢2), decomposed in the target, disturbance and remnant signaiontributions.

Table 2. Results of repeated measures ANOVA for tracking pdormance and control effort data, where ** is highly significant (p<0.01), *
is significant (p<0.05), and — is not significant (> 0.05).

Independent variable Dependent variable

o2 o2
Factor df F sig. df F sig.
ov 1.000 18686 ** 1 0.209 -
MOT 1.0869 15232 * 3 3570 *
OV x MOT 1.1099 11513 * 3 3.692 *

99 = Greenhouse-Geisser sphericity (homogeneity of variacaegction applied

Figure 5(a) shows that improving quality motion feedbachkrtf NM to (°) resulted in reducing tracking error
variances and thus improved performance, a significantteffee Table 2 (“MOT”). With much improved performance
for the conditions with QV, the further improvement due totimo feedback is more modest than observed for the
corresponding “no OV” conditions. The presence of outsid&ial cues thus influences the effect of motion filter
settings on tracking performance, which is confirmed by theificant interaction effect (O\k MQOT) listed in Table
2. The main explanation for this interaction seems to bettteatarget-tracking error (black bars) is no longer affécte
by the presence and phase-mismatch of the motion feedbagk suliside visual cues are available.

The variance of the control input signaf is shown in Figure 5(b), again decomposed in the componénts o
f4, andn. Except for the NM conditions, where an increasefnis observed that is consistent with the reduction in
o2, control effort is not found to be affected by the availapibf outside visual cues (see also Table 2). Except for
the clearly lower control effort for (no OV, NM), to which tteggnificant effects of motion (MOT) and the interaction
effect (OV x MOT) in Table 2 are attributable;? shows no further consistent variation over the differepiegimental
conditions.

IV.B. Crossover Frequencies and Phase Margins

Figure 6 shows the target and disturbance crossover fregggeand phase margins measured for all experiment con-
ditions. Data for conditions without (“no OV”) and with oiude visual cues (“with OV”) are indicated with black and
red markers. Variance bars indicate 95% confidence intervabr reference, Figures 6(b) and (d) also present the
evaluated prediction equations from Ref. 17dgf andy,,,, Eq. (11) and (12), respectively.

Figure 6 and Table 3 show that the target and disturbancemrescharacterstics are affected by the presence of
outside visual cues. For the NM conditions, andy,,,, are seen to be markedly higher with OV, which is expected, as
these parameters are strongly correlated with disturbegjeetion and target-following performance improvensent
respectively'® Also, an average increase i, of around 0.5 rad/s is noted for NM. For the motion conditions
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(a) Target crossover frequency (b) Disturbance crossover frequency
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Figure 6. Measured target and disturbance crossover frequesies and phase margins.

Table 3. Results of repeated measures ANOVA for crossoverdguencies and phase margins, where ** is highly significanp0.01), * is
significant (p<0.05), and — is not significant (p> 0.05).

Independent variable Dependent variable

Wey Wey Pmy Pmy
Factor df F sig. df F sig. df F sig. df F sig.
oV 1 4781 - 1 2917 - 1 95871 * 1 0320 -
MOT 3 093 - 3 40.283 ** 3 35119 * 3 0939 -
OV x MOT 3 5772 * 12629 21780 * 3 3317 * 3 0743 -

99 = Greenhouse-Geisser sphericity (homogeneity of variacaegction applied

the differences between the “no OV” and “with OV” data seenbégome smaller with improving motion feedback
quality. Only fore,,, a consistent increase of around 10 deg is found for all experi conditions, a significant effect
as can be judged from Table 3, and in line with the resultsrtedan Refs. 12 and 18. Overall, these results suggest
that human operators adapted their control behavior toréepce of outside visual cues.

For the effect of motion feedback, increased andy,,, are known to be responsible for performance improve-
ments in disturbance rejection and target following, respely.!?'8 Hence, for a combined target-following and
disturbance-rejection task as considered in this pap#r,f@mrameters are expected to increase with improving motio
feedback quality. Figure 6(b) and (c) indeed show thesea#gdehanges, which are also both statistically significant
effects (see Table 3). Between the NM tod@nditionsyv,, is seen to increase by 0.5-1 rad/s, which matches well with
the prediction obtained from Eq. (11), whilg,,, increases by around 10 deg. kar, and¢y,,, much less variation
over the different tested motion settings — and no signifiefects, see Table 3, “MOT” — are observed in Figure 6(a)
and (d), respectively. Despite seeming to follow the sligind predicted by Eq. (12), the disturbance phase margin
is seen to remain approximately constant at 30-35 deg fexakrimental conditions.

As can be noted from Figure 6 and Tableu3,, w.,, andy,,, also show statistically significant interactions
between the effects of motion feedback quality and the psef outside visual cues. Compared to dhe values
around 2.5 rad/s found for the 3@nd 0 motion settings, Figure 6(a) shows slightly lower valuas@® and NM
without OV, while with OV slightly increased., are seen. With already increased, andy,,, values for the NM
conditions with outside visual cues, the further increasdmth parameters due to added motion feedback are both
smaller in magnitude than those observed for “no OV”. Matghhe observations made from thg data in Figure
5(a), this indicates that outside visual cues change treetedff varying motion filter-induced phase mismatch on
human operator behavior.
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IV.C. Human Operator Modeling Results
IV.C.1. Human Operator Modeling Validity

In Section IlI.E the two-channel human operator model thas wsed to model measured human operator dynamics
from the experiment was introduced. This study is, to ouvkedge, the first to attempt to identify a human operator
output feedback responsEy, (jw)) for tasks with added outside visual cues, as well as outsstel cues and motion
feedback presented in parallel. For this reason, beforgepting the obtained final estimates of the human operator
model parameters, first the quality-of-fit of the model, ardde its validity, is discussed in some detail.

Figure 7 shows the example human operator identificatiomtee®r subject 7 for the condition with no motion
feedback, but with outside visual cues. The results of stilfjare displayed because they are typical and representati
for all subjects. The describing functions determined fifeoarier Coefficient Estimates (FCESs) at the frequencies of
f: and f; are presented with red and white-filled markers, respdgtivEhe frequency response of the fitted ARX
model (see Section Ill.F), here used as a second indepedésaiibing function estimate, is indicated with a dashed
gray line. The two fits of the human operator model — the TimenBio Estimate (TDE) and the Frequency Domain
Estimate (FDE) — are presented with solid gray and blaclsirespectively.

(a) Error response magnitude (b) Output response magnitude
102
\ |
_- 10t _-
3 3 100
N N
S 100 £
m 10 ]
= —_— 1072
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1071 o FCE
10-1 100 10! 10-1 100 10! — — — ARX
w, rad/s w, rad/s TDE
FDE
(c) Error response phase (d) Output response phase
180
o
()
©
3
=
s
T
~

10—t 109 10t 10~1 109 10t
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Figure 7. Example Bode plots of estimated describing funatins and human operator model fits for the H,,, (jw) and Hy,, (jw) human
operator responses, for subject 7 in the NM condition with OV

Overall, Figure 7 shows that the chosen human operator ntagédires the estimated FCE describing function at
high accuracy, especially for the FDE. As is clear from Fegdr the error respongé,,_(jw) shows significant lead
equalization, as expected for a tracking task with the dyosf Eq. (1). Furthermore, the identified output response
H, (jw) shows approximate differentiator dynamics, consistett thie response proportional to controlled element
velocity (lead) that the chosen model i, (jw) describes. All describing function estimates and fitted et®dre
in clear agreement, except for the phase of the output regp@iigure 7(d)). Where the FCE and the FDE fitted to
this describing function data match well, the ARX and TDRulesssuggest lower phase lag at high frequencies for
H,, (jw).

To further analyze the nature and consequences of thesevetisdifferences between the FDE and TDE — and
motivate our selection of the former to provide the final @per model estimates — Figure 8 shows a comparison of the
measured operator control inputind the modeled control inputsfor both models. The plotted time traces represent
the same example dataset as Figure 7. Overall, it can bevelolsiivat the time responses of the FDE (72% VAF) and
TDE (76% VAF) seem to describe the measured data with equivaigh accuracy.
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Figure 8. Example time traces of the modeled control inputi obtained from the FDE and TDE — with VAFs of 72% and 76%, respetively
— compared to the measured control inputu, for subject 7 in the NM condition with OV.
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Figure 9. Variance Accounted For (VAF) values for the FDE andTDE model fits.

The results shown in Figure 8 are in general representadivéhE human operator model fits obtained for all
experimental conditions and subjects. Figure 9 shows algigsgde comparison of the FDE and TDE model VAFs,
averaged over all subjects, which shows on average sligfiglyer VAFs for the TDE. Such slightly higher VAFs
are expected, as the TDE optimization actively strives fghést possible VAE® Consistent with Figure 8, Figure 9
shows that the VAF improvement for the TDE is on average malgup to 3%, and that the FDE model fits thus have
a high quality-of-fit in the time domain as well. In additidghe FDE models show, in general, better correspondence
with the obtained FCE describing functions i, (jw) (e.g., see Figure 7). Based on this analysis of the human
operator model identification results, the FDE is selectedpfoviding the final estimated human operator model
parameters that are analyzed in the next subsection.

IV.C.2. Human Operator Model Parameters

The average human operator model parameters determimadteofrequency-domain human operator model fits are
shown in Figure 10. Again, the variance bars indicate 95%idence intervals and the results for the conditions
without and with outside visual cues are presented usingktdad red markers, respectively. Furthermore,Agyr,
TL, Te, @aNdw,,,,, (Figures 10(a) to (d)) also show the corresponding Ref. gédiption equation results, obtained using
Eq. (7) to (10), respectively. Finally, Table 4 presentsAN©OVA results for the operator model parameters. Note that
the ANOVAs for K,,, andr, were performed only on the data from the conditions with profeedback, as for the
NM setting no data are available without OV.

Figure 10 and Table 4 show a number of different direct effe€butside visual cues on human operators’ control
behavior. When considering the measurements for the NM tiondj first the clearly nonzero values found 6
(see Figure 10(f)) suggest that human operators indegdeutih activeH,, (jw) response also when only outside
visual cues are available. Interestingly, Figure 10(gmshthat the corresponding values far (around 0.4 s on
average) are markedly higher than thefound for motion conditions (around 0.15 s), but also thandiror response
delay . (around 0.23 s). While this result is in clear agreement with phase of the measured FCE describing
functions, shown in Figures 7(c) and (d), this suggests gvew that human operators’ responses to the outside visual
cues were in fact significantly slower than the pure peradptelays of around 0.2 s expected for outside visual
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Figure 10. Average human operator model parameter estimateas obtained from the FDE.

Table 4. Results of repeated measures ANOVA for the human opator model parameters obtained from the FDE, where ** is highly
significant (p<0.01), * is significant (p<0.05), and — is not significant (p> 0.05).

Independent variable Dependent variables

Ky, TL Te Wnm Cnm Ky, Tz
Factor df F sig. df F sig. df F sig. df F sig. df F sig. df F sig. df F gsi
ov 1 12588 ** 1 4155 - 1 0232 - 1 3.059 - 1 1648 - 1 0030 - 1 6€.05
MOT 3 13613 * 3 14781 * 3 1382 - 3 18.075 ** 1485 1907 - 2 9903 * 2 3.663 -
OV x MOT 3 1436 - 3 0547 - 3 228 - 3 0640 — 3 3046 - 2 0101 - 2 1679

99 = Greenhouse-Geisser sphericity (homogeneity of variacmegction applied

cues?®42 In addition to the use of thél,, (jw) feedback path, the NM condition data also seems to showtisligh
decreased values of, a slight increase iK,,_, and and small changes in the neuromuscular system paramete
Finally, when considering all experimental conditionsgle 10(a) and (b) show a consistent dropiip, and a
consistent increase i, when outside visual cues are available. The former effestaigstically significant, see Table
4,0V

As indicated with the solid gray lines in Figure 10, a reduieti’,,_, an increase imz,, a slight decrease of, and a
drop inw,,.,, are expected when comparing the reduced quality motionitonslto the 1-to-1 motion setting{R The
estimated error response gains, lead time-constants,eamdmuscular frequencies indeed confirm these expecsation
and even show larger magnitude variations over all conwttban predicted. Between the NM arfdfotion settings,
K, approximately doubles;, is reduced by around 50%, ang,, increases by over 2 rad/s. All three effects are
statistically significant, as can be verified from Table 4r the error response delay, the neuromuscular damping
ratio (., and the output response delgyno consistent variation with the applied motion settingdserved. Finally,
the human operator output response giif shows a strongly increasing trend with improving qualitynodtion
feedback, seemingly independent of the presence of th&eutisual cues. This increasing,, a significant effect
as can be seen from Table 4, indicates that human operatorsope emphasis on thelf,,, (jw) response with lower
motion phase mismatches.

Any differences in the changes of human operator model patemiover the different motion settings between
the conditions with and without OV are especially relevarthis study, as these would reveal true interactions of both
cues on human operator behavior. As opposed to the measossbeer frequencies and phase margins (Table 3), for
the estimated human operator parameters no statistiégiiifisant OV x MOT interactions were found, as is shown
in Table 4. This seems to be due to the larger spread in thenesea estimates, as especially the means ofdhe
andr;, data — Figures 10(a) and (b), respectively — seem to show lmagnitude variations over the motion settings
with outside visual cues. While these interactions would dresistent with those found for the crossover frequency
and phase margin data, based on the current human operedongiars it cannot be concluded that the presence of
outside visual cues affects the variation in human opegtameters over the varying motion filter settings.
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V. Discussion

The goal of this paper was to measure and quantify the inglalidnd interaction effects of varying motion cueing
settings and outside visual cues on human tracking behaVibis was achieved by measuring tracking behavior
in a yaw tracking task with a controlled element requiringnificant human operator lead (simplified Apache yaw
dynamics model) in an eight-subject human-in-the-loopeexpent performed in the SIMONA Research Simulator at
TU Delft. Four yaw motion cueing settings — a no-motion céindi and three (increasing) break frequency settings
of a first-order high-pass filter — were tested both with anthexit outside visual cues present. Measured tracking
performance, control effort, crossover frequencies, @maargins and human operator modeling results were used to
compare measured human operator behavior and performance.

The addition of outside visual cues in a compensatory tractask without motion feedback was found to have
a strong effect on human control behavior. Significant tasfggmance improvement — for both target-following
and in disturbance-rejection — was observed, in additioootwsiderable increases in control activity, target phase
marging,,,, and in the disturbance crossover frequengy. These effects were expected (Hypothesis H1) and highly
congruent with earlier finding%$:'® The obtained human operator modeling results confirmed ppothesis that
this performance improvement results from human operatses of an added controlled element output response
(H,, (jw)) enabled by the available outside visual cues. In additiothé added feedback response, a slight but
consistent increase in the visual error response ggjn was observed from the obtained human operator model
parameter estimates, suggesting that operators alsoauthpptimize theid,,_ (jw) response dynamics when outside
visual cues are available.

Based on results from earlier studies investigating thec&ffof additional visual velocity cues on human operator
behaviort?18:33the impact of outside visual cues was expected to be markestystrong than the effect of motion
feedback (Hypothesis H2). Interestingly, when compariggrheasures of task performance, control effort, crossover
frequencies, and phase margins, the individual addedtsftéoutside visual cues and 1-to-1°YGnotion feedback
seem very much comparable and of similar magnitude. While boés allow human operators to attain an identical
level of task performance, human operator modeling reslitsv distinct differences in how this performance is
attained in both cases. Most notably, operators’ visuaregainsk,,  and the output gaink’,, are both found to be
significantly higher with motion feedback than with outsidsual cues, thereby still partially confirming Hypothesis
H2. A key difference between the current study and the ratee previous investigatiotfs'® 2 lies in the nature
of the presented outside visual stimulus. It is possiblé terealistic outside visual scene considered in this pape
provides a stronger visual flow stimulus than the visualdlabi in these previous studies, producing a matching
stronger effect on especially the target-following capids of human operators. However, more research is redquir
to confirm this.

For the conditions without outside visual cues, the exmkatersening of tracking performance, reduced human
operator control gains, and increased visual lead timeteoits with increasing motion filter-induced phase digiort
were all observed from the data, thereby confirming Hypashid8. When outside visual cues were also available,
tracking performance was found to be consistently betteav@rage, but also much less affected by the applied
variation in motion cueing. In line with earlier finding%18it seems that outside visual cues in ti#sencef motion
enhance both target following and disturbance rejectidmjemvhen motion feedback ialso presenonly target-
following performance is (further) improved. Key perfomea-related human operator model parameters —€,9,,

71, and K, — were also found to show highly similar trends over the défe motion feedback settings, both with
and without the outside visual cues. Especially human épesaoutput feedback gaink,, were found to show
identically strongly increasing values with decreasinghhpass filter break frequency in both cases. Howeldgy,

and 7, are found to be consistently lower and higher, respectielyall conditions with outside visual cues and
motion feedback. This optimization &f,,_(jw) response parameters, indicating a stronger reliance drgkeerated
from the compensatory display, explains the attenuatettiedf variations in motion cueing on tracking performance.
Thus, despite largely similar observed variations in hump@rator parameters, the presence of outside visual cues
does seem to partially mitigate the effects of degradedIsitmumotion feedback quality on human operator behavior,
in contrast to our Hypothesis H4.

In this paper, human operators’ controlled element outpediback response#_(jw)) for conditions with only
outside visual cues, only motion cues, or both were all gfiedwith the same structurally identical model, descripin
a response proportional to controlled element veldgify: 1824 3%hile this model was found to accurately capture
measured human operator behavior for all different expemimaonditions, it is unfortunate that the hypothesized ind
vidual responses to the outside visual cués ( (jw)) and motion cuesk],,, (jw)) cannot be separated, as this would
provide more explicit insight in the relative contributiohboth responses. Furthermore, this would facilitateafire
identification of human operators’ true responses to fittesienulator motion feedback, where now the motion filter
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dynamicsH,, ¢(jw) were lumped into the modelefd,,, (jw). Development of human operator modeling techniques
and experimental paradigms that enable the separationcbfgarallel human operator feedback paths is therefore
strongly desired.

A somewhat surprising observation from the human operataiaiing results is that the controlled element output
response time delay, was found to be significantly higher (around 0.4 s) when onlgide visual cues are available,
compared to the values for all motion conditions (arouné @)1 This difference could explain why motion feedback
still affects human operator behavior when outside visuaiscare present. The estimatesrpfin conditions with
motion feedback are highly consistent with previous experit datal? 1 “3while ther, values found for pure outside
visual feedback seem very high compared to previously tedaisual velocity perception delag® 2 This difference
could be explained by the fact that the modetgedepresents the time delay in humans’ control responseghaint
perception delay. More research, however, is requiredrtbduinvestigate and verify the estimated time delay &lue
for operators’ responses to outside visual cues.

In the current study, human operators were found to utiligside visual cues to support a human feedback control
organization similar to that observed in tasks with phylsivation feedback, i.e., a visual error response suppleaaent
with an additional feedback response proportional to therotied element velocity (lead). This similarity in human
control dynamics might suggest that initial simulatordzhgraining for control tasks with motion feedback may be
effectively performed in a simulatavithout motion feedback, but with (strong) outside visual cues. @&udfy the
extent to which the controlled element output responseézhwith outside visual cues actually transfers to a motion
setting, it would be of great interest to perform a dedic#ttadisfer-of-training study and use human operator mogelin
techniques to explicitly quantify skill development anartsfer?* 45

VI. Conclusions

This paper described the results of a human-in-the-loogrxgnt conducted to investigate the individual and
interaction effects of outside visual cues and varying orotiueing settings on human operator tracking behavior in
a flight simulator. Eight participants performed a compémyayaw-axis target-following and disturbance-rejentio
task where the motion cueing (break frequency of a first+ohilgh-pass motion filter) and the presence of outside
visual cues were varied independently over eight experiai@onditions. Measured tracking performance, control
activity, crossover frequencies, phase margins, and hwparator modeling results show that outside visual cues
have a strong influence on human operators’ tracking behakicabsence of motion feedback, outside visual cues
enable human operators to achieve better tracking perfaenaith an additional lead generating controlled element
output feedback response, resulting in control dynamiodasi to those observed in the presence of motion feedback.
Furthermore, when outside visual cues are available irllpbwath physical motion feedback, human operators show
consistently more visual lead equalization and lower \ligugor response gains; a control strategy that seems less
affected by variations in the motion cueing settings corag@an when outside visual cues are absent. While key
human operator parameters as the visual error gain anditeadtonstant still showed clear variations with incregsin
motion filter break frequency settings when an outside Visaane was present, the degrading quality of motion
feedback was found to have less impact on task performapeeaiors’ control effort, and measured human operator
model parameters.
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