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Abstract

Haptic flight controls have been extensively studied across various applications over the last years. This study focuses
on the slalom task as defined by ADS-33F, an obstacle avoidance scenario. We examine two haptic designs derived from
a common model of obstacle repulsion and goal attraction. The first design is based on a force field, representing an
information processing approach that adjusts force feedback according to the distance to obstacles. The second design
follows an ecological approach, inspired by goal-steering dynamics in human walking. Both designs were tested using a
Pilot-in-the-Loop simulator with various gate configurations to modulate geometrical difficulty, and two control modes
to examine the impact of the Controlled Element’s dynamics. The results are analyzed in terms of average Cycle Time,
velocity, acceleration, and applied force. Sidestick activity is modeled using Mottet’s model of human arm kinematics .
Participants also completed a NASA-Task Load Index questionnaire after each trial to evaluate perceived task load. This
paper presents initial findings from a study involving 10 participants.

ABBREVIATIONS AND NOTATIONS

AP Auto-Pilot
FBW Fly-by-Wire
FCC Flight Control Computer
FE Flight Envelope
FEP Flight Envelope Protection
FPG Flight Path Guidance
HOTAS Hands-On-Throttle-And-Stick
HUD Head-Up Display
NASA-TLX | NASA Task Load indeX
PAV Personal Air Vehicle
PitL Pilot-in-the-Loop
UAM Urban Air Mobility
VR Virtual Reality
VRS Vortex Ring State
CE Controlled Element
SA Situational Awareness
Table 1: Abbreviations
w Slalom gate width, m
H Lateral gate distance, m
L Longitudinal gate distance, m
CT | Cycle Time, s
ID | Index of Difficulty, bits
MT | Movement Time, s

Table 2: Notations from Fitts’s paradigm [/1]

¢ | Apparent velocity heading, rad
b Damping on velocity heading, s
x Aircraft position along x-axis, m
y Aircraft position along y-axis, m
Y | Apparent goal heading, rad
ke | Goal stiffness, s?
¢ Goal distance exponential decrease rate, m~!
¢, | Minimum acceleration factor
dg | Distance to goal, m
Yo | Apparent obstacle heading, rad
ko | Obstacle stiffness, s?
c3 | Obstacle heading exponential decrease rate, rad !
¢y | Obstacle distance exponential decrease rate, m™!
do | Distance to obstacle, m
Table 3: Notations from behavioural dynamics model of
human walking [3]]
c10 | Linear stiffness coefficient, s =2
c3o | Duffing cubic stiffness coefficient, m2.s72
co1 | Linear damping coefficient, s~!
co3 | Rayleigh cubic damping coefficient, s - m™2

Table 4: Notations from human arm kinematics model [2]

1 INTRODUCTION

As for its unstable nature, piloting a rotorcraft is a sophis-

ticated

task, requiring critical capacities of synthesis and



a sharp sense of Situational Awareness (SA). In the addi-
tional context of Urban Air Mobility (UAM), piloting assis-
tance is a compulsory prerequisite both for security and ef-
ficiency purposes with Personal Air Vehicles (PAV) specif-
ically aiming for novice operators. In line with Hegg et
al. [4], active inceptors are investigated to enhance pilot-
ing experience. Indeed, many works investigate how flight
controls can benefit from haptic sidesticks. Focusing on
manned flight, they can be classified under 3 main cate-
gories:

1. Augmented perception providing enhanced measure-
ments derived from Flight Control Computers (FCC)
sensors

2. Flight Envelope Protection (FEP) based on aggregated
quantities

3. Flight Path Guidance (FPG) with prediction of future
state

On a task of slalom more specifically, augmented percep-
tion of FPG seem particularly appropriate strategies. Yet,
to our knowledge, very few studies if not compare two de-
signs driven by the same model of goals and obstacles but
motivated by different approaches of human perception.
Here, we aim to compare the effects of a slalom catering
assistance driven either by a computational or an ecologi-
cal design.

1. A first design directly fed by an
electrostatic-inspired force field filling in for the

lack of human direct perception of distance (See

Figure [1a),

2. A second design following Fajen’s behavioural dy-
namics model of goal-steering in human walking [3],

rooted in ecological framework and embodying the
belief that human being naturally perceives the capac-
ity to avoid an obstacle and adapts their locomotion

(See Figure|[2).

2 RELATED WORKS

The dawn of Fly-by-Wire (FBW) by the early 2000s marked
the end of mechanical linkage. If this came with a bunch
of advantages such as alleviated maintenance, it disrupted
the kinesthetic feedback pilots used to have in their side-
stick. With the recent maturation of active inceptors, fol-
lowing the path of robotic teleoperation to benefit from
haptic sidesticks to fill for the lack of kinesthetic feedback
seems a promising approach. Several studies have submit-
ted various design and approaches. This section suggests
a three-fold classification based on the type of information
returned through the haptic sidestick.

2.1 Augmented perception

The first type of information that comes to mind is a piece
that augments human limited perception range [5], [6].

More precisely, restored quantity can be an angle of attack,
particularly tricky for a pilot to estimate yet paramount for
the control of a fixed-wing aircraft [7], a bank angle 8], the
pitch [8] and the roll [9]. Another possibility is to pass the
status of the internal elements such as engine [[10], [11]], or
the information of distance for the avoidance of obstacles
(12]), [13], [14]. [15], [16], [17], [18] .[19], [20], [21], [22],
[23] by benefiting from extended localization and distance
estimation capacities required in FCC. It is very well rep-
resented in existing studies as the gain is quite clear-cut.

2.2 Aggregated quantities

Piloting is well-known for being a task difficult to per-
form, particularly due to the amount of values to monitor
and process for a fine piloting experience. Not only is hu-
man being limited in their perception range, but they also
lack computing and calculating capacities when it comes
to aggregating various quantities and determine the lim-
its of aircraft controllability. Thus this second type which
encompasses FEP functionalities. Determining the lim-
its of Flight Envelope (FE) requires synthesizing criteria
on many cross-dependant variables such as angle of at-
tack, velocity, load factors, making the decision particu-
larly trickly to understand even when the Auto-Pilot (AP)
or some form of assistance takes to call. On fixed-wing
designs, Van Baelen exploited active sidesticks to indicate
FE vicinity but also break down the cause behind such re-
sult from FCC [24], [25]], whereas Horn focused on rotor-
craft [26], [27], [28]. Rotorcraft also have the singularity
to demonstrate a very dangerous state called Vortex Ring
State (VRS) where the aircraft stalls in its own cell of air
despite maintaining local lift. This occurs when the verti-
cal descent speed is high and pilots struggle to identify it
whereas it calls for immediate correction. So active side-
sticks are also investigated to help awareness in such con-
ditions [29], [30], [31].

2.3 Prediction of future state

Eventually, all this awareness calls for some corrective ac-
tion. This is the third type: a prediction of future state and
how modifying it can correct current situation. Designs
are precisely tailored to each flight control system so they
vary in resolution methods, application range and opera-
tion conditions. Yet, most follow one of these goals:

- enforce a new trajectory! [32f], [33[], [34], [35],

- integrate current state in the prediction by inverting
the model of flight dynamics: [31]], [27], [28], [[10], [36]

« implement the concept of FPG by providing predic-
tion on larger time scale: [37]], [26], [38].

Though, despite the wide range of designs, current
works struggle to achieve acceptability.



3 HAPTIC ASSISTANCE DESIGNS

Here, we focus on a task of slalom derived from ADS-33F
[39] and propose a design based on a goal-steering model of
human walking to compare against an existing force field
based design.

3.1 Electrostatic-inspired force field design H1

This design is quite common to achieve obstacle avoidance
even though the definition of the obstacle may differ: the
obstacle may be physical [16]], [20], [21], [22]], [23], or rep-
resent a virtual area to avoid. Obstacles are modelled as
repulsive areas with positive potential so the potential is
high at their location. Therefore, the derived force pushes
the system away from these specific locations. Addition-
ally, objective to pursue can be modelled as an attractive
hence negative potential so the derived force will apply
supplementary guidance.
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where

« f the candidate potential function with a negative
term for goal attraction and a positive term for ob-

stacle repulsion (See Figure [1D),

- —
« F = —Vf the corresponding force field (See Figure
with

« (dg;do) the aircraft distances to goal and obstacles
respectively

» (kg; ko) the goal attraction and obstacle repulsion
stiffness coefficients

Computed x- and y-axis components F, and F; of the force
field (See Figure[1d) are directly fed to the actuation of the
sidestick so it pushes the operator away from obstacles and
towards the middle of the gate to come in real time. In other
words, at a given position (x;y), the sum of every gate re-
pulsive force and the attractive force of the upcoming gate
is applied. Therefore, this design could be classified as an
aggregated quantity.

3.2 Goal-steering dynamics design H2

In [3], Fajen utilizes so-called behavioural dynamics model
to characterize human walking route selection when goal-
steering while avoiding obstacles.

More specifically, path is proved to follow a second-
order dynamics on velocity heading (1), given constant
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(c) x- and y-axis components Fy and Fy, of electrostatic-inspired
force field F (derived from potential function f)

Fig. 1: Electrostatic-inspired force field design
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Fig. 2: Goal-steering dynamics design

speed ||d||. The direction of initial velocity vector de-
fines an exocentric frame of reference, and every dis-
tance and heading direction is defined w.r.t. this frame.
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with

« (€1; &) the orthonormal system of coordinates defined
by the initial vector of velocity

« ¢ the aircraft velocity heading expressed in inertial
frame (See Figure[2)

» (Y; Yo) the aircraft heading to goal and obstacles re-
spectively (See Figure

+ (dg;do) the distance to goal and obstacles respec-
tively (See Figure

« b the steering damping coefficient embodying human
motion inertia

+ (kg;c1;¢2) the goal attraction stiffness embodying
convergence rate, exponential decay rate to goal dis-
tance and minimum velocity heading acceleration

 (ko;c3;cq) the obstacle repulsion stiffness embody-
ing divergence rate, exponential decay rate to obstacle
distance and exponential decay rate to obstacle head-
ing

This model is used to define the second haptic design
H2. Every 500ms, the behavioural dynamics model is fed
with current state of the virtual environment (x- and y-
axis components of translational velocity x and 7, current
position), computes corresponding velocity heading ¢ (2),
goal and obstacle heading /¢ (3) and Yo (4), and distances
dG and do @

Y
¢ = tan ! (x) (2)
Yo = tan™! (}ycz—:z) 3)
Yo = tan™! (M) (4)
X0 — X

do = (x6 = %) + (4 — )’ 5)
do = (x0 - x)? + (yo — y)? ©)
(7)

Updated model is resolved using a Runge-Kutta first order
solver over 2500ms so the expected dynamics is predicted.
At each time step within this range, predicted position or
velocity is fetched based on control mode and directly fed
to the active sidestick so the participant is guided to follow
this expected dynamics.

This design, in opposition with the electrostatic-inspired
force field design helps the operator identify the expected
direction to come and thus should be classified under pre-
diction of future state.

4 EXPERIMENTAL DESIGN

4.1 Task

This is a task of slalom conducted in Virtual Reality (VR)
for which the operator is represented in the cockpit, pilot-
ing an aircraft using the sidestick (See Figure[5a). The goal
is to pass every gate, as fast as possible. All gates are repre-
sented by light poles in an urban-tinted environment (See
Figure[5b). If every gate is passed, the participant is asked
to answer a NASA-TLX questionnaire using the throttle

lever (See Figure 5a).

4.2 Participants

To this day, the results of 10 participants are gathered.

Force field | Goal-steering
design H1 design H2
1= 27.00 1 = 24.88
Age =502 o =448
F=2 F=1
Gender M=5 M=7
L=2 L=0
Handedness R=s R=g
None = 2 None =1
Experience in| Low =2 Low=1
PC gaming | Medium=1 | Medium =1
High =2 High =5

Table 5: Participant profiles

4.3 Slalom configurations
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Fig. 3: Definition of geometrical quantities defining task of
slalom

Different combinations of gate width W, longitudinal dis-
tance L and lateral distance to center i% (See Figure
are considered to extend the scope of slalom definition
from ADS-33 by utilizing Fitts’ Index of Difficulty (ID) [1]
as an objective measurement of the inner difficulty of the
slalom task (See Equation[9). Supposing a fixed gate width
W = 5m, 5 different combinations of (H;L) are tested,
which brings varying gate-to-gate distance D = VH? + L?
(See Table[6).

Latest works on this paradigm suggest an expression of ID
covering dependency to H and W only (See Equation ).

ID = log, (1 + %) (8)

However, in our protocol, the impact of modulating L along
forward axis is necessary so we here use the expression



presented in Equation (9) which has been established pre-
liminarily using the same empirical approach as Fitts’ orig-
inal expression: by identifying an expression so ID shares
a linear relation with CT.

ID =1 1+H+H 9)
_ng W

L
Therefore, scenes A, B, C can be grouped in a lateral group
as ID increases as lateral distance H increases, whereas
scenes B, E, D are in longitudinal group as ID increases
as longitudinal distance L decreases. A subtlety worth un-
derlining here is that D increases along ID in the lateral
group, whereas it decreases in the longitudinal group.
L
5m
scene B
D =20.62m
scene E
D =15.81m
scene D
D =11.18m

2.5m
scene A
D =20.16m

7.5m
scene C
D =21.36m

20m

H | 15m

10m

Table 6: (H; L) combinations

4.4 Control modes

Additionally, two control modes are considered in order to
secern the effects of intermediate control laws dynamics:

1. A position control in which sidestick position mea-
surement directly increments the aircraft position

2. A velocity control where sidestick position represents
aircraft velocity

Note both controls are equivalent to closed-loop stabilized
flight controls as classical open-loop designs are deemed
too complex for novice operators as a first approach study,
and would corrupt difficulty regulation through the series
of geometrical configurations. Upcoming works may con-
sider implementing more direct manual control designs,
hence examining the impact of nonlinear dynamics on the
overall HQ acceptability.

4.5 Subjective task load assessment

The NASA-TLX questionnaire [40] is also submitted at the
end of each slalom to assess perceived task load in order to
identify a correlation with the objective criteria presented
in Section This questionnaire gathers 6 independent
dimensions (See Table [7). The most thorough version in-
cludes a weighting step where each possible pair of dimen-
sions is compared. However, this is a heavy process to un-
dergo on every trial which may jeopardize participants’ in-
volvement to the task so this study performs a RAW-TLX
[41] by averaging every dimension homogeneously, on top
of investigating the impact on each dimension individu-
ally. Besides, as French is the mother tongue for most par-
ticipants, the certified French version [42] is used in this
experiment.

Mental demand Exigence mentale
Physical demand | Exigence physique
Temporal demand | Exigence temporelle
Performance Performance

Effort Effort

Frustration Niveau de frustration

Table 7: Correspondance between dimensions of original
NASA-TLX [40] and certified French version of the NASA-
TLX questionnaire [42]]

4.6 Experimental protocol

The experiment contains two sessions, one for each control
mode. Each of these sessions contains three blocks:

1. A first block of training. During this block, an au-
ditory feedback is provided at passing each gate (in-
creasing frequency two-tone sound when the gate is
passed, decreasing frequency when it is missed), and
gates are quite distant so the participant can analyse
the situation and correct their trajectory. The aim is to
help the participant understand the instructions, get
familiar with the simulator including the VR headset
and current control mode, and calibrate their own per-
formance.

2. Two identical blocks of trial. The blocks are separated
only to prevent exceeding 30min duration for a single
block. All 5 combinations of gate disposition (See Ta-
ble[6) are covered 8 times each and evenly distributed
between the two blocks.

It makes up to 2 control modes X 5 gate configurations X 8
repetitions each, that is 80 trials for each participant.
Each trial can be broken down into 3 phases:

1. Acceleration phase (See Figure : This is the first
phase starting right after the virtual environment is
reset, and ends one the three green gates are passed.
A velocity gauge vertically displays a green central
and two red peripheral areas, and participants are in-
structed to reach the green area by the time they cross
third green gate. The goal of this phase is to ensure all
participants start all trials within a given range of for-
ward velocity.

2. Slalom phase (See Figure[4b) : This starts as soon as the
third green gate is crossed and ends with the final red
gate. Each slalom consists of 10 left-to-right-to-left
cycles, encompassing 21 gates, starting with a right-
hand gate. The goal in this phase is to validate every
gate by passing between the two light poles represent-
ing it and within minimum time. If one or more gates
are missed, the exact same condition is submitted a
second time by the time the final red gate is crossed.
If the second trial is also missed, that condition is put
back into the pool of conditions to be tested and pre-
sented further into the block.



3. Questionnaire phase (See Figure : This phase can
be reached only by passing every gate in the previous
trial phase, upon passing final red gate. If the condi-
tion of 100% performance is validated, then the cock-
pit is unloaded, and all 6 questions of the NASA-TLX
questionnaire appear successively as a Head-Up Dis-
play (HUD). Top to bottom, current dimension, corre-
sponding horizontal gauge, questions describing cur-
rent dimension.

(a) Acceleration phase with velocity gauge
on the right hand

(b) Slalom as seen from operator’s point of
view

Exigence physique

FAIBLE ELEVEE

(c) A dimension of the certified French
version of NASA-TLX questionnaire

Fig. 4: Visual rendering in virtual scene of simulation

4.7 AIRWISE simulator

This simulator, entirely home-made by ONERA, employs a
Thrustmaster WARTHOG™ Hands-On-Throttle-And-Stick

(HOTAS) grip actuated by a Brunner CLS-E©| motor base,

with graphics rendered on a Varjo©VR-3| headset. The
software includes a Unity©2020.3| core engine, communi-

cating visuals through the puilt-in render pipeline| via an
standard. The entire simulation operates at a
rate of 20ms, ensuring that all measurements are sampled
at this frequency.

. - - S .S

(a) SCHEMERSIVE simulator including
VR headset and actuated grip

(b) Urban-tinted environment of simulation,
as rendered in VR headset

Fig. 5: SCHEMERSIVE, ONERA in-house Pilot-in-the-
Loop (PitL) simulator

5 RESULTS & DISCUSSION

Every result figure represents ID along x-axis.

5.1 Objective quantities
5.1.1 Straight-forward average quantities

Average Cycle Time (CT)

The easiest quantity to apprehend is CT defined as the
time required for the aircraft to pass two consecutive
right-hand gates. This quantity derives from the Move-
ment Time MT as in Fitts’ paradigm. The result on lateral
group (See Figures [6a] and [7a) reproduces Fitts’ paradigm
as CT increases linearly as ID increases. The interesting
part is that longitudinal group (See Figure also shares
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https://www.brunner-innovation.swiss/product/cls-e-joystick/
https://varjo.com/products/varjo-vr-3/
https://unity.com/releases/editor/whats-new/2020.3.0
https://docs.unity3d.com/2020.3/Documentation/Manual/built-in-render-pipeline.html
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(a) CT in lateral group (b) CT in longitudinal group

Fig. 6: CT in force field H1 condition
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(a) CT in lateral group (b) CT in longitudinal group

Fig. 7: CT in goal-steering dynamics H2 condition

that linear relationship. To go further, CT is lower in both
groups for H1 condition (See Figure [6a] vs [6b) than H2
condition (See Figure [7a] vs [7b) which can be interpreted
as more intuitive control leaving the door open for faster
back and forth cycles. Also, in every group and haptic
design, velocity control seems to reach for slightly higher
CT ranges than position control, all things considered
equal. This could be linked to the very dynamics of the
control.

Average velocity
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(a) v in lateral group (b) v in longitudinal group

Fig. 8: Average velocity v in force field H1 condition

Despite increasing gate-to-gate distance, one would expect
average velocity v to decrease along with increasing CT
given their relation. Results are as expected in lateral
group: Figures [8a] and [9a] show a decrease along ID as
CT increases quite linearly in both position and velocity
control, and both H1 and H2 designs. In longitudinal
group though (Figures[8band [9b), increasing o is expected

DA 08 IDC DA DB nc D8 IDE DD CERCE 0D

(a) v in lateral group (b) v in longitudinal group
Fig. 9: Average velocity v in goal-steering dynamics H2
condition

as ID increases due to severely decreasing D (See Table ).
Yet, they decrease in a similar rate than lateral group,
suggesting big velocity peaks for lower ID. In addition, v
is notably lower in velocity control than position control
all things considered equal. A possible explanation resides
in inner difficulty of velocity control which forces partici-
pants to drastically slow down.

Average acceleration

Velocity control Position control Velocity control
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(a) a in lateral group (b) a in longitudinal group

Fig. 10: Average acceleration a in force field H1 condition
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(a) a in lateral group (b) a in longitudinal group
Fig. 11: Average acceleration a in goal-steering dynamics
H2 condition

Given the relation between velocity and acceleration, the
same correlation between average acceleration a and ID
could be expected. Though, it increases along with ID
highlighting the occurrence of peaks, probably to gain
speed in between gates and partially compensated by
braking phases in the vicinity of obstacles (Figures



and [10b), leading to high a in conditions where v
can remain low. In Figures [10b] and [11b] though, position
control in longitudinal group on both design, a seems
particularly robust to ID as its variation is restrained. As
both designs share that characteristics, one can interpret
it as an intermediate condition towards velocity control in
longitudinal group. Figure displays opposite variation
compared to lateral group within similar value range,
hinting for higher peaks allowed in low ID whereas
difficulty in higher ID enforces low a.

Average applied force

Position control Velocity control Position control Velocity control

02 0l | T _ - 02 H 2| T
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(a) F in lateral group (b) F in longitudinal group

. 12: Average applied force F in force field H1 condition
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(a) F in lateral group (b) F in longitudinal group
Fig. 13: Average applied force F in goal-steering dynamics
H2 condition

On initial examination, one can relate high applied force F
to tenser piloting experience, with the participant forcing
against the assistance. Interestingly, F decreases along
ID in all conditions (Figures left-hand,
except velocity control in lateral group with design H2.
This may indicate that participants trust the assistance
more and more as the difficulty increases. In such case,
the robustness presented in right-hand velocity control in
Figure [13alfor design H2 can be perceived as constant use
of the assistance. Now comparing control modes, position
control calls for higher values than velocity control so
the latter may be harderto control so the participant is
relies more on the sidestick. In a similar manner, lateral
group scores higher F than longitudinal group but as ID
range are not comparable, not much can be inferred. In
lateral group, H1 brings lower F than H2 but results in
longitudinal group are the opposite. This could mean
lateral group is more compatible to control with design H1

whereas design H2 is with longitudinal group. One last
observation is that F value for low ID in velocity control
is similar to the value for high ID in position control with
design H1. With design H2, F range in velocity control
within lateral group is very narrow and close to the
minimal value of position control; in longitudinal group,
F in velocity control is even close to position control.
Goal-steering dynamics design H2 may have simplified
velocity control enough so it becomes close to position
control.

5.1.2 Sidestick activity: Mottet’s model of human
arm kinematics

X = —C10X + C30X3 +co1X — 0035('3 (10)
Building on top of Mottet and Bootsma kinematical model
of portraits distortion [2], the set of coefficients from Equa-
tion is considered a quantitative and objective mea-
surement of control deterioration along ID: the lower the
set of coefficients, the more natural hence intuitive the
motion involved. For larger values, it either represents
a desymmetrization of the left-to-right and right-to-left
movements, or the discretization towards a well-defined
acceleration phase to reach performance, opposed to a de-
celeration segment in the vicinity of the goal/obstacle to
achieve precision.

Yet, the interpretation is not as straight-forward. The in-
tuitiveness can occur through desymmetrization without
discretization, and the over way around. So no conclusion
is made regarding the correlation between coefficient value
and ID. In addition, only y-axis activity is observed here
as the x-axis activity corresponds to back-and-forth dis-
placement and presents no variation in the task of slalom
as presented in Section
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(a) c10 along y-axis in lateral
group

(b) c10 along y-axis in
longitudinal group

Fig. 14: Linear stiffness ¢ along y-axis in force field H1
condition

Both linear stiffness cjo and Duffing cubic stiffness c3g
present different patterns between design H1 and design
H2. Nevertheless, they have similar evolution within a de-

sign (Figures|[14] [16}[18and[20|for H1, Figures[15|[17}[19and
[21]for H2), meaning piloting degradation expresses in dif-
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(a) c10 along y-axis in lateral
group

(b) c10 along y-axis in
longitudinal group

Fig. 15: Linear stiffness ¢y along y-axis in goal-steering
dynamics H2 condition
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(a) c30 along y-axis in lateral
group

(b) c30 along y-axis in
longitudinal group

Fig. 16: Duffing cubic stiffness coefficient ¢35, along y-axis
in force field H1 condition
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(a) c30 along y-axis in lateral
group

(b) c30 along y-axis in
longitudinal group

Fig. 17: Duffing cubic stiffness coefficient c;3p along y-axis
in goal-steering dynamics H2 condition

ferent ways. This is expected as the haptic assistance does
have an impact on piloting hence sidestick activity.

With force field H1 design, all coefficients show much
lower values in velocity control, with a restricted value
range. That means, sidestick acceleration is lower in com-
parison to sidestick velocity and position variations as
low coefficients can not build up to large values in Equa-
tion In position control, scene B always has the high-
est coeflicient value meaning higher sidestick accelera-
tions, whereas scene E has lowest linear and Rayleigh cubic
damping cq; and cg3 respectively. These coefficient embody
the distortion of Hooke’s portraits so higher value corre-
sponds to more desymmetrized left-to-right and right-to-

Velociry control
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Fig. 18: Linear damping cy; along y-axis in force field H1
condition
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Fig. 19: Linear damping c(; along y-axis in goal-steering

dynamics H2 condition
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Fig. 20: Rayleigh cubic damping coefficient co3 along y-axis
in force field H1 condition

left activity.

Regarding goal-steering H2 design, both stiffness coeffi-
cients on the one hand, and both damping coefficients on
the other hand have similar correlation to ID, for both con-
trol types and groups. Position control in lateral group do
not present a clear pattern unlike velocity control which
display decreasing linear variations. Both stiffness are
higher in velocity control, testifying a more discretized
sidestick activity. In the contrary, the correlation is not
clear in velocity control on damping coefficients, while the
linear correlation to ID is clear in position control. Values
are higher in the latter, meaning sidestick activity is more
desymmetrized in position control than velocity control.
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Fig. 21: Rayleigh cubic damping coefficient cy3 along y-axis

in goal-steering dynamics H2 condition

5.2 Subjective quantity
5.2.1 Mental demand
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Fig. 22: Mental demand in force field H1 condition
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Fig. 23: Mental demand in goal-steering dynamics H2 con-
dition

Mental demand increases along with ID in every condi-
tion, which is expected. Values are higher in velocity con-
trol than position control (Figures[22|and [23), with the ex-
ception of the lowest ID of lateral group with design H1
(Figure left-hand). That specific scene A is indeed very
simple to apprehend as many participants voiced it, it could
be passed by pushing the sidestick forward and merely tilt-
ing it left to right with appropriate frequency. In position
control, lateral group values and longitudinal group values
are similar with design H1 (Figure whereas higher in

10

the longitudinal group with design H2 (Figure so the
latter may be more demanding in terms of processing and
command. Design H1 also brings higher mental demand
in lateral group, and lower in longitudinal group: the force
field H1 design may fit the lateral group better as it helps
avoid avoidance, whereas goal-steering design H2 aims to
guide and suits longitudinal group with distantly placed
gates better.

5.2.2 Physical demand
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(b) Physical demand in
longitudinal group

(a) Physical demand in
lateral group

Fig. 24: Physical demand in force field H1 condition
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Fig. 25: Physical demand in goal-steering dynamics H2
condition

As mental demand, physical demand increases along ID
except in lateral group in position control with design H2
(Figure [25a), meaning increasing difficulty does not only
reside in mental load. In lateral group, the value range is
lower in position control than velocity control with design
H1 (Figure[24a) whereas velocity control is higher with de-
sign H2 (Figure[25a), as if goal-steering assistance on top of
velocity control would compensate to equal position con-
trol with force field design. Velocity control calls for higher
physical demand than position control in the longitudinal
group (Figure [25), though design H2 reaches lower max-
imum than design H1. Interestingly, physical demand re-
sults are in total contradiction with average applied force F,
comforting the interpretation from Section [5.1.1| that high
values of F represent participant physical involvement, not
struggle against the assistance.



5.2.3 Temporal demand
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Fig. 26: Temporal demand in force field H1 condition
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Fig. 27: Temporal demand in goal-steering dynamics H2
condition

Temporal demand dependency to ID is as expected, that
is to say mostly increasing with ID. With design H1 (Fig-
ure [26), velocity control leads to higher values than posi-
tion control in both groups, value ranges are quite similar
between lateral and longitudinal groups with design H2
(Figure [27). Value ranges are also wider with the first de-
sign. Goal-steering design H2 seems to relieve the pressure
on time.

5.2.4 Performance
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Fig. 28: Performance in force field H1 condition
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Fig. 29: Performance in goal-steering dynamics H2 condi-
tion

Performance roughly follows ID variation. No clear ten-
dency seems to emerge, possibly due to the presence of
outliers. It is worth pinpointing that scene A scores a spe-
cially high value in velocity control with design H2.

5.2.5 Effort
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Fig. 30: Effort in force field H1 condition
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Fig. 31: Effort in goal-steering dynamics H2 condition

Again, effort is related to ID. Values are higher in longi-
tudinal group. Except the lateral group with design H1
(Figure[30a), velocity control requires higher effort, which
one can interpret as the force field being directive. All
things considered equal, values obtained with design H1
(Figure[30) are slightly but consistently higher than design

H2 (Figure



5.2.6 Frustration
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Fig. 32: Frustration in force field H1 condition

1

a0
3

. ol
DA 08 e oA 0B EERCH 00

(b) Frustration in
longitudinal group

(a) Frustration in lateral
group

Fig. 33: Frustration in goal-steering dynamics H2 condi-
tion

Both groups and both designs show a similar result: po-
sition control draws less frustration than velocity control.
The difference is lower in lateral group (Figure than
longitudinal group (Figure with design H1, and simi-
lar with deisgn H2 (Figure [33); again, the goal-steering de-
sign brings some homogeneity. Nonetheless, it produces
a higher overall frustration level. Notwithstanding hu-
man behavioural model, this design appears more difficult
for the participants to understand and foresee. A training
phase with tighter criteria may overcome this aspect in a
next experiment. Besides, scene A in lateral group scores
higher frustration than scene B with velocity control, with
both H1 and H2 designs (Figures[32aland right-hand),
despite having lower ID value. This may be the result of cu-
mulated frustration from potentially failing previous trials
by pursuing speed over accuracy regardless of the simplic-
ity of the scene.

5.2.7 RAW-TLX

Bottom line, RAW-TLX is directly correlated to ID. Design
H1 is robust to control type with similar value ranges be-
tween position and velocity control for both groups (Fig-
ure [34). Design H2 has slightly higher task load values
(Figures but longitudinal group is more robust to ID
increase.
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(b) RAW-TLX in longitudinal
group

Dc
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Fig. 34: RAW-TLX in force field H1 condition
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Fig. 35: RAW-TLX in goal-steering dynamics H2 condition

In short, design H2 based on goal-steering dynamics seems
to be harder to comprehend as it achieves higher mental
demand. Yet it maintains similar levels of involvement as
force field design H1 as measured with physical demand,
and provides some relief allowing lower time demand val-
ues, for less perceived effort. The level of perceived perfor-
mance is lower though, which may be related to the higher
level of frustration, explaining similar to slightly higher
over all task load.

CONCLUSION

We here investigated a new approach to conceive haptic pi-
loting assistance through a design resulting from the res-
olution of the goal-steering dynamics of human walking.
This design is compared against a force field design from
existing previous works and conclusion is drawn that it is
possible to build an assistance that allows better perfor-
mance and lower time demand and effort, all while main-
taining similar to better levels of involvement. This aspect
is paramount as rampant automation pushes operators to
more and more passive interactions, leaving the system do
the job. The higher levels of mental demand, frustration or
even overall task load can thus be interpreted as the price
to pay for keeping the operator in the loop.

Moreover, we investigated objective criteria to correlate
with subjective questionnaire results in order to identify
some criteria for intuitiveness piloting experience. Build-
ing on top of Fitts’ long-term studied paradigm, we ex-
tended the range of potential applications by considering



both lateral and longitudinal groups and the impact on CT,
v, a, F on first examination, and even to quantify the side-
stick activity. Contradictions in average values empha-
size the need for a time-series study of these quantities to
identify phases of acceleration and deceleration, how each
haptic assistance design impacts the way participants ap-
proach each gate. Sidestick activity could also benefit from
a distinctive 1% vs 2" half-cycle study as left-to-right and
right-to-left control are asymmetrical.
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