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Just Noticeable Differences for Variations in Quasi-Steady
Stall Buffet Model Parameters

A. Imbrechts∗, C.C. de Visser† and D.M. Pool‡
Delft University of Technology, Delft, The Netherlands

To gain more insight into human sensitivity to variations in simulated stall buffets, Just
Noticeable Difference (JND) thresholds were estimated using a passive human-in-the-loop flight
simulator experiment. Using an in-house developed flow separation-based stall and buffet model
of the Cessna Citation II, JND thresholds were determined for the model’s buffet characteristic
frequency parameter 𝜔0 and the buffet onset threshold parameter 𝑋𝑡ℎ𝑟𝑒𝑠 for the vertical stall
buffet only. With a subjective yes/no 1-up/1-down staircase procedure that uses repeated
pairwise comparisons of quasi-steady symmetric stall simulations (where one is a stall with
the baseline buffet model and the other one has an offset buffet parameter), upper and lower
JND thresholds were measured from 21 pilots. The experiment results show that the pilots
noticed the differences in simulated buffet dynamics at comparably similar percentage-wise
offsets for 𝑋𝑡ℎ𝑟𝑒𝑠 and 𝜔0 with respect to the baseline parameter values. The maximum observed
JND thresholds did not exceed 30-35% across all experiment conditions, indicating that pilots
are fairly sensitive to even small offsets in the key stall buffet model parameters. Moreover, the
estimated JND thresholds for 𝜔0 are in agreement with the ±2 Hz tolerance currently used in
stall buffet simulation qualification standards. However, for 𝑋𝑡ℎ𝑟𝑒𝑠 , the results show that human
pilots already notice differences in stall buffet onset characteristics well before the maximum
allowed tolerance (±2.0° angle of attack) is reached, which suggests that stricter tolerances on
simulated buffet onsets for quasi-steady symmetric stalls may help to further enhance stall
training in simulators.

Nomenclature

Roman Symbols

𝑎1 Stall abruptness parameter, -
𝑎𝑦 Lateral stall buffet acceleration, 𝑚/𝑠2
𝑎𝑧 Vertical stall buffet acceleration,𝑚/𝑠2
𝐶𝐿 Lift coefficient, -
𝐻0 Buffet shaping filter gain, -
𝐾{𝑞,𝑥,𝑧 } Motion filter gain in pitch, surge and heave, -
𝑄0 Buffet shaping filter quality factor, -
𝑋 Flow separation point, -
𝑋𝑡ℎ𝑟𝑒𝑠 Buffet onset threshold on 𝑋 , -

Greek Symbols

𝛼 Angle of attack, rad or deg
𝛼∗ Angle of attack for which 𝑋 = 0.5, rad
𝜁{𝑞,𝑥,𝑧 } Motion filter damping coefficient in pitch, surge

and heave, -
𝜏1 Lag time constant of flow separation point 𝑋 , s
𝜏2 Hysteresis time constant of flow

separation point 𝑋 , s
𝜔0 Buffet shaping filter natural frequency, rad/s
𝜔𝑏{𝑞,𝑥,𝑧} Motion filter break frequency in pitch, surge

and heave, rad/s
𝜔𝑛{𝑞,𝑥,𝑧} Motion filter natural frequency in pitch, surge

and heave, rad/s
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I. Introduction
Aerodynamic stall is an intense dynamic, nonlinear and unsteady condition that may lead to unrecoverable airplane

upset conditions if not corrected in time. Stalls are an important contributor to fatal accidents in civil aviation and are
the primary cause of fatal accidents in general aviation [1–3]. Until recently, training simulators were not required to
provide high-accuracy stall simulation [4–6]. However, this has changed with the mandatory requirement for all airline
crew to receive flight simulator-based stall prevention and recovery training that is effective since 2019 [7–9]. As a result,
there is a strong need for accurate and cost-effective stall and post-stall dynamic models for use in flight simulators.
A key characteristic of a stall is the stall buffet, as buffeting is an initial cue for pilots that indicates entering of the

unsafe part of the flight envelope. The stall buffet, which occurs at high angles of attack, is the aerodynamic excitation
due to flow separation causing pressure fluctuations over the wing [10–12]. A common remaining deficiency in current
Flight Simulating Training Devices (FSTDs) is the insufficient haptic and physical vibratory feedback of buffeting felt by
pilots in simulated stalled conditions [6, 13]. While this can partly be attributed to practical considerations, as limiting
buffeting vibrations positively benefits the required FSTD maintenance and downtime, a major second reason is that it is,
in fact, unknown what level of stall buffet accuracy or fidelity is required for realistic stall simulations and effective stall
training. Available regulatory standards for stall buffet simulation [7] reflect this persisting uncertainty with seemingly
lenient tolerances on buffet responses, e.g., “the flight simulator results should exhibit the overall appearance and trends
of the airplane plots, with at least some of the frequency ’spikes’ being present within 2 Hz of the airplane data” [7].
Therefore, the goal of this paper is to provide additional quantitative guidance on the required accuracy for replicating

stall buffets in flight simulators. This paper presents the results of a human-in-the-loop experiment in the SIMONA
Research Simulator at TU Delft that was performed to measure Just Noticeable Difference (JND) thresholds for key
parameters that characterize the frequency content and buffet onset threshold of simulated stall buffet vibrations. The
experiment was performed by 6 type-licensed Citation II pilots and 15 other (commercial, private, or glider) pilots. We
utilized a Cessna Citation II stall model identified in our earlier research [14, 15]. For measuring the JND thresholds, use
was made of the same experimental paradigm as described in Ref. 16, where participating pilots experienced simulated
symmetrical quasi-steady stall maneuvers at an altitude of 5,500 m (18,000 ft), induced with a 1 kt/s deceleration into
the stall, as an observer. Through a subjective staircase procedure, consisting of repeated pairwise comparisons of the
stall with our baseline buffet model and a stall with adjustments to the buffet model parameters, the JND thresholds for
these parameter variations were determined. Furthermore, the measured JND thresholds were objectively compared to
tolerances that apply to simulated stall buffet characteristics from current regulatory standards [7, 17].
This paper is structured as follows. Section II provides a background on stall buffet model requirements for

FSTDs. Furthermore, the Citation II buffet model used in this research is presented in the same section, as well as
an offline sensitivity analysis of the buffet’s responses to changes in the model parameters. Section III describes the
human-in-the-loop experiment and methods used to estimate the JND thresholds of key stall buffet model parameters.
The results of the experiment are presented in Section IV, which is followed by a discussion and conclusions towards
the end of the paper.

II. Stall Buffet Modeling

A. FAA Requirements for Stall Buffet Models in FSTDs
In an effort to reduce the occurrences of loss of control in-flight related incidents, the Federal Aviation Administration

(FAA) introduced the binding requirement for airline flight crew to receive simulator-based stall prevention and recovery
training. This mandatory stall training is effective since 2019 and reflects the need for accurate stall simulation models
for flight simulators [9, 17, 18]. A key characteristic of stalled flight is the stall buffet. The stall buffet serves as an initial
cue to pilots upon entering of the unsafe part of the flight envelope. A remaining deficiency in FSTDs is the insufficient
modeling of such buffet responses, as it is largely uncertain what level of stall buffet model fidelity is required for
accurate stall simulations [6, 13]. Current regulatory standards describe the tolerances on simulated buffet responses as:

• “Buffet onset threshold of perception should be based on 0.03g peak to peak normal acceleration above the
background noise with a tolerance of ±2.0° angle of attack” [7, p. 95].

• “Correct trend of growth of buffet amplitude from initial buffet to stall speed for normal and lateral acceleration
will have to be demonstrated” [7, p. 95].

• “FSTD manufacturers may limit maximum buffeting based on motion platform capability/limitations or other
simulator system limitations” [7, p. 95].

• “The overall trend of the PSD plot should be considered while focusing on the dominant frequencies” [7, p. 131].
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• “The appearance and trend of the buffet’s power spectra should match flight data with at least three of the
predominant frequency spikes being within ±2 Hz of the flight data frequency spikes” [7, p. 105].

• “Conduct an approach-to-stall with engines at idle and a deceleration of 1 knot/second. Check that the motion
cues of the simulated buffet, including the level of buffet increase with decreasing speed, are representative of the
actual airplane” [7, p. 182/183].

• “Tolerances on stall buffet are not applicable in case the first indication of the stall is the activation of the stall
warning system (i.e. stick shaker/pusher, stall horn, ...)” [7, p. 96].

B. Stall Buffet Model
In this paper, a limited-envelope aerodynamic stall model of the Cessna Citation II developed at our research group

was used [14, 15, 19]. This model was identified from flight test data collected with TU Delft’s Cessna Citation II
research aircraft and includes the quasi-steady stall aerodynamics and buffet dynamics based on Kirchhoff’s theory of
flow separation [20–22]. The model explicitly accounts for the flow separation point 𝑋 , which ranges from 0 to 1, where
1 represents a fully attached flow and 0 means fully separated flow. The dynamics of 𝑋 are modeled by a first-order
differential equation:

𝜏1
d𝑋
d𝑡

+ 𝑋 =
1
2
(1 − tanh [𝑎1 (𝛼 − 𝜏2 ¤𝛼 − 𝛼∗)]) (1)

Eq. (1) shows that the Kirchhoff model has four parameters for characterizing the stall dynamics, i.e., 𝜏1, 𝜏2, 𝑎1
and 𝛼∗. The time constant 𝜏1 characterizes the effects of flow inertia, i.e., the time the air flow needs to readjust to a
new condition. 𝜏2 models the effects of hysteresis during flow re-attachment. 𝑎1 is a stall abruptness parameter and 𝛼∗
equals the stall angle of attack where the flow separation point 𝑋 is equal to 0.5. The effects of varying the Kirchhoff
model parameters on 𝐶𝐿 and 𝑋 have been investigated and are presented in past research [14, 16, 22]. In our stall buffet
model, as described by Van Horssen et al. [14], also the temporal variations in stall buffet intensity are directly linked to
the flow separation state 𝑋 .
The stall buffet model proposed in Ref. 14 was derived from buffet vibrations measured during flight tests with TU

Delft’s Cessna Citation II laboratory aircraft. The Power Spectral Densities (PSDs) of measured vertical and lateral
accelerations during quasi-steady stall maneuvers were used to model the stall buffet frequency spectrum, see Fig. 1.
Fig. 1 also shows the dominant frequencies of the buffet vibrations. In the vertical direction there is only one dominant
frequency peak at around 12 Hz, while in lateral direction two main peaks are observed, at 6 Hz and 10 Hz. The
longitudinal accelerations are not shown as stall buffet accelerations were found to be negligible in the surge direction
[14]. Fig. 1 also shows that, as expected, the PSD of the vertical buffets is approximately 10 times larger in magnitude
than for 𝑎𝑦 . Hence, in this paper we focus on measuring how noticeable variations in the vertical stall buffet are for
human pilots.
The vertical stall buffet model proposed by Van Horssen et al. [14], see Fig. 2, passes unity-variance white noise

through a second-order shaping filter 𝐻 (𝑠), given by Eq. (2), that accounts for the average frequency spectrum of the
buffet vibrations (see Fig. 1). The resonance frequency 𝜔0 of the second-order filter is used to create a band-pass filter
focused on the 12 Hz (75 rad/s) frequency spike that dominates the vertical buffet characteristics of the Citation II.

𝐻 (𝑠) =
𝐻0𝜔

2
0

𝑠2 + 𝜔0
𝑄0
𝑠 + 𝜔20

(2)

The parameters in the buffet model of Eq. (2) were estimated by fitting the PSD of the filter output to the PSD of the
raw buffet flight data, see Fig. 1. The baseline parameter values of 𝐻 (𝑠) reported in Ref. 14 were a gain 𝐻0 of 0.125, a
resonance frequency 𝜔0 of 75.92 rad/s (12.08 Hz), and a quality factor 𝑄0 of 8.28. As shown in Fig. 2, the shaping filter
output is further multiplied with a factor 1 − 𝑋 to account for buffet intensity variations with the level of separated flow
along the wing. Finally, the stall buffet model uses a threshold on 𝑋 , i.e., 𝑋𝑡ℎ𝑟𝑒𝑠 , to trigger the buffet model: only when
𝑋 < 𝑋𝑡ℎ𝑟𝑒𝑠 (here equal to 0.89) is the stall buffet model active and adding vibrations to the aircraft’s simulated vertical
acceleration.

C. Quasi-Steady Stall Buffet Simulations
For the buffet model simulations, the Cessna Citation II stall dynamics model from Ref. 15 that includes the buffet

model from Ref. 14 has been implemented in a Matlab/Simulink framework. A simulated “stall autopilot” developed for
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Fig. 1 Measured and modeled PSDs and buffet model Bode diagrams for buffet accelerations in vertical and
lateral directions from Ref. 14.

Fig. 2 Schematic overview of the vertical stall buffet model proposed in Ref. 14.
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the earlier experiment of Ref. 16 was implemented to consistently perform 1 kt/s deceleration and the quasi-steady stall
maneuver. Using this model, the effects of varying the buffet model parameters (𝐻0, 𝜔0, 𝑄0 and 𝑋𝑡ℎ𝑟𝑒𝑠) was evaluated.
Fig. 3 shows example symmetric quasi-steady vertical stall buffet simulation results in the frequency domain (PSD of
𝑎𝑧) for variations of -66%, -33%, 0%, +33% and +66% in all buffet model parameters individually with respect to their
baseline values. The PSD plots are calculated experimentally using the time simulation results from the buffet model
and the Fast Fourier Transform (FFT) algorithm in Matlab. To get a smoother estimate of the PSD, the results from 50
different buffet simulations (with different driving noise realizations) have been averaged.

(a) (b)

(c) (d)

Fig. 3 Example symmetrical quasi-steady vertical stall buffet model simulation results showing the PSD of 𝑎𝑧
under variation of the buffet model parameters.

In addition to the PSD sensitivities shown in Fig. 3, the sensitivity of the buffet model in the time domain was
analysed, see Fig. 4. This was done by calculating the Variance Accounted For (VAF) values between the baseline
buffet model 𝑎𝑧 time response and the buffet model output with offsets in the model parameters (i.e., 𝑎𝑧) according to
Eq. (3) and averaged over a similar set of 50 different noise realizations applied at the buffet model input. The VAF
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Fig. 4 VAF of the vertical buffet model output (𝑎𝑧)
presented as a function of model parameter offsets.

Fig. 5 Quasi-steady stall simulation results of the
Cessna Citation II stall model with baseline settings
(Angle of Attack 𝛼 and Flow Separation Point 𝑋 can be
seen) showing the current buffet onset point (𝑋 = 0.89)
in black as well as the limits for simulator qualification
set by the FAA on buffet onset threshold in red.

quantifies the variance that is common between two time signals; the closer it is to 100 percent, the more identical the
two signals are.

VAF =

(
1 −

∑𝑁
𝑖=1 (𝑎𝑧 (𝑡𝑖) − 𝑎𝑧 (𝑡𝑖))2∑𝑁

𝑖=1 𝑎𝑧 (𝑡𝑖)2

)
· 100% (3)

As shown in Fig. 3, the characteristic frequency parameter 𝜔0 has the biggest influence on the frequency components
that are present in the simulated buffet. It directly defines the frequency at which the dominant spike in the buffet
spectrum occurs. According to regulatory standards from the FAA for qualification of stall dynamic models in FSTDs,
the dominant frequency spikes of a simulated buffet should be within a tolerance of ±2 Hz compared to reference flight
data [7]. For our current model, this FAA tolerance implies a maximum 17% offset with respect to the baseline 𝜔0
(12 Hz). Fig. 4 shows that the VAF value for such an offset in 𝜔0 already drops below the 0% mark, which indicates
significant differences in buffet time response exist at this tolerance limit.
Another parameter closely related to FSTD stall buffet requirements is 𝑋𝑡ℎ𝑟𝑒𝑠 , which controls the buffet onset point

in our stall buffet model. Lowering the threshold value would delay buffet onset in the model and increase the initial
buffet amplitude. According to FAA qualification standards, the buffet threshold of perception should be based on a
0.03g peak-to-peak initial normal acceleration with a tolerance of ±2.0 degrees in angle of attack [7]. In the specific
case of quasi-steady stall simulations of the Cessna Citation II model, this translates to the limits shown in Fig. 5. Fig. 5
shows a considerable time frame of around 26 seconds that falls within the ±2.0 degrees angle of attack range around
the nominal buffet onset threshold point (𝑋 = 0.89). When increasing the 𝑋𝑡ℎ𝑟𝑒𝑠 parameter, almost no change in VAF is
observed with respect to the baseline settings, i.e., the VAF remains equal to around 100%, see Fig. 4. As this invariance
indicates that increased 𝑋𝑡ℎ𝑟𝑒𝑠 values compared to the baseline would likely not be noticeable for pilots, an upper JND
threshold for 𝑋𝑡ℎ𝑟𝑒𝑠 parameter was not measured during the experiment.
As is clear from Fig. 3 and Fig. 4, the 𝐻0 and 𝑄0 parameters have similar effects on the simulated buffet model

output. They both lift the buffet power spectra up and down around the peak, changing the buffet intensity. No clear
requirement is set on this stall buffet characteristic from regulatory standards. Ideally this peak should match the power
spectra of the measured flight data as closely as possible and these model parameters can thus be identified accordingly
by matching the peak heights. Hence, the parameters 𝐻0 and 𝑄0 were not further investigated in this research.
In conclusion, based on analysis of the sensitivity of the buffet model responses to variations in 𝐻0, 𝜔0, 𝑄0 and

𝑋𝑡ℎ𝑟𝑒𝑠 as shown in Fig. 3 and Fig. 4, the experiment only measured the JND thresholds for two key parameters that
characterize the frequency content and temporal amplitude variations in the stall buffet vibrations: 𝜔0 and 𝑋𝑡ℎ𝑟𝑒𝑠,
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respectively. The other parameters remained fixed at their baseline values as determined in Ref. 14 throughout the
experiment.

D. JND Threshold Hypotheses
Two hypotheses regarding the expected JND thresholds for 𝜔0 and 𝑋𝑡ℎ𝑟𝑒𝑠 were formulated for the human-in-the-loop

experiment. The hypotheses are both based on the results of the buffet model sensitivity analysis (see Section II.C) and
enable verification of the tolerances set by the FAA on simulated buffet responses, see Section II.A.

H1 The lower JND threshold for 𝑋𝑡ℎ𝑟𝑒𝑠 is percentage-wise larger than the upper and lower JND thresholds for 𝜔0.
Based on the sensitivity analysis in the time domain (see Fig. 4), the same percentage-wise offset clearly results in
stronger VAF changes for 𝜔0. As this implies that changes in 𝜔0 are likely more noticeable, it is expected that the
JND threshold for changes in 𝜔0 is lower than for 𝑋𝑡ℎ𝑟𝑒𝑠.

H2 The upper and lower JND thresholds for 𝜔0 are symmetric with respect to the baseline value. The green dashed
line in Fig. 4 shows a symmetric variation of the VAF around the baseline value for 𝜔0 until an offset of about 20%.
The JND thresholds are expected to be within this symmetric portion of the figure because the FAA tolerance of
±2 Hz on buffet characteristic frequency suggest a maximum allowable variation of about 17% offset with respect
to the baseline value of 𝜔0 (12 Hz). Hence, the JND threshold results for 𝜔0 are expected to be symmetric around
its baseline value.

III. Methods and Experiment Setup
This paper describes the results of a human-in-the-loop experiment that was performed to measure the sensitivity

of human pilots to variations in the two most relevant parameters of the stall buffet model, i.e., 𝜔0 and 𝑋𝑡ℎ𝑟𝑒𝑠 (see
Section II.B). The goal of the experiment was to determine threshold values on the allowable variation in 𝜔0 and 𝑋𝑡ℎ𝑟𝑒𝑠
parameters before the parameter changes become noticeable. To measure these JNDs from different pilots, the same
experimental paradigm also used by Smets et al. [16] was used. Here participants experience (as observers, i.e., a
stall autopilot flew the maneuver) different sets of two sequential quasi-steady stalls, of which one represented the
baseline parameter settings and the other a modified buffet parameter (𝜔0 or 𝑋𝑡ℎ𝑟𝑒𝑠) setting. Using a subjective staircase
measurement procedure that also includes “null measurements” (i.e., baseline-to-baseline comparisons) to estimate the
reliability of pilots’ responses [16], thresholds were estimated for 21 active pilots.

A. Apparatus
The SIMONA Research Simulator (SRS) at TU Delft was used to perform the experiment (see Fig. 6). The existing

Cessna Citation II simulation environment available in the SRS was used, with our custom stall dynamics model
implemented [14, 15, 19]. Participants were seated in the left pilot seat in the SRS cockpit (see Fig. 6b) and wore a
noise-canceling headset to mask any noise coming from the simulator motion system.

(a) Outside (b) Inside

Fig. 6 The experiment setup in the SIMONA simulator at TU Delft.
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During the experiment, outside visual cues were generated using a FlightGear database and projected onto the
180x40 deg collimated screen of the SRS with an update rate of 60 Hz [23]. Next to the outside visual, also head-down
visual cues were provided using the primary and secondary flight displays available in the SRS. Those displays showed
in-house developed primary flight instruments and engine parameters, see Fig. 7.

(a) Primary flight display (b) Secondary flight display

Fig. 7 The primary and secondary flight displays, showing conventional flight instruments and engine informa-
tion, used during the experiment.

The SRS’s motion system has a six degree-of-freedom (DOF) hydraulic hexapod configuration, which can provide
motion feedback at low latency and high accuracy [23, 24]. The experiment only focuses on symmetrical quasi-steady
stall simulations. Hence, the asymmetric DOFs (i.e., roll, yaw and sway) were not used. The symmetric DOFs (i.e.,
pitch, surge and heave) were cued using a classical washout filter algorithm [25]. The used motion filter settings that
remained constant during the experiment are listed in Table 1. Pitch (𝑞) and surge (𝑥) settings are set to typical reference
values, identical to the ones used in Ref. 16. The heave settings, i.e. 𝐾𝑧 and 𝜔𝑛𝑧 , were optimized using a “Gouverneur”
analysis [26], as can be seen in Fig. 8. In this figure, each dot represents a filter configuration with 𝐾𝑧 varying from 0.1
to 1 horizontally and 𝜔𝑛𝑧 from 0.1 to 4 rad/s vertically. The colored lines separate the feasible configurations (left and
above the boundaries) from the ones where the simulator would hit its limits. The different colored boundaries represent
stall simulations with different stall buffet model parameter settings, i.e. the most extreme experiment conditions
possible and the baseline settings.
Ideally, a heave motion setting is chosen above and to the left of the colored lines, but as close to the right bottom

corner as possible. That would result in the highest possible fidelity of the motion filter according to the available
fidelity criteria [27, 28]. Three different settings were analysed during testing of the experiment, shown with blue or red
circular markers in Fig. 8. They correspond to a heave gain 𝐾𝑧 of 0.5 and break frequency 𝜔𝑛𝑧 equal to 3.0, 2.0 or 1.2
rad/s, respectively. The 3.0 rad/s represents the original (safe) setting used in Ref. 16. Here it was investigated if a more
optimal setting closer to the boundaries was possible for the current experiment. A setting of 1.2 rad/s was considered,
as this would ensure matched heave and surge motion filter settings. However, a break frequency of 2.0 rad/s was
selected as the final heave motion setting (red marker in Fig. 8), because with 𝜔𝑛𝑧 = 1.2 rad/s the simulator would hit its
upper motion space limit after the simulated stalls were stopped, due to the considerable vertical accelerations during
the simulated stall recovery. Note that this post-trial simulator movement was not included in the analysis of Fig. 8.

Table 1 Motion filter parameters used for the experiment.

High-pass filters Low-pass filters
𝜔𝑛𝑞 1.0 rad/s 𝜔𝑛𝑧 2.0 rad/s 𝜔𝑛𝑥

1.2 rad/s 𝜔𝑛𝑥
2.4 rad/s

𝜁𝑞 0.5 𝜁𝑧 0.7 𝜁𝑥 0.7 𝜁𝑥 0.7
𝜔𝑏𝑞 0.0 rad/s 𝜔𝑏𝑧

0.3 rad/s 𝜔𝑏𝑥
0.0 rad/s

𝐾𝑞 0.5 𝐾𝑧 0.5 𝐾𝑥 0.5
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Fig. 8 Heave Gouverneur analysis [26] results for the baseline simulation settings and four extreme experiment
condition settings. Configurations above and to the left of the colored lines ensure that the simulator remains
within its motion limits.

B. Experiment Procedures and Conditions
The experiment measured an upper and a lower threshold for 𝜔0 and a lower threshold for 𝑋𝑡ℎ𝑟𝑒𝑠 . Upper thresholds

are identified with a + superscript (𝜔+
0), while lower thresholds are identified using a − superscript (𝜔

−
0 and 𝑋

−
𝑡ℎ𝑟𝑒𝑠

).
This resulted in an experiment with three different conditions. The three experiment conditions (i.e., 𝑋−

𝑡ℎ𝑟𝑒𝑠
, 𝜔+
0 and

𝜔−
0 ) were performed by the participants in a balanced and randomized order based on a Latin square design.
Every condition was tested using the yes/no staircase procedure (see Fig. 9) also used in the similar JND threshold

experiment of Ref. 16. Every trial consisted of a comparison between two sequential quasi-steady stalls of around 15
seconds each, which ran from stall onset up until the recovery was initiated. One of the two stalls represented the
baseline buffet settings, while the other had an offset in either 𝜔0 or 𝑋𝑡ℎ𝑟𝑒𝑠, depending on the experiment condition.
The order in which the baseline and offset parameter stall were presented varied randomly across trials.
At the end of the second stall, participants were asked to verbally answer the yes/no question: “Did you notice a

difference?”. The given answer of the participants then determined the next parameter offset value. A “yes” answer
would update the parameter closer to the baseline value, while a “no” answer would increase the parameter offset. From
the second reversal (i.e., a “yes” answer after a “no” or the other way around) onward, the step size reduced by 50% at
every reversal in the answers. If four consecutive answers were identical, the step-size doubled to converge faster to the
threshold. Such an approach is referred to as an adaptive 1-up/1-down staircase method, which results in a 50% level of
correctness JND threshold [29]. The researcher ended the staircase procedure, see Fig. 9, either when the participant’s
staircase had converged (i.e., the step size was reduced to a value lower than 1/32th of the initial step size) or when a
total of 30 comparisons was performed.
The initial starting position of the staircase for each experiment condition was chosen relatively far away from

the baseline, such that the initial parameter offset was obvious to all participants. The initial step size was chosen
accordingly to ensure convergence within a reasonable amount of trials. The initial parameter values and step sizes for
each experiment condition are listed in Table 2. To mitigate the risk of participants following identical paths through the
staircase procedure and increase the variety in the collected staircase data, small random parameter variations were
added at every parameter update. The amplitude of the added white noise variations was set to 90% of the smallest
allowed step size, making the noise more dominant close to the threshold value.
Prior to the start of the experiment, participants were briefed on the safety and experiment procedures. They were

instructed to only answer verbally on the yes/no question: “Did you notice a difference?” at the end of two consecutive
quasi-steady stalls, and that no further explanation was required. No information about the goal of the experiment,
the tested conditions or the data analysis was provided. Participants were trained for about 15 minutes, where they
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Fig. 9 Graphical representation of the experiment procedure and repeated consecutive simulated stalls, adapted
from Ref. 16.

Table 2 Initial staircase values for each experiment condition.

𝑋−
𝑡ℎ𝑟𝑒𝑠

𝜔+
0 𝜔−

0
Initial value 0.55 92 rad/s 28 rad/s
Initial step 0.1 -5 rad/s 15 rad/s

could practice detecting the differences between the two stalls using example runs of the different experiment conditions.
Breaks were taken between the different test conditions to limit fatigue artifacts in the data.

C. Data Analysis
The threshold values for 𝑋−

𝑡ℎ𝑟𝑒𝑠
, 𝜔+
0 and 𝜔

−
0 were determined for each participant individually from the staircase

data sets collected using the experiment procedure shown in Fig. 9. Such yes/no-staircase procedures are prone to biases
[29, 30]. In order to detect such biases in our data, additional “null measurements” were performed at every third trial,
see Fig. 10a. A null measurement was a comparison of a stall with baseline buffet model settings with itself, i.e., the two
experienced stalls were identical. The answers that participants gave to the null measurements were only used to assess
their consistency and reliability and had no influence on the staircase procedure itself. The final threshold participants
converged to was calculated after removing the null measurements and taking the average of the last three reversals in
the staircase data, see Fig. 10b for the same example 𝑋−

𝑡ℎ𝑟𝑒𝑠
data shown with the null measurements included in Fig. 10a.

D. Experiment Participants
A total of 21 active pilots (1 female and 20 males) participated in the experiment. The participants were from

different age categories and they were divided into two groups to investigate potential between-group differences in
the measured JND thresholds. The first group (𝑛 = 6) consisted of pilots with an active Cessna Citation II type rating,
i.e., they were current on the specific aircraft simulated in the experiment. The second group (𝑛 = 15) consisted of a
combination of glider, private and commercial pilots. All participants signed an informed consent form prior to starting
the experiment. The study was approved by TU Delft’s Human Research Ethics Committee (HREC) under application
number 1741.
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(a) Staircase example with null measures for 𝑋𝑡ℎ𝑟𝑒𝑠 lower. (b) Staircase example without null measures for 𝑋𝑡ℎ𝑟𝑒𝑠 lower.

Fig. 10 Example staircase data for 𝑋−
𝑡ℎ𝑟𝑒𝑠

. Note that the performed staircase also includes “null measurements”
(see (a)) that were used to verify participant’s consistency.

IV. Results

A. Participant Reliability
The consistency and reliability of participants’ responses was based on their answers to the staircase’s “null

measurements”, i.e., the comparisons of two identical stall simulations with baseline buffet model settings. Fig. 11
shows the percentage of correctly answered null measurements (i.e., when participants provided a “no” answer on
the null measurements) for all 21 pilots. Separate colored bars indicate the individual results for the three different
experiment conditions while the magenta circular markers show the average consistency percentage for each participant.
The threshold to determine if participants’ staircase data were reliable or not was based on the lower bound of the 95%
confidence interval on the average total consistency. For our collected data, this resulted in a limit of 72.15% for the
general pilot group (see Fig. 11a) and 59.68% for the group of Citation II pilots (see Fig. 11b). The dashed black lines
in Fig. 11 indicate these boundaries. For both groups combined, the overall consistency limit was found to be 71.98%,
see the red dashed lines in Fig. 11. Fig. 11 shows that a total of four general pilots (participants 3, 5, 13 and 14) and one
Citation II pilot (participant C3) had a total consistency below both the group-specific and overall consistency limits.
Hence, these participants were insufficiently reliable and consistent in their answers and their data was not considered
for further analysis.

B. JND Thresholds for Stall Buffet Model Parameters
The experiment procedure explained in Section III.B was used to gather staircase data for each of the three experiment

conditions, i.e., 𝑋−
𝑡ℎ𝑟𝑒𝑠

, 𝜔+
0 and 𝜔

−
0 . Average thresholds (across all consistent participants) were estimated by fitting a

Gaussian Cumulative Density Function (CDF) through all staircase data [31]. Fig. 12 shows the fitted CDFs for all
three experiment conditions, where a “yes” answer is represented as 1 (100%) and a “no” answer as a 0 (0%). The
CDFs show 50% level of correctness thresholds that are unreliably close to the parameters’ baseline values (vertical
blue lines), especially for 𝜔0, see Fig. 12b and Fig. 12c. This is caused by some individual thresholds of participants
being very close to the baseline value for 𝜔0 (see also Fig. 13b). With such between-participant spread and only limited
data points at extreme values further away from the baseline due to our optimized staircase procedure, the CDF fits
are insufficiently robust for extracting a reliable 50% correctness threshold. Therefore, instead we estimate the JND
thresholds, for each participant separately, directly from the staircase data, i.e., by averaging over the last three reversals
as shown in Fig. 10b. These estimated JND thresholds are shown in Fig. 13 for all three experiment conditions using a
Boxplot representation. Note that the results shown in Fig. 13 only include the consistent participants, see Fig. 11.
Fig. 13 shows the JND threshold results for the general pilots (green boxes) and Citation II pilots (purple boxes)

separately, as well as for all data combined (yellow boxes). The left vertical axis indicates the absolute values of the JND
thresholds, while the right vertical axis shows them expressed as Weber fractions, i.e., as percentage-wise difference
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(a) Glider, private and commercial pilots (b) Pilots with Cessna Citation II type rating

Fig. 11 Percentage of correctly answered null measurements (baseline comparisons) for two groups of experiment
participants.

(a) Fitted CDF through 𝑋−
𝑡ℎ𝑟𝑒𝑠

answers (b) Fitted CDF through 𝜔+
0 answers (c) Fitted CDF through 𝜔−

0 answers

Fig. 12 Cumulative Density Function fits through all consistent experiment data for all three estimated
thresholds.
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with respect to the baseline value. First, Fig. 13 shows that no differences are found between the results for both pilot
groups. While the Citation pilot group showed slightly lower JNDs for both 𝜔0 thresholds, this effect is not statistically
significant. Overall, this lack of between-group differences was expected, as the experiment focused on detecting relative
differences in simulated stall buffet accelerations, not on absolute comparisons with in-flight experiences. Due to the
similarity in outcomes between both groups, the final observations and conclusions are based on the combined data
(yellow boxes in Fig. 13) of the general and Citation II pilots.

(a) JND thresholds for 𝑋𝑡ℎ𝑟𝑒𝑠 (b) JND thresholds for 𝜔0

Fig. 13 Upper and lower JND threshold values for 𝑋𝑡ℎ𝑟𝑒𝑠 and 𝜔0 estimated from the staircase experiment data.

For 𝑋𝑡ℎ𝑟𝑒𝑠 , which has a baseline value of 0.89, Fig. 13a shows that the lower average JND threshold, expressed as the
95% confidence interval on the mean across all pilots, equals 𝑋−

𝑡ℎ𝑟𝑒𝑠
= 0.72 ±0.037 (-0.1896 ±0.0412 Weber fraction).

For 𝜔0, with a baseline value equal to 75.92 rad/s, Fig. 13b shows estimated upper and lower average thresholds that are,
respectively, 𝜔+

0 = 84.87 ±3.295 rad/s (0.1179 ±0.0434 Weber fraction) and 𝜔−
0 = 63.04 ±4.813 rad/s (-0.1696 ±0.0634

Weber fraction). For 𝜔0, we thus found that an increase in the buffet peak frequency was slightly more noticeable (lower
absolute Weber fraction) than a reduced 𝜔0. Furthermore, comparison of Figures 13a and 13b shows that the JND
thresholds for 𝑋𝑡ℎ𝑟𝑒𝑠 and 𝜔0 are quite similar, i.e., with maximum allowed parameter offsets of between 10-20%. This
indicates that differences in buffet onset, as controlled with our 𝑋𝑡ℎ𝑟𝑒𝑠 parameter, are more noticeable to pilots than
would be expected based on the similarity of time-domain buffet acceleration traces (see Fig. 4).
Finally, the JND threshold results were compared to the the FAA tolerances (see Section II.A) for simulated buffet

responses, see the red dashed lines in Fig. 13. For the buffet frequency 𝜔0, the measured JND thresholds are found to
closely match with the ±2 Hz tolerance set by the FAA. On the other hand, the average JND threshold for 𝑋−

𝑡ℎ𝑟𝑒𝑠
(0.72)

is well above the tolerance (±2.0° angle of attack) that the FAA requires for the buffet onset (𝑋𝑡ℎ𝑟𝑒𝑠 = 0.551), indicating
that pilots may notice differences in buffet onset even within this tolerance value.

V. Discussion
The human-in-the-loop experiment described in this paper aimed at providing additional quantitative guidance

on the minimum required accuracy of simulated stall buffets. For this we measured JND thresholds for two key stall
buffet model parameters, i.e., the buffet shaping filter’s characteristic frequency 𝜔0 and the flow separation threshold
parameter 𝑋𝑡ℎ𝑟𝑒𝑠 that parameterizes the buffet onset point. These two parameters are most closely related to current
FSTD stall buffet requirements as described by the FAA. During the experiment, participants experienced, as passive
observers, consecutive quasi-steady symmetric stalls (one with baseline settings and one with the modified buffet)
simulated with the TU Delft stall dynamics model of the Cessna Citation II aircraft. Through a subjective staircase
procedure, JND thresholds for 𝜔0 and 𝑋𝑡ℎ𝑟𝑒𝑠 variations were determined.
The sensitivity analysis results of quasi-steady stall buffet simulations showed almost no differences in the buffet

model responses for an increase of the 𝑋𝑡ℎ𝑟𝑒𝑠 parameter, so it was concluded that an upper JND threshold would likely
not be measurable from human pilots. Looking at the buffet model structure (see Fig. 2), the shaping filter’s output is
multiplied with a factor 1-𝑋 . Hence, at baseline settings (𝑋𝑡ℎ𝑟𝑒𝑠 = 0.89) the simulated buffet starts at about 10% of its
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maximum amplitude, which is reached at full flow separation (𝑋=0). Increasing the threshold value to the maximum
possible value of 1 (𝑋 physically only varies between 0 and 1), would only make the buffet start with that 10% lower
amplitude. During pre-testing of the experiment it was indeed confirmed that this upper threshold on 𝑋𝑡ℎ𝑟𝑒𝑠 was not
sufficiently noticeable due to these subtle differences in amplitude at buffet onset compared to the baseline.
Two hypotheses were formulated based on the buffet model sensitivity results. First, it was expected that the JND

thresholds for changes in 𝜔0 would be lower than those for 𝑋𝑡ℎ𝑟𝑒𝑠 (Hypothesis H1), because simulated buffet time
responses showed much greater differences with the baseline model’s response when 𝜔0 was subjected to the same
percentage-wise variation. Based on the collected experiment data, however, this Hypothesis H1 must be rejected, as the
average JND threshold for 𝑋𝑡ℎ𝑟𝑒𝑠 was found to be much lower than expected and comparatively similar to the average
upper and lower thresholds for 𝜔0. In fact, all three average JND thresholds were between a 10 and 20% maximum
offset with respect to their respective baseline parameter values.
The sensitivity analysis further showed that for a similar percentage-wise increase or decrease in 𝜔0 up until an

offset of around 20%, the VAF of the offset buffet model output compared to the baseline seemed to be symmetric.
Hence, for 𝜔0 the upper and lower absolute JND thresholds were expected to also be symmetric with respect to the
baseline (Hypothesis H2). However, the experiment data showed that the upper JND threshold was, on average, slightly
closer to the baseline value (12% Weber fraction) than the lower threshold for 𝜔0 (-17% Weber fraction), indicating that
an increase in 𝜔0 is in fact more noticeable. Based on this observation, Hypothesis H2 was also rejected. A possible
explanation for the upper threshold being closer to the baseline for 𝜔0 is that an increase in buffet frequency results in
more intense shaking, which may be observed from increased vibrations of cockpit subsystems, such as the SRS’s Mode
Control Panel (MCP), while a reduction in 𝜔0 also reduces the perceived intensity of vibrations. While this difference
in high-frequency vibration frequency is exactly what we tried to measure, a few participants indicated that they had
picked up on the effects the 𝜔+

0 case had on cockpit structure vibrations at the end of the experiment.
Finally, the estimated JND thresholds were compared to current standards on stall buffet simulation qualification

requirements. The thresholds for 𝜔0 measured in our experiment were found to support of the ±2 Hz tolerance defined on
buffet characteristic peak frequency, as our measured 𝜔−

0 and 𝜔
+
0 are very close this 2 Hz limit. However, the lower JND

thresholds for 𝑋𝑡ℎ𝑟𝑒𝑠 were found to be much closer to the baseline value than the maximum tolerance of ±2.0° angle of
attack set for the buffet onset threshold of perception. This indicates that human pilots may already notice the difference
in buffet onset characteristics well before the 𝑋𝑡ℎ𝑟𝑒𝑠 parameter offset reaches the maximum allowed tolerance, which
suggests that the buffet onset requirements for quasi-steady stall training models may require stricter tolerances.
The current experiment attempted to measure the JND thresholds for variations in two key stall buffet model

parameters by simulating quasi-steady symmetric stall dynamics of a Cessna Citation II aircraft. This is due to the
current stall dynamics model only being validated for the quasi-steady symmetric flight envelope at an altitude of 5,500
m (18,000 ft). Ongoing research at our group currently focuses on modeling asymmetric stall dynamics, as well as
investigations on altitude variations to increase the validation region of the Cessna Citation II stall model. In future
experiments, we aim to collect similar stall model JND thresholds also for simulated accelerated and more sudden
symmetric stall maneuvers.
A key drawback of the used 1-up/1-down staircase procedure is that it only allows for estimating a 50% level of

correctness JND threshold. With the insight gained on the JND thresholds for key stall buffet model parameters from
the current experiment, follow-up experiments should consider more accurate staircase procedures that would result in a
higher level of correctness JND threshold (e.g., 70.7% for 1-up/2-down method). This, however, has the drawback
of requiring more comparisons before staircase convergence, and hence a much longer experiment. Finally, future
work should also focus on determining similar JND thresholds but in an experiment where participants actively fly
themselves instead of being a passive observer, as it is uncertain if the current estimated thresholds are also applicable in
case pilots are in active control of the aircraft and thus occupied. While this is a challenging experiment to design and
execute, knowledge of JND thresholds in active flight is needed to further the research on required stall model fidelity
for effective simulator-based stall training.

VI. Conclusions
In this paper we used subjective Just Noticeable Difference (JND) thresholds for two key stall buffet model parameters

(𝑋𝑡ℎ𝑟𝑒𝑠 and 𝜔0) to measure pilots’ sensitivity to differences in simulated stall buffets. A buffet model sensitivity analysis
and a human-in-the-loop experiment with 21 pilots in a flight simulator were used to provide additional quantitative
guidance on the minimum required accuracy of simulated stall buffets. The experiment used a subjective staircase
procedure where pilots experienced, as passive observers, sets of two consecutive quasi-steady symmetric stalls to
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compare (one of which was the baseline settings and the other one featured a modified buffet). The staircase procedure
resulted in an upper and a lower JND threshold for 𝜔0. For 𝑋𝑡ℎ𝑟𝑒𝑠 only a lower threshold was estimated because an
increase in the 𝑋𝑡ℎ𝑟𝑒𝑠 parameter (from a baseline value of 0.89 to its maximum 1.0) was found to hardly affect buffet
model outputs and would thus be unnoticeable to human pilots. The current findings indicate that the estimated JND
thresholds for all three conditions closely match each other (average thresholds between 10-20% offset), with the highest
individual JND thresholds not exceeding 30-35% with respect to the baseline parameter values. This indicates that
human pilots notice the differences in individual stall buffet model parameters already at comparatively small offsets.
Furthermore, the upper and lower JND thresholds for 𝜔0 are found to support the ±2 Hz tolerances currently defined for
simulated buffets’ characteristic frequencies. However, the lower JND thresholds for 𝑋𝑡ℎ𝑟𝑒𝑠 were found to be well above
the current tolerance of ±2.0° angle of attack for the buffet onset threshold of perception. This indicates that human
pilots may be capable of noticing differences in buffet onset that are, in fact, within the currently accepted maximum
tolerance.
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