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Abstract.: The SIVOR Project proposes the development of an anthropomorphic robot based flight simulator. An initial 

prototype was constructed to develop the motion cue, robot control algorithms and experimental tests based on human 

factor analysis, capable of verifying the pilot behaviour in the simulation. This work proposes an extension of the 

bibliographic review concerning flight simulators evaluation and validation, followed by an evolution of the first set of 

experiments to be applied in the SIVOR prototype simulator, composed by a simplified cockpit built on a robotic platform. 

The first experimental data analyses have shown some influence of the robotic motion platform in the behaviour of the 

pilots in comparison to a static simulation platform, to assess this results some methods of data analysis are improved. 

The first method was based on an adaptation of the FOQA program and defined a set of behavioural parameters to 

quantitatively assess the motion influence. The current method intends to filter the behavioural variables created based 

on the tests results and in the bibliographic review aiming to apply them to a more intense flight path based on 

adaptations of manoeuvres described on QTG and other regulations, considering mathematical model of an Embraer 

Phenom300, besides the analysis method considers a better and more robust computation of the data. The experiment 

responses do not follow the same responses of the initial campaigns showing no response on the flight behaviour. 
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1. INTRODUCTION 

 

In a flight, the aircraft movement is perceived by 3 sensorial systems of a human being (Kleiner; Schlittler; Sánchez-

Arias, 2011; Gaerlan, 2010). The input signals are processed by the central nervous system in order to support the 

definition of the corresponding actuation (VEDA, 2016): 

• Visual system: able to perceive motion trough the image acquired and processed by the eyes using learned references 

such as wall, corner and straight lines (Lacquaniti et al., 2014); 

• Proprioceptive system: composed of motion sensitive cells in the muscles and skin, able to perceive high frequencies 

and provide a self-sense of stability and position (Dougherty, 2016); 

• Vestibular system: located at the inner ear, capable of perceiving linear accelerations and angular velocities (Vargas, 

2009). 

The motion platform of a flight simulator is responsible to stimulate primarily the vestibular system, which processes 

the aircraft accelerations and velocities. However, the simulator cannot just impose the same accelerations and velocities 

of the aircraft due to its limited workspace. A control routine, known as washout filter, is responsible to convert the 

aircraft movement in the simulator movement, considering its limitations (Vargas, 2009 apud Telban; Cardullo, 2005).  

In order to allow the usage of flight simulators in pilot training, various aspects of the equipment are subjected to 

certification by qualified governmental institutions such as FAA and ANAC, including the motion cues. To assure the 

simulator performance, regulations and rules described in the CFR Part60 (FAA, 2016) are adopted. Although some the 

evaluation of the aircraft dynamic model is described in detail and analysed based on quantitative measures, when it 
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comes to the motion cues provided by the simulator, evaluation is still mainly performed based on subjective judgments. 

It depends on pilots’ opinion about the realism of the flight in the simulator, when comparing to the flight in a real aircraft. 

The study of the effects of the movement in flight simulators are relevant to both academy and industry (Serrand, 

2007). Burki-Cohen et. al. (2011) presented an extensive review about feeling of motion in flight simulators, published 

in 2011. They organized the debate about the role of motion in flight simulators in four main aspects (Burki-Cohen, 

Sparko, & Bellman, 2011): 

• How human perception responds to motion; 

• The limitations imposed by the motion platform; 

• The subjectivity of the pilot opinion; 

• Empirical evidences on the necessity of motion for the transfer of knowledge and experience from the simulator to 

the airplane. 

Although a great amount of research has been performed to give light to these issues, the benefits of the motion 

platform are still uncertain. Since the creation of motion flight simulators, the study regarding the need of the motion 

platforms has evolved from questionnaires and subjective analysis (Reid & Nahon, 1988) to the assessment of the human 

perceptual systems and the study of human factors and behavior analysis of the flight simulation (Telban; Cardullo & 

Kelly, 2005). 

In this context, this work aims at measuring the influence of the motion system of a flight simulator on the pilot 

behaviour. For this purpose, we compare the results of a set of flights performed both with and without motion. The 

experiments were performed using the SIVOR prototype simulator. The SIVOR Project, a partnership between ITA and 

EMBRAER, consists in the development of a high-fidelity flight simulator based on an anthropomorphic robotic motion 

platform. The first SIVOR prototype was built to support the development of the motion controller and is illustrated in 

Fig. 1.  

 

  

 

Figure 1. SIVOR prototype simulator. 

 

Our analysis is based on three objective measurements that are inspired in the NASA TLX questionnaire [3]: 

Workload, Precision and Response Time.  

In previous works (Arjoni et. al., 2016), (Moreira et. al., 2016), we used these measurements to analyse the results of 

two experiments. The first experiment (Arjoni et. al., 2016) focused on a simplified standard civil flight scenario. The 

FOQA (Flight Operational Quality Assurance) (FAA, 2004) regulation was adopted and modified to build a consistent 

flight path. Its events (logical association and algebra between collected flight parameters) were used to described by 

behavioural variables. Some flight segments were subjected to disturbances applied into the control surfaces with the 

objective of analysing the flight path with and without an increased stimulus. The results of the first campaign show that 

some of the proposed behavioural parameters, such as the pilot workload, are sensitive to the motion cues.  

The results of first experiment lead us to propose a second one considering a different flight path with more complex 

manoeuvres to test both the aeronautical model limits with a stall recovering, and the behaviour of the pilot when dealing 

with more difficult procedures, such as landings and offset landings. The results were consistent with those of the first 

campaign, showing a significant difference between the dynamic simulated flight when analysing the workload 

measurement in the landing ad offset landing. Both flight campaigns were performed with only two modes of motion: 

static and dynamic. The purpose was to enhance our knowledge regarding parameters that could be used to evaluate 

realism of the motion system of a flight simulator, considering the pilot perspective.  

Based on the results of the previous experiments, this work proposes a third experimental campaign, composed of 

high gain manoeuvres inspired on the QTG (Qualification Test Guide) (FAA, 2016), (London: Royal Aeronautical 

Society, 2005). The flight includes systemic failures of flight systems, such as engines and flaps. The tests are performed 

with 4 pilots using the same motion platform and a similar but rather improved washout filter. An improvement is adopted 
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in the behavioural variables calculation to avoid false results and to discard some limiting hypothesis such as the data 

consistency and the non-homogenous sampling of the first campaign. The results obtained in this experiment do not 

confirm the sensitiveness of workload measurements to the motion platform, but can be used to direct future studies 

towards human factors in flight simulation. 

This paper is organized as follows. We present the description of the testing methodology, statistical models and data 

processing used in the current experiment. We, then discuss the results of the statistical analysis. Finally, we draw some 

conclusions and discuss future work.  

 

2. THE EXPERIMENT 

 

This chapter presents the design of experiment adopted in this paper. It describes the testing procedure, the statistical 

model and the data processing and analysis rules. 

 

2.1 The flight path of the experiment 

 

As discussed in the introduction, this work has been proposed based on the results obtained from two previous 

experiments. These experiments consisted of performing a standard flight (first experiment) and a set of maneuvers of 

great difficult (second experiment). The flights were performed both with and without operation of the motion system, 

called static and dynamic operation modes of the simulator. In both experiments, three different behavioral parameters 

were measured and compared: workload, precision and response time. The variables related to workload in the cockpit 

and precision of flight were found to be sufficiently sensitive to the operation mode of the simulator (static or dynamic).  

In order to deepen the current research, in this work two maneuvers are proposed based on the QTG rules of testing. 

Both maneuvers are related to systemic failures, meaning that the pilot must deal with sudden and unwarned problems, 

creating a substantial and instantaneous amount of workload and stress.  

Based on the analysis of Table A1B —Table of Tasks vs. Simulator Level of the 14 CFR Part 60 (FAA, 2016) two 

subjective assessments are chosen to evaluate the parameters: an engine failure during takeoff and a hydraulic system 

failure. The engine failure at takeoff was accomplished in a very straight forward way, with a controlled speed of fail. On 

the other hand, the hydraulic failure was chosen to be applied on only one flight surface, avoiding couplings. The flaps 

were chosen, once it has discrete values of operation, and has no continuously interaction with the pilot during flight, 

differently from control of the elevators, ailerons and rudders. These characteristics allow the pilot to manipulate the other 

surfaces having full control of them and without having to deal with external disturbances. 

The chosen maneuvers are adapted to be included in a single mission and are illustrated by the Fig. 2  

 

 

Figure 2. Flight mission. 
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The flow chart of Fig. 3 describes the instruction provided to the pilot for this experiment. 

 

 

Figure 3. Flowchart of the mission. 

 

At the specified points indicated in the Fig. 2, the failures 1 and 2 may or may not happen. In every test only one 

failure can happen, despite its occurrence, the mission is keep unaltered. Each type of test (no failure, engine failure and 

flap failure) must be repeated 3 times by each pilot at the two operation modes of the simulator (static and dynamic).  

The failures injected in the simulator have the following behavior: 

• Engine failure: at 100 knots, the right engine turns off and its power decrease to 0%; 

• Flap failure: at 300 ft. the right flap retracts and the left flap keep locked at flap 2 without any control.  

In both cases the pilot is instructed to never decrease the engine power nor retract flaps and landing gear. 

The simulator runs using a Phenom 300 aerodynamic model available in public domain, as in the previous 

experimental campaigns. Even though, the sampling frequency is increased once the present maneuvers involve sudden 

change of behavior. 

 

2.2 Statistical modeling and data colletion 

 

The proposed behavioral parameters are calculated through a series of variables collected in a data frame during the 

flights. Each data frame is composed of variables of attitude, altitude, speeds, joystick inputs, engine power, among others. 

Based on the collected data, a total of 6 parameters are calculated: 

• Precision (mean and standard deviation) in engine failure: calculated as the heading mean and standard deviation, 

considering the data collected from the failure moment until it reaches 2000 samples at 80Hz sampling; 

• Precision (mean and standard deviation) in flap failure: calculated as the heading mean and standard deviation, 

collected from the failure moment until it reaches 1200 samples at 80Hz sampling; 

• Workload in engine failure: calculated as the sum of the absolute values of the aileron, rudder and elevator commands 

given by the pilot and collected from the failure moment until it reaches of 2000 samples at 80Hz sampling; 

• Workload in flap failure: calculated as the sum of the absolute values of the aileron, rudder and elevator commands 

given by the pilot and collected from the failure moment until it reaches of 1200 samples at 80Hz sampling. 

The flap failure sample is smaller than the engine failure to keep the consistency of the mission without enlarging the 

total time of one flight.  

The data collection intervals are illustrated by the Figs. 4 and Fig. 5. 

 

 

Figure 4. Example of data collect from a flight with flap failure. 

Start

• Press break pedals;
• Insert 100% of power 

of engines;
• Insert Flap 2.

Wait for power 
stabilization at 

100%.

Release breaks and 
initiate take-off Run, 

keeping the initial 
heading stabilized.

Rotate the airplane 
at 120 knots.

Initial climb with 150 
knots.

End at 1000 ft
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Figure 5. Example of data collect from a flight with engine failure. 

 

The experiment was performed by 4 professional pilots: 3 of them were flight test pilots from the Brazilian Air Force, 

and 1 was a commercial airline pilot. All the pilots have more than 3000 hours of experience and are trained in more than 

10 types of aircraft. 

Each pilot performed each type of the three flight missions (no failure, flap failure or engine failure) six times: thrice 

in the dynamic mode and thrice in the static mode, totalizing 18 test runs. The flights without failure were introduced only 

with the purpose of preserving the surprise effect of the failures. Although alerted by the possibility of failures during the 

flight, the pilots did not know in advance when or whether or not the current flight would have any failure. 

Each parameter is subjected to an Analysis of Variance (ANOVA) statistical test with a Randomized Complete Block 

Design (RCBD) composed of one factor, namely, “motion type” and one blocked factor, the pilot, so that its variance can 

by disconnected from the main factor under study. Equation 1 describes the statistical model. 

 

𝑉𝑖𝑗 = 𝜇 + 𝑀𝑖 + 𝛽𝑗 + 𝑒𝑖𝑗  (1) 

where: 

𝑉𝑖𝑗 : output value: mean, standard deviation or workload; 

𝜇: general output mean;  

𝑀𝑖: variance of the motion mode; 

𝛽𝑗: variance of the pilot block; 

𝑒𝑖𝑗: random error. 

 

3. ANALYSIS AND RESULTS 

 

This section presents the method used in the statistical analysis and the ANOVA test results (Montgomery, 2013). 

 

3.1 Statistical analysis method 

 

The statistical analysis is performed with 10% of significance once the test has a small sample of pilots. To verify the 

consistency of the data, it is subjected to two prior verifications: 

• Shapiro-Wilk test: verifies the normality of the sample with a 5% significance. The null hypothesis states for the 

normality of the data, and the alternative hypothesis states for the non-normality; 

• Bartlett test: verifies the equality of variances between the analysed samples with 5% of significance. The null 

hypothesis states for the equality of the variances (homoscedasticity), while the alternative hypothesis states for the 

non-equality of the variances. 

Once the experiment was performed with humans, the data is subjected to great uncontrollable variances and may 

result in outliers. To deal with this problem, some rules are stablished to allow the correct removal of these points without 

harming the experiment reliability when the normality or the homoscedasticity of the data is not inside the purposed 

significance levels: 

• Execution of a standardized residuals test as described by the Eq. 2 

 

𝑑𝑖𝑗 =
𝑒𝑖𝑗

√𝑀𝑆𝐸

 
(2) 
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where: 

𝑑𝑖𝑗: standardized residual; 

𝑒𝑖𝑗: residual; 

𝑀𝑆𝐸: Mean square error. 

• Retreat of any value equal or higher than 3 standard deviations; 

• Repeat the Shapiro-Wilk and the Bartlett test; 

• If the significances are satisfied, apply the ANOVA, otherwise reapply the standardized residuals; 

• Retreat on residual equal or great than 2 and repeat the Shapiro-Wilk and the Bartlett test; 

• If the significances are satisfied present the results with and without the “outlier” otherwise the parameter is subjected 

to too much uncertainty and should be removed. 

 

3.2 Results 

 

We observe that for the flap failure, two data sets of Pilot 3 were lost due to a too lack of data samples. One of the 

lost data set was in static mode, while the other was in dynamic mode. We consider that the loss of this data does not 

affect significantly the results of the experiment. 

The data boxplots are presented in the Fig. 6 for the engine failure and Fig. 7 for the flap failure. 

 

 
 

Figure 6. Boxplots of the engine failure results. 

 

 
 

Figure 7. Boxplots of the flap failure results. 

 

While analysing the standard deviation of the precision variable and the considered workload for the flights with flap 

failure, the normality and homoscedasticity hypothesis were not fulfilled even after the outlier retreat rules were applied, 

resulting in the exclusion of the parameters from the final results. 

Tab. 1 resumes the final results obtained from the ANOVA analysis, accomplished with the software RStudio©. 
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Table 1. Results of the ANOVA analysis 

 

Manoeuvre Parameter Outliers 

ANOVA 

factor 

mode 

P - Value 

Shapiro - Wilk  

P-Value 

Bartlett for 

factor mode P-

Value 

Bartlett for 

block pilot 

P-Value 

Mode 

Factor 

Influence 

Engine 

Failure 

Precision - Mean  0 0.68 0.31 0.70 0.20 
Not 

Confirmed 

Precision - Std  0 0.79 0.37 0.49 0.09 
Not 

Confirmed 

Considered 
Workload 

0 0.47 0.67 0.21 0.78 
Not 

Confirmed 

Flap 

Failure 

Precision - Mean  0 0.89 0.87 0.09 0.09 
Not 

Confirmed 

Precision - Std  - - - - - Excluded 

Considered 

Workload 
- - - - - Excluded 

 

 

The ANOVA results do not confirm the influence of the motion platform in the workload variable. Additionally, it 

pointed that the precision parameters are not influenced by the motion system too, even in the case of difficult situations, 

such as under the occurrence of failures.  

It is important to mention that the engine failure has a more realistic characteristic than the flap failure once this type 

of system defect has a low probability of occurrence and the asymmetry between the flaps is usually smaller than the near 

20° imposed to the pilots. The unfamiliarity with the problem was intended to enhance the workload of the pilots once 

their attention and experience must be used to recover from an unknown and untrained danger. 

 

4. CONCLUSIONS 

 

This work contributes to the discussion of how to evaluate the motion platform of flight simulators in an objective 

way. It present the results of an experiment that evaluates the influence of the motion system in three proposed variables: 

workload, precision mean and precision standard deviation. The experiment consists on asking four pilots to perform a 

flight mission under three conditions: with no failure, with engine failure and with flap failures. The three flights were 

repeated with and without the activation of motion platform. 

The results obtained were compared to those of two previous experiments, that were based on a normal flight and a 

flight with difficult manoeuvres. The previous experiments had showed sensitivity of the workload variable to the motion 

mode, and, in some cases, also the sensitivity of the precision variable. 

This work does not confirm the previous results. This opposite effect can be directed to some enhancements in the 

measurements in order to improve robustness of the data and some variation on the data analysis to avoid data collection 

problems, besides, some limiting hypothesis were loosen, namely, the pilots sample had a better homogeneity. 

Upcoming researches should improve the measurement of the workload by adopting other processing technics or 

even measuring physiological parameters related to stress, attention and workload, allowing the study to be more accurate 

and enhancing the reliability of the experimental data collected. Additionally, the importance of the experience of the 

pilots on the workload measurements should be took into account, experimental campaigns considering homogenous 

group samples of pilots and non-pilots with different degrees of experience will be able to show clearer results towards 

the behaviour changes in the different simulation modes 
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