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Abstract
A piloted simulation experiment was conducted in the NASA Ames Vertical Motion Simulator to quantify dif-ferences in pilot workload and mission effectiveness between different levels of flight control augmentation(ranging from enduring fleet representative to advanced fly-by-wire) during two scout-representative mis-sion vignettes. The study used a combination of experimental test pilots and operational pilots, and datacollection included classic (rating scales) and emerging (physiological monitoring) techniques. Four aircraftconfigurations were included in the study, consisting of two configurations with full-authority fly-by-wireflight control systems representative of current state-of-the-art designs, and two configurations with partial-authority flight control systems representative of those found on enduring fleet aircraft. Overall, the full-authority fly-by-wire configurations showed improvement over partial-authority legacy flight control systemconfigurations in all metrics examined, including improved ability to fly lower and maintain airspeed, reduc-tion in workload, and increase in mission effectiveness.
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1. INTRODUCTION

The flight control system (FCS) is a key aspect ofmod-ern aircraft and rotorcraft flight vehicles. The FCStakes in pilot inceptor inputs and measured aircraftresponses, and drives the actuators to make the air-craft follow the pilot commands. In most of the ex-isting mechanical flight control designs of enduringfleet rotorcraft, the pilot can command 100% of theavailable primary actuator authority via a mechani-cal connection to the actuators, while the FCS com-mands to the actuators are limited to a smaller frac-tion (e.g., �10%). Such a system is referred to asa partial-authority flight control system. In contrast,many modern fixed-wing aircraft and some rotor-craft use fly-by-wire (FBW), which replaces the me-chanical connection between the pilot and actua-torswith full-authority flight control systems that cancommand 100% of the primary actuator authority.Digital FBW FCSs have been in use in fixed-wingmilitary aircraft since the late-1970s (with the F/A-18being the first production digital FBW aircraft, enter-ing service in 1978), and in fixed-wing commercialaircraft since the 1980s (Airbus A320, 1984). Morerecently, FBW FCSs have also become prevalent inbusiness jets, with the Dassault Falcon 7X enteringservice in 2007.On the rotorcraft side, the adoption of FBW hasbeen more recent. Research efforts began in the1970s with the Tactical Aircraft Guidance System(TAGS) and XCH-62 Heavy Lift Helicopter (HLH) tech-nology demonstrator programs. Operational rotor-
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craft with FBW FCS include the V-22, NH-90, CH-148,and CH-53K, with the civilian Bell 525 and LeonardoAW-609 awaiting certification.Among the main benefits of full-authority FBWFCSs is the ability to achieve Level 1 Handling Qual-ities (HQ) and reduce pilot cognitive workload whileimproving mission effectiveness by tailoring the air-craft response types and hold modes based on mis-sion requirements, usable cue environment, pilotworkload, etc. Several studies have looked at im-plementing the advanced response types and holdmodes available in full-authority FBW control sys-tems in enduring fleet partial-authority aircraft (e.g.,AH-64 MCLAWS1, UH-60 MCLAWS2,3,4). While thosestudies showed HQ improvements over the legacyFCSs, the work was concerned primarily with thehover/low-speed flight regime. Also, those studiesused mission task elements (MTEs), which are han-dling qualities demonstration maneuvers, for pilotevaluations and did not consider operationally rel-evant mission vignettes. Overall, the limited FCS au-thority constrained the speeds at which the benefitsof improved HQ could be realized.In the study presented here, a piloted simula-tion experiment was conducted in the NASA AmesVertical Motion Simulator to quantify differencesin pilot workload and mission effectiveness be-tween different levels of flight control augmenta-tion (ranging from legacy fleet representative to ad-vanced full-authority fly-by-wire) during two scout-representative mission vignettes using classic (rat-ing scales) and emerging (physiological monitoring)techniques.Data were collected using six pilots. Four aircraftconfigurations were included in the study, consist-ing of two configurations with full-authority FBWFCSs and two configurations with partial-authorityFCSs representative of those found on enduring fleetaircraft. The full-authority configurations includeda lift-offset coaxial-compound helicopter configura-tion and a winged single main rotor helicopter con-figuration. The partial-authority configurations in-cluded the samewinged singlemain rotor helicopterconfiguration (but this one with a partial-authoritycontrol system), aswell as a conventional singlemainrotor helicopter configuration similar to a UH-60.Two mission vignettes were developed for thetest, representative of scout missions. Both scenar-ios were roughly 10 minutes long, and were flownby a single pilot in daytime conditions. One scenariohad simulated degraded visual environment (DVE)using fog, for a portion of the mission. Task perfor-mance for each mission vignette included altitude,airspeed, time en route, and self-reported missionsuccess. Workload was measured using in situ self-reporting, as well as using physiological monitoring.The remainder of the paper is organized as fol-lows. First, a description of the vehicle models andcontrol laws, as well as the simulation facility usedin this study will be provided. Next, the two opera-

tional vignettes used in this study and the qualita-tive and quantitative data collected will be covered.Finally, the results and conclusions will be provided.
2. VEHICLE DESCRIPTIONS

2.1. Bare-Airframe Models

The flight-dynamicsmodels of the scout-class lift off-set coaxial-pusher andwinged singlemain rotor con-figurations were developed using HeliUM-A, the U.S.Army Combat Capabilities Development CommandAviation & Missile Center (DEVCOM AvMC) in-houseflight-dynamics modeling software tool developedas an extension to theUniversity ofMarylandHeliUMsimulation model5,6. HeliUM-A uses a finite-elementapproach to model flexible rotor blades with cou-pled nonlinear flap/lag/torsion dynamics to capturestructural, inertial, and aerodynamic loads alongeach blade segment, a key requirement for theseadvanced rotorcraft configurations. Blade, wing, andfuselage aerodynamics come from nonlinear lookuptables, and the rotor airwakes are modeled usinga dynamic inflow model. A multi-body like model-ing approach is used to build the aircraft configu-ration from its independent components (e.g., fuse-lage, wing, nacelle, etc.), which allowsmodeling of ar-bitrary aircraft configuration with multiple rotors.The models are generic in nature and do not rep-resent any specific industry designs. The coaxial-pusher configuration (herein referred to as theCoax), shown in Fig. 1(a), was scaled down froma generic utility-class coaxial-pusher configuration7.The scaling method used as well as details of thedesign are provided in Ref. 8. The winged singlemain rotor (WSMR) model, shown in Fig. 1(b), wasderived and scaled from the UH-60A (overall geome-tries, main rotor and tail rotor properties), as well asthe XV-15 and Bo-105 HGH (wing and empennageproperties). A detailed description of the develop-ment of theWSMRflight dynamicsmodel is providedin Ref. 9.Linear state-space point models and trim datawere extracted from HeliUM-A at a range of air-speeds. The point models were used to develop theflight control systems. In addition, the point mod-els and trim data were combined to form continu-ous full flight envelope quasi-linear parameter vary-ing (qLPV) stitched simulationmodels10. Thesemod-els were suitable for real-time simulation, and theyformed the basis of the simulation models used inthe experiment described here.The conventional single main rotor (SMR) heli-copter model was based on the Gen Hel model11.
2.2. Control Laws

Full-Authority fly-by-wire (FBW) control lawswere de-veloped for both the Coax and WSMR helicopters
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(a) Coaxial-Pusher

(b) Winged Single Main Rotor
Figure 1: Generic aircraft schematics.

using an explicit model following (EMF) control sys-tem architecture12. The control laws provide pilot-selectable levels of augmentation, with responsetypes ranging from conventional (rate command)to more highly-augmented (attitude command), andhold modes for attitude, position, velocity, heading,and altitude, as shown in Table 1. Additional infor-mation about the control laws is provided in Refs.13 and 14, which discuss previous simulation stud-ies using the same models and control laws.In addition to the full-authority control laws,partial-authority control laws were also developedfor the WSMR configuration, herein referred to asthe PAW (Partial-AuthorityWSMR) configuration. ThePAW control laws provide similar pilot-selectablelevels of augmentation and hold modes, howeverthe control system is limited to �10% authority inroll and yaw and �20% authority in pitch (simi-lar to the AH-64). No augmentation is available inthe heave/collective axis. Unlike the full-authoritycontrol laws, when the partial-authority system sat-urates, the aircraft response reverts back to theunaugmented bare-airframe.The conventional single main rotor FCS includes astability augmentation system (SAS) which providesrate damping in roll, pitch, and yaw through high-rate, limited-authority (�10%) SAS actuators, and aflight path stabilization system which provides addi-

tional augmentation and outer loop modes throughlimited-rate, full-authority trim actuators. This sys-tem is representative of current enduring fleet air-craft.Table 1 summarizes the response types and holdmodes available for each configuration.
3. SIMULATION OVERVIEW

3.1. Simulation Facility

The experiment was conducted in the NASA AmesVertical Motion Simulator (VMS) which provides 6-degree of freedom motion with 60 feet of verticaland 40 feet of lateral travel. Figure 2(a) shows aschematic of the simulator facility. The side-by-siderotorcraft cockpit known as T-cab was used, shownin Fig. 2(b). Evaluations were done from the rightseat, configured with sidestick, collective stick, andpedal pilot control inceptors.

(a)

(b)
Figure 2: NASA Ames Vertical Motion Simulator
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Table 1: Control Law Overview

Response Types Hold Modes
Full-AuthorityCoaxial-Compound Rate Command Velocity HoldHelicopter (Coax) Attitude Command Position HoldHeading HoldAltitude HoldWinged Single Main Rate Command Velocity HoldRotor (WSMR) Attitude Command Position HoldHeading HoldAltitude Hold

Partial-AuthorityPartial-Authority Winged Rate Command Velocity HoldSingle Main Rotor (PAW) Attitude Command Position HoldHeading HoldConventional Single Rate Command Velocity HoldMain Rotor (SMR) Attitude Command Heading Hold

3.2. Tasks

The simulation experiment consisted of two scout-representative mission vignettes. The following sub-sections describe each mission vignette in detail.
3.2.1. Camp Dawson

The first mission vignette was located around CampDawson,WV. Amap overview of themission vignetteis shown in Figure 3.To execute the mission, pilots began at point 1on Fig. 3 and traveled in a river valley along the redroute at airspeed not to exceed best range airspeed
VBR = 150 KIAS (knots indicated airspeed). Oncepilots reached point 2 on Fig. 3, they would transi-tion to airspeed not to exceed best endurance air-speed VBE = 100 KIAS and fly along the yellow route.At point 3 on Fig. 3, pilots transitioned to nap-of-the-earth (NOE) flight at airspeed � 80 KIAS, andthen establish a hover masked behind terrain. Thehover location was marked by a pair or radio tow-ers, as shown in the lower left inset in Fig. 3. Pilotswould then do a vertical unmask to establish lineof sight towards the objective area (marked as thewhite oval in the upper inset in Fig. 3). They wouldhave to count and report back the number of vehi-cles in the vicinity of the objective area (which wasrandomized each run) and deploy a Launched Effect(LE). After remasking vertically, they would transitionNOE to point 4 along the magenta route. Once atpoint 4, pilots would establish a hover behind cover,laterally unmask, establish a stable hover, and de-ploy a second LE. They would then laterally remaskbehind terrain and establish a hover at which pointthe mission would be complete.The shaded region in Figure 3 indicated an area ofthe scenario where fog was used to simulate DVE. In

addition, turbulence was used throughout the mis-sion with the addition of steady tail winds at thehover points (3 and 4) to increase pilot workload.Throughout the mission, pilots were required toremain below 150 ft Above Ground Level (AGL).Whenever pilots had altitude excursions above 150ft for three ormore consecutive seconds, they wouldreceive a threat warning audio and visual cue. Thisprovided a cue for the pilots to reduce their altitudebelow 150 ft AGL.The following list shows the key tasks by prioritythat pilots had to accomplish:
1. Deploy LEs:

• From vertical unmask at point 3, then re-mask• From lateral unmask at point 4, then re-mask
2. Altitude:

• Maintain less than 150 ft AGL• Minimize excursions above 150 ft AGL to
< 3 sec

3. Airspeed:
• � 150 KIAS during red portion of route• � 100 KIAS during yellow portion of route• � 80 KIAS during magenta portion ofroute

4. Time to completemission� 600 sec (� 10min)5. Report pilot workload via the panel mountedswitches

3.2.2. Ojai Valley

The second mission vignette was located aroundOjai Valley, CA. A map overview of the mission vi-gnette is shown in Figure 4.
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Figure 3: Camp Dawson mission vignette overview.

To execute themission, pilots started at point 1 onFig. 4 and traveled North along the magenta routeat best range airspeed VBR = 150 KIAS. When pi-lots reached Highway 33 and the entrance to thevalley (point 2 on Fig. 4), they reduced airspeed tobest endurance airspeed VBE = 100 KIAS and fol-lowed Highway 33 through the valley, maintainingairspeed at 100 � 5 KIAS and altitude below 150 ftAGL. Pilots were required to identify any target vehi-cles along the route, which were represented by yel-low trucks on the road (as seen in the inset in Fig. 4).The number (two or three) and location of the vehi-cles were randomized for each run. For each targetvehicle identified by the pilots, they were required todeploy a LE to maintain surveillance on the vehicle.The route reconnaissance mission was complete af-ter arriving at the helipad next to the tall building atpoint 3 on Fig. 4 and establishing a stabilized hover.Turbulence was simulated throughout the missionto increase workload.The following list shows the key tasks by prioritythat pilots had to accomplish:
1. Deploy LE:

• Identify number and type of vehicles alongHwy 33• Deploy LE in stable forward flight for eachtarget found
2. Airspeed:

• 150 KIAS max en route to Hwy 33• 100� 5 KIAS along Hwy 33
3. Altitude:

• Maintain less than 150 ft AGL• Minimize excursions above 150 ft AGL to
< 5 sec

4. Report pilot workload via the panel mountedswitches

Figure 4: Ojai Valley mission vignette overview.

3.2.3. LE Mode

Both mission vignettes required the pilots to deployLEs. To do so, pilots first had to engage the LE launchmode by actuating a button on the collective. OnceLE launch mode was engaged, LE launch symbologywould appear on the HUD and pilots would need toget into launch constraints to be able to launch theLE. The launch constraints are provided in Table 2.The constraints are notional and not representativeof an actual vehicle/LE, and were chosen to drive uppilot workload. An altitude of > 100 ft AGL wouldneed to be attained to provide ground clearance forthe LE to drop when launched. Additionally, aircraftangular rateswould need to be stabilized to less than5 deg/sec. When launching from a hover, there wasan additional constraint to stabilize the altitude withaircraft vertical rate less than 100 ft/min. Finally, aconstraint was placed on aircraft airspeed/groundspeed to drive up pilot workload. When launchingfrom a hover (in the CampDawsonmission scenario)pilots would need to stabilize the ground speed lessthan 3 kts. When launching in forward flight (in theOjai Valley mission scenario) pilots would need tostabilize the airspeed at 100� 3 kts.Once the launch constraints were met for 3 con-secutive seconds, the LE HUD symbology switchedto a diamond, indicating the LE was ready to deploy,at which point pilots could launch the LE using thetrigger on the sidestick.
3.3. Pilot Demographics and Test Conduct

Six evaluation pilots participated in this study, con-sisting of four experimental test pilots (XPs) and twooperational pilots (OPs). The pilot experience rangedfrom about 1400 to 5000 hrs (with an average of3000 hrs) in Army scout/attack and utility platforms.
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Table 2: LE launch constraints

Parameter ConstraintAltitude > 100 ft AGLAngular Rates < 5 deg/secVertical Rate < 100 fpm (hover only)Speed stabilized GS < 3 kts (hover),AS = 100� 3 kts (forward flight)

Data collection was done over a two-week pe-riod, with three pilots (two XPs and one OP) par-ticipating in each week. For each week of data col-lection, pilots flew one of the full-authority config-urations and one of the partial-authority configura-tions. This was done to allow pilots sufficient timeto train on the different configurations and mis-sion scenarios before collecting data. Week 1 pi-lots flew the full-authority coaxial-compound heli-copter (Coax) and partial-authority conventional sin-gle main rotor (SMR) configurations, and week 2pilots flew the full-authority and partial-authoritywinged single main rotor configurations (WSMR andPAW).The order of the mission vignettes or configura-tions (full- vs partial-authority) was not randomized.Pilots always started with the full-authority configu-rations because those required additional training tocover the different control law modes and responsetypes. Pilots then flew the partial-authority configu-ration, at which point they had more experience inthe simulator and with the two mission vignettes. Itis possible that this introduced some bias into the re-sults due to training effects, but the bias would be infavor of the partial-authority configurations.
3.4. Data Collection

This section describes the different types of data thatwere collected during the experiment. In addition tothe quantitative task performance data, pilot ratingscales were used to collect qualitative data, and a pi-lot questionnaire was administered to collect pilotcomments. Finally, physiological data was also col-lected. The rating scales, questionnaire, and physio-logical data measurements are described below.
3.4.1. Instantaneous Workload (IWL)

Assessment Scale

The Instantaneous Workload (IWL) AssessmentScale, shown in Table 3, was developed for thisstudy based on the Bedford Workload Scale. TheBedford Workload Scale was simplified by removingthe decision tree and reducing the number ofavailable ratings from ten to five to streamline theprocess of providing ratings and allow the pilots to

Figure 5: Instantaneous Workload (IWL) Rating entrybuttons above the PFD.

enter ratings in real time while flying the missionscenarios.Pilots were prompted to enter an IWL rating ev-ery 30 seconds using five entry buttons above theprimary flight display (shown in Figure 5). When pi-lots would enter a value, the button correspondingto that value would light up. After 30 seconds, theremaining four buttons would begin to flash to cuethe pilot to enter another rating.
3.4.2. Estimated Fatigue

An estimated overall fatigue value was derivedbased on the Instantaneous Workload (IWL) ratings.Figure 6 shows how the discrete IWL ratings wereconverted to a continuous IWL rating, and then howan estimated value of fatigue was derived, using anexample data run.The top plot in Figure 6 shows when the cue lightwas on (value of 1), prompting the pilots to enteran IWL rating. The sections highlighted in red cor-respond to times it took the pilot more than 15 ad-ditional seconds to enter an IWL, which will be ad-dressed below.The second plot shows the IWL ratings entered by
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Table 3: Instantaneous Workload (IWL) Assessment Scale

the pilot. When a rating was entered, the cue lightturned off for 30 seconds, after which it was turnedback on to prompt the pilot for their next rating.The third plot in Figure 6 shows a zero-orderhold (ZOH) reconstruction of a continuous IWL rat-ing based on the discrete ratings provided by the pi-lot. Specifically, the last rating value is held until thenext rating, which is then held until the subsequentrating. This is a simple approach to reconstructing acontinuous IWL rating for each run, however, it as-sumes that the pilot predicts their future workloadwith each rating, when in fact the ratings tend to beretrospective, or based on the pilot workload up tothat point in time. However, fully projecting the rat-ings backwards in time assumes that the pilot ratingchanges instantaneously after the pilot enters theirWL rating based on their subsequent rating, which isalso not accurate.Therefore, for the analysis done here, the IWL rat-ing value is held centered about when the pilot en-tered it, as shown in the fourth plot in Figure 6.The dashed blue line shows the ZOH reconstructionof the continuous IWL rating, while the orange lineshows the centered reconstruction, which projectsthe rating forward and backward in time and gives amore accurate representation of the workload whenthe pilot entered the IWL rating.Next, the amount of time it took pilots to respondto the cue lights and enter their IWL rating was con-sidered. Pilots were required to enter a rating every30 seconds. If pilots did not enter a rating for 15 sec-onds after the cue lights began flashing, it was as-sumed that their workload was too high to enter arating, and their IWL rating was defaulted to 5. Thevalue of 5 was held from when the cue lights be-gan flashing until the pilots entered a rating. Thisis shown in the fifth plot in Figure 6. The red lineshows the adjusted ratings, with values of 5 during

the times the pilot did not enter a rating. The ad-justed continuous IWL rating value was used in thedata analysis presented below.Finally, an estimated “fatigue” value was derivedfrom the IWL ratings. This was done based on the as-sumption that fatigue is a function of both workloadand time (e.g., working very hard for a short periodof timewould result in similar fatigue as working lesshard but for a longer period of time). Therefore, toestimate fatigue, the area under the IWL rating curvewas integrated over the time of each run (as shownin the shaded region in the last plot in Figure 6):

(1) \Fatigue\ =
1 hr

3600 sec

∫
Trun

0

(IWL(t)� 1) dt

where Trun is the total time in seconds of each runand IWL(t) is the adjusted continuous IWL ratingcurve. Note that 1 (the lowest IWL rating) is sub-tracted from the IWL rating value, such that any timespent at the lower IWL rating did not contribute tofaigue. The metric was then scaled to be in units ofworkload-hour (through the 1=3600 scale factor).
3.4.3. Subjective Workload Assessment

Technique (SWAT)

A modified Subjective Workload Assessment Tech-nique (SWAT) was used to collect pilot workload rat-ings on amulti-dimensional rating scale at the end ofeach individual run. The SWAT rating scale is basedon Ref. 15, but modified here to streamline the rat-ing process and make providing ratings more effi-cient for pilots. At the end of each run, pilots pro-vided a 1–3 rating in the areas of Time Load, MentalEffort Load, and Psychological Stress Load. Table 4shows the descriptions accompanying each rating ofthe scale.
APPROVED FOR PUBLIC RELEASE Page 7 of 17



APPROVED FOR PUBLIC RELEASE
Table 4: Subjective Workload Assessment Technique (SWAT) Scale

3.4.4. Mission Effectiveness Rating Scale

At the end of each mission set, pilots provided asingle Mission Effectiveness rating for the particu-lar aircraft configuration and mission scenario com-bination. The scale was developed for this study toget a quantitative assessment of how pilots ratedtheir own mission effectiveness. Before providing aMission Effectiveness rating, the pilots’ mission per-formance (e.g., time to complete the mission, timespent above the threshold altitude, time spent offthe nominal airspeed) was reported back to them.Table 5 shows the Mission Effectiveness RatingScale.
3.4.5. Questionnaire

The following is a list of questions provided to thepilots to collect pilot comments:After the completion of each mission set:
• Rate your effectiveness in completing all mis-sion elements.• What was the critical sub-phase of the missionormajor determining factor in the effectivenessrating?• Comment on any compensation strategies thatyou had to use in order to complete any of themission tasks.
Additional debrief questions after each simulatorsession:
• Describe the contributing factors in your as-sessment of the workload required to completethe mission in this configuration. Include anyfeatures or characteristics of the aircraft thatmay have contributed to decreasing the work-load of piloting tasks.

• Did you experience any mode confusion ortimes when you were unaware of how the air-craft would respond to your control inputs?• Comment on any other factors that may haveinfluenced your assessment of the workloadand effectiveness of the aircraft.
3.4.6. Physiological Data

Physiological data were collected using a B-AlertX10 to measure Electroencephalogram (EEG) / Elec-troocoulogram (EOG) and a Polar H10 to measureElectrocardiogram (ECG), to subsequently calculateHRV. The recorded EEG data were used to calculateAlpha, Beta, and Theta wave power spectral den-sities, which were used to calculate the BAT ratio:Beta/(Alpha+Theta). The BAT ratio has been used toestimate Engagement Index (EI) to study alertnessand task engagement16,17, mental attention invest-ment18, and mental effort19. Higher BAT ratio val-ues correspond to higher workload and cognitive en-gagement.Preliminary analysis of the EEG (Alpha, Beta, andTheta power spectral densities) data is included inthis report. Further analysis of EEG and HRV data isprovided in an upcoming publication20

4. RESULTS

4.1. Camp Dawson

Figures 7 through 10 show the task performance,pilot ratings, and BAT data for the Camp Dawsonmission scenario for the full-authority and partial-authority configurations. Mean values for the met-rics are also summarized in Table 6.Figure 7 shows task performance metrics for theCampDawsonmission scenario for the full-authorityconfigurations (Coax and WSMR, blue circles) vs the
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Table 5: Mission Effectiveness Rating Scale

Table 6: Camp Dawson Results Summary

Full-Authority* Partial-Authority* Improvement**
Task PerformanceTotal time 563.79 (18.1) sec 584.83 (20.01) sec 3.5%Time above 150 ft 4.12 (4.70) sec 7.55 (8.53) sec 45%Number of ASE alerts 0.50 (0.83) 1.04 (1.33) 52%Percent time above airspeed 25.51 (8.19) % 28.51 (7.87) % 11%Time spent in hover 45.17 (12.19) sec 62.32 (17.39) sec 28%Time to launch LE 11.67 (8.96) sec 13.59 (11.11) 14%

Pilot RatingsTime Load 2.0 (0.28) 2.15 (0.46) 7%Mental Effort 2.07 (0.38) 2.41 (0.50) 14%Psychological Stress 1.22 (0.42) 1.78 (0.51) 31%Average SWAT 1.77 (0.26) 2.11 (0.38) 16%Effectiveness 1.43 (0.53) 2.14 (0.69) 33%Instantaneous Workload 3.09 (0.63) 3.30 (0.66) 6.5%Mean fatigue 0.31 (0.06) 0.37 (0.05) 17%
* Results shown as mean value followed by standard deviation in parentheses.** Percent improvement of Full-Authority as compared to Partial-Authority (positive val-ues represent an improvement in the metric, negative values represent a degradationin the metric).
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Figure 6: Instantaneous Workload (IWL) rating andestimated fatigue derivation.

partial-authority configurations (SMR and PAW, redsquares). The first plot shows the total time to com-plete each run of the mission scenario. On aver-age, pilots completed the scenario in 563.8 sec inthe full-authority configurations and 584.4 sec in thepartial-authority configurations. This corresponds toan 3.5% improvement for the full-authority configu-rations as compared to the partial-authority configu-ration, which although small, demonstrates the abil-ity of the full-authority configurations to reduce mis-sion times while completing the same objectives.The second plot in Figure 7 shows the cumulativetime of each run spent above the threshold altitudeof 150 ft AGL. On average, pilots spent 4.1 sec above150 ft AGL in the full-authority configurations and 7.5sec above 150 ft AGL in the partial-authority config-urations. This corresponds to a 45% improvementfor the full-authority configurations as comparedto the partial-authority configuration, demonstrat-ing the increased survivability of the full-authorityconfigurations by being able to more consistently flyat a lower altitude.The third plot in Figure 7 shows the number ofthreat alerts that pilots received while flying the mis-sion scenario. Recall that threat alerts occur when pi-lots stayed above the threshold altitude for longerthan three consecutive seconds. On average, pi-lots received 0.5 threat alerts in the full-authorityconfigurations and 1.04 threat alerts in the partial-authority configuration. This corresponds to a 52%reduction in threat alerts for the full-authority con-figurations as compared to the partial-authority con-figuration, again demonstrating the increased sur-vivability of the full-authority configurations by beingable to more consistently fly at a lower altitude.The fourth plot in Fig. 7 shows the percent oftime spent above the desired airspeed in the differ-ent segments of the mission. Desired airspeed werechosen based on best-range and best-endurancespeeds, and so time above these airspeeds corre-sponds to reduced range and endurance. On aver-age, pilots spent 25.5% time above airspeed in thefull-authority configurations and 28.5% time aboveairspeed in the partial-authority configurations. Thiscorresponds to an 11% improvement for the full-authority configurations as compared to the partial-authority configuration.The fifth plot in Fig. 7 shows the time spent in ahover while flying the Camp Dawson mission sce-nario, and the sixth and final plot shows the timefrom engaging LE mode to deploying the LE. Pilotswere able to minimize time in hover by meeting theLE launch constraints 14%more quickly with the full-authority configurations (Fig. 7, sixth plot). On av-erage, pilots spent 45.2 sec in a hover in the full-authority configurations and 62.3 sec time in hoverin the partial-authority configurations. This corre-sponds to an 28% improvement for the full-authorityconfigurations as compared to the partial-authorityconfiguration, demonstrating the benefits of the im-
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proved stability provided by a full-authority controlsystem.Figure 8 shows the pilot SWAT and Effectivenessratings for the full-authority and partial-authorityconfigurations, with lower scores being better. Forthe Time Load element of the SWAT rating scale, pi-lots rated the full-authority 2.0 and partial-authority2.15 on average (7% improvement for the full-authority configurations over the partial-authorityconfigurations). For the Mental Effort element of theSWAT rating scale, pilots rated the full-authority 2.07and partial-authority 2.41 on average (14% improve-ment for the full-authority configurations over thepartial-authority configurations). For the Psycholog-ical Stress element of the SWAT rating scale, pilotsrated the full-authority 1.22 and partial-authority1.78 on average (31% improvement for the full-authority configurations over the partial-authorityconfigurations). The average SWAT scores were 1.77for the full-authority configurations and 2.11 for thepartial-authority configurations (16% improvementfor the full-authority configurations over the partial-authority configurations). The average Effectivenessscores were 1.43 for the full-authority configura-tions and 2.14 for the partial-authority configura-tions (33% improvement for the full-authority config-urations over the partial-authority configurations).Figures 9(a) and 9(b) show Instantaneous Work-load (IWL) Ratings metrics for the full-authority andpartial-authority configurations throughout the mis-sion scenario. Lower IWL Ratings indicate lowerworkload. The mean IWL Ratings are plotted sepa-rately for the full-authority and partial-authority con-figurations, along with the standard deviation andmin/max ratings. In addition to receiving on averagehigher IWL Ratings, the partial-authority configura-tions also receivedmore IWL 5 Ratings formore timethan the full-authority configurations.Figure 9(c) shows a coplot of the average Instanta-neous Workload (IWL) Ratings for the full-authorityand partial-authority configurations throughout themission scenario. On average, the full-authority con-figurations had lower or equal IWL Ratings com-pared to the partial-authority configurations for 80%of the mission duration. Mean estimated fatiguevalues were 0.30 for the full-authority configura-tions and 0.37 for the partial-authority configura-tions (17% improvement for the full-authority config-urations over the partial-authority configurations).Figure 10 shows the preliminary physiologicaldata analysis for the Camp Dawson mission sce-nario. The figure shows the Beta/(Alpha+Theta) (BAT)brain wave ratio, which is a measure of cognitive en-gagement. The raw EEG data were averaged over 30sec windows for each record. Then, the means forall full-authority configuration runs and all partial-authority configuration runs were taken and areshown in Figure 10. Overall, the full-authority con-figuration had lower BAT ratios than the partial-authority configuration, indicating pilots were able
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Figure 7: Full-authority vs partial-authority task per-formance (Camp Dawson).

to complete themission scenario (with better perfor-mance as demonstrated above) with lower workloadand cognitive engagement.In addition to the task performance, pilot ratings,and physiological data, pilots were also asked to pro-vide comments. Below is a sample of the commentsprovided for the full-authority and partial-authorityconfigurations.Full-authority:
• Coax: “On [the] yellow route, going to velocityhold was helpful [to hold VBE].”• Coax: “The pusher propeller can be positive[when managing airspeed and entering or ex-iting the hover points] or negative [if you try tobe too fancy with it, it can add workload]. I thinkthat by the time you have 1000 hrs in this air-craft would feel very natural. I have around 10hrs of coax time and it felt natural.”• WSMR: “Heading holdwas critical to coming intothe hover points. Heading hold really impres-sive, did not need pedal inputs gong into hover
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Figure 8: Full-authority vs partial-authority pilot rat-ings (Camp Dawson)

or during flight when making big power inputs.Never felt it was not under control in heading,even with turbulence.”
Partial-authority:
• SMR: “Airspeed changes from 150 to 100 kt dur-ing S-turn and staying below 150 ft were diffi-cult without help... Hover point deceleration tohover was more difficult than coax since not as-sisted.”• SMR: “Constantly having to cross-check altitudeand airspeed in terrain flight. Therewere no fea-tures [of the FCS] that decreased workload.”• SMR: “High workload maintaining altitude andairspeed, LE constraints, and hover positionwithout CLAW hold modes.”• PAW: “Not quite as carefree deceleration tohover and position hold as the Full-AuthorityWSMR.”• PAW: “Significant coupling – aggressive collec-tive pull resulted in pitch, had to compensatewith longitudinal stick input. Hit pedal stop onevery run in the sideward slide [when later-ally unmasking] and due to collective-yaw cou-pling.”
Overall, the pilot comments reinforce the bene-fits of full-authority fly-by-wire flight control systemsover partial-authority flight control systems seen inthe quantitative (task performance) and qualitative(pilot rating) data.

4.2. Ojai Valley

Figures 11 through 14 show the task performance,pilot ratings, and BAT data for the Ojai Valleymissionscenario for the full-authority and partial-authorityconfigurations. Mean values for the metrics are alsosummarized in Table 7.
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Figure 9: Full-authority vs partial-authority task per-formance Instantaneous Workload (IWL) Ratings(Camp Dawson).
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Figure 10: Full-authority vs partial-authority pilot EEGdata (Camp Dawson).

Figure 11 shows task performance metrics for theOjai Valley mission scenario for the full-authorityconfigurations (Coax and WSMR, blue circles) vs thepartial-authority configurations (SMR and PAW, redsquares). The first plot shows the cumulative timeof each run spent off the target best endurance air-speed VBE of 100 kts (time airspeed was outside
100 � 5 kts). On average, pilots spent 6.7 sec offthe target airspeed in the full-authority configura-tions and 37.2 sec off the target airspeed in thepartial-authority configurations. This corresponds toan 82% improvement for the full-authority configu-rations as compared to the partial-authority configu-ration, demonstrating the ability of the full-authorityconfigurations to maximize endurance by maintain-ing VBE more consistently.The second plot in Figure 11 shows the cumula-tive time of each run spent above the threshold al-titude of 150 ft AGL. On average, pilots spent 28.9sec above 150 ft AGL in the full-authority configura-tions and 57.6 sec above 150 ft AGL in the partial-authority configurations. This corresponds to a 50%improvement for the full-authority configurationsas compared to the partial-authority configuration,demonstrating the increased survivability of the full-authority configurations by being able to more con-sistently fly at a lower altitude.The third plot in Figure 11 shows the number ofthreat alerts pilots received in each run. Pilots re-ceived a threat alert when they were above 150 ftAGL for more than 5 consecutive seconds. On av-erage, pilots received 1.6 threat alerts in the full-authority configurations and 4.1 threat alerts in thepartial-authority configurations. This corresponds toa 61% improvement for the full-authority configura-tions as compared to the partial-authority configura-tion, again demonstrating the increased survivabilityof the full-authority configurations by being able tomore consistently fly at a lower altitude.The fourth plot in Figure 11 shows the percent of

time pilots were in LE mode that launch constraintsweremet. Recall the launch constraints were to havealtitude above 100 ft AGL, aircraft angular rates < 5deg/sec and airspeed within 100 � 3 kts for 3 con-secutive seconds. For both full- and partial-authorityconfigurations, some pilots flew the entire run in LEmode, which skews some of the percent times lower.Other pilots only engaged the LE mode when theysaw a target. Overall, pilots were able to meet the LElaunch constraints for 42.8% of the time they were inLE mode in the full-authority configurations, as com-pared to 37.2% of the time in the partial-authorityconfigurations. This corresponds to a 15% improve-ment for the full-authority configurations as com-pared to the partial-authority configuration, demon-strating the benefits of the improved stability pro-vided by a full-authority control system.The fifth and final plot in Figure 11 shows the num-ber of LE launches as a percent of the number oftargets in each run. Achieving 100% required the pi-lots to identify all of the targets and be able to getinto the launch constraints to deploy a LE. On aver-age, pilots deployed a LE for 83% of the targets in thefull-authority configurations and 78% of the targetsin the partial-authority configurations. This corre-sponds to a 6.4% improvement for the full-authorityconfigurations as compared to the partial-authorityconfigurations, again demonstrating the benefits ofthe improved stability provided by a full-authoritycontrol system.Figure 12 shows the pilot SWAT and Effectivenessratings for the full-authority and partial-authorityconfigurations, with lower scores being better. Forthe Time Load element of the SWAT rating scale,pilots rated the full-authority 1.92 and partial-authority 2.25 on average (15% improvement forthe full-authority configurations over the partial-authority configurations). For the Mental Effort el-ement of the SWAT rating scale, pilots rated thefull-authority 2.0 and partial-authority 2.38 on aver-age (16% improvement for the full-authority config-urations over the partial-authority configurations).For the Psychological Stress element of the SWATrating scale, pilots rated the full-authority 1.29 andpartial-authority 1.79 on average (28% improvementfor the full-authority configurations over the partial-authority configurations). The average SWAT scoreswere 1.74 for the full-authority configurations and2.14 for the partial-authority configurations (19% im-provement for the full-authority configurations overthe partial-authority configurations). The average Ef-fectiveness scoreswere 1.5 for the full-authority con-figurations and 2.33 for the partial-authority con-figurations (36% improvement for the full-authorityconfigurations over the partial-authority configura-tions).Figures 13(a) and 13(b) show InstantaneousWork-load (IWL) Ratings metrics for the full-authority andpartial-authority configurations throughout the mis-sion scenario. In addition to receiving on average
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higher IWL Ratings, the partial-authority configura-tions also receivedmore IWL 5 Ratings formore timethan the full-authority configurations.Figure 13(c) shows a coplot of the average Instan-taneousWorkload (IWL) Ratings for the full-authorityand partial-authority configurations throughout themission scenario. On average, the full-authority con-figurations had lower or equal IWL Ratings com-pared to the partial-authority configurations for theentire mission duration. Mean estimated fatiguevalues were 0.19 for the full-authority configura-tions and 0.25 for the partial-authority configura-tions (23% improvement for the full-authority config-urations over the partial-authority configurations).Figure 14 shows the preliminary physiologicaldata analysis for the Ojai Valley mission scenario.The figure shows the Beta/(Alpha+Theta) (BAT) brainwave ratio which is a measure of cognitive engage-ment. Unlike the results seen in the Camp Dawsonmission vignette, here the full-authority configura-tions had higher BAT ratios than the partial-authorityconfigurations, indicating pilots had higher cognitiveengagement, which does not track with the self as-sessed report of the workload seen in the SWAT andIWL ratings. There are two possible reasons for this.The first is that for the Ojai Valley mission scenario,pilots generally flew the full-authority configurationsin a control law mode which provided velocity holdbut came with an attitude-command response typein the pitch and roll axes. This is a response type thatmost pilots have less experience with than a moreconventional rate-command response type, whichmay have driven up cognitive workload and engage-ment as pilots concentrated to modify their controlstrategy. The second possible reason that pilots hadhigher BAT ratios while flying the full-authority con-figurations is linked to their improved performance,which may have required more concentration. How-ever, it should be pointed out again that these re-sults do notmatch the self-assessed workload whichwas lower for the full-authority configurations. Fur-ther investigation into the physiological results hereis needed.Below is a sample of the comments providedfor the full-authority and partial-authority configura-tions.Full-Authority:

• Coax: “Decreasing workload: [velocity hold] forairspeed maintenance.”• Coax: “Velocity hold [was] repeatable and reli-able.”• Coax: “Big fan of the pusher propeller and air-speed hold.”• WSMR: “Airspeed hold, set it and forget it, aslong as you do not contaminate longitudinal in-puts.”• WSMR: “I was able to get all the performance Iwanted, maybe more, with attitude commandbut [was] going to the limit.”
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Figure 11: Full-authority vs partial-authority task per-formance (Ojai Valley).
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Figure 12: Full-authority vs partial-authority pilot rat-ings (Ojai Valley).
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Table 7: Ojai Valley Results Summary

Full-Authority* Partial-Authority* Improvement**
Task PerformanceTime off 100 kts 6.70 (4.99) sec 37.23 (26.23) sec 82%Time above 150 ft 28.94 (15.91) sec 57.59 (36.85) sec 50%Number of ASE alerts 1.63 (1.44) 4.13 (4.12) 61%Percent time launchconstraints met 42.84 (24.15) % 37.22 (17.05) % 15%

Percent LE launches 83.33 (21.08) % 78.33 (24.84) % 6.4%
Pilot RatingsTime Load 1.92 (0.50) 2.25 (0.44) 15%Mental Effort 2.00 (0.42) 2.38 (0.49) 16%Psychological Stress 1.29 (0.46) 1.79 (0.51) 28%Average SWAT 1.74 (0.37) 2.14 (0.32) 19%Effectiveness 1.50 (0.55) 2.33 (0.82) 36%Instantaneous Workload 2.47 (0.45) 2.97 (0.63) 17%Estimated Fatigue 0.19 (0.06) 0.25 (0.06) 23%

* Results shown as mean value followed by standard deviation in parentheses.** Percent improvement of Full-Authority as compared to Partial-Authority (positive val-ues represent an improvement in the metric, negative values represent a degradationin the metric).

• WSMR: “During the task, even with turbulence,was backed out of the system, even went handsoff to readjust harness at some point...And dur-ing run in to [hover at the end] was low work-load.”• WSMR: “Velocity hold helped a lot. I did not haveto glance at airspeed. After you get used to At-titude Command it was not bad.”• WSMR: “Control laws help a lot for this particu-lar mission.”
Partial-Authority:
• SMR: ”[Highest workload was] having to con-trol all axes simultaneously (pitch, roll, collec-tive, and to a lesser extent yaw); aggravated byhaving to get into LE constraints. Got some helpfrom force trim if set correctly.”• SMR: ”Manual inputs required for airspeed andaltitude maintenance while looking for targetvehicles.”• PAW: ”Damped rate aircraft with no holdmodesgets you into forcing [increased] scan patternand longitudinal cyclic stick activity. Ride qualitysuffered. Interesting that I was able to do betteron altitude with this one, but I did more controlin the pitch axis.”• PAW: ”Airspeed hold on Full-Authority WSMRwas very easy. Here had to synchronize in-puts between pitch and collective. DeployingLEs took longer. I had similar performance toFull-Authority WSMR but I was working harder.”• PAW: ”More like a juggling act. Workload muchhigher than Full-Authority WSMR...Was starting

to get a little frustrated and warmwith this con-figuration. Did have to calm myself down afterRun 27. Psychological issues of dealing with air-craft that is much harder to hold in constraints.”
As with the Camp Dawson mission scenario, thepilot comments for the Ojai Valley mission scenarioreinforce the benefits of full-authority fly-by-wireflight control systems over partial-authority flightcontrol systems seen in the quantitative (task per-formance) and qualitative (pilot rating) data.

5. CONCLUSIONS

A piloted simulation experiment was conducted inthe NASA Ames Vertical Motion Simulator to quan-tify differences in pilot workload and mission effec-tiveness between different levels of flight controlaugmentation (ranging from enduring fleet repre-sentative to advanced fly-by-wire) during two scout-representative mission vignettes. The results of thestudy support the following conclusions:
1. Full-authority fly-by-wire (FBW) Flight ControlSystems (FCSs) provided task performance andmission effectiveness benefits over partial-authority FCS. These benefits included reducedvariability in mission task performance, im-proved ability to fly lower, and improved abil-ity to maintain best endurance and range air-speeds. These benefits were also evident ina 35% increase in mission effectiveness scorefor the full-authority configurations over thepartial-authority configurations.
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Figure 13: Full-authority vs partial-authority taskperformance Instantaneous Workload (IWL) Ratings(Ojai Valley).
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Figure 14: Full-authority vs partial-authority pilot EEGdata (Ojai Valley)

2. Full-authority FBW FCSs also provided self-assessed workload benefits over partial-authority FCS. These benefits included areduction in Instantaneous Workload of 12%,a reduction in Fatigue Estimate of 20%, and areduction in Subjective Workload of 18%.3. Physiological data were collected and used tocompare Beta/(Alpha+Theta) (BAT) brain waveratios. For the Camp Dawson scenario, the BATratios supported the self-assessed workloadratings provided by the pilots. However, for theOjia Valley scenario, the BAT ratios had the op-posite trend than the self-assessed workloadratings. Several potential reasons for this werediscussed, and additional work should be doneto correlate between self-assessed and physio-logical workload data.4. Overall, the data show that pilots had improvedmission performance and effectiveness andincreased survivability and range/endurance,with lower cognitive workload while flying con-figurations with full-authority FBW FCSs.

COPYRIGHT STATEMENT

The authors confirm that they, and/or their companyor organization, hold copyright on all of the origi-nal material included in this paper. The authors alsoconfirm that they have obtained permission, fromthe copyright holder of any third party material in-cluded in this paper, to publish it as part of theirpaper. The authors confirm that they give permis-sion, or have obtained permission from the copy-right holder of this paper, for the publication and dis-tribution of this paper as part of the ERF proceedingsor as individual offprints from the proceedings andfor inclusion in a freely accessible web-based repos-itory.

APPROVED FOR PUBLIC RELEASE Page 16 of 17



APPROVED FOR PUBLIC RELEASE
REFERENCES

[1] Harding, J. W., Moody, S. J., Jeram, G. J., Mansur,H., and Tischler, M. B., “Development of Mod-ern Control Laws for the AH-64D in Hover/LowSpeed Flight,” American Helicopter Society62nd Annual Forum Proceedings, Phoenix, AZ,May 2006.[2] Tischler, M. B., Blanken, C. L., Cheung, K. K.,Swei, S. S., Sahasrabudhe, V., and Faynberg, A.,“Modernized Control Laws For UH-60 BLACKHAWK Optimization and Flight-Rest Results,”
Journal of guidance, control, and dynamics,Vol. 28, (5), 2005, pp. 964–978.[3] Fujizawa, B. T., Tischler, M. B., Ott, C., andBlanken, C. L., “UH-60 Partial Authority Mod-ernized Control Laws for Improved HandlingQualities in the Degraded Visual Environment,”American Helicopter Society 70th Annual Fo-rum Proceedings, Montreal, Quebec, Canada,May 2014.[4] Fujizawa, B. T., Tischler, M. B., and Minor, M.J. S., “Outer-Loop Development and DVE FlightTest Assessment of a Partial Authority Model-Following Control System for the UH-60,” Amer-icanHelicopter Society 72ndAnnual ForumPro-ceedings, West Palm Beach, FL, May 2016.[5] Juhasz, O., Celi, R., Ivler, C. M., Tischler, M. B.,and Berger, T., “Flight Dynamic SimulationMod-eling of Large Flexible Tiltrotor Aircraft,” Ameri-can Helicopter Society 68th Annual Forum Pro-ceedings, Fort Worth, TX, May 2012.[6] Celi, R., “HeliUM 2 Flight Dynamic SimulationModel: Developments, Technical Concepts, andApplications,” American Helicopter Society 71stAnnual Forum, Virginia Beach, VA, May 2015.[7] Berger, T., Juhasz, O., Lopez, M. J. S., Tischler,M. B., and Horn, J. F., “Modeling and Controlof Lift Offset Coaxial and Tiltrotor Rotorcraft,”
CEAS Aeronautical Journal, Vol. 11, (1), January,2020, pp. 191-215, DOI: 10.1007/s13272-019-00414-0.[8] Padthe, A. K., Lopez, M. J. S., Berger, T., Juhsaz,O., Tobias, E. L., and Glover, E. D., “Design, Mod-eling, and Flight Dynamics Analysis of GenericLift-Offset Coaxial Rotor Configurations,” Verti-cal Flight Society’s 78th Annual Forum Proceed-ings, Forth Worth, TX, May 2022.[9] Lopez, M. J. S., Padthe, A. K., Glover, E. D.,Berger, T., and Tobias, E. L., “Seeking Lift Share:Design Tradeoffs for a Winged Single Main Ro-tor Helicopter,” Vertical Flight Society’s 78th An-nual Forum Proceedings, Forth Worth, TX, May2022.[10] Tobias, E. L. and Tischler, M. B., “A Model Stitch-ing Architecture for Continuous Full Flight-Envelope Simulation of Fixed-Wing Aircraft andRotorcraft from Discrete-Point Linear Models,”U.S. Army AMRDEC Special Report RDMR-AF-16-01, April 2016.

[11] Howlett, J. J., “UH-60A Black Hawk EngineeringSimulation Program - Volume I - MathematicalModel,” NASA CR 166309, December 1981.[12] Tischler, M. B., Berger, T., Ivler, C. M., Mansur,M. H., Cheung, K. K., and Soong, J. Y., Practical
Methods for Aircraft and Rotorcraft Flight Control
Design: An Optimization-Based Approach, AIAA,Reston, VA, 2017.[13] Berger, T., Dotson, B. N., Gong, A., Lusardi, J. A.,Mansur, M. H., Ott, C. R., Ogden, W. R., andMiller, M. L., “Effects of Linked vs. UnlinkedCyclic Controllers on Crew Coordination,” Verti-cal Flight Society’s 79th Annual Forum Proceed-ings, West Palm Beach, FL, May 2023.[14] Berger, T., Gong, A., Lusardi, J. A., Mansur,M. H., Boehringer, R. P., Ogden, W. R., Ott,C. R., Brown, D. R., Daniels, D. A., and Bor-den, C. C., “Proposed Yaw-Axis Target Acquisi-tion and Tracking Handling Qualities Require-ment Updates,” Vertical Flight Society’s 80thAnnual Forum Proceedings, Montréal, Québec,Canada, May 2024.[15] Reid, G. B. and Nygren, T. E., “The Subjec-tiveWorkload Assessment Technique: A ScalingProcedure for Measuring Mental Workload,”
Advances in Psychology, Vol. 52, 1988, pp. 185–218.[16] Pope, A. T., Bogart, E. H., and Bartolome, D. S.,“Biocybernetic system evaluates indices of op-erator engagement in automated task,” Biologi-
cal psychology, Vol. 40, (1-2), 1995, pp. 187–195.[17] Freeman, F. G., Mikulka, P. J., Prinzel, L. J., andScerbo, M. W., “Evaluation of an adaptive au-tomation system using three EEG indices witha visual tracking task,” Biological psychology,Vol. 50, (1), 1999, pp. 61–76.[18] MacLean, M. H., Arnell, K. M., and Cote, K. A.,“Resting EEG in alpha and beta bands predictsindividual differences in attentional blink mag-nitude,” Brain and cognition, Vol. 78, (3), 2012,pp. 218–229.[19] Smit, A. S., Eling, P. A., Hopman, M. T., andCoenen, A. M., “Mental and physical effort af-fect vigilance differently,” International Journal
of Psychophysiology, Vol. 57, (3), 2005, pp. 211–217.[20] D’Alessandro, M. G., Mackie, R. C., Berger, T.,Ott, C. R., Sullivan, C. C., and Curry, I., “Real-time Neurophysiological and Subjective Indicesof Cognitive Engagement in High-Speed Flight,”
AerospaceMedicine and Human Performance, Ac-cepted for publication on July 3, 2024.

APPROVED FOR PUBLIC RELEASE Page 17 of 17


