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Section 1

RAT IONA LE

In 1987, an AGARDograph (edited by Stan Roscoe) was devoted entirely to

outlining the state-of-the-art techniques used to identify and quantify the

characteristics of any given flight system (AGARD No. 282, 1987). In eleven of

the sixteen chapters dealing with workload and human-machine interactions,

psychophysiological techniques were utilized.

The multidimensional qualities of workload have recently been recognized,

as evident in the continuing interest of using a three-pronged approach to

investigate human-machine interactions. This approach consists of using

objective, subjective and physiological techniques.

Most investigations of new or existing crew stations, cockpits and assembly

lines, use the objective category of techniques. This category includes

detailed time-line analyses of task demands, time and motion studies, and

performance measures (including secondary task techniques). Furthermore, the

use of subjective techniques, such as rating scales obtained from operators

diring performance, have proven reliable as indicators of the level of perceived

workload.

Psychophysiological techniques are relatively new in the applications field

and so do not benefit from repeated use as do the more routinely used methods of

objective and subjective techniques. However, there exists a wide body of

laboratory data that supports the idea that much can be gained from these

physiological techniques, as well as the few reports that deal with data

obtained from simulations and actual in-flight operational missions.

Psychophysiological techniques can fill in the informational gaps left by

objective and subjective techniques. Time-line analyses yield information only

about the task, and pertormance measures give information only about humani-
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machine status at that given time. It does not answer questions about

predictive performance under stress, such as emergencies and bottlenecks in

human capacity (O'Donnell and Eggemeier, 1986). Subjective techniques may

answer some of these questions, yet it has been pointed out before that these

techniques have their own unique shortcomings, including individual biases, poor

individual replication under similar circumstances, and delayed ratings under

high workload conditions (Hart, 1982). Psychophysiological techniques have been

used precisely to fill in these informational gaps. It is recommended that this

three-pronged approach (objective, subjective and physiological) be used to

obtain a more complete picture of human-machine interactions.

PSYCHOPHYSIOLOGY IN RELATION TO FLIGHT PARAMETERS

Heart Rate (or ECG)

As early as 1967, researchers were examining changes in the cardio-vascular

system of pilots during different flight segments. Smith (1967) reported

elevations of heart rate during take-off and landing phases of commercial

airline routes. Roman, Older and Jones (1967) reported that navy pilots flying

combat missions had higher heart rates during carrier landing than during actual

target acquisition and weapons delivery. This finding opposed the belief that

acquisition and delivery was the most taxing and dangerous flight segment.

Increased heart rate during take-off and landing segments of any given

commercial flight is not surprising since flight time between these two segments

does not usually entail a large amount of pilot activity. However, in the above

military scenario, the segments between take-off and landing required at least

the same amount, if not greater, pilot activity and attention to flight

parameters as during take-off and landing. This psychophysiological techniique

revealed information not obtainable with the more traditional measures.

The usefulness of psychophysiologic3l measures was also demonstrated in a
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recent application of heart rate measures during the performance of an A-7D

mission scenario. Skelly, Purvis and Wilson (1987) and Wilson, Purvis, Skelly,

Fullenkamp and Davis (1987) reported data taken from pilots during the training

performance of a tactical mission in both actual and simulated flight. Heart

rate was sensitive to changes in mission segments as well as in-flight versus

simulator differences. Specifically, mission events affected heart rate in the

lead and wing but not in the simulator. For the lead flights, pilots' heart

rate wds higher during pre-takeoff, takeoff, guns jink, 90-degree slice

maneuver, weapons delivery and landinig than during briefing, fly-over update and

cruise. For the wing, pilots' heart rate was higher during these same segments

than for briefing and cruise. Pilots' heart rates during simulator flight did

not show these differences. Furthermore, heart rate was higher overall during

the lead flight than during the wing flight, and higher during wing than during

simulator flight. Wilson et al (1987) suggested that the added workload of

piloting an actual aircraft over that of a simulator, and the increased

duties/responsibilities of the lead pilot, led tC these increases in heart rate.

These results lend support to the assumption that simulations of flight

missions will not elicit the same physiological responses from pilots that are

found during actual flight. This has direct bearing on heart rate taken during

simulator flight. As discussed in Skelly, et al (1987), there is a need to

measure physiological reactivity in simulators to examine how and where

simulator fidelity affects crew performance. It may be that the mere physical

similarity between simulators and aircraft is not sufficient to have true

applicability in training, licensing and ceLtification, and general engineering

research. In the SABER laboratories, however, heart rate responses obtained

from simulation can be used as baselines in relation to actual aircraft flight.

Furthermore, heart rate can be applied as a measure of "relational" fidelity.
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As an example, two separate weapons delivery simulations may elicit different

increases in heart rate.

Related results obtained in the laboratory suggest further uses of heart

rate in examining training effects. In 1973, Zwaga asserted that heart rate

reactivity was directly related to the amount of time any given subject had

practiced on a task. The main hypothesis was that the initial introduction to a

task precipitated increased heart rate, and that further performance of that

task would see gradually decreasing heart rate. These effects occur even when

behavioral performance is stable from the beginning to the end of the task

(McCloskey, 1987). This has importance when training and task load effects

occur in a situation at the same time. In other words, task load effects may be

superimposed over a gradually decreasing trend in heart rate, and this trend may

even obscure the task load effects.

Eyeblink (or EOG)

Eyeblink behavior during demanding tasks has been characterized as follows:

- As attentional demands increase, the number of blinks decrease.

- As attentional demands increase, the length of time the eye is closed

decreases.

- As fatigue increases, number of blinks and duration of blinks increase.

These phenomena have been heavily documented in the literature (Bauer,

Strock, Goldstein, Stern and Walrath, 1984; Stern and Skelly, 1984; Stern,

Walrath and Goldstein, 1984). Stern, Wal-ath and Goldstein (1984) reviewed the

evidence concerning eyeblink behavior during task performance. It is postulated

thac blinking is best understood in terms of a cognitively-b3sed mechanism which

suppresses blink behavior until such times as decisions about external stimuli

have been made.
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Stern and Skelly (1984) reported data that were obtained during high-

fidelity simulator missions. Blink rate discriminated between the pilot in

control of the aircraft and the person acting as co-pilot. Furthermore, mission

segments affected blink rate. During the weapons delivery and "coping with

threat" segments, blink rate decreased. These mission segment effects on blink

rate are evidence that blink rate can be a measure of task demands in an

aircraft setting. Also, blink duration increased from pilot to co-pilot, and

was shown to increase in latency as time-on-task increased.

Another interesting aspect of blink behavior is evidence that high rates of

long-duration blinks during the "taking-in" and processing of relevant stimuli

may be an indication of erroneous performance (missed signals, incorrect

responses, etc.). Morris (1985) used a basic instrument flight trainer with

cockpit motion and engine sound simulation to examine eyeblink effects in

relation to piloting errors. Eyeblink results showed that the longer the

closure duration, the higher the error in airspeed, heading and altitude during

the pre-specified flight course. Furthermore, as the frequency of long-duration

blinks increased (those longer than 500 msec in duration), error also increased.

Morris (1985) further suggested that these eyeblink measures can be used to

predict mistakes in flight performance. Errors in airspeed, heading and

altitude were preceded by increases in blink duration far enough in advance to

become candidates for the valid prediction of "catastrophic failure". Eyeblink

changes occurred before performance decrements were found.

The above results document the use of eyeblink measures in simulation and

actual flight. These measures proved useful in obtaining information about

pilot versus co-pilot attentional demands, task loads, and investigations of EOG

as predictors of flying performance decrements.

5



Electroencephalography (or EEG)

Perhaps the most intuitively appealing physiological measure is that of

brain activity. If the cognitive demands on an operator are of interest, surely

the on-going activity of the brain must offer insight into mental workload. In

practice, however, it has been found that the EEG does not offer this insight

easily. Difficulties arise with detecting the extremely small EEG signal (on the

order of 5-20 microvolts) from the human scalp. In some cases amplification of

the EEG must be as large as 100,000 times the original signal. When this

problem is overcome, EEG techniques can be useful (O'Donnell, 1979).

On-going EEG obtained during actual aircraft and simulator flights has been

submitted to spectral analysis and correlated with mission event as well as

flight formation position (Skelly, et al, 1987; Wilson, et al, 1987). The 4-7.5

Hz band, the 8-13 Hz band, the 14-19.5 Hz band and the 20-30 Hz band of the EEG

spectra showed increased activity during the lead and wing aircraft flights over

that found during the simulator flight. Furthermore, during high-G stress in

the aircraft flights, the 8-13 Hz band of the EEG showed heightened activation.

While these results are promising, Wilson, et al (1987) cautioned against

too strong of an interpretation. Problems with obtaining the EEG signal stemmed

from the electrically noisy environment of the aircraft (coupled with movement

artifact) not found in simulation. This increased noise could easily have

caused the increased activity of the EEG signal, unrelated to any cognitive

functions of the pilots. Wilson, et al (1987) recommended changes in EEG

collection techniques, specifically larger amplification of the EEG signal

closer to the point of the electrical source. Presently, stronger pre-

amplifiers located within inches of the scalp contacts are being tested on

pilots flying F-4 aircraft.
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When these problems of signal noise have been controlled, spectral analyses

of on-going EEG signals have proven to be generalized measures of arousal.

Sterman, Schumer, Dushenko and Smith (1987) found that 8-11 Hz amplitude

discriminated between pilots during resting and when flying an airplane.

Furthermore, sensorimotor cortex scalp sites showed higher amplitude responses

in the 8-11 Hz band during controlled flight tasks than the visual cortex scalp

sites. These results point out the usefulness of on-going EEG measures,

especially when used to investigate differences between aircraft and simulation

flights, and task/no-task situations.

On-going EEG does not lend itself well to answering more specific questions

about flight tasks. A technique known as the averaged evoked potential (EP) has

been used extensively in the laboratory to answer very specific questions about

task loads. The technique consists of taking one second "snap-shots" of the on-

going EEG potentials that occur in response to discrete stimuli, and then

superimposing these snapshots one upon the other to obtain an average EP. The

technique is limited by the requirement of multiple occurrences of the discrete

"evoking" stimuli to obtain multiple snap-shots for the average EP. The

recommended number of snap-shots required to obtain a reliable average EP has

ranged from 10 to 100 (Wickens, Kramer, Vanasse and Donchin, 1983). In some

situations, the evoking stimuli do not occur often enough to obtain a "reliable"

average. For example, Albery (1988) obtained EPs elicited from both a primary

and secondary task while pilots were under centripetal force in a high-G

simulator. The number of snap-shots available for the EP averages ranged from

one to twenty-two (mean=ll, std=3). Albery (1988) identified two major problems

that caused many of these single trial snap-shots to be lost: 1) excessive

eyeblink contamination during high-G stress, and 2) electrical noise generated

7



by the motion-based centrifuge apparatus. However, it is interesting to note

that results obtained from these EP averages still matched the a priori

hypotheses of the author. The components of the EPs to the primary tracking

task increased in amplitude and latency as the difficulty of the task increased.

Furthermore, the components of the EPs to the secondary target acquisition task

increased in latency as the number of targets increased. This is evidence that,

even though EP signals may be noisy and contaminated by artifacts in motion-

based simulators and actual flight, this measure can still be useful.

In a more ideal situation, Kramer, Sirevaag and Braun (1987) obtained EPs

elicited by a secondary "oddball" task during the performance of a simulated

flight mission. The simulation apparatus was fixed-based and did not cause

large EP signal contamination, and any eyeblink artifacts could be

mathematically corrected by a technique reported by Gratton, Coles and Donchin

(1983). When the difficulty of the primary flight task was increased by

introducing turbulence, subsystem failures, and increasing wind speed, the

components of the EPs elicited by the secondary task (oddball tones) decreased

in amplitude.

Since the SABER laboratories contain a fixed-based simulation capability,

the electrical noise inherent in actual airplane cockpits and motion-based

simulators should not be a problem. Evoked potentials should be relatively

artifact free and easy to obtain. The secondary task discussed above (the

oddball) seems to be a good candidate for indexing the difficulty of flight

tasks. Also, eliciting EPs with discrete occurrences of task-relevant stimuli,

such as low-level emergency tones, could prove useful in evaluating flight

tasks. Finally, on-going EEG spectral analyses have been used to determine

overall arousal levels of the operator.

8



Section 2

PHASE I SIMULATION

A small-scale flight task simulation, with a Neuropsychological Workload

Test Battery (NWTB, Wilson and O'Donnell, 1988), was obtained for the Strategic

Avionics Battle-Management Evaluation Research (SABER) laboratories. The Phase

I investigation had as its main objectives:

1) Test the interface between the simulation and the NWTB
(identify problem areas and correct them)

2) Determine the feasibility of collecting physiological data during
simulation (cost-effectiveness, value of the data, etc.)

3) Formulate recommendations for a larger simulator effort through the
experience of the small-scale simulation.

These three objectives were all met to some degree in the Phase I effort

reported below. A description of the NWTB used to obtain physiological measures

is followed by a description of the Silicon Graphics IRIS simulation (and

pertinent segments of the "DOG" flight). The problems found during the

interface of these two hardware and software systems (the NWTB and the flight

simulation) are summarized. The experimental methods used to obtain behavioral

and physiological measures during the simulation are then presented. The

results of these measures (behavioral and physiological) are discussed in terms

of their relation to flight parameters.

Finally, the results of the Phase I effort are used to generate

recommendations for a more realistic, full-scale simulator investigation that

will use physiological measures as part of a larger evaluative data base.

9



Section 3

PROBLEM SOLVING

PHYSIOLOGICAL MEASUREMENT

The Modified Neuropsychological Workload Test Battery (NWTB).

The NWTB was modified to accommodate studies in the SABER laboratories, in

which lengthy data collection could last up to 6 hours for two subjects at a

time. A two step approach was employed. First, the problem of data collection

was addressed.

Because a large quantity of data could potentially be collected, 8 more

disc surfaces were added to the NWTB to increase storage capability to 120

Megabytes. Ten A/D channels were available for collecting and storing data.

Two of the ten channels were dedicated to heartrate collection and sampled at a

1 KHz rate (4 Kbytes/sec, 240 Kbytes/min, 14.4 Mbytes/hr, and 86.4 Mbytes/total

test capability). Two channels were dedicated to eyeblink collection and

sampled at a 100 Hz rate (8.64 Mbytes/total test capability). Six channels were

dedicated to EEG collection and sampled at a 200 Hz rate for intermittent three

minute periods (432 Kbytes/period and 17.28 Mbytes/40 periods). Total data

collection capability for all ten channels was 112.32 Mbytes (NOTE: the actual

memory space required for the present study was negligible and did not approach

the maximum capacity of the modified NWTB; for each subject, one channel of

heartrate, eyeblink and EEG data were collected for very short periods of time,

ie., under one hour continuous for one subject).

The next step was to arrange the data into a format that could be presented

to the standard NWTB hardware and software for analyses. Extra analog to

digital (A/D) converters were added to the NWTB to accommodate the two channels

of heartrate data. A software module (also called SABER) was written to collect

heartrate and eyeblink data. This module also provided an "Audio Rare Event"

(Oddball) task, described later, identical to the standard test on the original

10



NWTB. The module transferred all collected digitized data to the hard discs for

archival storage. This feature allowed previously collected test data to be

restored in the modified NWTB, ready for the next processing step. An IEEE

interface between the NWTB and SABER simulation was provided for a direct link

concerning control and data transfer communications but was not used in the

present study. A second software module (SABSRT) was created to allow the

operator to select position and time frames of physiological data that

corresponded to flight segment. These "data windows" were identical to standard

NWTB "*.DAT" files, which allowed the information to be processed in the NWTB

data reduction/analysis program as usual. A third software module controlled

the gain and filter settings of an SRL programmable amplifier/filter. The

amplifier/filter settings used in this study were as follows:

EEG EDOG ECG

High Pass: 0.10 0.10 9.65

Low Pass: 29.80 100.44 100.44

Filter Range: 32-64K 4-8K 1-2K

Gain: 50,000 5000 2000

Notch Filter: 60Hz 60Hz 60Hz

In summary, hardware additions included 8 disc surfaces, A/D converters

and a ten channel SRL amplifier/filter. The sequence of events was as follows:

data were collected on the NWTB as usual, however, the digitized data went

directly to the 8 disc surfaces that had been added to the NWTB. After data

collection was completed, SABSRT pulled windows of data from the discs. Once

chosen, these windows oent directly onto the standard NWTB removable 5 Mbyte

disc as "1*.DAT" files where they could be examined with the standard NWTB

reduction/analysis program mooles. Before the next test could be run, the

ii



digitized data on the 8 disc surfaces had to be removed and cleared through

initialization of the disc memory.

SIMULATION

IRIS Silicon Graphics Computer System.

A dynamic flight mission using a modified version of the "DOG" program

provided the task. The hardware and software of the IRIS 3030 Silicon Graphics

workstation remained standard. A flight pattern similar to a simple oval

circuit was created with a simulated F-15 aircraft and saved (pre-recorded) on

the IRIS' hard disc. This pre-recorded flight path was sequenced in the

Inllowing manner: take-off (TO), straight and level (SLl), left bank (Bl),

straight and level (SL2), left bank (B2), straight and level (SL3) and landing

(L). An illustration of the flight path is presented in Figure 1. Each segment

of the pattern used at least one minute's worth of time to enable EEG data

collection. Next, the pattern was broken down into actual time windows that

reflected each flight segment. Once the criterion flight pattern was pre-

recorded and timed, subjects piloted a second F-15 aircraft along with the pre-

recorded criterion aircraft. The objective was to fly the second (wing)

aircraft 1500 feet or less behind the first (lead) aircraft, maintaining similar

altitude and roll angle. Unfortunately, the IRIS slowed down when the wing

plane was added to the screen with the pre-recorded lead plane, and sampling

rate decreased. Sampling rate also became more variable within each segment,

and within and between each subject. When a sampling rate was specified, the

display made jerky, discrete movements instead of the smooth, continuous

movements required for simulation. Because this "jerky" simulation was too

difficult to fly, sampling rate was allowed to vary randomly, resulting in about

13 performance samples per second.

12



TOP VIEW OF MISSION WITH SOFTWARE TIME (REAL TIME)

I I
I S&L2

3:13 - 6:18
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B - BANK

SIDE VIEW OF MISSION

2000 - 3000 FT

0.0 \ 0:34

TAKE-OFF LANDING
FIGURE I. Flight path top and side views.
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Specifying the lead and wing options of the IRIS allowed the subjects' wing

flight and the pre-recorded lead flight to be recorded in a file simultaneously,

resulting in comparable data at the end of a run. The data showed both

aircraft's positions in the Z (longitudinal trailing distance), Y (altitude) and

X (lateral off-set or roll) axes for each sample taken (See Figure 2).

Two programs, FLIGHT.C and COMM.C, which encompass the DOG program,

underwent modifications to allow a distance and heading display to be placed on

the screen. Also, an additional modification of OOMM.C allowed position data

that would normally be sent to the SG network to be sent to "OUTFILE" for

viewing.

NWTB AND IRIS INTERFACE

The new problem of the random IRIS sampling rate during simulated lead/wing

flight had implications for the use of the NWTB in the study. The IRIS ran on

variable software time instead of real time. The NWTB ran on a real time clock,

and problems appeared during correlation of NWTB and IRIS data. To solve these

problems, an RS-232 was employed to link both systems together to run on the

IRIS' software time. Since the software time was considerably slower, the

segments lasted longer than we had originally anticipated. The segment start

and stop times, as well as the amount of real time, are listed below.

Pre-Recorded Time Real Time
start stop

Take-off 00:00 00:59 01:13
SLI 01:00 02:11 01:36
B1 02:12 03:12 01.33
SL2 03:13 06:18 04:38
B2 06:19 07:21 01:34
SL3 07:22 09:46 01:53
Landing 08:47 10:34 02:16

Although the real start and stop time for each of the flight segments was

known, the pre-recorded time was variable in both interval between seconds and

length of each second. Because the NWTB used the IRIS' variable software time,

14
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the NWTB could be programmed to begin data collection at 00:00:00 when the IRIS

clock began counting at the start of the flight trial. For the EOG and ECG, this

was not a problem since the data was recorded continuously and setting the

program parameters to collect this type of data was a one step operation.

However, for the EEG data a real logistics problem emerged. During EEG

collection, a secondary task (described later) was presented and evoked

potentials recorded to the onset of the task items. A window of time during

each segment was chosen to present this secondary task, rather than attempting

to collect continuous data. This meant that each time window block had to be

typed in separately. Unfortunately, the operator could only input one window at

a time while collection was underway. This was an extremely inconvenient and

error prone situation. If the time window block was entered incorrectly, and

couldn't be corrected by the time the test was due to begin, the entire run had

to be re-set and re-started. To alleviate this problem, the NWTB was programmed

to start counting from 10:00:00 to allow the operator to type in all the time

window blocks before the run started. When the task started, the NWTB time was

re-set to 10:00:00 and the EEG data was collected at time points specified by

the operator (NOTE: all the data windows were under 00:10:34, so it would have

taken the NWTB almost ten hours to count down to the first time window). The

starting times for each data window were input as follows:

EOG and ECG EEG
Take-off 10:00:03 10:00:03
SLl 10:01:00 10:01:07
BI 10:02:11 10:02:11
SL2 10:05:15 10:05:15
B2 10:06:19 10:06:19
SL3 10:07:22 10:07:22
Landing 10:08:47 10:09:25

EEG windows were slightly different from EOG and FXG because the data in

each window were collected as discrete data. The window choices were made to

optimize the effects of each segment. Each one minute EEG sample needed to

16



reflect the effects of each segment. For example, "landing" effects would most

likely be seen in the latter part of the landing segment where the subjects'

plane was actually touching down on the runway. Once the run was completed

(when the lead plane stopped on the runway) the NWTB program was halted and

SABSRT was used to sift through the data for the specified windows listed above.

17



Section 4

EXPERIMENTAL METHODS

SUBJECTS

Six healthy male non-pilots, aged 20-45 years, participated in this study.

Each subject was right-handed and had approximately 20/20 uncorrected vision.

DES IGN

Data were collected in a mixed factorial design. Independent mreasures

included training session (Early, Middle or Late training, Test session I or 2),

visibility (Day or Night), and flight segment (REST, TO, SLI, Bi, SL2, B2, SL3

and L). The visibility factor was counterbalanced within and between subjects.

Night was the same flight scenario as day, but the display became dimmer and

"night lights" from the city, runway, and aircraft became apparent. Dependent

measures included root mean square error, which represented distance >3tween the

lead/wing planes in the three axes (XRMS, YRMS and ZRMS), heart rate and heart

rate variability (HR and HRV), eyeblink rate, duration, half amplitude duration

and variability (BR, DUR, HDUR and BV), and N200/P300 amplitude and latency of

the evoked potentials obtained from the EEG.

PROCEDURES

Training.

The primary task required the subjects to follow the pre-recorded lead

flightpath, described previously. Training was composed of 12 sessions

which lasted for one and one quarter hours each. On the first day, subjects

were introduced to the task and given the opportunity to operate the simulated

F-15 aircraft. On the second day, they learned how to fly behind the pre-

recorded lead aircraft (See Table 1 for the training schedule). Following these

two days, subjects received standardized training which consisted of six full

missions and four "landing only" segments. Following the second (Early),

18



TABLE 1. Training Schedule Sheet

Subject Condition Order Date

DAY 1:
Familiarization:

- Experimental Purpose and Task
- Introduction to the NWTB

Purpose
Instrumentation
Data Collection

- Introduction to Flight Program
Flight Path
Flight Procedures
Briefing Demo

- Sample Physiological Data
- Focused Training

Overview of Controls
Flaps and Spoilers
Demo Flight

- Hands On Training
Day and Night
(D) (N)
- Take off

procedure for
lift off

- Straight and level
altitude and
jink

- Banking
procedure for
turning

- Landing
approach
speed
rate of descent
controls
touchdown

DAY 2:
Review:

- Flight Procedures

- Overview of Controls
- Flaps and Spoilers
- Day and Night Flights
- Introduction to Top Gun

Formation Flying
Demo of pre-recorded flight
Performance Requirements
Following Lead

- Hands On Wing Training (same as DAY 1)

19



seventh (Middle) and twelfth (Late) training sessions, all the dependent

measures were collected except the EEG, to provide information on training

progress. On these data collection days, a two-minute EOG and ECG baseline

measurement was taken, followed by two full warm-up flights. Following warm-up,

two full missions were flown where EOG, ECG and RMS error scores were collected.

Training criterion was reached when subjects could maintain a distance of

1500 feet maximum between his own plane and that of the lead. A landing with a

score of zero or more had to be obtained at least half the time. Of six

subjects, five reached criterion by the last training session. These five

subjects' data were used in all subsequent analyses.

Testing.

Data were also collected on the sixteenth (Test 1) and the seventeenth

(Test 2) day. Because EEG data were collected during these sessions, which

resulted in longer preparation and data reduction times, each session lasted

approximately three hours. Similar to the data collection for training, two

minutes of EOG and ECG baseline data were collected prior to flight. Also, EEG

data were collected during the second minute prior to flight while the subjects

monitored audio rare events (see below). Following baseline, subjects were

given two full warm-up flights, and then required to fly two full missions

during which all dependent measures were collected. The audio rare event

occurred for one minute during each segment for both of these Test 1 and 2

flights.

Audio Rare Event (Oddball).

The secondary task was the Audio Rare Event, or Oddball test, which was

used to elicit evoked potentials (EPs) from the background EEG. This standard

test was taken from the NWTB. The Oddball intermittently presented two tones of
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different pitch to the subject via headphones. The subjects' task was to count

the number of tones occurring in a specific pitch while ignoring the other tone.

The task was designed to present the counted tone between 20 to 40 percent of

the time. Hence the name "rare" and "oddball". The parameters for this test

are presented in Table 2.

Electrode Placement and Procedure.

Silver-silver chloride electrodes were used for data collection. Adhesive

collars were placed around the cuff surrounding the electrode. The electrode

was then filled with conducting creme. The subjects' skin was lightly scrubbed

with a mild abrasive gel, rinsed with alcohol and dried with a gauze pad.

Following preparations, one electrode was placed on each of the subjects'

mastoids, one for reference and one for ground. For EOG, an electrode was

placed centrally just above the eyebrow of the dominant eye. For ECG, an

electrode was placed one half inch above the top of the sternum (fleshy midline

indentation), with a reference electrode placed on the subjects' side, just

below the lowest left rib. For the EEG, an electrode was positioned on the

central parietal area (Pz) according to the 10-20 system of scalp electrode

placement (Jasper, 1958). Impedances between signal and reference electrodes

were kept below 20K ohms for ECG, below 10K ohms for EOG and below 5K ohms for

EEG. The mastoid electrode with the lowest impedance was used to reference the

EOG and EEG; the other electrode was used as ground for all three signals.

Impedance for all connections was checked periodically throughout the data

sessions.
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TABLE 2. Parameters for the Auditory Oddball

Rate tone: 1501 Hz

Frequent tone: 1199 Hz

Interstimulus interval: 1500 msec

Probability of rare tone: 40 percent

Minimum number of rare tones: 14

Tone intensity: 1 (approx. 75-80 Db (A))

'Test will last 60 seconds' **

** (machine time was actually longer)
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Section 5

DATA REDUCTION

REDUCING THE IRIS BEHAVIORAL DATA

After the behavioral data was sampled in binary fashion, a program was

written to convert the data set into ASCII format. This same program further

reduced the data into RMS error terms for each of the three axes (X, Y and Z).

The RMS formula used here is presented in Figure 3.

The data were sorted between subjects and by flight segment. The data set

was then written onto an ASCII IRIS.* file which was compatible with SAS. These

files were trtnsferred to a VAX 8650 via a Telnet communications interface.

Once on the Vax the data set was ready to be statistically examined.

REDUCING THE NWTB PHYSIOLOGICAL DATA

Analysis of the physiological data on the NWTB was a very time-consuming

task during this study. The ECG, EOG and evoked potentials required separate

analysis techniques. Each of these techniques is described below.

ECG Analysis

The heart rate routine calculated the time between R waves, or inter-beat-

intervals (IBIs), and the variance of the IBIs. Prior to these calculations,

the program allowed certain parameters to be manipulated by the operator. These

parameters included the minimum and maximum IBI time values, cardiac (R wave)

amplitude, and a difference criterion in terms of slope of the R wave. For most

of the subjects the default parameter values provided by the program were

sufficient for the correct identification of the R waves, and the resultant

IBIs. By calling a file name within the heart rate program, the first ten

second block of heart rate data was displayed on the terminal. The R waves on

the screen were marked with an asterisk by the program. The operator visually

23



FORMULA USED FOR RMS ERROR

RMS ERROR _ 2 (E(XLi Xwi)

/E 
X Li 

-X i -n

n-1

L = LEAD (CANNED)
W = WING (SUBJECT)

FIGURE 3. Fomula used for R;IS error.
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inspected the R waves and when it was determined that the program was

identifying them correctly, a "C" was entered on the keyboard. Then the program

calculated statistics for the entire file. The program displayed these

statistics on the screen and noted any "bad beats" (those falling outside of the

parameters) for the file. In most cases, adjusting the parameters removed the

bad beats. Yet a problem arose when R waves occurred on the "edges" (beginning

or end) of the 10 second blocks. These R waves were lost to the analysis and

introduced artifactual variance to the IBI averages. This same problem was

outlined by Albery (1988). It is suggested that an option be added to the heart

rate program that allows the operator to insert an asterisk at the correct R

wave occurrence, even if it falls at the edge of a ten second block.

The NWTB allowed for a printout of the summary statistics via a printer

mounted at the front of the computer. This capability ensured that the operator

obtained hard data copies of each file summary. However, the NWTB did not

possess the capability to organize multiple heart rate files into a '"aster"

file for further analysis. The summary statistics were entered by hand onto a

data sheet, and ultimately input into a SAS file. It was recommended that this

labor-intensive process be replaced by a software module that will organize

master files. Recently, developing an NWTB interface for file transfer to other

computers that have statistics software has greatly reduced operator time.

Unfortunately, this interface was not available for use at the time of our data

transfer.

The NWTB summary statistics gave the averages of the IBIs for each of the

ten second blocks, as well as the overall segment average. When it was decided

post hnc to break the overall segment averages down into the first and last 30

seconds of the segments, the IBI values were averaged across the first three and

last three ten second blocks. The variability of the IBIs could not be averaged

by blocks nor be examined in the same manner as the IBIs. A small program
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module that would allow different combination averages of the ten second blocks

is another recommended option that would have reduced operator time and produced

a more detailed analysis.

EOG Analysis

The eyeblink data were the easiest to reduce using the NWTB. The feature

that expedited the analysis was that of a moving cursor under the corntrol of the

operator. The parameters that identified an eyeblink were those of blink

amplitude, miminum and maximum blink time and slope of the eye closure. Usually

these parameters were sufficient. At times, however, blinks would occur that

did not fit the subject's overall blink pattern. Changing the parameters to

include or exclude an unusual blink often affected more "normal" blinks. The

cursor option eliminated this problem by allowing the operator to add or delete

a blink without changing parameter values. As with the heart rate program, when

the operator was satisfied that the program was identifying blinks correctly, a

"C" was entered and summary statistics obtained. A hard copy was also available

from the NWTB printer. The form of the summary statistics was different in that

number of blinks, inter blink interval, closing duration and one-half amplitude

closing duration was given for the eyeblink data.

The same problems occurred during the eyeblink analysis as those found with

the heart rate program, specifically, entering data by hand and lack of post hoc

analysis programs. When examining the first and last 30 seconds of each

segment, only the number of blinks could be averaged across the ten second

blocks.

Other problems emerged during the eyeblink analysis not found with heart

rate. In some instances, subjects did not blink at all. The operator was

confronted with zeros across all summary statistics, and was required to scroll

through the entire data file visually to ensure that the program had not missed
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real blink occurrences. Furthermore, two or more blinks had to occur within a

ten second block, or the blink variance could not be calculated. This was not a

problem unique to the NWTB. Missing data (no blinks, or less than two blinks)

are a function of the eyeblink measure, and were treated here as pertinent data

during later analysis.

Evoked Potential Analysis

The routine on the NWTB averaged together the single evoked potentials

elicited by the tones. The program produced separate averages for rare and

frequent tones. Furthermore, the program automatically placed a vertical line

at the place on the EP averaged waveform that was the largest in amplitude. The

NWTB also provided an operator controlled cursor that allowed amplitude and

latency measures to be obtained for any of the components of the averaged EPs.

The two most time consuming tasks in removing the pertinent data from the

NWTB were those of "picking" the correct components of each waveform by moving

the cursor, and transferring the corresponding amplitude and latency values to

data sheets by hand (and ultimately to another computer for statistical

analysis).

Other problems were encountered that were unique to the evoked potential

measures. One minute of EP recording during the flight task limited the number

of single trials available for each average. This problem was further

compounded by the subjects' tendency to blink at the onset of each tone,

especially the rare tones. Without an eyeblink correction program on the NWTB,

the operator had to determine the minimum eyeblink amplitude threshold for each

EP average, without going below a 12 single trial cut-off for each average. The

overall eyeblink amplitude thresholds for the EP averages ranged from 500

microvolts to 2 and one half millivolts.
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Section 6

RESULTS

The following paired comparisons for the behavioral data were performed

using standard one-tailed t-tests, significant at p < 0.05. The paired

conmparisons for the physiological data were performed using the more

conservative Bonferroni test, also significant at p < 0.05. The ANOVAs

reported here were obtained through the 1985 version of SAS.

BEHAVIORAL DATA

The X axis data reported below represents the amount of the subjects'

lateral off-set compared to the wing position. The Y axis data corresponds to

the altitude difference between the subject and lead. Finally, the Z axis

corresponds to the trail distance of the subject to the lead.

X Axis (Lateral Offset).

RMSX. The root mean square error in the X axis (RMSX) was affected by

flight segment, F(6,24)=15.32, p < 0.0001. As can be seen in Figure 4., RMSX

was larger during the two bank segments than during the rest of the flight.

Day/night conditions and session block mediated this effect. The segment by

day/night interaction was significant, F(6,24)=3.34, p < 0.0154.

This interaction is depicted in Figure 5. During the first bank segment, RMSX

was larger during the day condition than during night. The segment by session

block interaction was also significant, F(24,9)=3.44, p < 0.0001. As can be

seen in Figure 6, during the first and second bank segments and second straight

and level the RMSX was larger early in the session blocks.
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Y Axis (Altitude).

RMSY. The only significant effect for RMSY was that of session block,

F(4,16)=3.54, p < 0.0298. This effect is shown in Figure 7. RMSY was larger

during the early session block than during the rest of the sessions.

Z Axis (Trailing Distance).

RMSZ. There was a significant effect of segment on RM1SZ, F(6,24)=3.11,

p < 0.0213. RMSZ was larger during the second and third straight and level and

the second bank than during the other flight segments (see Figure 8). Similar

to the X axis, this segment effect was mediated by day/night conditions and

session block. The segment by day/night interaction was significant,

F(6,24)=2.65, p < 0.0410. As depicted in Figure 9, RMSZ was larger at the

second straight and level segment during day than during night. The segment by

session block interaction was significant, F(24,96)=2.27, p < 0.0026. Figure

10 shows that RMSZ was larger at the second and third straight and level, the

second bank and landing segments during day flight than during night.

PHYSIOLOGICAL DATA

Heart Rate (ECG).

BPM. The first test performed on the heart rate in beats per minute (BPM)

was a flight segment by session block interaction ANOVA (8 X 5). This

interaction was not significant. The main effect of segment was significant,

F(7,28)=3.97, p < 0.0039. As shown in Figure 11, during the landing segment

subjects' heart rate was larger than during rest, take-off, the first straight

and level and bank, and the second straight and level. The second bank and

third straight and level were not significantly different from landing. The

main effects of session block and day/night were not significant.
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Another test of heart rate was performed on BPM taken from the first and

last 30 seconds of each segment. This flight segment by time block ANOVA

interaction was not significant, even though visual inspection of Figure 12

suggests that BPM is larger during the last 30 seconds of the landing than

during the first 30 seconds.

Even though the main effect of session block was not significant, a pattern

of the five subjects' means emerged along training order. A regression was

performed on the means, as shown in Figure 13. The r value equaled 0.7743, yet

accounted for only 59.9 percent of the variance. Again, a pattern is apparent

upon inspection, but not statistically significant.

Heart Rate Variability (HRV). The first test performed on the HRV was also

a flight segment by session block ANOVA, which was not significant. All main

effects, day/night, flight segment and session block, were not significant.

However, HRV in relation to flight segment is presented in Figure 14. Recall

the behavioral data in the X axis (lateral offset) during the bank segments

(Figures 4, 5 and 6). The HRV appears to decrease as RMSX error increases

during bank maneuvers.

Eyeblink (EOG).

Number of Blinks. The first test performed on the number of blinks was the

flight segment by session block interaction ANOVA, which was not significant.

The main effects of session block and day/night were also not significant.

Flight segment was significant, F(7,28) = 11.55, p < 0.0001.

As shown in Figure 15, subjects blinked more during take-off than during any of

the other flight segments.

Another test was performed on the eyeblink data, similar to the heart rate.

The first and last 30 seconds of data in each segment were obtained. The flight

segment by time block (8 X 2) interaction was significant, F(7,28) = 17.46, p
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< 0.0001. As can be seen in Figure 16, subjects blinked more during the first

30 seconds of the take-off segment than during the last 30 seconds.

Blink Interval. None of the dependent variables affected blink interval,

except for flight segment. The main effect of segment was significant, F(7,28)

= 2.68, p < 0.0297. Blink interval was larger during the resting segment than

during all other segments.

Half-amplitude Closing Duration. There were no significant interactions or

main effects for this eyeblink measure.

Closing Duration. The interaction for flight segment by session block was

not significant. However, all three main effects were significant: day/night,

F(1,4) = 11.18, p < 0.0287; session block, F(4,14) = 5.04, p < 0.0100; and

flight segment, F(7,28) = 3.44, p < 0.0087. As can be seen in Figure 17,

closing duration was longer during day than during night flights. Also, closing

duration was longer during both test conditions than during early, middle or

late session blocks (see Figure 18). Closing duration was longer during the

resting segment than during all other flight segments, as shown in Figure 19.

Evoked Potentials (EPs).

The data reported below were taken from both the rare tone and frequent

tone evoked potentials obtained from the oddball task. Components were selected

according to latency and waveform criterion. For the identification of the P200

component, a positive-going deflection had to occur within a 150-300 msec time

window after onset of the stimulus. For the N200 component, a negative-going

deflection had to occur within 150-350 msec. For the P300, a positive going

component had to occur within 300-700 msec. In many instances there were

missing components in the individual subjects' waveforms. For example, the
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frequent tone does not elicit a N200 or P300 for most subjects. The analysis

for these components was not included since over half of the data points were

missing. For the rare tone evoked potentials there were also missing data

points. However, all components were included in the analysis since the amount

of missing points was negligible. Representative subject rare tone EPs, as

plotted by the NWTB, are presented in Figure 20. The P300 components on both

averages are marked by the cursor. The latency and amplitude values of the P300

are given at the bottom of each waveform.

Rare Tone Evoked Potentials.

The P200, N200 and P300 amplitude and latency values were all tested for

significance in relation to day/night, flight segment and test block (see Table

3). The only component to show significance was the P200. P200 amplitude

varied according to flight segment, F(7,28) = 4.03, p < 0.0336. Amplitude was

larger during rest than during take-off, the first and second straight and

level, and the first bank, which in turn were larger than the second bank, the

third straight and level, and landing (see Figure 21).

Frequent Tone Evoked Potentials.

The P200 amplitude of the frequent tone evoked potential also varied according

to flight segment, F(7,28) = 6.33, p < 0.0002. As can be seen in Figure 22,

amplitude was larger during rest and take-off than during all other segments of

the flight. Day/night and test block effects were not significant.
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TABLE 3. Significance Table for all EP Components (p values)

Rare Tone Components

P200 P200 N200 N200 P300 P300
Amplitude Latency Amplitude Latency Amplitude Latency

Day/Night 0.2058 0.9116 0.6989 0.7351 0.9502 0.4476

Segment 0.0036 0.4529 0.6463 0.9698 0.1138 0.9630

Training 0.9858 0.1705 0.9222 0.4496 0.5112 0.3885
Block

Day/Night 0.3804 x.1302 0.7005 0.1613 0.2955 0.3893
x

Segment

Frequent Tone Components

P200 P200
Amplitude Latency

Day/Night 0.0550 0.5259

Segment 0.0002 0.3573

Training 0.4101 0.9891
Block

Day/Night 0.7877 0.3254
x

Segment

*** p < 0.05
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Section 7

DISCUSSION

The SG behavioral data showed clear session block effects in all three

control axes. Subjects' error in controlling their aircraft and following the

lead plane was larger at the beginning of the sessions. Furthermore, heart rate

decreased as familiarity and competence on this flight task increased. The

convergence of the behavioral error and heart rate data suggests a definite

training effect during these sessions.

There was an effect attributed to day/night visibility which was surprising

in its direction. Error in the lateral offset and trail distance axes

increased during day flight over that found with night flight. Subjects'

comments as to the difficulty of the flights under these visibility conditions

matched the increase in error during the day flight. Most subjects said that

the extraneous display information during day flight interfered with the task of

following the lead plane. Night flight removed this visual information, and

added more "relevant" display cues such as lead tail/wing lights and engine burn

as well as landing lights on the runway. Subjects also reported improved depth

cues during night flight. This visibility factor also affected blink behavior

in the manner suggested by Morris (1985). The length of time the eye remained

closed (blink duration) was longer when control error was greatest, ie., during

day flight.

It should be noted here that the flight simulation was a low-fidelity

simulation with un-realistic terrain and horizon cues. In light of this

situation, it might not be too surprising to find converging behavioral and

physiological data that suggests night flight was easier than day flight.

These patterns would not be expected in a high-fidelity simulation or real

flight.
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The effects of the different flight segments on control error were

different for lateral offset and trail distance. The lateral offset error

between the subjects' plane and the lead was greatest during both the first and

second bank maneuvers. Furthermore, both heart rate variability (HRV) and

number of blinks decreased during these two bank segments. Recall that

increased load on an operator decreases HRV and number of blinks. The

corresponding changes in these three measures (offset error, HRV and blinks)

strongly suggest that the first and second bank maneuvers were the most

behaviorally difficult segments in the flight.

Trail distance error, however, was most affected only by the first bank

maneuver. The data suggests that subjects were playing "catch-up" in trail

distance to the lead from the first bank up until landing (see Figure 6).

An interesting aside is that, had only the error data in the three axis

been obtained, it would be very difficult to say where in the flight the

greatest control demand was imposed on the subjects. The altitude axis showed

no segment effects, and the offset and trail axes show two distinctly

different patterns of error. Without the physiological data, it would have been

a toss-up between the offset and trail patterns in determining the segments with

the greatest control load.

The evoked potential data were disappointing. The P300 components did not

covary with any of the independent variables (segment, session or visibility).

The rare and frequent tone P200 components did show differences between pre-

flight baseline and all other segments of the flight. A decreasing rare tone

P200 amplitude trend from the second straight and level to the landing segment

was also apparent, albeit insignificant.

Other physiological results identified flight effects not found with the

evoked potential or behavioral data. Heart rate in beats-per-minute showed

increases during the landing segment, specifically during the last 30 seconds
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where subjects were actually touching down on the runway. At least during the

last few sessions, if the subjects were going to lose control of their aircraft

and possibly crash, it would have been during this segment. The heart rate data

reflect the heightened arousal during landing that the other measures do not.

The eyeblink data showed that number of blinks were greatest during take-

off, specifically during the first 30 seconds of the segment where subjects were

heavily scanning the cockpit instrumentation displays. This portion of the

segment was spent readying the airplane for take-off (e.g. pre-take-off checks,

such as wing flap position) prior to the lead fly-by. The last 30 seconds of

the segment was actual take-off after the lead fly-by and during this portion

the number of blinks are the same as the rest of the segments.

In summary, the physiological data provided information about the simulated

flight task that not only corresponded to and further clarified the behavioral

data, but also showed differences between segments of the flight task that would

not have been apparent with the behavioral data alone.
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Section 8

RECOMMENDATIONS

The three objectives outlined in the Phase I Simulation section of this

paper included a test of the interface between the simulator and the NWTB,

determining the value of the physiological data collected and formulating

recommendations for further use of these measures in a larger simulation effort.

As shown elsewhere in this report, the problems of interfacing the

simulator and NWTB were time-consuming, complicated and difficult to solve. Yet

there is now in place the capability to record physiological data in conjunction

with SABER simulator events. The interface problems have been solved during

this preliminary effort. However, as discussed in the Data Reduction section,

the NWTB still possesses user-intensive requirements for obtaining data means

and summary statistics. Without a substantial investment in software changes

these requirements will remain. It now becomes a question of a trade-off

between the cost of employing a NWTB operator and the intrinsic worth of the

data obtained.

From the data reported above, physiological results not only clarified

behavioral issues, but also provided additional information not obtained

otherwise. This simulation was a low-fidelity, "video-game" flight task, and

yet the heart rate and eyeblink measures were sensitive to flight changes. With

the exception of the evoked potential oddball task, these physiological measures

added a wealth of information to the evaluative data base. It would be expected

that with a more realistic simulation these measures would add the same, if not

more, dimensionality and precision to any flight evaluation.

As to the failure of the evoked potential technique, there are two possible

methodological changes that could be implemented in the future to increase

measurement sensitivity. The first would be to attain an eyeblink correction
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program to ensure a la rger number of 3ingi&- trials in each of the subjects'

averages. The other would be to ch.-in,]3 the eioking stimulus fron a se' ondary

oddball paradigm to a relevant flight task. Any flight event that is repeated

throughout the course of the flight mission could be use d to time-lock and

average the EEG.

kn important question for the future use of the SABER simulators would be

that of practice and transfer of learning. The physiological measure most

anenable to this has been heart rate (as reported. in the literature and as

evidenced above). The subjects used in the present study were not experienced

pilots. Pilots with experience would be expected to give substantially

different response profiles, not only behaviorally but physiologically. It is

highly recommended that any SABER investigation of experts vs. novices, as well

as responses obtained from simulation vs. actual flight, include physiological

measures.

Other recormendations for a larger, high-fidelity simulation would be:

1) A priori identification of the flight task segments of interest,
and timing of these segments to the nearest second (requires the
simulation be in place with existing time-line analyses).

2) Allow for the marking of the simulator's and NWTB's time history
for such things as pre-programmed emergencies and unplanned
crashes, etc.

3) Obtain an operator trained on the NWTB and simulator parameters
before data collection, as well as a consultant for the design of
physiological methodology.

Overall, it is recoifmended that physiological response measures be obtained

during any simulator mission. In both part-task and whole mission scenarios

these measures can only add to the understanding of the pilot's role during

flight.
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