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SUMMARY

The study objective was to develop a quantitative measure of operator

information processing workload for use in crew-station evaluation.

A conceptual relationship between task performance, task difficulty, and

operator workload was formulated which predicts a positive correlation

between performance and workload over an intermed iate range of task

diffi culties. Test conditions of varying diffi culty anticipated to be within

this range were produced through use of a composite task including both

flight cont rol (simulated landing approach) and a secondary loading task

(Sternberg fixed-set procedure). Data on 35 operator-response variables

were collected under these test conditions with eight pilots serving as

test subjects.

Resulting data for selected physiological and visual response variables

were applied in a stepwise regression-analysis procedure to the prediction

of a composite pe rfo rmance/opinion measure. The purpose was to identify

linear combinations of physiological and visual response variables yielding

high correlations with task performance and pilot opinion of task diffi culty.

Based on results of these analyses, the following operat ionally-defined

metric for information processing workload (W) was tentatively recom-

mended:

W = 0. 631 (EMGAAM) + 0. 103 (RESPAM) + 0. 163 (RE SPAS)

- 0. 386 (RESPDM) + 0. 167 (RESPDS)

xi 
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where the mnemonics are all normalized physiological response variables

defined as

• EMGAAM = mean forearm electromyogr~xn amplitude

RESPAM = mean respirat ion amplitude - -

RESPAS = standard deviation of respiration amplitude

RESPDM = mean respiration durat ion

RESPDS = standard deviation of respiration durat ion

This metric has at least ordinal scale characteristics, and therefore can

be applied for relative comparison of design options. Further analysis is

required to refine this preliminary metric into an interval-scale estimate

capable of quantifying differences in workload demand imposed by design

options. Additional validation work i~ also needed to demonstrate general-

izability of this metric (or further refined alternative) to workload estima-

tion associated with a variety of real-world flight and mission management

tasks.

xii
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SECTION 1

INTRODUCTION

BACKGROUND

Of major importance during the design of Air Force weapon systems is the

capability of the pilot to interact with aircraft systems to effectively and

efficiently accomplish the defined mission. It is common knowledge that

mission accomplishment is significantly influenced by the complex inter-

actions between the aircraft ’s control system, the information displayed,

and the pilot. For this reason, crew station evaluation procedures need

to address the problem of determining if presented information is provided

in such a way that the p ilot can be st interact with the control system and

accomplish the task.

Both quality and quantity of displayed information affect p iloting perfor-

mance. Cluttered displays, or displays which lead to inefficient competi-

tion for the pilot’s attention, can degrade performance as well as too little

information. Also, the means by which a given amount of information is

presented with re spect to the control authority of the pilot-control loop also

affects piloting performance. In other words, the amount of information

presented, the way in -which the information is presented, and its appropri-

ateness to the control system and task, influence the merit of an avionic

system.

• 
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Other mission-related tasks such as communication and mode switching,

and environmental factors including visibility and wind turbulence also

contribute to the total task load imposed on a pilot . The composite effect

• of these system-design and operational variables can produce a measurable
• change in pilot perfo rmance, and an apparent change in pilot workload.

An objective in any avionic system developmei~t is to achieve acceptable

levels of both pilot/system performance and piLot workload.

To determine the merit of a system in these terms, a metric must be

developed which reflects not only task performance, but also expresses

difficulty or workload associated with task performance. This metric

should be valid for both simulator and in-flight applications to have the

greatest payoff in support of crew-station evaluations.

OBJECTIVE

The overall program objective is to develop a practical empirically-based

tool for crew-station evaluation. Effort in the present study was concen-

trated on developing alternative workload metrics for this purpose based

on analysis of physiological-response, task-performance, and opinion data.

Specific study objectives were to 1) select test conditions expected to differ

substantially in task difficulty and performance attainable, 2) collect pilot

response data under these test conditions, and 3) derive one or more

operationally-defined metrics which can be applied to quantify pilot

workload.

2
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CONCEPTUAL FRAMEWORK OF APPROACH

• Information processing capab ilities of the human operator are inherently

• limited. Within these limits, the operator can compensate to varying
degrees for system design deficiencies or adverse operating environments.

• As task demands increase, operator informat ion processing limits will be
reached or exceeded, and performance will degrade at an increasing rate
on one, several, or all assigned functions.

Hypothesized interrelationships between performance and workload with
increasing task demand or difficulty are shown in Figure 1. This conceptu-
alization is simplified by linearizing segments of functions to distinguish
three stages. Information processing workload is assumed to increase
with task diffi culty only to the point where a limit on processing capacity
of the operator is reached. Thus, “workload” as defined here relates most
directly to actual utilizat ion of processing capacity rather than to demands
on this capacity.

In stage I, task demands are sufficiently lowto allow operator compensat ion
with little or no increase in performance error. Task demands in stage II
are higher, and increased operator effort cannot completely compensate
for additional task demands. The result is increasing performance error.
Operator information processing (workload) limits are exceeded in stage III,
producing an accelerated rate of degradation or failure in operator/system
performance.

3
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I II III PERFORMANCE ERROR

INCREASING OPERATOR WORKLOAD
• PERFORMANCE

ERROR AND /
WORKLOAD

/
//

/
/

//
/

///
/

INCREASING TASK
DEMAND OR DIFFICULTY

Figure 1. Stages of Performance and Workload Change
with Increasing Task Demand
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In this conceptualization, performance and workload measures would tend

• to be positively correlated over a range of task difficulties indicated as
stage II in Figure 1. Previous investigations of piloting tasks selected to
be within this range (Refe rences 1 through 4) have indicated positive corre-
lations between operator physiological responses and task performance.
Correlations have also been found between eye-motion activity and Cooper-

Harper ratings (Reference 7), and between pupil diameter and information
processing task difficulty (References 8 and 9).

Basic measurement and analysis techniques developed in Refe rences 1
through 4 were applied in the present study to an expanded variety of oper-
ator response measures including both physiological and visual response
variables. The purpose was to define linear combinations of these vari-
ables which correlate most highly with task performance and pilot opinion
of task difficulty.

5
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SECTION II

METHODOLOGY

TEST CONDITIONS

Rationale for Selection

Test condition s defining piloting tasks to be performed were selected to

satisfy the following criteria:

. Of basic interest to the Air Force Flight Dynamics Laboratory

(AFFDL)

• A priori reasons to believe that the conditions would encompass

a range of task difficulty, and would produce diffe rences in task

performance (i. e., within the stage II range of difficulty shown

in Figure 1)

• Conducive to generating a variety of different types of response

data for subsequent analysis

• Implementable within program scope on Honeywell’s simulator

facility

Preliminary evaluations of task alternatives were conducted with AFFDL

personnel participat ing to select the type of primary (flight control) task to

be simulated, and the specific difficulty levels of this task. General

6
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requirements were established for a secondary task utilizing the Sternberg

fixed-set procedure (Reference 5) with auditory stimulus presentation. A

secondary task was applied in this study to obtain an increased range of

overall task diffi culty. Thus, the Sternberg procedure served as a loading

task rather than a measure of reserve capacity.

The primary task selected was a simulated landing approach on instruments

with an F-4 aircraft . This simulation, originally developed for a previous

project (Reference 6), requ ired only minor modif icat ions for use in the

current study. An AFFDL-designated pilot flew approximately 90 simulated

approaches under differing system and environmental conditions to provide

the basis for selecting task difficulty levels. Conditions evaluated included

varying gust levels, number of approach path segments (one, two, or three),

throttle (manual vs. automatic), and flight control system (nominal vs. rate

limited control surfaces). The feasibility of presenting visual Sternberg-

task stimuli was also evaluated and rejected because of high demands on the

visual channel imposed by the flight-control task.

Three levels of fligh t task difficulty were defined which yielded clearly

distinguishable differences in performance errors and judged task diffi culty.

These levels, defined below, were formed by a composite of two variables;

(1) gust level, and (2) flight control system mode- -nominal vs. degraded.

Conditions held constant include one-segment approach path and manual

throttle.

The secondary loading task was a choice reaction task based on the following

procedural model (adapted from Reference 5).

7

~~~~~~~~~~~ —~~~~ -- - -  —- -— -



• i ~~~~~~~~~~~
: -

~~~~~~~~~
-
~
-- - -- - - --- -- —- - ----.- - -- - -

~~~
---

~~~~=~~~~~~
- - -  — - - -

~~
-

Test Correct
Stimuli Stimulus Response

Positive subset
= X 1, X2

, ... , XM ~~~~ 
X .  ~ Positive response

• (list to memorize)

Negative subset

= ~~ ~ 21 “
~~~~
‘ 

~ N ~ Y~ ~ Negat ive response

(items not on list)

Briefly, the test subject is required to memorize a subset or “memory set”

of M items (typically letters or numbers). Stimuli are then presented in

random sequence from a set of M ÷ N items. The subject must decide

whether each stimulus is or is not a member of the M items in the positive

subset, and indicate his decision by generating a positive or negative

response. Previous investigations have found response times on this type
of task to be an approximately linear function of M.

Two levels of secondary-task difficulty were defined without preliminary

experimentation by selection of M = 2 and M = 4 positive subset stimuli.

Larger values of M were excluded because of the additional familiarization

and training time anticipated to be required for thorough memorization of

longer item lists.

Independent Variables

Based on the above findings and constraints, the following two independent

variables and associated levels were defined for testing.

8
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Primary (flight control) Task

• No gusts; nominal flight control system (FCS)

• Gusts to 18 knots; nominal FCS

• Gusts to 30 knots; degraded FCS

Secondary (choice reaction) Task

• Sternberg procedure with M = 2

• Sternberg procedure with M = 4

Nominal and degraded FCS conditions refer respectively to 0. 5 and 0. 05

radian per second rate limits placed on aileron and stabilator deflection.

Experimental Design

The experimental design is shown in Figure 2. Each of eight subjects

completed 10 trials per cell, yielding a total of 480 test trials.

As described below, one form of data collected was a comparative judgment

of task diffi culty obtained after each pair of trials. There are 30 permu-

tations (trial pairs) of the six test conditions, taken two at a time. The

total of 60 trials per subject provided the means for obtaining comparative

judgment data for all 30 permutations of test conditions. Trial pairs

constituting these permutations were independently random ized for each

subject.

9
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SECONDARY TASK
M = 2  M = 4

NO GUSTS (l)* (4)
~ NOMINAL FCS 

_______________ _______________

GUSTS TO 18 KTS . , ~
~ NOMINAL FCS

GUSTS TO 30 KTS.
~~
- DEGRADED FCS 6

*TEST CONDITION OR CELL NUMBER

Figure 2. Experimental Design

Subjects

Subjects were obtained from Air National Guard squadrons currently flying

RF-4B aircraft. Seven were pilots and the remaining subject was a

weapon-system officer. Flight experience of these personnel ranged

between 950 and 4050 hours in various types of aircraft .

Dependent Variables

The following dependent variables were recorded:

Primary Task Variables

• Root mean square (HMS) pitch attitude

• RMS roll attitude

• - -~~~~~~~~ --~~~~~ - -: - - - -
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• RMS vertical path error

• RMS lateral path error

• RMS speed error

Secondary Task Variable s -

• Response time

• Percent of correct responses

Visual Response Variables

• Fixation x, y coordinates

• Pupil diameter

Opinion Variables

• Comparative judgment of task difficulty

• Scalar rating of diffi culty

Physiological Variables • -

• Electrocardiogram (ECG)

• Forehead electromyogram (EMG)

• Forearm EMG

• Re spiration

Detail on definition and method of recording these variables is inclu ded in

the test item description below.

TEST ITEM DESC RIPTION

Major functional components of the task simulation and data collection

facility are shown in Figure 3. Layout of pilot’s controls and displays, and

the oculometer electro-optical unit used to sense visual response variables,

are depicted in Figu re 4.

11
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PHYSIOLOgICAL

_

-

CONTROL S EQU IPM ENT

CRT DI SPLAY 1 -__________________

(FLI GHT CONTR OL I I
TASK)

AID

ANALOG 1- “1 DI G ITAL

L COMPUTER 
J

~~D/A COMPUTER

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

PRIMAR Y TASK OP INI ON
PERFORMAN CE DATA DATA VI SUAL AND

PHY SIOLOG ICAL RE SPONSE ,
AND SECONDARY TASK

- PERFORMAN CE DATA

Figure 3. Functional Block Diagram of Simulation Facility
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Figure 4. Photographs of Simulator Pilot’s Station
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Flight control and approach guidance information was presented to the pilot

on an electronic vertical situation display (VSD) and rate-of-climb indicator

drawn on the CRT. A digital readout of range (feet) to glide path intercept

point was also displayed directly above the VSD. Figure 5 illustrates these

flight displays. Moving tapes at left , right, and lower edges of the VSD

indicate airspeed (knots), altitude (feet x 100). and heading, respectively.

~~~~ Other basic display elements are aircraft symbol, artificial horizon line,

pitch and roll attitude scales, and flight path error symbol. The error

* symbol was driven by lateral and vertical flight-path error signals, and is

functionally equivalent to the intersection of cross pointers on conventional

horizontal situation or course indi cators. Error symbol scaling was 3.85

degrees/inch of display for lateral path deviations and 0. 77 degrees/inch

for vertical path deviations. These values approximate scale factors used

on convent ional cross pointers. Computed steering or flight director ccm-
mands were not displayed to the pilot in this study.

RESPONSE REMINDER FOR
SECONDARY TASK (SEE
APPENDIX A)

RANGE TO GLIDE PATH
INTERCEPT POINT

95001000 300

\\ ‘~ 11/ ROLL SCALE
-2ooo ~~

. . — — AND POINTER

170 28 A IRCRAFT
ARTIFICIAL — — SYMBOL
HORIZON 160 ___

~~~

_ __ 27

PITCH 150 —~~~~~~~~~~~~~~~~~~~~~~~~~~~ 26
SCALE ~~ 

—... FLIGHT PATH
140 — 25 ERROR SYMBOL

300 310 320 330

AIRSPEED HEADING ALTITUDE
TAPE TAPE TAPE

Figure 5. Pilot’s Fl ight Displays
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The F-4 aircraft model and flight cont rol system simulated were previously

adapted from Refe rences 10 and 11. With the exception of pU’ t’s control
• station and control-gain scaling, the aircraft simulation was all digital .

The aircraft was configured with full flaps and landing gear down , and

trimmed with initial conditions of level flight at 165 knots in this study.

Aerodynamic derivatives accounted for effects of high angle of attack

present near stall conditions. The control system included three-axis

stability augmentation and tu rn coordination . Since the pilot’s cont rol

station had spring-load force-feel characteristics which were not adjustable ,

control feel characteristics from Refe rence 11 were not included in the

simulated control system. Control surface rate limits were implemented

by rate limiting stabilator and aileron commands generated by the control

system.

A simplified gust model produced random lateral and vertical perturbations
on the aircraft . This model is:

-JiRi75O) (
gust (ft/ sec) x 

~~~~~ ~l75O/ v)(S+1)

where

x = gaussian random number with zero mean, and ~ adjusted to

produce desired gust amplitudes

v = aircraft velocity, ft/sec

RMS attitudes, path errors, and speed error were computed on each trial.

In general,

RMS X J N

15
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where

X = performance variable sampled

N = number of samples

Secondary Task Simulation

The Air Force Aerospace Medical Research Liaboratory provided copies of

tapes containing the secondary task stimuli. stimulus characteristics are
summarized below:

• Positive subset for M 2: letters A and H

• Positive subset for M 4: letters A, H, J , and Q

• Negat ive subset for both of above: letters B, C, E, F, G, I, L,

R, and Y

• Mean interstimulus interval: approximately 5. 5 seconds

• Range of interstimulus intervals: approximately 2 to 7 seconds

• Random sequence of positive and negative stimuli with constraint

that probability of posit ive stimulus is P = 0. 5

Stimuli were presented through headsets worn by the simulator pilot. The

pilot was instructed to respond by appropriate activat ion of the pitch-trim

switch- -forward for positive and aft for negative stimuli.

The interval between stimulus presentation and either a correct or incorrect

response defined response tL~ne on this task. Correctness of response was

scored primarily to verify that subjects were responding to the secondary

16
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task as instructed. Since percent of correct responses was expected to be

near or at the 100 percent level, this measure was not anticipated to be a

useful task performance measure.

Visual Response Data Recording

A Honeywell Mark 3A remote oculometer system calculated the pilot’s eye

fixations and pupil diameter during each test trial. The system’s electro-

optical unit, which illuminates the eye and images the illuminated eye onto

an IR vidicon, was mounted adjacent to the 19-inch CRT primary task

display. Location of this unit is shown in Figure 4.

Opinion Questionnaires

Two-questionnaires were administered to obtain pilots’ subject ive rat ings
of task diffi culty or workload. Paired-comparison judgments of relative

task diffi culty were requested afte r successive pairs of trials. Pilots were

asked simply to “indicate which of the two preceding trials imposed the

highest overall workload level. ”

The second questionnaire (see Figu re 6) is a form administered twice to

each pilot for each of the six test conditions to obtain a scalar rating of

overall task workload. This form is based on the Cooper-Harper rating

scale for handling qualities (Refe rence 12) which was modified for purposes

of the present study to focus on task workload rather than aircraft handling

qualities. It must be emphasized that the form as modified in Figure 6 has

not been validated as a workload rating scale. Inferences of this modified

form ’s validity should not be made based on extensive previous work and

experience with the Cooper-Harper scale. -

17
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DEMANDS ON THE PILOT IN SELECTED PILOTTASK OR REQUIRED OPERATION RATING

WORKLOAD PILOT EFFORT PlOT A FACTOR FOR
REDUCTION D E S I R E D  PERFORMANCE 1

NOT 
— ______________________________________ ___________

NECESSARY MINIMAL PILOT EFFORT REQUIRED
FOR D E S I R E D  PERFORMANCE

YES

.

5
. DESIRED PERFORMANCE RE QUIRES 3

IS WORKLOAD NO WORKLOAD MODERATE PILOT EFFORT 
__________

LEVEL ~~~~~~~~~~~~ . 
— 

ADE QUATE PERFORMANCE REQUIRES 4SATISFACTORY? CONSIDERABLE PILOT EFFORT 
—

ADEQUATE PERFORMANCE REQUIRES
E X T E N S I V E  PILOT EFFO RT

YES

ADEQUATE PERFOPJ’IANCE NOT ATTA IN-
IS ADE QUATE NO WORKLOAD ABLE WITH MAXIMUM TOLERABLE PILOT 6PERFORMANCE REDUCTION EFFORT . CO NTROLLABILITY NOT IN
ATTAINABLE RE QU I R E D  QU ESTION -

WITH A TOLERABLE FOR 
____________________________________ __________

W ORKLOAD? 
PERFORMANCE — 

CONSIDERABLE PILOT EFFORT IS
- REQUIRED FOR CONTROL

INTENSE PILOT EFFORT IS REQUIRED 8
YES TO RETAIN CONTROL

co~r~~’t~~~~~~~~Z 

NECESSARY 

N W I L L  LOST D U R iN G  SOME

f PILOT
DECISIONS

Figure 6. Workload Rating Scale (Adapted from Reference 12)
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Physiological Data Recording

The system used to acquire physiological data is described in Reference 2.

Methods of sensing and processing the physiological response signals are
summarized below:

• ECG- -Recorded from electrode approximately three inches below

front edge of righ t armpit and refe rence electrode at waist level
on subject’s right side. Electrode outputs processed by Honeywell
Accudata 135A biomedical amplifier with ECG isolator. Low and
h igh frequency filters set at 0. 05 Hz and 100 Hz , respectively.
Overall voltage gain of approximately 2000:1 .

• EMG- - Recorded from electrodes on forehead just above eyebrows

and on right forearm (two data channels). Electrode outputs pro-

cessed by Accudata 135A amplifier with EEG/EMG preamplifier.
Low and high frequency filters set at 50 Hz and 2500 Hz, respect-
ively. Overall voltage gain of approximately 1000: 1.

• Respi rat ion--Recorded from mercury chestband respiration trans-
ducer, and amplified with Accudata 137 respiration cont rol/tacho-
meter. Waveform output was used.

The above physiological variables were selected, based on previous work in

References 1 through 4, as having the best potential for producing extracted
features which are correlates of task performance and pilot-opinion of task

diffi culty. Sample time histories of ECG, EMG, and respiration signals
are shown in Figure 7.
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a) ECG Sample Time History (2~5 mm/sec)

~k~~~~~V~ç1j ~~~~ 
;
Aj~ 

~~~~~~~ ~~

b) Arm EMG Sample Time History (125 mm/sec)

c) Respiration Sample Time HIstory (2. 5 mm/sec)

Figure 7. ECG, EMG, and Respiration Sample Time Histories
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TEST PROCEDURES

Schedule

Each subject was scheduled for a three-day period planned as indicated
below.

Day 1
1300 to 1400: Briefing

1400 to 1700: Informal practice, begin formal practice

Day 2

0900 to 1200: Conclude formal practice and begin data collection

1400 to 1700: Conclude data collection

Day 3

0900 to 1200: Contingency time in event of schedule slippage

Briefing

Written instructions summarizing task procedu res (see Appendix A) were
included as part of a briefing package given to subjects for review. Instruc-
tions necessarily identified the two secondary task conditions, but identified
only the variables (turbulence and FCS characteristics) involved in creat ing
a range of primary-task diffi culty. Thus the subjects were never informed
as to the actual number of different test conditions.

21
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Informal Pract ce

Approximately two hours were devoted to informal practice and familiar-

ization with primary and secondary tasks.

Formal Practice

Formal practice followed the same procedures to be applied during data
- 

- collection, including adherence to prescribed separately-randomized pairs

of test conditions and administration of opninon questionnaires. Each

subject received four formal-practice trials per test condition, or a total

of 24 trials. 
—

Data Collection

Data collection was conducted according to the following procedural sequence:

1. Check calibration and operation of all recording equ ipment

2. Complete 12 data trials (nominally two minutes each), allowing

30-second inter-trial intervals

3. Minimum 20 minute rest interval

4 , Twe lve data trials

5. Twenty-minute rest

6. Twelve data trials

7. Twenty-minute rest

22
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8. Twelve data trials

9. Twenty-minute rest

10. Twelve data trials

Prior to each trial, the pilot was told which secondary-task response would
be requ ired. Paired-comparison judgments on overall task workload were
requested after each pair of trials. Scalar ratings were requested once
after each test condition in block 4 above, and again once for each condition
in block 10.

DATA ANALYSIS PROCEDURES

The statistical analysis procedures outlined in Figure 8 are similar in most
respects to those applied in References 2, 3, and 4. Analog data tapes are
sampled and selected features are extracted. Physiological features are
simple statistical summaries (i. e., mean and standard deviations) of
selected waveform characteristics computed over some interval. In the
present study, this interval was the final 90 seconds of a test trial.

Feature data obtained from analog tape-recorded signals and other response
data input directly from punch cards are then normalized by

x . - 5~.
z = 

L] k j k
ijk a

k
where

X
ijk 

= raw score value i on response measure j for subject k

Z .. = normalized value of X ..13k 13k
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Figure 8. Outline of Analysis Procedure
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= mean raw score value on measure j for subject k

a = standard deviation of raw scores for measure j and subject k
3k

Normalization in the above manner generates a transformed set of data

which places all response measures on a common scale with zero mean

and unity standard deviat ion for each measure/subject combinat ion. The
resulting file containing all normalized data provides the data base for all

subsequent analyses. Simple statistics (mean and standard deviations),

univariate analyses of variance, and correlation coefficients are computed

on all variables in the data base to summarize effects of te st conditions

and interrelationships between variables.

Discriminant and regression techniques are the primary statistical tools

applied in the analysis procedure . These techniques are summarized below

and described in greater detail in References 13, 14, and 15.

Discriminant Analysis

Two functionally different sets of dependent variables were measured in f~ ~e

present study. One set includes the physiological and visual response vari-

ables representing the potential source of a workload metric. The other

set includes performance and opinion measures recorded on tasks for which

there was a priori evidence of diffe rences in workload. A major goal was

to derive weightings on the physiological and visual response variables

that reflect maximum differences between the workload levels imposed by

the six test conditions.

25
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The first step in this process is to derive linear combinations of perfor-

mance and opinion scores that best diffe rentiate between the six conditions.

This is accomplished by multiple discriminant analysis. A discrim inant

function resulting from this analysis defines a single scale composed of

the original set of performance and opinion data, and can be expressed by

the general form

= E (a.Z~.) (1)

where

D. = score i on disc riminant scale D

Z~, 
= normalized score Z. on performance or opinion variable j

a~ = weighting coefficient on variable j

n number of variables included in the discriminant analysis

In effect, values of D for equation (1) create a ~newt t variable which is a

composite based on the performance and opinion variables entered into the

analysis. Advantages of this technique are that the-information content in

each variable is used toward maximization of group (condition ) differences,

and the relative contribution of each variable can be assessed. Composite

variables generated in this manner were statistically analyzed in the same

way as theindlvidual variables constituting the discriminant function (see

Figure 8).
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Discriminant analyses were performed on the following variable combina-

tions to allow assessment of possible diffe rences in regression-analysis

results due to the discriminant function selected.

• Primary task measures only

• Opinion measures only

• Primary and secondary task measures combined

• Primary task, secondary task, and opinion measures combined

Stepwise Regression Analysis

A discriminant function produced by the process described above can be

interpreted as a scale of diffi culty or workload imposed by the various

experimental conditions. A discriminant score derived from performance

and opinion data on a particular trial represents a position on this scale

relat ive to scores from all other trials. Using the discriminant score as

a criterion measure, stepwise multiple regression may be used to derive

the predictive relat ionship between the physiological/visual response

measures and this criterion score .

Stepwise regression is a procedure for selective examination of the avail-

able predictor variables for their individual contributions to the explanation

of variance in the criterion measure. The variables that are included in

the final equation are the set with the highest unique contribution to predic-

tion of criterion variability. At each step, a part ial F test for each van -

able is computed and compared to a preselected value. A variable not yet

in the equation which provides the greatest significant contribution is added

27
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to the equation. As variables are added, a variable placed in the equation
on previous steps may no longer provide significant unique cpntribution to
prediction of criterion variab ility. If so, that variable is removed. This
stepwise process is continued until none of the çredictor variables can be
incorporated into, or removed from, the regression equation based on the
partial F test.

The result is a linear combination of a minimugn set of predictor variables
and associated weighting coefficients which be~~ predict response on the
criterion variable. Expressed as a prediction equat ion, this result is

A
D. = E (b.Z..) (2)

J 13

where

= predicted score i on discriminant scale D

= normalized score Z . on physiological or visual response
variable j

b~ = weighting coefficient on variable j

m number of variables providing significant unique contribution to

prediction of scores on discriminant scale D

Within the conceptual framework of this study, equation (2) above opera-
tionally defines the form of a workload metric with at least ordinal charac-
teristics. Thus,

W = E ( b ~Z1~) (3)

where

W = workload metric

— - 
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Regression analyses were performed on several combinations of predictor
variables to identify a combination which best characterized workload with
as few variables from as few sources as possible . Variable combinations
analyzed are discussed in Section III.

VARIABLES ANA LYZED

Variables included in the above statistical analyses are listed and described
in Table 1. The following examples aid in understanding the mnemonics
applied:

• EMGHAM- -EMG, head, amplitude, mean

• PRITHR- -primary task, p itch attitude (theta), RMS

• OPNRSN- -op inion, rating !Cale , numeric rating

Physiological features represented in variables 1 through 19 are clarified
in Figure 9. ECG waveform amplitudes are defined relat ive to a common

baseline which is the mean signal level recorded on each trial (see Figure
9 examples for R- and S-wave amplitudes). Samples of EMG and resp ir.-

ation amplitude are defined by absolute value of the diffe rence between

consecutive peaks (slope reversals). The ECG R-wave interval is the
duration between R-wave peaks in this periodic waveform. Respiration
duration is defined in a similar manner as the interval between successive

signal peaks in the same direction.

Variables 20 and 21 are summary indicators of eye motion activity based on
a velocity vector computed from x, y coordinate time histories. Each value
of vari able 30 is based on five comparative judgments representing possible

29
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TABLE 1. VARIABLES ANALYZED

Variable - - -

Numbe r Mnemon ic Descr tp ~ton

1 EMG H AM Mean EMG amplitude ; hs~ d

2 EMG II AS Standard deviation EMG ~~~plitude ; head

3 EMGAAM Mean EMG amplitude ; ar~~
4 EMGAA S Standard deviation EM G a~ ip litude ; arm

5. RESPA M Mean respiration amp litu da

6 RESPAS Standard deviat ion resp irat ion am pl i tude

7 RESPD r ’SI Mean resp iration duration

8 RESPDS Standard deviation resp irat i on du ration

9 ECG RAM Mean ECG B-wave amplitv~e

10 ECGRA S Standard deviation ECG B-wave amplitude

11 ECGR [M Mean ECG B-wave inte rval

12 ECG RI S Stan dard deviat ion ECG R-wave interval

13 ECGQ RAM Mean EC O Q I R -w ave amp litude ratio

14 ECGSRA M Mean ECG SIR -wave amplitude ratio

15 ECGTRA M Mean ECG T/R -wave amplitude ratio

16 ECGQD M Mean ECG Q-wave durat ton

17 ECGRDM Mean ECG B-wave dur ation

18 ECGSDM Mean ECG S-wave duration

19 ECGTDM Mean ECG T-wave duration

20 EYESVM Mean eye scan velocity

21 EYESV S Standard deviation eye scan velocity

22 EYE PDM Mean eye pup il diameter

23 SECRTM Mean secondary task response t ime

24 SECBTS Standard deviation secondary task re sponse time

25 PR IP H R RMS primary task roll attitude

26 PRITHR BMS primary task pitch attitude

27 PR I VER RMS primary task speed error

28 P R I YE R RMS primary task lateral path error

29 PR IZER RMS pr imary task vertical path error

30 OPNPCP Proportion more -difficult judgments; paired
comparison op inion

31 OPNRSN Nume ri c rat ing ; rat ing scale opinion
32 DP Discriminant scale; primary task measure s only

33 DO Discri r ninan t ecale ; op inion measures only

34 DPS Discr iminant scale; primary and seconda ry
task measure s combined

35 DPSO Discriminant scale; primary task , secondary task .
and opinion measures combined

30
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Figure 9. ECG, EMG, and Respiration Waveform Features
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permutations of six test conditions (see Figure 2), with the constrai nt that

either the first or the second condition in the 8et of five pairs remains

constant. For example, a subject ’s response to the test condition pairs

listed below m~y be as indicated.

Test Condition Pairs High.r Workload

2, 1 First trial
- . - 3, 1 First trial

4, 1 Second trial

5, 1 First trial

6, 1 First trial

The proportion of “more-difficult” judgments for test condition number 1

in this example would be 0. 2.

Discriminant variables are functions of the primary task, secondary task,

and opinion variables indicated below.

DP = f(PRI PHR. PRITH R, PRIVER, PRIYE R, PRIZER)

DO = f(OPNPCP, OPNRSN)

DPS = f( PRIPHR, PRIThR, PRIVER, PRIYE R, PRIZER, SECRTM,
SECRTS)

DPSO = f(PRIPHR, PRITHR, PRIVER, PRIYE R, PRIZER, SECRTM.
SECRTS. OPNPCP, OPNRSN)

32
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SECTION III

RESULTS

- 
- 

EFFECTS OF TEST CONDITIONS

Table 2 summartzes results of the un ivariate analyses of variance performed

on all variables. Signifi cant results at the level of p < 0. 05 are indicated for

the primary-task main effect (P), the secondary-task main effect (5), and the

P x S interartion . Appendix B contains plots of normalized dat a for all vari-

ables showing statistically significant effects due to the test conditions.

Primary-task conditions produced significant changes in a number of physi-

ological, visual, perfo rmance, and op inion responses (see Table 2) . Appendix

B indicates these effects to be most substantial for EMG (arm), respiration,

pupil-diameter, primary-task, and opinion measures. The direction of these

effects is as anticipated.

Generally, the secondary task conditions had only minor and inconsistent

effects in comparison to effects of the primary task. Main effects for the

secondary task which are significant are limited to two of the composite

variables generated from discriminant analysis. These differences, how-
ever, are not in the anticipated direction (e. g., see Figure B-23) . Lack of
consistency in the apparent effects of S is reflected in the P x S interactions.
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TABLE 2. UNIVARIATE ANALYSIS OF VARIANCE RESULTS

F~ffect s of Test Cond itioss Appendix B
p P x S  Figu re No.

1. E1\IGIIAM

2. EMGI-IAS

3. E M GAA M I Bi

4. EM GAAS ‘~ 132

5. RESPA M

r 6. RESPAS 4 133

7. RESPDM * 134

8. RE SPDS B5

9. ECG RA M B6

10. ECGRA S * B?

11 . ECGR IM

12. ECGR I S 1 - B8

13. ECGQ RA M

14. ECGSRA M

15. ECGTRAM

16. ECGQDM * 139

17. ECGRD M

18. ECGSD M

19. ECGTD M

20. EY E SVM

21 . EYE SVS

22. EYEPD M * 1310

23. SE CRTM Ru

24. SECRTS B12

25. PRIPHR * B13

26. PR I TUR * 1114

27. PR I VER * 1115

28. P RI YE R 
- 

B16

29. PR I ZER 1317

30. OP NPCP 1118

31. OPNRSN 1319

32. DP B20

33. DO B21

34. DI’S 1322

35. DPSO B23

-

~ Significant at p < 0. 05
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These findings suggest that diffe rences in overall task difficulty due to

secondary task conditions (M = 2 and M - 4) were relatively small compared

to the trial-to-trial variations in flight-task diffi culty experienced by the
subjects under a single primary task condition .

CORRELATIONS BETWEEN VA RIABLES

Correlations (r) between all variables analyzed are listed in Table 3. The

following observations from this table aid interpretation of other analysis

results.

Correlations between variables showing similar trends in Appendix B would

be expected. For example, in comparison to some othe r physiological

variables, arm EMG variables (numbers 3 and 4) show relatively high

correlations with primary task and opinion variables. Arm EMG response

would therefore be anticipated to receive relat ively h igh loadings in regres-

sion results. However, the two arm EMG variables are themselves highly

correlated (r = 0. 96). Since the stepwise regression procedure maintains

only those predictors accounting for significant unique variance in the

criterion, only one of the arm EMG variables would be expected to “survive”

the stepwise process.

Secondary task, primary task, and opinion variables (numbers 23 through

31) were applied to derive discriminant functions (variables 32 through 35).

Correlations of secondary task and discriminant variables are relatively
low, indicating that secondary task variables should have been assigned

relatively low weightings in the discriminant functions.
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Of particular interest in the correlations between discriminan t variables is
the value of r 0. 84 between variables 32 (discriminant on primary task
measures only) and 33 (discriminant on opinion measures only). Discrimi-
nant scores produced by the two independent sets of measures are closely
correlated.

DISC RIMINANT FTJNC TIONS

Coefficients obtained from the fou r discriminant analyses performed on
different combinations of variables are listed in Table 4. Each analysis

produced a number of uncorrelated functions (see Refe rence 15, p. 162).
The table includes coefficients for only the first discriminant function

yielded by each analysis. The percent variance indicated in Table 4 is the
portion of variance accounted for by the first discriminant function relative
to the total variance accounted for by all functions generated in each
analysis.

Secondary task variables have low weightings in comparison to primary

task and opinion measures. Variables consistently having the highest

weightings are numbers 25 (RMS roll attitude) and 30 (paired-comparison

opinion of task difficulty). Thus, where included in an analysis , these
response variables provide the greatest individual contributions to defining

scores on the discriminant or composite variables.
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TABLE 4. DISC RIMINANT FUNCTION COEFFICIENTS

Discriminant FunctionsVariables 
__________ __________ __________ __________

DP DO DPS DPSO

23. SECRT1VI -0.024 0.010

24. SEC RTS 0. 034 0. 001

25. PRIPHR 0. 949 0.949 0.426

26. PRITHR 0.157 0.156 0.053

27. PRIVER 0. 123 0.119 0. 048

28. PRIYER -0. 141 -0. 142 -0. 070

29. PRIZER 0. 199 0.198 0. 050

30. OPNPCP 0. 964 0. 868

31. OPNRSN 0. 266 0 .232

(%variance) (97.6) (99.9) (97.1) (98.4)

REGRESSION ANALYSIS RESULTS

As previously noted in Section II , regression analyses were performed on

several combinations of predictor variables to identify a combination which

best characterized workload with a minimal number of variables and

measurement sources.

Stepwise regression coefficients were initially computed for a baseline

condition utilizing all physiological and visual response variables as pre-

dictors and the discriminant variables described above as crite rion van-

ables. Resulting coefficients are listed in the first column of Tables 5

through 8. Zeros are shown to indicate variables included in the stepwise
process, but identified as not making a unique significant contribution to
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pred iction of var iance in the criterion measure. The coefficient of deter-

mination, R~ indicates that proportion of variance in the criterion accounted

for by a weighted linear combination of the predictors. Weights are the

coefficients listed in Table s 5 through 8.

Analysis on the complete set of predictors yielded generally.higher weightings

on physiological variables, and in particular, arm EMG and respiration

measures. Based on this finding, additional analyses were performed on

the set of all physiological variables and a selected subset of these con-

sisting of only arm EMG and respiration variables. Resulting coefficients

are listed in the second and third columns of Tables 5 through 8.

Influences on R2 due to the substantial reduction in the number of predictors

are minimal. Comparing R2 
for the complete set versus the smallest selec-

ted subset of predictors, reduction in variance accounted for averages less

than 4 percent . This finding is encouraging. Measurement sources needed

to provide data for the smallest group of predictors include only two elec-

trodes (for arm EMG) and a mercury strain gauge (for respiration).

Weighting coefficients follow a similar pattern on the selected group of

predictor variables. The discriminan t variable , DPSO, is taken as the

most representative criterion since it includes both performance and

opinion measures sensitive to task difficulty.

The following expression defines the predicted value of DPSO from coeffic-

ients in Table 8:

DPSO = 0.631 (EMGAAM) + 0. 103 (RESPAM) ÷ 0. 163 (RESPAS)

- 0. 386 (RESPDM) + 0. 167 (RESPDS)
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TABLE 5. REGRESSION COEFFICIENT S FOR PREDICTION OF DP

Variables Included in Regression
Physiological -

- Physiological Selectedand Visual - ‘

Response Variables Physiological

Variables Only Variables

1. EMGIIA M 0 ~~~~~~
‘ 0

2. EMGHAS 0 0

3. EMGAA M 0. 535 0.545 0. 537
4. EMGAAS 0 0 0
5. RESPA M 0 0.085 0. 075

6. RESPA S 0. 170 0. 149 0. 160
7. RESPDM -0. 234 -0. 295 -0. 282
8. RESI’DS 0.099 0.134 0.135
9. ECGRAM 0 0

10. ECGRA S 0. 078 0. 075

11. ECGRIM 0 0

12. ECGRIS 0 0

13. ECGQRA M -0. 153 -0. 139
14. ECGSRA M -0. 113 -0. 142

15. ECGTRA M -0. 091 0

16. ECGQDM 0 0

17. ECGRDM 0 0

18. ECGSDM 0 0

19. FJCGTDM 0 0
20. E YESVM 0. 113

21. EYESVS 0
22. EYEPDM 0. 107

(R 2 ) (0.438) (0.426 ) - (0. 399)
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• TABLE 6. REGRESSION COEFFICIENTS FOR PREDICTION OF DO

Variables Include d in Hegression

PhysiologicalPredictor - . Physiological Selected
• , . and~v is ua l  -

\‘ ariables \ ariables PhysiologicalResponse Only VariablesVariables

1. EMGHAM 0 0

2. EMGIIAS 0 0

3. EMGAA1VI 0.467 0.479 0.460

4. EMGAAS 0 0 0

5. RESPAM 0. 101 0. 104 0.0 79

6. RESPAS 0.093 0. 096 0. 109

7. RESPDI\I -0. 313 -0. 327 -0. 301

8. RESPDS 0. 109 0.135 0. 123

9. ECGRAI\I 0 0

10. ECGR AS 0 0

11. ECGRI1\”I 0 0

12. ECGRIS 0 0

13. ECGQ RA M -0. 093 -0. 092

14. ECGSRA 1\I -0. 129 -0. 119

15. ECGTRA M 0 0

16. ECGQDr~’I 0 0

17. ECGRD~v I 0 0

18. ECGSDI\’l 0 0

19. ECGTDM 0 0. 074

20. EYESVM 0. 287

21. EYESVS -0. 251
22. EYEPDM 0

(R 2 ) (0. 358) (0. 345) (0. 325)
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TABLE 7. REGRESSION COEFFICIENTS FOR PREDICTION OF DPS

• Variables Included in_Regression
- Physiological ‘ -• Predic tor - Physiological Selectedand Visual -Variables Variables PhysiologicalResponse -

- Only VariablesVariables 
________________ _________________

1. E1\’IGHAM 0 0
2. EM GIIAS 0 0

3. EMGAATVI 0. 536 0. 546 0. 538
4. EMGAA S 0 0 0

5. RESPA M 0 0.086 0. 077

6. RESPA S 0.172 0.150 0. 161
7. RESPDM -0. 231 -0. 293 -0. 281
8. RESPDS 0.096 0. 131 0. 132

9. ECGRAM 0 0

10. ECGRA S 0 .078 0. 074

11. ECGR IM 0 0

12. ECGRIS 0 0

13. LCGQRA M -0. 152 -0. 138

14. ECGSRAPi/I -0. 112 -0. 141

15. ECGTRAM -0. 089 0

16. ECGQD 1~I 0 0

17. LCGRDM 0 0

18. ECGSDM 0 0
19. ECGTD?vI 0 0
20. EYESVrvI 0.115

21. EYESVS 0
22. EYEPDM 0. 108

(R 2 ) (0. 440) (0. 428) (0. 401)
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TABLE 8. REGRESSION COEFFICIENTS FOR PREDICTION OF DPSO

Va i t  abics Inc luded i i i  Regression

1~x’u dictor 
l h \  ~~ i : ) l /  ( ‘ 21  

Hivs ’o lugical Selected
arid \ ‘ ISuLU - - -\ ari ables \- ar t ahles  Ph ysiological

- Only Variables
\ A l l  I t i ) lt .

1. ~
-
~~~~~i G I I A I \ 1  0 0

2. E1\I GITAS 0 0

3. EMGAAM 0. 656 0. 656 0. 631

4. EP~1GAA S 0 0 0

5. R J - ; Si ’\ ~~\ I  0. 1 :J6 0 , 135 0. 103

6. F~I-:~PAS 0,130 0. 146 0.163

7. I~LSPD 1\I -0. .~l2 -0. -120 -0. 386

8. RL S P D S  0 . 163 0. 132 0.167

9. ECGRA M 0

10. ECGRAS 0 0

11. ECG RU\ I 0 0

12. ECGRIS 0 0

13. ECGQHAI~I -0. 161 -0. 135

14. j 3 C U’~~ !’iA ,~~ I — ‘ ‘ . 152 -0. 162

lj .  EC G T R A \ 1  — 0 .  135 0

16 . ECGQD1\]  0 0

17. ECGR [) \1 0 0

18. LCGSDM 0 0

19. ECGTDI\ I 0. 1 ‘~3 0. 088

20. L V I ~~SV~ \ I  (: 366

21 . EVESV S -0 . 2 8 6

22. I’~~~ 
] - I ’1~~. I 0

(H 2 ) ci  (0 .375)
_ _ _ _ _ _ _ _  - i—- --  
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SECTION IV

CONCLUSIONS AND RECOMMENDATIONS

RECOMMENDED METRIC

Based on results of this study the foUowing metric for information

processing workload (W) is tentatively recommended:

W = 0. 631 (EMGAAM ) ÷ 0. 103 (RESPAM) + 0. 163 (RESPAS)

- 0. 386 (RESPDM) + 0. 167 (RESPDS)

Mnemonics are normalized physiological response variables defined as

EMGAAM Mean arm EMG amplitude

RESPAM Mean respiration amplitude

RESPAS Standard deviation of respiration amplitude

RESPDM ~ Mean respiration duration

RESPDS Standard deviation of respiration duration

Data requirements to apply the above metric are minimal. Only two

recording channels (respiration and arm EMG) are required to provide

the necessary raw data. With due consideration to qualifications discussed

below, this metric can be applied to estimate relative workload levels in

crew-station evaluations of design alternatives. The metric may also

have utility for estim ating crew/ system performance in evaluations where
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direct measures of performance are difficult to obtain . Potential for

metric application as a performance estimation technique is based on the
fact that the above metric and other variations defined in this study were

derived as correlates of task performance.

SCALE Ch ARACTERISTICS

The metric has at least ordinal scale characteristics, and should be

Interpreted as a relative rather than absolute measure in its present form.

In an application of this metric involving comparison of design alternatives

A and B, for example, results may indicate that A is preferable to B in

terms of expected workload demand on the operator (i. e., the numeric

value of W is found to be lower for design A) . Quantification of this

difference (e. g., “design A produces 20 percent less workload than design

B”) requires further work on the metric to achieve and demonstrate

interval scale characteristics.

Within the study conceptual framework (see Figure 1) workload and perfo r-
2 mance are assumed to be positively correlated over an intermediate range

of task difficulty. This intermediate range is likely to be of interest in

evaluating many system configuration trade-offs but the lower range of

difficult,y would be relevant in other evaluations. The lower “stage I”

range in Figure 1 represents the common occurrence of design alternatives

that yield no appreciable performance difference but are judged to produce

iifferlng workloads. Experimentation to investigate the extremes of task

difficulty effects postulated in Figure 1 would aid in refining the above

metric into an absolute measure with interval scale characterIstics. It
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would also demonstrat e response of the recommended or other metrics in

the stage I range where performance and workload are anticipated to be

essentially uncorrelated. -

METRIC REFINEMENT A1’~D VALIDATION

Development of an interval scale metric for workload assessment Is a

desirable ultimate objective. Before that level of development is pursued ,
the following addit ional refinement and validation work is needed.

A basic issue is whether the metric should be sensitive to only cognitive

load or to information processing workload in a more generic sense.

Piloting and other flight-crew tasks in an operational environment impose

composites of stress and perceptual, cognitive, and motor response

demands. The current metric, for example, includes one predictor vari-
able (arm EMG) sensitive to arm motions required for aircraft control or

switch activation. These tasks could be viewed as an integral part of the

crew member’s information processing activity. Other physiological

response variables not presently included in the metric (e. g., galvanic
— skin response and skin impedance) are sensitive to stress.

In the present study, the secondary task was applied as an independent

variable to increase overall task loading. A viable approach to supplement

physiological measures Is to apply a similar task as an indicator of reserve

capacity (I. e .,  as a dependent variable) . The most effective way to com-

bine various types of dependent measures such as physiological, opinion,
and secondary task responses remains to be determined. An alternative
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approach to that applied in the present study is to develop a test battery of
workload-related measures with elements that can be applied and evaluated

individually or collectively.

Criterion variance accounted for by predictor- variables analyzed in this
study was nominally R2 = 0. 4. One approach to obtaining larger values of

R 2 may be to include additional physiological and secondary task variables

as predictors. A second approach would be applicatIon of various data

transformations to predictor variables in an attempt to achieve higher

correlations. Evaluation of the possible benefit s of applying transfor-

mations prior to regression analysis was not within the current study scope.

Refinement techniques noted above have potential for improving the work-

load metric recommended. However, to establish the metric’s general
utility for crew workload assessment, its validity must be demonstrated
in a variety of real-world situations. Validation efforts on more complete

mission-task simulators are needed, followed by in-flight verification.

RECOMMENDATIONS FOR FURTHER STUDY

The following steps are recommended for metric refinement and validation:

1. Additional analysis of various combinations of physiological
variables, including evaluation of alternative raw data trans-

formations.

2. Additional analysis of other physiological response variables (e. g.,

skin impedance) and other features of currently measured responses.
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3. Evaluation of secondary tasks (e. g. , time estimation) as
measures of reserve capacity, and approaches to combining
secondary task and physiological measures (e. g., regression
context versus test battery) .

4. Validat ion of recommended or refined workload metrics in
real-world task environments.
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APPENDIX A

INSTRUCTIONS TO PILOTS
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APPENDIX A

INSTRUCTIONS TO PtL~OTS

GENERAL INFORMATION

You will be asked to perform two simultaneous tasks. One i~ a flight control
task simulating a landing approach on instruments. The other is a secondary

task which places additional demands on your attention . This secondary task

may be considered as an approximation of the demands on your attention

caused by var ious tasks other than flight control under certain operational

conditions. We will be recording data indicating how well you are able to

perform each of these tasks simultaneously. It is important that you consis-

tently perform both tasks as well as possible.

FLIGHT CONT ROL TASK

The simulated aircraft you will be flying approximates the flight character-

istics of an F-4. The aircraft is initially trimmed for level flight at 165
knots, on the desired fl ight path, and 6. 5 miles from the runway. During
the simulated approach, maintain the desired flight path as closely as
possible by maneuvering the aircraft to keep the path error symbol centered

on the aircraft symbol. Also, attempt to maintain approach speed at 165

knots. We will be recording deviations from desired flight path and approach
speed. The simulated approach will automatically be terminated at an alti-

tude of 200 feet. Approximate flight time to this point is two minutes.
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The above instructions apply to all flights. Diffi culty of the flight cont rol

task will be changed from one flight to another by varying turbulence condi-
tions and flight control system characteristics.

SECONDARY TASK

During a flight, you will hear letters from the alphabet spoken through head-
sets. Your task will be to push the pitch trim switch in the forward (pitch

down) direction after hearing certain letters, and in the aft (pitch up) direc-

tion after hearing all other letters. The trim switch is not connected to the

airc raft , and has no affect on trim control.

On some flights, you will be instructed to push the switch forward only when

you hear one of the two letters, A or H, and aft when you hear any other

letter.

On other fl ights, you will be instructed to push the switch forward only when

you hear one of the four letters A, H, J, or Q, and aft when you hear ~~~
other letter.

Your response time to these letters will be recorded. The computer will

also record whether you pushed the switch in the correct direction. Attempt

to respond as quickly as possible each time a letter is presented, and to keep

response errors to a minimum.

A reminder of which secondary task response is required will be displayed

above the simulated flight instruments prior to and during each flight.

Display of the number “2” indicates that you should push the switch fo rward
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f~r the two letters A and H, and aft for other letters. Display of the number

“4” indicates that you should push the switch forward for the four letters

A, H, J , and Q, and aft for other letters.
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APPENDIX B

SELECTED PLOTS OF NORMALIZED RESPONSE DATA
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APPENDIX B

SELECTED PLOTS OF NORMALIZED RESPONSE DATA

The following illustrations are those identified in Table 2, Section III, as
containing statistically significant (p < 0. 05) niain effects or interactions.
Test condition numbers are defined in Figure ~~~, Section II. Plots indicate
means of normalized (Z-score) response data, and one standard-deviation
ranges around the means.

Scores in the +Z direction correspond to larger values of the raw-score
measure (e. g., longer durations and response times, larger errors, and
increased task-difficulty rat ings).
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Figure Bi . Normalized Mean Arm EMG Amplitude (EMGAAM)
versus Teat Condition
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GUSTS : NONE NONE TO 18 KTS. TO 18 KTS. TO 30 KTS. TO 30 KTS.

ECS : NOMINAL NOMINAL NOMINAL NOMINAL DEGRADED DEGRADED

SECONDARY TASK : M 2 M = 4 M 2 M = 4 M = 2 M = 4

Figure B2. Normalized Standard Deviation Arm EMG Amplitude
(EMGAAS) versus Test Condition
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TEST CONDITION: 1 4 2 5 3 6

GUSTS : NONE NONE TO 18 KTS. TO 18 KTS. TO 30 KTS. TO 30 KTS.

FCS : NOMINAL NO MINAL NOMINAL NOM I NAL DEGRADED DEG RADED
SECONDARY TASK: M = 2 M = 4 M = 2 M = 4 M = 2 M = 4

Figure B3. Normalized Standard Deviation Respiration Amplitude
(RESPAS) versus Test Condition
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TEST CONDITION: 1 4 2 5 3 6
GUSTS : NONE NONE 10 18 KTS. TO 18 KTS. TO 30 KTS. TO 30 KTS.

FCS : NOMINAL NOMINAL NOMINAL NOMINAL DEGRADED DEGRADED
SECONDARY TASK: M = 2  M = 4  M = 2  M = 4  M r  2 M = 4

Figure B4. Normal ized Mean Respiration Duration (RESPDM)
versus Test Condition
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TEST CONDITION: 1 4 2 5 3 6

GUSTS : NONE NONE TO 18 KTS. TO 18 KTS. TO 30 KTS . TO 30 KTS.
FCS : NOMINAL NOMINAL NOMINAL NOMINAL DEGRADED DEGRADED

SECONDARY TASK : M = 2 M = 4 M = 2 NI 4 NI = 2 M = 4

Figure B5. Normalized Standard Deviation Respiration Duration
(RESPDS) versus Test Condition
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TEST CONDITION: 1 4 2 5 3 6
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FCS: NOM INAL NOMINAL NOMINAL NOMI NAL DE GRADED DEGRADED

SECONDARY TASK : NI = 2 NI = 4 M = 2 NI = 4 NI = 2 M = 4

Figure B6. Normalized Mean ECG R-wave Amplitude
(ECGRAM) versus Test Condition
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TEST CONDITION : 1 4 2 5 3 6

GUSTS : NONE NONE TO 18 KTS . TO 18 KTS. TO 30 KTS . TO 30 KTS.

ECS : NOMINAL NOM INAL NOMINAL NOMINAL DEGRADED DEGRADED

SECONDARY TASK : NI = 2 NI = 4 M = 2 M = 4 M = 2 M = 4

Figure B7. Normalized Standard Deviation ECG R-wave Amplitude
(ECGBAS) versus Test Condit ion
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TEST CONDITION: 1 4 2 5 3 6
GUSTS: NONE NONE TO 18 KTS. TO 18 KTS. TO 30 KTS. TO 30 KTS.

FCS : NOMINAL NOMINAL NOMINAL NOMINAL DEGRADED DEGRADED

SECONDAR Y TASK : M = 2  M = 4  M = 2  M = 4  M = 2  M = 4

Figure B8. Normalized Standard Deviation ECG R—wave Interval
(ECGRIS) versus Test Condition
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TEST CONDITION: 1 4 2 5 3 6

GUSTS : NONE NONE TO 18 KTS. TO 18 KIS. TO 30 KTS. TO 30 KTS.
FCS: NOMINAL NOMINAL NOMINAL NOMINAL DEGRADED DEGRADED

SECONDARY TASK: NI = 2 NI = 4 M = 2 NI = 4 NI = 2 NI = 4

Figure B9. Normalized Mean ECG Q-wave Duration
(ECOQDM) versus Test Condition
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TEST CONDITION: 1 4 2 5 3 6

GUSTS: NONE NONE TO 18 KTS. TO 18 KTS. TO 30 KTS. TO 30 KTS.
FCS : NOMINAL NOMINAL NOMINAL NOMINAL DEGRADED DEGRADED

SECONDARY TASK : M 2 NI = 4 NI = 2 M = 4 NI = 2 M = 4

Figure BlO. Normalized Mean Eye Pupil Diameter
(EYEPDM ) versus Test Condition
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TEST CONDITION: 1 4 2 5 3 6

GUSTS : NONE NONE TO 18 KTS . TO 18 KTS . TO 30 KTS. TO 30 KTS .
FCS: NOMINAL NOM INAL NOMINAL N0MIN~L DEGRADED DEGRADED

SECONDARY TASK : - NI = 2 M = 4 NI = 2 NI = 4 NI = 2 NI = 4

Figure Bil. Normalized Mean Secondary Task Response Time
(SECRTM) versus Test Condition
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TEST CONDITION: 1 4 2 5 3 - 6
GUSTS: NONE NONE TO 18 KTS. TO 18 KTS. TO 30 KTS. TO 30 KTS.

FCS: NOMI NAL NOMINAL NOMINAL NOM INAL DE GRADED DE GRADED
SECONDARY TASK: NI = 2 NI = 4 NI 2 M = 4 NI 2 NI = 4

Figure B12. Normalized Standard Deviation Secondary Task Response Time
(SECRTS) versus Test Condition
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TEST CONDITION: 1 4 2 5 3 6
GUSTS: NONE NONE TO 18 KTS. TO 18 KTS. TO 30 KTS . TO 30 KTS.

FCS : NOMINAL NOMINAL NOMINAL NOMINAL DEGR ADED DEGRADED
SECONDARY TASK: M = 2 NI 4 M = 2 NI = 4 NI = 2 M = 4

Figure B13. Normalized RMS Primary Task Roll Attitude
(PRIPHR) versus Test Condition
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TEST CONDITION: 1 4 2 5 3 6

GUSTS: NONE NONE TO 18 KTS. TO 18 KTS. TO 30 KTS. TO 30 KTS.
FCS : NOMINAL NOM I NAL NOMINAL NOMINAL DEGRADED DEGRADED

SECONDARY TASK: M =  2 N I = 4  N I =  2 N I = 4  M = 2  N I = 4

Figure B14. Normalized RMS Primary Task Pitch Attitude
(PRITHR) versus Test Condition
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TEST CONDITION: 1 4 2 5 3 6

GUSTS:  NONE NONE TO 18 KTS. TO 18 KTS. TO 30 KTS. TO 30 KTS.

FCS : NOMINAL NOM I NAL NOMINAL NOMINAL DEGRADED DEGRADED

SECONDARY TASK : M = 2  M = 4  M = 2  M = 4  - = 2  M = 4

Figure B15. Normalized EMS Primary Task Speed Error
(PRIVER) versus Test Condition
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TEST CONDITION: 1 4 2 5 3 6

GUSTS : NONE NONE TO 18 KTS. TO 18 KTS. TO 30 KTS. TO 30 KTS.

FCS : NOMINAL NOM INAL NOMINAL NOM INAL DEGRADED DEGRADED

SECONDARY TASK: M = 2  M = 4  M = 2  M = 4  N~ = 2  M = 4

Figure B16. Normalized RMS Primary Task Lateral Path Error
(PRIYER) versus Test Condition

74

—~~~~~ -~~~~~ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ i i



1- -
~

_ - - 

~~~

-

~~~~~~

- - ---

~~ 

—-

~~~~~~

- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

3 —

2 .

• 1

NORMALIZED 0 ____________________________ 
-

PR I ZER - -

+

—2

I I I I I I

TEST CONDITION: 1 4 2 5 3 6

GUSTS : NONE NONE TO 18 kS. TO 18 KTS. TO 30 KTS. TO 30 KTS.

FCS: NOMINAL NOMINAL NOMINAL NOMINAL DEGRADED DEGRADED

SECONDARY TASK : M = 2 NI = 4 M = 2 NI = 4 M = 2 NI = 4

Figure B17. Normalized RMS Primary Task Ve rtical Path Error
(PRIZER) versus Test Condition

75 

- I
-~~~~~ 

—- 
-~~~~-~~~~~-~~~~~~ - -— - — - —  - -~~~~~~ _ _ _ _  J



r 

~~~~~~~~~~~~ T ’ T ~~~ ’~~~~~~~ ~~~~~ _:~~
_ — ---- - - -—

3 —

+
+

NORMALIZED o _________________________________________________________________

OPNPCP

+

—2

—3 . I I I I I I

TEST CONDITION : 1 4 2 5 3 6

GUSTS : NONE NONE TO 18 KTS. TO 18 KTS. TO 30 KTS . TO 30 KTS.
FCS : NOMINAL NOMINAL NOMINAL NOMINAL DEGRADED DEGRADED

SECONDARY TASK : M = 2 M = 4 M = 2 NI = 4 M = 2 M = 4

Figure B18. Normalized Proportion More-difficult Judgments, Paired
Comparison Opinion (OPNPCP) versus Test Condition
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TEST CONDITION: 1 4 2 5 3 6
GUSTS : NONE NONE TO 18 KTS. TO 18 KTS. TO 30 KTS. TO 30 KTS.

FCS : NOMINAL NOM I NAL NOMINAL NOMINAL DEGRADED DEG RADED
SECONDARY TASK : M = 2  M = 4  M = 2  M = 4  M = 2  M = 4

Figure B19. Normalized Numeric Rating, Rating-Scale Opinion
(OPNRSN) versus Test Condition
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TEST CONDITION: 1 4 2 5 3 6

GUSTS: NONE NONE TO 18 KTS. TO 18 KTS. TO 30 KIS. TO 30 KTS.

FCS: NOMINAL NOMINAL NOMINAL NOMINAL DEGRADED DEGRADED
SECONDAR Y TASK: M =  2 N I 4  M = 2  M = 4  M =  2 M = 4

Figure B20. Normalized Discriminant Scale Response, Primary Task
Measures Only (DP) versus Test Condition
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TEST CONDITION: 1 4 2 5 3 6
GUSTS: NONE NONE TO 18 KTS. 10 18 KTS . TO 30 KTS. TO 30 KTS.

ECS : NOMINAL NOM I NAL NOMINAL NOMI NAL DEGRADED DEGRADED
SECONDARY TASK : M = 2  N I = 4  M = 2  M = 4  M = 2  M = 4

Figure B21. Normalized Discriminant Scale Response, Opinion
Measures Only (DO) versus Test Condition
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TEST CONDITION: 1 4 2 5 3 6

GUSTS: NONE NONE TO 18 KTS. TO 18 KTS. TO 30 KTS. TO 30 KTS.

FCS: NOMINAL NOMINAL NOMINAL NOMINAL DEGRADED DEGRADED

SECONDARY TASK : NI = 2 NI = 4 M = 2 M = 4 NI = 2 NI = 4

Figure B22. Normalized Discriminant Scale Response, Combined
Primary and Secondary Task Measures (DPS) versus
Test Condition
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TEST CONDITION: 1 4 2 5 3 6

GUSTS : NONE NONE TO 18 KIS. TO 18 KTS. TO 30 KTS . TO 30 KTS.

FCS : NOMINAL NOMINAL NOMINAL NOMINAL DEGRADED DEGRADED
SECONDARY TASK : NI = 2 NI 4 NI = 2 M = 4 NI 2 NI = 4

Figure B23. Normalized Discriminant Scale Response, Combined
Primary Taøk, Secondary Taek, and Opinion Measures
(DPSO) versus Test Condition
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