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ABSTRACT

Ten Air Force pilots having current flying status flew a series of
missions to establish baseline normative data for pilot tracking performance.
An F-111A flight simujator was used as the test-bed for the experiment.

The mission consisted of flying the aircraft simulator at 450 knots and

6000 feet to a designated target while tracking or keeping the bank

steering needle centered. Various segments of the mission were designed

to measure plilot tracking ability under perturbed and unperturbed conditions.
Twenty-seven different evaluation scores were obtained to determine pilot
tracking performance. From evaluation of the performance data, it was
concluded that by employing a state-of-the-art avionics system an average
tracking error of less than .4 milliradian is attainable by pilots when
steering an aircraft about the vertical axis. Recommendations are made

for further studies on tracking performance as a function of system and

pilot constralnts.
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SECTICON 1

INTRODUCTION

The operation of an alrcraft in tracking and bombing a target can
be and frequently is viewed as a closed-loop feedback control system,
in which target position is the primary reference point for the error
signal{s). As with all closed-loop feedback systems, specific functions
must be accomplished Tn order to make the system operate effectively.
These functions are (a) sensing the error; (b) interpreting the error;
{c} correcting the error resulting in effective system output, namely,
hitting the target. In essentially automatic feedback systems, e.g.,
long range missiles, the functions are performed by hardware. In manual
feedback systems, e.g., aircraft, the functions are performed by hardware
and/or by personnel depending on the function to be performed. For
instance, sensing and correcting can be a hardware or operator function,
but interpreting error is usually an operator function because of the
abstract Judgment frequently required. All the considerations described
above must be taken into account by designers developing closed-loop
control systems for aerospace vehicles. Once the functions of the
closed-loop system are defined, based on mission requirements, the
designer must allocate the functions to man or hardware. |In the absence
of adequate function allocation information, it is possible to design
a system too complex for its Intended user or unnecessarily develop
costly hardware to fulfill a function that could be better assumed by
the operator. This problem of defining the role of the man in the system
has been encountered also by avionics research and development engineers
who are interested in developing sophisticated new closed-loop systems
and displays for improving bombing accuracy.

}
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This study is the first Ipn a series of investigations toc determine
the man vs machine tradeoffs in developing an aircraft's precision
bombing system based on the operator's ability to discriminate and correct

angle rate errors in tracking.

While a significant portion of the scientific literature in the area
of human engineering has been devoted to the study and discussion of
man's performance and capability in tracking various kinds of dynamic
systems, the usefulness of the available Information for the design of
Air Force weapon systems has been limited. This Is because the majority
of the studies have been conducted In a laboratory setting using inexperienced
operators (mostly college students) interacting with rather uncomplicated
machine dynamics. |t is very difficult to take such data and generalize
to a pilot flying a very complex high performance fighter or bomber.
Also, most laboratory tracking data are not gathered under the conditions
of high primary and secondary task loading that a pilot encounters in
operating most Alr Force weapon systems. This also makes extrapolation
difficult. Even In those studies where data were gathered using experienced
pilots in simulators, the state-of-the-art of simulation at the time was
somewhat unsophisticated. On the other hand, those studies conducted in
actual alrcraft have been lacking in the precise measurement possible
in a laboratory envirenment. Thus, with some few exceptions, there has
been 1ittle or no data gathered on the pilot's tracking ability under

operational conditions.
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The primary purpose of this study was to establish baseline normative
data on the ability of trained pilots to track a command steering display
using angle rate information for sensing deviation from a course to the

target.

A secondary purpose of the study was to gather preliminary data on

the effect on angle rate tracking of a step function update of target

position.
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SECTION 11

STUDY PROCEDURE

1. .SIMULATIDN PROGRAM

Prior to conducting the present investigation, preliminary steps
were necessary to determine the type of system to be simulated to
establish baseline pilot tracking performance. Several assumptions
were made in programming the simulation. These assumpticons were as
follows: {a) an errorless automatic TV tracker to provide angle rate
error information, (b) an inertial navigation system, (c) straight-in
approach to the target with no evasive action required, (d} altftude
hold equipment, {e) augmented flight information to aid the pilot In
tracking. The first four assumptions were easily incorporated into
the simulation program; but the fifth assumption required development
of a simulation program format that optimized the pilot/equlpment
relationship so that pilot tracking performance was not degraded due
to equipment characteristics, thus making it possible to obtain a pure
measure of pilot tracking ability. The analysis required to optimize

the pilot/equipment relationship is discussed in the following paragraphs.

in earlier tracking studies (References 5, b) it was found that, if
heading error and angle of bank were summed and displayed to the pilot
on the attltude director command needles, the pilot's track to the target
was greatly improved; however, the effectiveness of the system was
greatly reduced if needle gains were not optimized. A similar approach
was selected for the present study except that only the roll command

indicator on the ARU/11A (Figure 1) was used and more terms were added
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Figure 1.

ARU/11A Attitude Director indicator
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to the summation equation based on empirical data from a limited group
of pilots who participated in a pretest of the system. The definitions
and formula for determining the amount of displacement of the tracking
needje, the underlying error functions, and scale factor value are
described below.

Let X = Scale factor

¢

Then Needle Displacement D = Fe¢b-X

Bank angle (error)

where further
¢ =a Y+ a2¢+a33+a43e

and
Q@ = Course error (ground track minus bearing to the target)
¢-= Rate of change of course error
Se

a4

Alrcraft yaw angle

Lateral stick position

Coefflcients {can be determined from Figures 2 through 6)

The scale factor (gain) X is glven by:

+]
I for [D|> 3

X =
& foje2 o pole g

where D is needle displacement measured in needie widths.

Bank Angle - The bank angle function is the angle between the earth
horizon {right angle to the gravity vector) and the horizontal reference
line of the aircraft, parallel to earth horizon in level flight.

Figure 2 shows the relationshlp between bank angle and the amount of
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bank steering command needle displacement that is displayed to the pilot
on the attitude director indicator. All error terms were related to
bank angle since corrections in this aircraft axis are required to
maintain an accurate angle track to the desired path to the target. The
dotted lines at 400 and 600 knots true alrspeed are system limitations,
i.e., the pilot could not exceed 40 degrees bank and 60 degrees bank at

400 and 600 knots, respectively, and remain in stable flight.

Course Error (ﬂ%) - The course error function (Figure 3) Is the angle
between true north and the aircraft ground track minus the angle between
true north and bearing to the target. This error term was added to
provide primary error information, and directed a constant bank angle
to bring the pilot back on course as quickly as possible. The term also
tended to prevent the pilot from rolling out toc soon. (nstrumentation
for sensing this error term is somewhat complex in that WGT requires
an inertial platform and the VT would use an automatic TV tracker;

however, the two could be combined Tn an inertially stabilized TV tracker.

Rate of Change of Course Error { f@) - The rate of change of course

error (Figure 4) acted as a stabilizing force in conjunction with the
course error function, i.e., the course error function was used to
prevent undershooting while the rate function was designed to preclude
overshooting or overcontrolling. Since rate functions tend to reduce
time on target when attempting larger corrections, the rate function
was eliminated for course errors greater than 2 degrees. Between 0 and
2 degrees the gain of the rate function was changed in a linear fashion

from 0 to 1. Thus, as the pilot approaches a desired heading, hls

12
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larger corrections are attenuated and once he is on target the system
becomes most sensitlve, causing a commanded correction at the slightest
error. To further stabilize the rate function, it was modified by

airspeed, so that as alrspeed increased the slope of the function decreased.
This function would also rely on the TV tracker, which would provide angle

rate error.

Aircraft Yaw Angle {f) - The aircraft yaw angle {Figure 5) was included

as the only predictive term In ¢>. 'n the preliminary phase of this
study Tt was found that small but rapid maneuvers of the aircraft such

as inadvertent stick movements or rough air gusts caused uncoordinated
flight. To overcome this anomaly very small yaw angles would command
some bank angle. The yaw function is a measure of instantaneous side
forces on the aircraft. Since the resulting rate of turn of a given

yaw angle is a function of dynamic pressure this function was also speed-
compensated - the higher the speed, the greater correction required.

The yaw angle functlon would probably require a specialized device such
as an accelerometer or other similar sensor. This may require some

research and development of hardware.

Side Force - As the steering equation was developed, it was found

that the pilot had the tendency to overcontrol the aircraft. To maximize
time on target, it was necessary to find some way of Indicating to the
pilot exactly the magnitude of the control input required without
awaltlng the aerodynamic feedback. To accompllish this, lateral stick
position was selected to indicate side force. The side force Is measured

between the vertical! reference line of the aircraft {(parallel to the

13
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gravity vector in level flight) and the force vector at any instant on
the aircraft lateral axis. This angle was measured between the neutral
position of the control stick and the lateral stick displacement at any
instant. This error can be sensed either by force sensors in the control
system or, In the case of an adaptive gain-control system, this term can
be sensed in the control stick computer. Figure 6 depicts the graph for

determining this function,

The method of determining the value of the scale factor used Is
shown in Figure 7. As needle displacement approaches zero, the scale
factor increases linearly. This function makes the system more sensitive
the closer the pilot approaches zeroc. The function tends to hold a
pilot on course once he nulls the needle. Beyond 2.5 needle widths,
" the gain is reduced to one to one. Since a larger control input is
required for correction at values greater than 2.5, a gain greater than
one could easily cause the pilot to overcontrol the aircraft. The
welighting of the summed values varies depending on size of error and the
particular performance envelope within which the aircraft is being

operated.

In addition to the above terms, side slip accaleration and roll
acceleration were investigated but were eliminated from the equation;
the former was deleted as superfluous and the latter because the term

tended to steer the pilot off target.

Following definition of the aiding equations, these were programmed

into the Mark | computer for display on an ARU/11A Attitude Director

Indicator (Figure 1) Installed in the F-111A simulator.

14
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2. APPARATUS

The apparatus for conducting this experiment was the Crew Station
Design Facility, which has the capability to dynamTcélly simulate a
complete flight regime under a variety of controlled conditions. The
facility consists of six baslc components:

1. Three crew station shells mounted on motion bases

a. F-1114
b. C=135B/CH
c. F-4D

2. Two Link Mark | digital computers
3. A visual system
i, Radar simulation equipment

5. Monitors and recording equipment

For this study only the F-111A cockpit was used. The crew station
shell configured as an F-111A is mounted on a motion platform having
three types of motion - 15 degrees down and 25 degrees up in pitch,

9 to 20 degrees roll depending on pitch angle, and +]2 inches of

vertical displacement. The digital computer interacts with and controls
all systems involved in simulation of a total mission. With the magnetic
tape unit, up to 500 separate parameters can be recorded every .2 seconds
for later data analysis. The visual simulation equipment was not used

in this study. A drawing and block dlagram of the facility are shown

in Figures B and 9.

3. TRACKING TASK
The tracking task consisted of flying the aircraft simulator at

450 knots and 6000 feet while tracking the bank steering needle (keeping

16
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it centered). During the unperturbed runs, the pilot was required to
keep the needle centered; during the perturbed runs the steering needle
was deliberately offset 5 milliradians and the pilot had to recenter it
as rapidly as possible. The perturbation was introduced four miles from
the target. Each tracking run had a duration of approximately 45 seconds
and data were recorded every .2 of a second from 6 miles out to the
target. An eight-channel recorder was run continuously (6 miles to

target) as a backup data-collection technique.

After the briefing, the pilots were each given a practice session of
approximately 15 minutes. |If more time was required for any pilot to
feel confident in task performance, he was allowed more practice. When
the practice was completed a 20 minute break was given {at this time the
other subject got his practice), and after the break Session | was begun.
After each run (pass over the target) the simulator was reset geographically
within the computer and, when the pilot indicated over the intercom
that he was ready, he was released for the next run. Three runs for
each of three missions made up Session |I. After this session another
break of 20 minutes was given and then Session Il was "flown.'" The
methodology during both sessions was similar except that the perturbed

vs unperturbed runs were counterbalanced.

4, SUBJECTS

Twelve subjects were used in the experiment and all were rated USAF
pllots. Four of these pilots had completed the USAF Aerospace Research
Pilots' Course and all but two of the subjects had flown the F-11]A

simulator in previous studies. These latter two were dropped since

19
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they were unable to learn the task to a sufficient degree to follow the
display. The subjects mean age was 35 wlith an average flying time of
3120 hours. Overall summary by indlvidual subJect is presented in

Table |.

5. EXPERIMENTAL DESIGN
The experimental design was an AxBxS design described in Lindquist's

Design and Analysis of Experiments in Psychology and Education

(Reference 3).

The analysis regarded the flight condition {perturbed or unperturbed)
as the "A" variable, number of trials the ''B" variable, and number of
subjects the ''s" variable. Each subject went through all experimental
conditions, thus acting as his own contrel and thereby increasing the
efficiency and precision of the experiment. A graphic outline of the

study is shown In Flgure 10,

6. PERFORMANCE MEASURES

Statistical data on 27 parameters selected to measure pilots' tracking
performance (See Table I!) were obtained using the computer output on
magnetic tape to record them. From these 27 parameters, the six
parameters ]isted below - considered most relevant to pilot tracking
performance - were analyzed extensively, employing absolute average
error (AAE), average error (AE}, root mean square (RMS), and percent
time on target as the scoring measures.

J. Milliradian deviation from desired course

2. ADI steering command {needle displacement)

20



ASD=-TR-71-46

TABLE I

PERSONAL QUESTIONNAIRE DATA

Subject Age Qualification Type Duty g%%én%hr)
1 34 Senior Pilot Test Pilot 2200
2 37 Senior Pilot Fighter 3500
3 31 Pilot Test Pilot 1800
4 33 Senior Pilot Fighter Pilot 2500
5 38 Senior Pilot Fighter Pilot 3100
6 33 Senior Pilot Fighter Pilot 3500
7 34 Pilot T-39 Pilot 2100
8 43 Command Pilot Fighter Pilot 5500
9 34 Pilot Test Pilot 4500

10 37 Senior Pilot T-39 Pilot 3000
Avg 35.5 Avg 3170

21
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Practice Session I Session II
i
B B
1 A A
R B R B A B
9 E E
A B A B A A B A
K ' K
3 A B A B A B
NOTES: A = Unperturbed Track

Perturbed {Step Input) Track
12 Pilots {Two pilots dropped in data analyses)

womnon

=W

The design was counterbalanced where possible, i.e., if subject 1

started with an unperturbed run, subject 2 started with a perturbed run.

Thus, each pilot flew 9 perturbed and 9 unperturbed runs for a total

of 18 passes at the target.

Figure 10. Experimental Design

22
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TABLE IT

PARAMETERS MEASURED IN TRACKING STUDY

Parameter

Problem Clock

Distance Latitude
Distance Longitude
True Alrspeed
Indicator Airspeed
Sine Yaw

Lateral Stick Position
Lateral Stick Forces
Sine Bank

ADI Steering Command (Hor)
Course Brror Command
Pressure Altitude

Mach

Sine Pitech

23

Paramster{Contd)

Angle of Attack

Sine Flight Path Azimuth Angle
Cos Flight Path Azimuth Angle
Adrecraft Displacement

Amount of Longitude [isplacement
Amount of Latitude Displacement
Geometric Aircraft Above Field
North Computed of Wind

East Computed of Wind
Longitudinal Velocity of Wind
Lateral Velocity of Wind
Vertical Velocity of Wind

Vertical Velocity
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Milliradlan error times steering command measures
Lateral error in feet

Lateral stick position

o U U e

Lateral stick forces

The definition of the measures used to score pilot tracking
performance is as follows:

Absolute Average Error - This error score is obtained by sampling

displacement from an Ideal value every .2 second and summing it over the
entire distance of the track to the target. Specifically, this score
describes an off-the-target error at any given instant along the pilot's
track. This measure has been used on previous studies conducted on the
Crew Station Design Facility and is quite effective in describing
performance. The error is in actual rather than arbitrary units as is

frequently the case with this measure. The formula for this measure is:
N
|
AAE = N ;21 led

where N = Number of iterations

Absolute value of error

®
[}

Average Error - This error score is derived in the same manner as

AAE except that sign of error Is taken Into account. This score
measures and detects constant error if the subject consistently errs
to right or left of course. This value is normally near zero if a

typical track is maintained. Formula for this measure is:

| N
AE = § iE_jI e,
where N = Number of iteratlion
e = Sign and magnitude of error

24
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Root Mean Square {RMS) - RMS is the standard deviation of the error

amp)Ttude distribution and is obtained by integrating the squared error
signal and taking the square root of the summation measured over the

entire track. The formula is:
- ./+r N
RMS N zlei
‘:

where N = Number of iterations

e Error score

Percent Time on Target - This score represents the percent of time

the track is within limits predetermined by the experimenter. The

. N
formula is:
2 P
izt !
N

% 0T =

1 when within tolerance

where P
0 when outside limits

Number of iteratlons

=
1]

25
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SECTION I

RESULTS

}. UNPERTURBED TRACKING RESULTS

A frequency distribution of the pilots' tracking performance, as
measured by AAE miiliradian error score, across all experimental
sessions where no target displacement occurred [s shown in Figure 11.
(See Appendix for a discussion on the method used in developing the
frequency distributions.) This curve was slightly smoothed from the
frequency polygon of the data. The distribution is essentially a bell-
shaped or normal distribution with a range of .565 (.167 to .690 milliradians),
a mean milliradian error of .363, and a standard deviation of .124.
A very interesting trend regarding pilot tracking ability appears in
these data - 87% of all target passes (76 of 87) were flown with an
average error at any glven point along the track of less than .50 milli-
radian. The accuracy of rate tracking demonstrated in this investigation
surpasses that previously assumed possible by many design engineers,
Of course, these data were collected simulating an {deal system that
provides more complex feedback to the operator than is provided in
present operational flight Instruments. However, the system simulated
is assumed to be within the present state-of-the-art and is considered
a reasonable starting peoint for providing baseline normative data on

pilot tracking ability.

2. PERTURBED TRACKING RESULTS
Figure 12 depicts the performance curve of the group on those trials

where the target location was displaced, requiring the pilot to make a

26
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correction back to course. As mentioned in Experimental Design Section (I,
this experimental condition was Introduced to determine how well and in
what manner an c¢perator compensates for a step ''update'' of tracking
information. These data were obtained to study the effect of a continuous
update invelving both pllot and systems operator. Figure 12 is a

frequency distribution of the pilots' performance at a range between

three nautical miles and one nautical mile from target, and shows what
effect the large course correction required at four nautical miles

might have on the pllots' subsequent track. In comparison to the
“unperturbed' tracking, the 'perturbed" tracking distribution has a

larger range of scores (between .162 and 1.15 milliradians error score),

a higher mean error score (.447 vs .363), and greater variability

(a score of .207 vs .124). The principal difference between Figures 11

and 12 is that 13% of the scores during '"perturbed' runs exceed the
highest value in the "unperturbed' runs. However, 67% of the error

scores on ''perturbed’' runs are less than .50 milliradians which is only
slightly below the percentage (12% difference) demonstrated by the

group that had an undisturbed pass at the target., This indicates that
pilots, In most cases, recover quite well from a single update during

a tracking run. A curve across all trials comparing the data in the

two distributions is shown in Figure 13.

3. LEARNING RESULTS
Another result of this study which is of interest is milliradian
error over trlals, which reflects the learning curve, If any, In
acquiring tracking skil). Referring again to Figure !3, one can determine

that there is no significant slope of either curve although in both the

29



ASD-TR-71-46

-0
-

SIEI4] J9AQ J044] URIpEII[]iW

e L4

leyl

‘€1 @anbiy

o

an |

v

pagqanypiadup
PAQINGIDG -oeersemmonrans

-80°
-0l
g1
a4
474
-08°
- GE°
-0b°
212
a.l

03"

81008 10413 URIpeAI[jI

30



ASD-TR-71-46

"perturbed' and "unperturbed" data there Is a slight increase in the
slope of the curves over trials 7, 8, and 9. This could be a fatigue
effect, but it certalnly does not reflect any trend of significant

proportions.

In summary, an overall review of the tracking curves indicates that
the tracking performance of the pilots was practically identical across
the two flight conditions (perturbed vs unperturbed) and learning was
not a factor in assessing baseline pilot tracking performance. This is
verified In Table Il1 where the analysis of variance shows no significance

for any of the variables depicted.

TABLE 111

ANALYSIS OF VARIANCE OF PILOT PERFORMANCE SCORES

Degree of

Source Freedom {df) Mean Sgquare F Ratio
Flight Condition (A) ] .200 4. 50%
Trials (B) 8 .037 1.76%
Subjects ($) g .066
AXB 8 013 .568%*
AXS 9 044
BXS 72 .02]
AXBXS 72 .018

Total df 179

*Note: Not significant.
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L, AAE MILLIRADIAN ERROR TIMES STEERING COMMAND RESULTS

Pilots' tracking performance expressed in terms of AAE milliradian
error times steering command is shown in Figure 14. This performance
measure was derived by taking the AAE milliradian error score for each
run and multtplying it by a scale factor whose value was directly pro-
portional to the amount of command needle displacement up to 2 needle
widths. For values beyond 2 needle widths displacement, the scale factor
was 1; for values equal to and less than 2 needle wldths displacement,
the scale factor decreased linearly from 1 at 2 widths displacement to
0 when the needles were centered. Thus, thé measure s a direct
assessment of how well the pllots followed the commanded bank angles.
The J shape of the distributfon indicates that the subjects tracked the
needles very well. These data further suggest that the pilot's tracking
ability was limited by the system rather than by his own ability. In
other words tracking to the tolerances required for precision bombing,
ustng a system similar to that simulated, is well within the capability

of the pilot.

A frequency plot of AD! steering command (AAE) (Figure 15) indicates
a near normal distribution and is an expected result in the light of
data which Is directly derived from steering command. The lateral error
In feet shows a distributlon (Flgure 16) similar to that in Figure 11,
which also is not surprising since it is measuring the same error and
expressing it in feet off desired track. Presentation of data in these
units is of course superfluous except directly pricr to bomb release
or for calculation of circular probable error (CEP). Learning curves for

AAE milliradian error times steering command, AD! steering command, and
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lateral error are depicted in Figures 17, 18, and 19. All these curves
indlcate little or no practice effect and are consistent with other curves

shown.

5. COURSE REVERSAL RESULTS

The performance of the pilots was also evaluated In terms of time
between course reversals (Figure 20). This measure had a mean of 4.42
seconds between reversals and a SD of 1.44. |Inspection of the data
indicates that the lower frequency runs tend to yield better error
scores, which is not surprising. Better tracking performance is usually
characterized by consistent responses requiring few adjustments. Figure 21
indicates that the time between reversals undergoes practically no

change across trials,

It is interesting to note that the majority of the performance
measures are all good predictors of deviations from desired course
(milliradian error). The correlation coefficients between these individual

performance measures and millliradian error are depicted in Table V.

There is a high correlation between AAE milliradian error and ADI
steering command, which is reasonable since the terms are indirectly
related in the system, only being attenuated by summing of other error
terms and some scaling factors. Lateral error also shows a high cor-
relation with milliradian error, since it is an alternate measure of the
same parameter. The measure, AAE milliradian error vs AAE milliradian
error times steering command, shows a lower correlation probably because
of the restricted range on one of the variables (see Figure 14).
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TABLE IV
CORRELATION COEFFICIENTS EXPRESSING RELATIONSHIPS

BETWEEN PERFORMANCE MEASURES AND MILLIRADIAN ERROR, AAE

PERFORMANCE MEASURES CORRELATION

Steering Command Error

Vs .91 N

180

Milliradian Error, AAE

Lateral Error

Vs .92 N 180

Milliradian Error, AAE

Milliradian Error Times
Steering Command

Vs .62 N 180

"

Milliradian Error, AAE
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While the data In Table [V is expressed in terms of AAE, an alternate
measure of tracking performance frequently used is RMS, This is another
way of assessing variability around the desired tracking path (see
Performance Measures Section |1). A comparison between RMS and AAE is
presented in Figure 22, The RMS score shows a parallel and slightly
higher value than the AAE score, which leads one to conclude that either
measure could be used to describe tracking performance. |n general,
this is true, especially when one is dealing with mean values. However,
comparison of Figure 23 and Figure 11 shows that there is more variability
and some skewness in the distribution of RMS scores, which makes
extrapolation to a general population value based on a normal curve
somewhat less rigorous. In view of this skewness, and the resulting
restrictions on extrapolating from such data for purposes of establishing
baseline norms for tracking ability of pilots, the authors prefer AAE

as a primary performance measure.

6. STICK POSITION

Pilot performance was also evaluated according to the amount of
stick movement or work required to track the target. The mean scores
for the curves depicted In Figures 24 and 25 are approximately the same,
indicating a minimum amount of effort to recover from the perturbed
segment of the mission. Figure 26 indicates that the pilot Is still
working hard to track the target a half mile after the perturbation.
However, when you compare this frequency distribution with that depicted
in Figure 25, it is shown that after about one mile the stick movements

are almost the same as for an unperturbed mission (Figure 24).
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SECTION 1V

DISCUSSION

The results of this study show that pilots are able to follow
steering commands with a high degree of accuracy if the proper error
information Is displayed to them on the AD| command bar. For unperturbed
flight conditions, the pilots flew 87% of all target passes with an
average error at any point along the track of less than .50 milliradians.
There was no serious decrement in performance for subjects in this study
who flew the tracking task under perturbed conditions as compared to
an unperturbed flight condition. That is, subjects were able to compensate
for fairly large target updates in steering the simulated aircraft.
Learning the tracking task was notra factor in assessing pilot tracking
performance. The majority of the pllots yielded fairly uniform tracking

scores for each of the flight missions.

Each of the measures of tracking performance used in the study had a
unigue mathematical definition and each measure was selected to be
sensitive to a different aspect of pilot tracking performance. Based,
however, on the high correlations found between these measures they
were all shown to be useful in predicting tracking performance. Consegquently,
no single measure can be recommended as the most basic to clearly

defining pilot tracking performance.

The data collected in this study generally surpasses that assumed
possible by many design engineers of bomb/navigation equipment. This is

because the data was collected using an ideal system that provides more
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complex feedback information to the pilot relevant to tracking error than
is provided in present operational aircraft. However, the system
simulated is well within the state-of-the-art in avionics equipment.

This suggests that, rather than increasing the design tolerances of
present day avionics equipment, it might be more advantageous to use
existing systems and Improve upon the tracking information presented

to the pilot. The study showed that the tolerances requlred for
precision bombing are well within the capabillty of the pilot if he

isn't limited by the system.
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SECTION V

CONCLUSIONS AND RECOMMENDATIONS

1. CONCLUSIONS
Based on the data collected the following conclusions are drawn.

a. Tracking performance yielding an average error of less than .4
mitllradian when steering an aircraft in the lateral direction is attainable
by pilots if operational conditions are ideal and sufficient and proper
errgr Information is displayed on the AD|l command bar.

b. Pilots are able to satisfactorily adjust to a fairly large
target update in steering a simulated alrcraft and nearly equal the
performance of pilots who have an uninterrupted approach to a target.

c. Pilots are able toc follow steering commands very well and are
probably more limited by system parameters than individual abillty to
track.

d. Al] performance measures employed in the study are useful in
describing tracking performance with absolute average error (AAE) being
preferred for statistical Inference.

e. Sufficiently reliable data on tracking was cbtained to establish
baseline norms for pilot tracking ability in the lateral direction,

based on an ideal system,

2. RECOMMENDATIONS
Several areas are recommended for further study of this problem,
a. System degradation on angle rate tracking (remove inertial

guidance system, etc).
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b. Introduction of systems operator using simulation of TV tracker
to provide angle rate error information, with pilot having visual
reference avallable,

c¢. Man-machine tradeoff analysis using complete multiloop simulation

of two operators - a pilot and systems operator interacting.
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APPEND X

METHOD USED IN DEVELOPING FREQUENCY DISTRIBUTIONS

The frequency distribution was derived In the following manner for
all distributions depicted In the report.
Step | - Collect raw data.

Step 2 - Data Is grouped Into frequency intervals,

Cumulative % of
Interval Frequency Frequency _Eiffi_
0 - .09 0 0 0
10 - .18 2 2 2.29
.20 - .29 24 26 27.58
.30 - .39 30 56 34.48
40 - .43 20 76 22.98
.50 - .59 7 83 8.04
.60 - .69 4 87 _h.59
TOTAL 87 87 100

Step 3 - Histogram is drawn (Figure 27).
Step 4 - Frequency polygon (dotted line) is drawn (Figure 27).
Step 5 - Curve of best fit drawn, yieldling smooth frequency

distribution. (See Flgure 11y Section Ill for an illustrative example.)}
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