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| 14 Suppiementary Notas Flight test results reported herein apply to area navigation procedures identified
:as "Simplified" in comparison with "Standard" Procedures in current use and tested in an earlier
flight test program. Area nOVIﬁ‘ ation procedures are now being revised, with most of the simplifying
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.changes being incorporated in the future Standard.

i6. Abstroct

Pilotage error resulting from a simplified three-dimensional aren navigation procedure was
meosured during 32 hooded instrument flights in a Beechcraft Twin Bonanza, These empirical
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,observahons were compared statistically both with corresponding values of pilotage error previously

ireported in a study using Standard Procedures (Report FAA-RD-72-126) and with corresponding values
prev:ously assumed in FAA AC 90-45 and RTCA DO-152, Other experimental variables were pilot

experience level and vertical display type. The major task variable was angle of climb or descent.

!
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:Pilot performance measures were vertical and horizontal steering, airspeed control, and procedural
‘errors . !/ Statistical tests comparing overall pilotage error results for Simplified Procedures show
reliable’ performance improvements compared with corresporiding results for Standard Procedures for
all four performance measures. Steady-state values of vertical and horizontal steering errors using
Simplified Procedures were reliably smaller than previously assumed in DO- 152 and AC 90-45,
respectively, for all task variables except three-degree apprcach descents on which they were not
reliably different. Reliable performance differences between airline transport pilots and commercial
pilots with instrument ratings were found for horizontal steering error only. Differences between
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pilot groups were not reliable for all other measures. No reliable performance differences were found!
between a command leveloff display and an altimeter on the level MDA segment for any of the three !

flight control performance measures.
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PREFACE

This report presents the results of one of an ongoing series of simulation end
flight experihenfs assessing pilotage error in area navigation operations. The
Contracting Officer's Representative for the research reported herein was
D. Michael Brandewie of the Systems Research and Development Service,

Federal Aviation Administration. J. Earl Davis of the Logistics Service, Federal
Aviation Administration, was the Contracting Officer. Edgar A. Post of the Office
of Sysiems Engineering Management and Gregory W. Tomsic of the Systems Research
~ and Development Service contributed substantially to the planning of the flight
course used in this study and in the preparation of this report.

Assistance in business matters has been rendered by William M. Griffith,
Bursar, and John J. Kamerer, Assistant Bursar, Research Grants and Contracts
Division, University of lllinois at Urbana=Champaign and by John M. Johnson,
Business Manager of the Institute of Aviation, University of Illinois at Urbana=
Champaign. Technical assistance has been given by Donald J. Rose, Robert S.

Lehocky, and John H. Mize of the Engineering Operations staff of the Aviation

Research Laboratory .
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INTRODUCTION

The safety of instrument tlight operations recuires the protection of sufficient
airspace around each aircraft in the system. The magniiude of the required airspace
protection, which is proportional to the navigation system error, has wide implications
for all users of the airspace system, because it determines allowable course proximity
and vertical separation, Recénfly, efforts have been made to quantify airspace
protection reqt;liremenfs for aircraft using area navigation equipment. The first of
these, Radio Technica! Commission for Aeronautics (RTCA) Document DO-140 (1969),
followed shortly by FAA Advisory Circular AC 90-45 (1969), established an
empirically quantitative basis for assigning protected airspace for horizontal area

- navigation. The third, RTCA Document DO-152 (1972), extended the guidelines to

_ three dimensions, including vertical area navigation (VNAV). The fourth, Application

“of Area Navigation in the National Airspace System (1973), was the report of an ‘
FAA/Industry Task Ferce established to study the orderly implementation of RNAV

service. Thess documents provide the basis for future RNAV planning both procedurally
and quantitatively.

At the heart of the quantitative presentations in these documents is an error
hudget which includes inputs from all sources of error in the system. Most of the
budget items are equioment errors. However, because the system is based on manual
flying, errors contributed by the pilot are also included in the error budget. Specific
magnitudes of vertical and horizontal pilotage error are assigned arbitrarily for three
navigation operations: enroute, terminal, and approach. For each of these operations
pilotage error is combined geometrically with other sources of error in the system,

The result is a maximum acceptable total system error for these flight operations.
These v¢ lues are then used as guidelines for the assignment of protected airspace for
aircraft oporating under the given conditions.

Although some area navigation operations, including high altitude routes,
terminal arrivals and departures, and approaches, have been approved on the basis
of these assumed pilotage error values, it Is essential that magnitudes of pilotage
error be determined experimentally for al | instrument flight tasks being anticipated

in the new RINAV system to determine the validity of the assumed values.
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in an earlier study in this series (Report FAA~RD-72-126), multiengine,
instrument-rated professioncl pilots flew a Twin Bonanza over a course designed on
the basis of typical RNAV approach procedures being approved in 1972, This
course included three VINAV instrument approach procedures, two of which required
the setting of four waypoints. These four waypoints were the initial approach
waypoint (IAF), the final approach waypoint (FAF), the missed approach waypoint
(MAP), and the pullup waypoint (PUP). In addition, the course included a stan-
dard instrument departure (SID) and a standard terminal arrival route (STAR) both
of which were based on projected future RNAV terminal area tasks.

To the pilot, the setting and/or selecting of four waypoints during an
approach procedure represents a considerable increase in workload compared with
conventional approach procedures. However, the occurrence of this number of
waypoints in approach procedures is not uncommon even today. In fact, an
examination of the approved approach procedures in Part 97.33 of the Federal
Aviation Regulations reveals that as late as February 1974, 55 percent of the
RNAYV procedures -equired four waypoints and 98 percent required at least three
waypoiats in close proximity to one another. Average distances between these

waypoints were as follows:

IAF to FAF 6.2 nautical miles
FAF to MAP 5.3 nautical miles
MAP to PUP 10.1 nautical miles

For the purposes of this report approach procedures of this type, i.e., requiring
three or four closely spaced waypoints, will be called Standard Procedures.

An examination of the results of the earlier flight study (Report FAA-RD-
72-126) reveals that pilot performance on Standard Procedures is not as good as
previously assumed in three areas. First, the report concludes that the overall
procedural error rate is large. Second, horizontal steering error during final
approach is greater than previously assumed in AC 90-45. Third, although steady-
state vertical steering variability is not reliably different from that previously
assumed in DO~152, the steady-state central error tendency for vertical pilotage




error is reliably different from zero in the positive direction during three-degree
approach descents, However, steady-state vertical steering error was particularly
difficult to define in many cases because flight workload items, such as chart
reading, waypoint selection, and communications, often caused excessive pilot
response latencies to necessary pitch adjustments even after the apparent capture

of the vertical gradient. These workload items aight also have been responsible
for the large vertical steering variability between pilots contributing to the absence
of a reliable difference between the empirical results (x3g = 196 feet) and the
DO-152 assumed value (30 = 150 feet) for final approaches below 5000 feet.

One means of improving this steering variability and general pilot perform-
ance in RNAV involves the simglification of procedures to reduce the amount of
navigation data that must be handled during the approach and missed approach
phases of the flight. Most of the presently published RNAV approaches could be
made using no more than the two essential waypoints. The initial approcch way-
point is required in many cases as a transition from enroute or terminal operations,
and the missed approach waypoint is required on all approaches because it is the
point at the end of the runway to which the approach is mode. However, on most
appioaches, the vinal approach waypoint could be eliminated and replaced with
an indication of distance to the MAP. In addition, the waypoint o which the
Pullup procedure is made in most cases could be replcced with an indication of
distance from the missed approach waypoint. Using this type of approach procedure
with a "dual waypoint" RNAV system, the pilot could set up the complete approach
and missed approach sequence while he is inbound to the initial approach waypoint,
as he would for a conventicnal ILS approach. For the purpose of this report, RNAV
approach procedures that require no more than two waypoints will be called
Simplified Procedures.

The primary purpose of this experiment was to compare pilot performance
using Simplified Procedures with previously obtained pilot performance using
Standard Procedures. Secondarily, additional data concerning the comparative
performances of Airline Transport Pilots (ATPs) and Commercial Pilots with
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Instrument ratings (CIPs) for VINAV operations were collected. Additional evidence
also was obtained to determine whether a leveloff command is needed at the
Minimum Descent Altitude during VNAYV approaches. Finally, the experiment was
designed to investigate whether a scale factor more sensitive than that used in the
immediately preceding flight experiment (Report FAA-RD-72-126) would reduce

crosstrack errors during final approach to the value assumed in AC 90-45,




T T R T T O T T T

To provide data that are precisely comparable to those of the preceding
flight experiment (FAA-RD-72-126), two groups of four subjects each were chosen
randomly from the same two pools of pilots at the Institute of Aviation, University
of Hlinois ot Urbana=Champaign. The flight experience levels of these two group:
were widely different. One group, made up of currently experienced ATPs, was
chosen from pilots of the University's staff air transport service. The second group,
made up of CIPs, was chosen from the flight instructors of the Pilot Trainirg Deport=
ment. All of the pilots were on current flying status for the Institute of Aviation,
In addition, ol of the pilots had e prior working knowledge of area navigation
gained while serving as subjects in pravious experiments, The flight experience

levels of the subjects used in the two experiments are shown in Table 1.

Eguipmem
The flight research facility was o Beecheraft Twin Bonanza (N1000V) equipped

with o Butler Vector Analeg Computer (VAC) and on Ascent/Descent Directos (ADD),
This equipment is shown in Figures 1 through 4. Tie horizontol situation display wos
a Butler Symbolic Pictorial Indicater (SP1) locat~1 in the center of the Hight instry-
ment panel. The SPI had five dots on either side of center comprising o distonce

of £ 1.1 inches. Four scale factors were ovailable for selection including 0.25,
1.0, 2.0, ond 10.0 novticel miles per dot. The scale factor used primarily was 1.0
nautical mile per dot (2 5.0 nautical miles tull scale}. The scale fuctor was changed
to 0.25 nauticol miles per dot (21.25 rauticel miles full scale) for the Champoign
approach only. Vertical daviation information was presented on the glideslope
necdle of o crosspointer type course deviation indicator located to the right of the
vertical speed ivdicator, This display, referred to in this report as o vertical
deviction indicator {(VDI}, wos used for vertical deviation informotion both during
guided climbs ond descents and during some level #light segments. The vertical

scale foctor was 100 feet por dot, with two dots ebove and two below camprising
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Figure 1. Beechcraft Twin Bananza, N1000V, at University of Hlinois=Willard Airport.

Figuce 2.

b trgment ponel of Twin Sonanza showing the Butler Yector Anclog
Cempater IWAC: conteol uonit and the Ascent. Descent Director 1 ADDY
cantrol unit to the cight of the engine contre!s and the Symbalic
Fiotoeial Indicatar -SPis in the center of the flight inshumenty on the
it dde. The verticol deviction indicotor «lideslope needic of the
cravpainter CO11 i located on the tight of the 'VSI. Dittance-to-
way ezint iy presentad on the feft (e under the direciion indicater
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Figure 3. Close~up view of the VDI {left) and the ADD control unit (right).
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~ Figura 4, Close-up view of the SPI (lefr) and the VAC control unit (right).
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Table 1. Flight Experience in Hours of Pilat Subjects.

Pilot Group

Total

Multi-Engine

[nstrument

STANDARD PRCCEDURES

2 I L O Y G e A RN e ST TS = N AP T W

1 ATP 7300 2950 530 6 0
2 ATP 6900 2050 375 6 0
3 ATP 5820 1140 440 - 6 0
4 ATE 3100 329 170 6 6
5 CiP 1460 38 105 6 6
6 Clp 1370 58 128 6 0
7 CIP 270 16 71 6 0
8 Cip 350 25 75 6 0
SIMPLIFIED PROCEDURES
1 ATP 7000 2300 355 6 0
2 ATP 7700 5500 770 6 3
3 ATP 3000 220 220 6 6
4 ATP 3500 400 160 6 0
5 CIP 907 26 81 6 0
6 cip 1900 50 10 6 0
7 CIp 1800 25 92 6 0
8 Cclp 1450 40 70 6 0

Experimental Pian

a full scole of + 200 feet (+ 0,44 inches), An eight-channel strip-chart recorder was

used to record altitude error, crosstrack error, airspeed errvor, and distance to waypoint,

The primary purpose of this study was to compare pilot performance on Simplified
Procedures with pilot performance on Standard Procedures. Combining the data trom
this study with the daia from the preceding flight experiment (FAA-RD~72-126) also

RNAV  Twin Bonanzg



provides ¢ better indication of the performance differences for two other variaoles,
pilot experience level and the need for leveloff commands at the minimum Jescent
oltitude, than was possible in the origiral study ysing Standard Procedures. In
addition, this study provides final approach crosstrack error data using a far more
sensitive horizontal scale factor to determine whether pilots flying under these con=
ditions can meet the previously assumed crosstrack error criteria.

The flight course for Simplified Frocedures used in this study (Figure 5) is
basically the same as that used for Standard Procedures (Figure 6). A vertical profile

of the Simplified Procedures couise is shown in Figure 7 and the profile used for

- Standord Procedures course is shown in Figure 8. One con easily see from these

figures that the flight task complexity for the Simpiitied Procedures was considerably
reduced relative to Standard Procedures primarily through a reduction in the number of
waypoints defining the approaches. On the Clinton approach, the Cayuga and Mecca
waypoints were dropped and replaced with a distance=to=waypoint and an intersection,
resrectivaly. On the Paris approach, the Oliver and Morris waypoints were redefined
in the same way. On the Champaign approach, the Garden waypoint is redefined os
a distance~-to~MAP,

In addition to these changes on the approaches, two other changes were
made io lengthen the transition segments and further reduce the number of waypoints,
First, the Mecca waypoint, which became the Mecca intersection, was moved out
from the Clinton MAP to permit the elimination of the Hulman waypeint. A straight
course was then drawn between the Mecca intersection and Wabash waypoint,
Second, the Royal waypoint was moved back to the end point of the three~degree
climb, and the turn at the beginning of the six-degree descent was eliminated.
The course was then drawn directly across to intercept the extended Champaign
final approach course at a 90-degree angle eliminating the Thomas waypoint,

The effect of these changes wos to increase the overall number of segments
from 18 to 20, to decrease the overall number of waypoints from 15 fo 9, and to
increase the overall course length from 153.5 nautical miles te 169.2 nautical miles.

However, all of the vertical maneuvers remain‘intact as in the Standard Procedures

PR TP
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course allowing a direct comparison of the data. The intent of these changas was to
reduce the pilot workload to the approximate level of conventional VOR navigation,
It was the purpose of this study to determine whether these changes are sufficient
to demonstrate acceptable pilot performance levels in all aspects of the VNAV
flying task.

As in the experiment using Standard Procedures, four vertical gradients

were included in the flight course for Simplified Procedures as shown in the

following list:
Task Segments
Level flight 1,2,3,5,7,8,9, 11,13,15,17,18, 19
Three-degree climb 14
Three-degree descent 4,10, 20
Six-degree descent 16

The flight sequence consisted of a standard instrument departure (SID) from Chompaign,
a VNAV approach to Clinton, a missed approach from Clinton, a VNAV approach to
Paris, o missed approach from Paris, o three=degree climb to 8000 feet, o six~degree
descent to 3000 feet, and o VNAV approach to Champoign. All segments of the
experimental course were designed to allow comparisons between variables such as
vertical tasks, pilot groups, ond vertical displays in tems of crosstrack, altitude,
and airspeed error. These comparisons were to demonstrote the possible differences in
pilot performance among the various types of navigation problems including three-
degree climbs, three-degree descents, six~degree descents, and level flight. In
addition, the course was designed to provide steady=state crosstrack and oltitude
error data for comparison with previously assumed volues in AC 90-45 and DO-152

in o variety of instrument flight situations.

Two other experimental questions were investigated using the three VNAV
approaches of the Simplified Procedures course. First, on the Clinton and Paris
approaches the Minimum Descent Altitude (MDA), leveloff information was disployed
in two ways. On one of these opproaches, upon reaching MDA the pilot received
command leveloff information on the VDI, On the other approach, upon reaching




-13-

MDA the pilot was forced to use the altimeter for leveloff because the VDI commanded
a descent to field elevation. Therefore, on each flight, command leveloff was
provided on one approach and not provided on the other, This foctor was varied

systematically over all subjects and flights as shown in Table 2.

Table 2. Design for varying information presented for leveloff ot MDA on Clinton

and Paris approaches,

Flight
Subject Pilot Group
] 2 3 4
1 ATP a b b a
2 ATP b o a b
3 ATP a b ) a
4 ATP b c ] b
5 cip a L b a
é cip b a o b
7 Cip a b b a
8 CIp a o b
Legend:
a = Clinton MDA with command leveloff
Paris MDA without command leveloff
b = Clinton MDA without command leveloff

Paris MDA with command leveloff

The final experimental question concerned crosstrack error during final
aptch. To determine whether o more sensitive scale would reduce crosstrack
orr - ™ the volue assumed in AC 90-45, the horizontal scale factor was chonged
to 0.25 nautical mile per dot or £ 1,25 miles full scale (£1.1 inches) for the
Chompaign VINAV approoch only. On the Clinton ond Paris approoches, the
scale foctor was kept at 1.0 nautical mile per dot or £ 5.0 miles full scale (1.1
inches).




Procedure

Each pilot was given adequate written and oral instructions to understand the
use of the navigation and flight equipment before flying. The written instructions
included a copy of the Butler National Corporation's "Three-Dimensional Area
Navigation" (December 1969), an operations manual for the aircraft, and other
material concerning the specific flight task. The oral instructions included a
cockpit familiarization using the navigation equipment in all operations required by
the flight task. The final step in the instruction process was a familiarization flight
that included examples of all types of problems to be encountered during experi-
mental flights.

Instructions regarding the four types of error (altitude, crosstrack, airspeed,
and procedural) were designed to give equal emphasis to all. The pilot was told
that all four types of errors were to be kept to a minimum. However, to prevent
the loss of crosstrack data neur each tum, the pilot was told to wait until he was
within one mile of the waypoint or intersaction before changing the course selector
to the new course. No special instructions wevs given regarding procedures for the
anticipation of vertical path changss except that the clearances for guided climbs
and descents always included the maintenance of airspeed at 120 mtles per hour.

After complating the instruction and familiarization process, ecch subject
made four experimental flights under simulated instrumant conditions. During each
flight, the subject pilot was responsible for all ospacts of the flying task including
aircraft control, flight planning, navigation data input, and communications. How-
ever, outside communication was not o high worklood item because all flights were
made in VFR conditions. The routing and vertical profile of each flight wers as
shown in Figures 5 and 7 for this Simplified Procedures Course. Subject pilots were
given a series of simulated VINAV instrument charts to use for navigation during the
experimental flights. This series of charts directed the subject pilot to fly o course
very similar to that flown earlier in the previous study. The primary diffsrence in
this study, com ureu with the charts used in the previous study, is o reduction in the
number of + aypoints required on a VNAV approach. This can be seen by comparing
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the approach charts used for the Clinton approach in the two studies (Figures 9 and
10). To reduce the number of waypoints in this approach, the Cayuga waypoint was
replaced with a distance-to-MAP, and the Mecca waypoint was replaced with o
distance-from-MAP, Thus, the necessity to enter navigation data during the
approach was eliminated for the Simplified Procedures. A complete set of charts
used in both studies is presented in Appendix D.

To complement these charts a series of instrument clearances, shown in

Figure 11, directed the subject pilots to fly the intended course. The safety pilot, ' |
acting as the air traffic controller, read these clearances to the subject at the '
appropriate time as the flight progressed.

As in the previous study, pilot performance data on the Clinton and Paris

MDA segments were used to determine whether there is a need for a commanded level-

off at MDA, Procedurally, this was accomplished through the use of two different
waypoint (MAP) entry procedures. Indicated at the bottom of each approach chort
was the proper setting for “desired oltitude " and “waypoint offsat" to be set on the
Butler ADD before beginning thy approach. In the command leveloff condition,
“desired altitude " was set at MDA, and the waypoint offset was set at 0. In the
altimeter leveloff condition, “desired altitude* was set to field elevation, and the
waypoint offset was set at 3.0 miles "before. " The effect of these two setting
procedures was to provide in the first case, a glideslope to field elevation with no
leveloff command ot MDA, and in the second case, a glideslopa to MDA with o
progrommed command to level off. The two conditions were varied between the
Clinton and Poris appreachas in a counterbalanced design as shown in Table 2.
There are two possible procedures for executing the guided climb maneuver.
The first involves establishing an optimum airspaed prior to intercepting the climb
gradient and maintaining that airspeed throughout the maneuver. The power setting

is adjusted os the maneuver progresses to maintain the given airspeed. The climb

3 gradient is maintained with the pitch contro!. The second procedure involves
E applying moximum allowoble climb power ot the intercept point of the climb
gradient and maintaining that power setting throughout the climb. The climb
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gradient is maintained with pitch, and the girspeed is allowed to seek its own level.

Pretesting of the experimental flight course indicated that the first procedure is
preferable because it is similar to the technique that is required on guided descents
in conventianal ILS approaches. Airspeed control at 120 miles per hour was

required during guided climb and descent maneuvers. To provide a better transi-

tion from level flight to guided descents on VNAV approaches, pilots were required A
to maintain an airspeed of 120 miles per hour on the level segment immediately .
prior to each of the three approache descents. These three level segments were |
3, 9,and 19,

Performance Assessment

During the experimental flights, continuous recordings of altitude and
crosstrack flight technical errors and distance to waypoint were made on o strip-
chart recorder, Airspeed error was also recorded on the strip chart when cirspeed
control was required of the pilot. Navigation procedural errors were recorded
manually on the observer checklist by the safety pilot when they occurred (Figure 11).
Such errors were then pointed out and/or corrected by the safety pilot when it became
evident to him that the subject pilot would not make the correction. To prevent dis-
continuities in the recorded data, no long delays in correcting procedural errors were
allowed.

At this point two definitions may help clarify the classificotion of procedural

errors. First, o procedural ervor is defined as any navigation control setting or air-

craft control error which, if allowed to continue uncorrected, would result in o
significant deviation from the assigned route of flight. Second, a blunder is defined
as a procedural error which has resulted in a devio**on from ATC assigned and pro-
tected airspace. It was the practice in this experiment to prevent blunders from
occurring by pointing out procedural errors before they became blunders.

Incorrect sattings of the following controls were classified as procedural
errors: DME frequency, VOR frequency, waypoint radial, waypoint distance,

course, offset distance, desired aititude, ascent-descent angle, ond waypoint
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rumber (1 or 2). Errors in flight procedures such as failing to respond to a com-
manded change in vertical profile, which could be classed as procedural, were
recorded as “"other" procedural errors. Six of the categories invelved continuous
(analog) =s opposed to discrete (digital) selection errors. For these the following

accuracy criteria were established for error recording:

1. Waypoint radial £0.1 degree
2. Waypoint distance +0.1 mile
3. Offset distance 0.1 mile
4. Desired altitude +10.0 feet

5. Ascent/descent angle +0,1 degree
6. Course +1.0 degree

In each case, whenever an error exceeded the specified criterion, it was recorded
and corrected.

The central tendency (M) and standard deviation (o) of the tracking errors
by the eight pilots were calculated at one-mile intervals along each flight course

and its associated vertical gradient using the following formula:

ot 1)
N -1
where
xi = arror measured ot one of tha sampiing points
N = the number of measuremants at that sampling point, and
X ‘
M = the sample mean, N ;

The root mean square (RMS) error scores were calculated using the foilowing formula:

g
i

{2)
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where

X. = error measured at ane of the sampling points

-

number of sumpling points for that variable by

3
h

that subject on that fligit.

Both statistics (RMS and o) are measures of performance variability; RMS
expresses the variobility about the route centerline or assigned vertical gradient
for an entire route segment or portion thereof, and o expresses the variability
relative to the central tendency (M) of a number of flight paths (N) at any partic~

ular point along the same route segment.

Statistical Treatment

Two types of statistical reliability tests were applied to the various perform-
ances as appropriate to the particular question of interast. First, anulyses of varionce
were performed on the log=RMS error scores for altitude, course, and airspeed track=-
ing and on the log-transformed procedurai error scores to assess the statistical
reliability of the observed differences in performances under the various experimental
conditions. These tests were applied to the trocking scores taken at one~mile intervals
along each route segment of the experimental flight profile. Second, the t-stotistic
was used to compare experimental standard deviation (g) values to the ¢ arresponding
volues set forth in DO<152 and AC 90-45.

Use of the analysis of variance technique and the t-test requires the assump-
tion of normal distributions of scores. Although departures from normality of sample
distributicns do not necessarily invalidate either test, whan scores are known to be
samples from o non-normal parent distribution, they should be transformed intv o
normal form if possible before applying the test. Becauss both RMS error scoras
and o scores are bounded by zero on the lower side, their distributions are skewed
positively by an amount that is readily correctable by a logorithmic tronsformation
of the scores, This transformation has the effect of redistributing scores with o

potentiol range from zero to infinity over @ new potential range from minus to plus
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infinity and consistently yields o good approximation fo a normal distribution of

scores suitable for analysis by any normal probability statistical technique.

Because the objective of this study was to obtain values of vertical-gradient

RUEF TSRV "

and stroight-course tracking errors, as ¢ function of procedural complexity, for

comparison with corresponding steady=state error vaiues assumed in DO-140,

IS e

AC 90-45, and DO-152, steady-state portions of the altitude data were treated

AN SIS IS

separately from the *-ansient portions. The above documents also implicitly assume
a value of zero for central tenaency or bias error, and therefore, to correct for the
non-zero central tendencies observed in the experimental data, standard deviations
{o scores) were computed for altitude errors (30 volues presented) and for crosstrack
and airspeed errors (20 values presented).

It should be remembered, however, that RMS error scores, which reflect
the central tendency as well as the variability of flight paths, were used in the
anolyses of varionce to evaluate the reliability of differences omong performances
in the various experimental conditions. Furthermore, stondard deviations (o scores)
should always ba interpreted in conjunction with their corresponding central
tendencies because either systematic anticipation or delay in initiating changes
in vourse or vertical gradient causes changes in the central tendency of flight
paths that must be taken into cccount in the allocation of protected sirspace.

The reliability of a statistical difference between two experimental
conditions (t-test), or differences among more than two conditions (onalysis of
variance), is expressed os the peobobility, p, thot o difference, or differencas,
as large or larger thon cbsarved in the particular experimental samples would be

expected to occur by chance if the ramples had been drown of random from e

same population. |f the probability of o chance occurrence of the obsorved dif-
ference, or differences, is less thon five times in 100 (p«0.05), it is conventicnal

to conclude thot the observed difierence, or differences, is stotisticully reliable

i

and that the somgles in fact sepresent different populotions. However, the converse

is not a volid cunclusion; the fact that o sample difference, or differences, would

be expected to occur by chance five times or more in 100 repetitions of the experi-

ment does not indicate that the samples necessarily represent the some population.

orio W sromiebmmta o ee
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RESULTS

Results of flight tests using simplified procedures are presented for four error

] measures: vertical, horizontal, airspeed, and procedural errors. Summary vertical,

| horizontal, and airspeed data for each mile are presented graphically in Appendix A. g
Regions of transient and steady-state performance are denoted along the distance '
scale of each figure; a solid line indicates transient data, and a dotted line indicates
steady-state data. Appendix B presents corresponding data in tabular form. Using

the steady-state variability (¢" zorex for each vertical task, statistical comparisons

were made between these ‘o and corresponding assumed values in AC 90-45 and

DO-152. These data were then pooled with corresponding Stundard Procedures data

i from the previous study (FAA-RD-72-126) to allow a combined statistical comparison of
all independent variables including pilot greups, procedures, tasks, and flights. In
addiiion, the overall RMS scores from both Standard and Simplified Procedures for

each vertical task were used to make statistical comparisons among the same independent

variabies,

Vertical Error
Figures A-1 through A-12 in Appendix A present mile by mile central
tendency and 3¢ variability of vertical error over 32 flights by ATPs and CIPs.
Separate analyses were made for steady-state data only and for all data including
both steady-state and transient per?ormance. Following these, a third analysis was
mace using data from the MDA segmer.is of the Clinton and Paris approaches.
Steady-State. DC-152 and the Task Force Report list the following

criteria for stable 33 vertical flight technical error:

Final approach 5000 feet MSL and below 150 feet

Terminal area 10,000 feet and below 250 feet
Enroute ascent or descent 250 feet
:' ; Enroute level flight 250 feet

In addition, a mean or central tendency value of zero is assumed in all conditions.
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As described sarlier, there were four basic vertical tasks parformed on each
flight. Empirical steady-state vaiues of vertical tracking error were found for each
of these vertical tasks. Steady-state verticel tracking data were found in level
flight on Segmenis 1, 2, 3, 5,7, 8, 9. i1, 13, 15, 18, and 19; in the three-
degree climb on Segment 14; in three-degree descents on Segments 4, 10, and 20;
and in the six-degree descent on Segment 16. Figures A-1 through A-12 of
Appendix A should be examined to determine the exact points in these segments at
which steady-state dato are defined. Table 3 presents summaries of these data as

functions of pilat group and vertical task.

Table 3. Central tenden .y and 30 variability of verticol emror in feet for stecdy~
state performances by ATPs and CIPs on four VNAV instrunient flight
tasks for Simplified Procedures and the corresponding assumed volues

from DO-152.

Pilot Group DO-152
Task ATP Clp Combined Mean=10

Meon £ 3¢ Mean 3¢ Mean 3¢ £ 30
Level flight +1 99 +5 158 +3 129 250
Three~degree
climb +9 131 -6 148 +2 140 250
Three~degree
descent +17 129 +22 165  +20 147 150
Six-degree
descent +36 164 +38 173 +37 169 250

Examination of the steady-state data in Table 3 shows thot in two of the tasks,
three~degree descents and six-degree descents, the combined central tendency
values are consistently above the commanded vertical gradient, and these bias
errors are reliably different from zero (p < 0.05). Furthermore, empirical vertical

steering variability for the combined ATP and CIP groups is reliably smaller (p < 0.09)
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than previously assumed in DO-152 for level flight, three~degree climbs, and six-

degree descents in terminal areas. Although vertical steering variability in three-

degree descents is not reliably different from the *150-foot value assumed in
DO-152, it is reliably smaller than the +250-foot value assumed for all other

operations.

To test for steady-state vertical error differences among vertical tasks and ;
between pilot groups, the log-RMS values of steady-state vertical error were used
in an analvsis of variance. This test revealed reliable differences in vertical
steering among the four vertical tasks (p<.Cl). The difference between pilot ‘
groups was not reliable (p>.05). These results suggest that level flight, three- |
degree climbs, three-degree descents, and six-degree descents be treated differently
in the assignment of protected vertical airspace but do not support a requirement
for differential treatment of CIP and ATP pilots.

To permit a comparison between steady-state vertical steering performances
for Simplified and Standard Procedures, two additional data sets were constructed.

The first set consists of vertical steering data for all portions of the Simplified
Procedures course on which steady-state performance occurred and data for
corresponding points on the Standard Procedures course, whether steady-state or
not. The second set was the converse of the first, including comparative data for all
points at which steady-state performance occurred with Standord Procedures.
Correspondence of data in the level-flight task is approximated because level-
flight segments on which there was steady-state performance differed from one
course to the other,

Figure 12 presents three-RMS vertical error as a function of vertical task
and flights for Standard and Simplified Procedures for data points at which steady-

state performance ¢~ urred with Simplified Procedures. Exomining Figure 12, one

Ry .

e

can see a dramatic improvement in steady-state vertical steering performanze for

TET

Simplified Procedures compared with corresponding data for Standard Procedures for

all vertical tasks. As one might expect, vertical steering performance deteriorates

o TR

ERETEES

as the vertical task becomes more difficult both for Siandard and Simplified Procedures. !
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Figure 12, Three=RMS vertical flight technical error in feet as a function of procedural

complexity and flights for four vertical tasks. Data for Simplified Procedures

are steady=state and dato for Standevd Procedures represent directly

corresponding portions of the course, whether steady=state or not.
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The level~flight task results in the best performance, whereas the six-degree
descent results in the poorest performance. Very small performance differences are
indicated between three~degree climbs and three~degree descents. An analysis of
variance of these data revealed a statistically reliable difference among vertical
tasks (p < .01), between procedure types (p < .0t), and over four flights (p < .05).
The difference between pilot groups (ATP vs. CIP) was not statistically reliable
(p>.05).

For the data set of points at which steady-state performance occurred with
Standard Procedures, an exact correspondence of data sampling points between the
two courses was achieved in all vertical tasks. Steady-state performances using
Standard Procedures occurred in level flight on Segments 1 and 2 (all miles), in
a three-degree climb on Segment 14 (the last 8 miles), and in three-degree descents
on Segments 4, 10, and 18 (miles 5 and 4 in each case). Figure 13 presents
corresponding three-RMS vertical error as o function of vertical tasks and flights for
Standard versus Simplified Procedures. The analysis of variance showed reliable
differences between types of procedures, among vertical tasks, and over four flights
(p < .05). Again, the difference between pilot groups was not relioble (p > .03).
The consistently relicble learning effect in steady=state data indicates that pilots
continue to improve their steering performance in repeated flights over the same
course even if they have received o relatively extensive RNAV training program
prior to the experimental flights,

In a final demonstration of the performance differences resulting from
Standord and Simplified Procedures, Table 4 presents the percentage of the daie
points at which steady-state vertical steering error was achieved for each tosk.

This toble shows that Simplified Procedures resulted in a greater proportion of steady-
state error in all tasks except the three-degree climb indicating thot asymptotic
vertical steering performance is reached eorlier on each task.

Overoll error. Perhaps o better predictor of the relationships among the
various factors under consideration is o dota set consisting of both tronsient ond

steady-state performances. Figure 14 presents overall three-RMS vertical error

as a function of vertical tasks and flights for Standard and Simplified Procedures.
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Table 4. Percentage of cuta points at which steady-state vertical steering

performance occurred for each tusk.

Task Standard Frocedures Simplified Procedurss
Level flight .39 .93
Three-degree climb .50 .50
Three~degree descent .30 .55
Six-degree descent .00 .38

As in the case of steady-stote data, the overall data demonrtrate a noticeable
improvement in vertical steering performance for Simplified Proceduras compared
with Standard Procedures. Also, the consistently wide margin of performance
differences among verticcl tasks for overall dota remains evident. Finolly, there
appears to be a clear learning effect over four flights on the same course for both
types of procedures.

The analysis of variance of thase overcll dota genarally confirmed these
observations. The differences between procedure types, among vertical tasks, and
among flights were all statistically relicble (p<.05), ond the difference between
pilot groups wos not relicble (p>.05). As bafore, the scores used in the analysis
of variance tests were log-RMS error scores.

Minimum Descent Altitude Error. The finol dota set, verticol steering eror

ot MDA, is analyzed separately becouss it addresses the specific question of whether
or not there is o need for o command leveloft disploy ot MDA,  Although cne would
expect an increase in verticol steering error during the trensition from o threa-degree
descent to level flight ot MDA, the vertical steering data for Segments 5 ond V1
(Figures A-3 and A-4) reveal thot, except for o transiant incraose in error ot Mile 3
of the Paris cpproasch, the primary performonce change during this maneuver is an
improvement in stearing varicbility. For this reason, the deto used in this anolysis
were restricted 1o vertical steering errors ot Miles 2, 1, and 0 of both the Clintor
and Paris approaches for both Stondord and Simplified Procedures.

e

or
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Three-RMS vertical error in feet for these sampling points are presented in
Figure 15 as a function of type of procedure, type of leveloff, ond flight number.
Simplified Procedures resulted in reliobly better vertical steering performance than
Standard Procedures (p < 0.05). However, the differences between displays, between
pilot groups, and among flights were not statistically reliable. These results do not

indicate thot vertical steering performance is offected by o command leveloff display
at MDA,
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Figure 15. Three-RMS vertical error in feet as functions of procedure typas, display
types, ond flights,

; Horizontal Error

{ Figuras A~13 through A~24 in Appendix A present mile~by-mile central
tendency ond 20 variability of horizontal error over 32 flights by ATPs and CIPs,
In the following analyses, three methads of evaluating the horizontal steering error

ore used. The first directly compaores isolated steady=state dotn from this experiment
with those volues assumed in FAA AC 90-45. The second involves the overoll error
wvalues obtained from the combination of transient and steody=-stote dato. Finolly,

tronsient horizontal date immedictely following the eight tums made in the Simplified
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Procedures course are examined to evaluate overshoot and undershoot as functions of
turn angle and type of turn,

Steady-State. Advisory Circular AC 9045 and the FAA/Industry Task
Force Report have specified criteria for stable 2g horizontal flight technical eror.
The Task Force Report, however, specified time periods in which new criteria
will apply. The following represents that time period denoted as 1973-77,

Final approach 0.5 Nautical mile
Terminal area 1.0 Nautical mile
Enroute 2.0 Nautical mile

in oddition, o mean or central tendency value of zero is assumed in all conditions.
Because flight tests were made in terminal and final approach areas oniy, the
criteria that apply to these areas will be used for comparison with the empirical
rasults,

Although the distinction is not as clear as in the cose of vertical errors,
empirical steady-state values of horizantal tracking error are separated for the
four vertical tasks performed during each experimental flight. On three-degree
descents, these dota are further separoted into approaches using a horizontel
scale factor of 5.0 nouticol mile full-scale deflection (Clinton and Paris) and
approaches using a horizontal scale factor of £1.25 nautical mile fullscale
deflection (Champaign). Figures A=13 through A-24 of Appendix A present data
for level flight on Segments 1, 2, 3, 5, 7, 8, 9, 11, 12, 13, 15, 17, 18, and 19;
three-degree climb on Segment 14; threa-degree descent on Segments 4, 10, and 20;
and six-degree descent on Segment 16. Table 5 presents summaries of steady-state data
os functions of pilot group ond vertical task for comparison with cormesponding cssumed
wolues in AC 90-45.

Caution is urged in the interpretation of hotizontal steering results for two
reasons. First, all hori~ntol course changes were made in level flight, and for
this reason the horizontal central error tendencies for leves Hight moy hove been
aoffected adversely relative to those for the climbing and descending flight segmenits.
Second, ond more important, bends in the horizontal course due to signal anomolies

TR
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Table 5. Central tendency and 2¢ varicbility of horizontal steering error in .
nautical miles for steady-state performances by ATPs and CIPs on
four VNAV instrument flight tasks using Simplified Procedures and

cdrrespondirg assumed values from AC 90-45,

Pilot Group AC 90-45

Task ATP Cip Combined Mean =0
Mean 20 Meon +2¢ Mean %2¢ +2¢g

' Level flight 0.07R 0.72 0.07R 0©.77 0.07R 0.74 1.00
!
| Three-degree
. climb 0.23R 0.45 0.22R 0.57 0.22R 0.351 1.00
I Three~degree
descent (scale =
£ 5.00 nmi) 0.08L 0.60 0.05L 0.52 0.06L 0.5 0.50
Three-degree
descent (scale =
*1.25 oml) 0.00L 0.6 90.07L 0.24 0.04L 0.20 0.50
Six-degree
descent 0.108 0,31 0.00R 0.57 0.05R 0,44 1.00

were chserved ot various points. The most savere of these bends wos observed on the
Paris opproach segment for which a horizontal scale focto: of & 5.0 noutical miles
was used. Only o very slight bend was observed on the Champoign oppronch segment
o where the scale foctor of % 1.25 noutical miles was used. Therefore, because the
signal anomalies were more severe on the Clinton and Paris opproaches, on which the
‘ 2 5.0 noutical mile scale fuctor was used, thon they were on the Champaign approach,
on which the £ 1.25 nauticol mile scole factor was used, ¢ direct comporison of the
affacts of scale factor connot he made on the basis of these dote. However, the
horizontol steering errsr results from the Champoign approoch are valid ond are
presented becouse they represent ATP and CIP performances under nearly ideal

signol conditions using o scale factor of £ 1,25 noutico! miles full scale.
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An examination of the stecdy-state data in Table 5 reveals that the combined
20 horizontal steering variability is smaller than previously assumed for all ve;'ficol
maneuvers performed except three-degree opproach descents using the less sensitive
horizontal scole foctor. 1t should be noted thot the assumed value of horizontal
steering error for approach descents is * 0.5 noutical mile compared with £1.0
nautical mile for other terminal area operations. Empirical 20 horizontal steering
varicbility is reliably better than assumed in AC 90-45 for level flight, three-degree
climbs, and six-degree descents., In three-degree descents, horizontal steering
variability was not reliobly different from the assumed value for the % 5.0 nautical
mile scole factor. However, it was reliably smaller than the volue assumed in
AC 90-45 for the ideal conditions of the Chompaign approach using a £ 1.25 noutical
mile scale factor.

The p < 0,05 confidence intervol for central tendency shows o reliable bias
to the right side of course for the three-degree climb only. Other studies in this
series have shown o relioble tendency to fly to the right of course in aoll maneuvers.
This discrepancy does not necessaiily invalidate the previous finding becouse, for
those segments of the Simplified Procedures course on which o considerable omount of
time is spent on the some heading {Segments 13 through 17), the some right=side
phenomenon is observed (Figures A-20 through A-22),

Figure 16 presents two-RMS steady-state horizontal error as o function of
pilot groups and flights for Simplified Procedures. Analysis of the varionce of these
data reveoled relicble differences between pilot groups (p < .01) and over four
flights (p < .01}, The average 2 RMS steady-state horizontal error for the CIP group
was 0.820 nautical miles for all vertical tasks. For the ATP group, this value was
0.702 nautical miles.

These results support the conclusion that, with Simplified Procedures, steady-
state horizonta! tracking performance con be significantly better than previously
assumed in AC 90-45 for oll teminal orea vertical tasks tested. The results from the
Chompaign opproach demonstrate that, given o good signal, o sensitive disploy scale

foctor, end Simplified Procedutes, o 20 steering variability significontly smailer than
0.5 nauticol miles is achievable. Also, the tendency of pilots to fly on the right side
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Figure 16, Two-RMS steady=state horizontal error as ¢ function of pilot group
ond flight for Simplified Procedures. The combined central tendency

curve shows the overall leaming effect during four flights,

of the course was not as pronounced os previously found, although o right-side

tendency persisted on long segments of the Simplified Procedures counio. For steady-
state horizontol steering only, there wos a reliable difference between ATP performance |
ond CIP performgnce. Finally, combining pilot groups, relicble ieorning effects over
four flights on the same course suggests that steady~state performance moy be beiter

than that observed to dote for pilots who repectedly fly the same cousse.

Overall error,  An overall dato set consisting of transient ond steady-state
perfoimances from both Standard and Simplified Procedures wes constructed to permit
a pooled date comparison of the independent varicbles. This dota set includes ol! of
the recorded horizontol steering dota except that from Segment 20 of the Simplified
Procedures course on which the scole factor was different. Figure 17 presents overall
two-RMS horizontal steering data as a functich of vertical task ond flight for Stendord
ond Simplified Procedures. The most steiking effect among these factors is between
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the two levels of procedural complexity. Noticeable improvements occurred as the
flights progressed in all four vertical tasks when procedures were simplified.

I# is interasting to note that horizontc| tracking performance in level flight
was not as géod as in climbs or descents, especially with Simplified Procedures.
This effect was probably due to the fact that most tums are made in level flight |
under Standard Procedures, and cll turns were mude in level flight with the Simplified
Procedures used. Analysis of the variance of overall horizontal steering error using
climb and descent data only revealed reliable differences between procedure types
and over flights (p<.01). Differences batween pilot groups and among tasks were
not reliable (p>.05).

In conclusion, overall horizontal steering results indicate significantly
smaller steering errors for Simplified Procedures than for Standard Procedures on
climb and descent maneuvers and improved performance over four flights.

Transient error. Because horizontul steering data immediately following a

course =hange provide an indication of airspace requirements in 2-D RNAV operations,
a more detailed examination of transient error in course following would be informative
at this point, Of the eight course changes in the Simplified Procedures flight task,
five were defined by waypoints and three were defined by the intersection of waypoint
radials. The procedure for performing waypoint turns wos identical to that for
intersection turns except that during the approach to woypoint turns, the distance
indication decreases to zero, whereus during the approach to intersection turns the
distance indication increases to the indicated distance of the intersection from the
waypoint. Except for rhis difference, horizontal turn anticipation procedures should
not have been affected.

However, as Figure 18 indicates, pilots apparently treated these two turn
designators differently. That is, although pilots were told to anticipate both
waypoint and interseation turns by no more than one mile, it is evident thot in
apprr ~ching intersections they often began turns prematurely, whereas they tended

inc,  .ingly to overshoot waypoint turns as angles between courses increased.
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Figure 18 presenis average horizontal central error tendencies beiwsen the waypoint or
intersection and five miles beyond for eight course changes of 45 degrees tc 90 degrees in

magnitude. The far right point of the waypoint turn curve includes dota from three

e siramt At

course changes having magnitudes of between 80 degrees and 90 degrees. The
average of these three is 85 degrees. Analysis of the variance of these data revealed
a reliable difference (E<0.Ol) between waypoint tums and intersection tumns in

terms of the amount of undershoot or overshoot and a reliable interaction (p<0.C1)

et st

batween type of turn and magnitude of course change. Performance differences

associated with other factors, including pilot groups and flights, were not reliable

(P.> .05).
i
G A = WAYPOINT
OVERSHOOT -3 A TURNS
N NM 2} B= INTERSECTION
Ik TURNS
0 —P
< )
A B \
UNDERSHOOT -2¢
IN NM 3t
4

45° 60° 75° 90°
HORIZONTAL COURSE CHANGE
Figure 18. Transient tendency to overshoot and undershoot, respectively, as a function
of horizontal course change for waypoint and intersection turns using

Simplified Procedures.

To show the relative amounts of airspace being used for these two turn
designators, Figure 19 presents two-RMS horizontal error as a function of magnitude

¢f coinse change for waypoint and intersection turns. From an examination of this

figure one can see a reliable interaction between type of turn designator and

magnitude of horizontal course change (p<0.01). Two-RMS waypoint turn ervor is
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Figure 19. Two-RMS transient horizontal error as a function of magnitude of
horizontal course change for waypoint and intersection turns using

Simplified Procedures.

smaller than intersection turn error for course changes having magnitudes between

45 Jdegrees and 75 degrees and larger for course changes approximating 90 degrees.

Performance differences associated with magnitudes of course change and flights

were reliable (p<.05). Differences between pilot groups were not reliable (p> .05).
In conclusion, these resulis clearly show that pilots treated waypoint turns

and intersection turns differently although they were instructed to perform them in a

similar manner. In waypoint turns there is a definite tendency to overshoot the new

course. This tendency becomes more pronounced as the angle of turn increases. In

intersection turns there is a definite tendency to undershoot the new course. This i
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tendency also becomes more pronounced os the angle of tum increases. On the other
hand, although the amount of airspace required for these two types of turn designators
is not different over the range of tumns tested, there is a defirite interaction between
angle of turn and type of tum designator, namely, for smali turn magnitudes, less
airspace is used for waypoint tumns than for intersection turns, whereas for large turn

magnitudes less airspace is required for intersection turns.

Airsesed Error

An anclysis of airspeed error is included in this report because it provides
a measure of pilot performance on the third flight variable being controlled by the
pilot on most vertical tasks. The comparison of oirspeed control performance on
Standard and Simplified Procedures provides a further indication of workload and
residual attention differences between these two levels of procedural complexity.
Figures A-25 through A-31 in Appendix A present mile=by-mile central tendency
and 2¢ voriability cf oirspeed error from 120 miles per hour over 32 flights by
ATPs and CIPs. These data were evaluated both for steady=-state values, s indicated
by the dotted portions of the distance scales in these figures, and for overall values.
Two of the figures (A-25 ard A-27) present indicated airspeed rather than qirspeed
error and are presented to show the tendency of pilots to anticipate the required
airspeed change on subsequent segments. These dato were not used in either anolysis.

Steady-state . Empirical steady-state values of nirspeed error (from 120
miles per hour) were analyzed in terms of the four vertical tasks performed during
each flight. Figures A-26 and A=-28 through A~31 of Appendix A present data for
level flight on Segments 3, 5, 9, 11, 15, 17, ond 19; three-degree climb on
Segment 14; three-degree descent on Segments 4, 10, and 20, and six-degree descent
on Segment 16, Table 6 presents summaries of these data os functions of pilot group
and vertical task.

Differences in steody-state airspeed performance among the four vertical
tasks were quite small for Simplified Procedures. In oddition, very small differences

are indicoted between pilot groups for all tasks. Finally, central tendency scores

were not reliably different from 120 miles per hour, the desired nirspeed (p> 0.05).




-39-

Table 6. Central tendency ond 20 variability of airspeed error in miles per
hour for steady=-state performonces by ATPs and CiPs on four VNAV
instrument flight tasks for Simplified Procedures.

Pilot Group

Task ATP CIpP Combined

Mean t2¢ Mean * 2¢ Mean %+ 2¢

Levei flight +1.38 7.06 +0.02 7.42  +0.68 7.24
Turee-degree

climb +0,32 5.84 +.13 8.14  +0.73 6.99
Three-degres

descent -l .09 6032 +0‘2‘ 7.34 ‘0.44 6083
Six-degree

descent -1.58 6.56 -1.40 8.06 -1.49 7.31

As in previous sections, steady-state airspeed errors with Simplified Procedures
were pooled with corresponding Standard Procedures dato to permit a comparison
between airspeed performances for the two levels of procedural complexity. Figure 20
presents two=-RMS steady-state airspeed eror during three vertical tasks over four
flights for Standard ond Simplified Procedures. Level flight airspeed error wos not
used in this anolysis because, in several coses, Stondard Procedures subjects failed to
slow the aircraft to approach cirspeed even by the point et which steady«state
airspeed was achieved in Simplified Procedures, These lorge errors would have
disproportionately woaighted the Stondwd Procedures scores. Nevertheless, even
without the level-flight airspeed errurs, one con see from Figure 20 that performance
is better for Simplified Procedures than for Stondard Procedures. This diffsrence
was shown to be relioble (p < 0.05). in separnte tests on each vertical task, oirspasd
performance was realibly better for Simplified Procedures thon it wes for Standard
Procedures on three-dagree climbs and three-degree descents (p < 0.05). The
difference on six-degree descents was not relicble (p > 0.05).
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Overoll error. Combined tronsient and steady~state airspee:’ dota provide
a better sample on which to test for differences between independent variables.
Figure 21 presents these overall airspeed data as a function of veriical tasks,
flights, and procedural complexity. Figure 21 reveals a large and systeinatic
improvement in airspeed error for Simplified Procedures compar:d with aivspeed error
for Standard Procedures. There also appear to be consistent differences among the
four vertical tasks especially for Standard Procedures. Diffarences between Standard
and Simplified Proceduves, among vertical tasks, and over four flights were all
relioble (E <0.05). The difference between pilot groups was not reliable (p> 0.05),

In conclusion, airspeed performance results showed signiiicant improvement
when VINAV procedures were simplified, Although ocirspeed is not o navigation
control variable in 3-D navigation, these results indicate that Simplified Procedures
ollow the pilot more time for basic control of the circraft than Standard Procedures.
These results also indicate that similar performance differsnces can be expected in
4-D navigation for similar task complexities,

Procgduml Errors

As pointed out earlier (p. 16), @ procedural error wos counted whenever on
incofrect navigation control setting or inuppropriate aircreft control operation would
have resulted in a significant deviction from the intended route of flight if allowed to
continue uncorrected. Table 7 presnnts, for cock of the ten bosic types of navigation
procedural operotions, the number of ogarot ony requited, the number of emrors which
occurred, and the averase number of error per operction.

One can see from this table that total errors were much fewer for Simplified
Procedures than they were for Stondord Procedures. This con be partly expioined by
the reduction in the number of procedurol operotions. However, the average number
of errors per operation was ol wnoller, In foct, it is smaller for every type of pro-
cedurol operation. The overol! averoge number of errors per operation was reduced

by more than two-thirds by sizaplifying procedural complexity .
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Table 7. Procedural Errors by Type for Standard and Simplified Procedures.

Standard Procedures Simplified Procedures
Number  Number  Errors Number  Number  Errors

Type of of per of of per

Operations Errors  Operaticn Operations Errorr  Operation

Vortac Frequency 96 13 135 96 4 .042
DME Frequency 96 10 04 96 3 031
Waypoint Radial 480 32 .067 288 3 .0i0
Waypoint Distance 480 28 .058 288 2 .007
Course 352 11 031 288 2 .007
Desired Altitude 160 16 .100 160 6 .038
Vertical Angle 160 n 049 160 3 019
Alongtack Offset 160 21 A3 160 5 .031
Before/Past 32 2 063 32 0 .000
Waypoint Select 480 27 056 288 14 049
2496 N .069 1856 42 .023

in udditian to those shown in Tcble 7, thaie were 19 procedural arrors classed as
“other" for Standard Procedures and 12 classed as “other* for Simplified Procedures. A
description of the 12 procedural errors clossed as “other* for Simplified Procedures
follows:

1. Subject 1 on his second flight overshot Roscoe waypoint while making settings

for Champaign approach.

Subject 2 on his third flight begon Clinton pullup procedure too early.

Subject 2 on his third flight confused “station elevation” with “desired oltitude. *
Subject 3 on his second Alight failed to slow to 120 miles per hour in threo~degree
climb.
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Subject 4 on his first flight climbed through 3000 feet in Paris pullup
procedure. This was a blunder because the altitude error exceeded
300 feet. :

Subject 4 on his first flight failed to slow to 120 miles per hour in
six-degree descent.

Subject 4 on his second flight failed to slow to 120 miles per hour
beyond the Scottland waypoint.

Subject 4 on his second flight failed to slow to 120 miles per hour
until beyond the Wabash wavpoint.

Subject 4 on his second flight overshot six~degree slope. This was

a blunder because the VDI needle moved off scale. Subject recovered
the centerline of the vertical gradient within three miles.

Subject 5 on his first Flight switched frequencies too early in the
Paris pullup procedure.

Subject 6 on his first flight climbed through 3000 feet in Poris puilup
procedure. This was a blunder because the altitude error exceeded
800 feet.

Subject B on his Tirst flight overshot three -degree climb slope. This
was o blunder because the VDI needle moved off scale. Subject

recovered centerline of the course within four miles.

Although the exparimental procedure was designed to eliminate bilunders,

the cbove list shows thot they did occur on four occasions. In each of these four

cases, after the arror wos pointed out to the subject, there was not encugh time

remoining to make the correction necessary to avoid departure from protected

airspace. The remoinder of the procedura! errors of oll types were pointed cut and

correctad before airspace limits were exceeded. Therefore, it is not possible to
determine the number of these errors which would hove led 10 blundess. However,
in each case the subject was not told of his error until a significant divergence
from the intended course would ho e resulted if the correction had not besn made
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immediately. Therefore, it is fair to conclude that each of the recorded proceduroi.
errors represents some divergence from the intended flight path and possibly many of
them represent blunders.

Table 8 presents the total number of navigation procedural errors of all types
made by each pilot on each flight. The number of days since prsvious VNAYV flights
are denoted in parenthases. Onre can see from an examination of Table 8 that despite
the use of Simplified Procedures, navigation proceduml errors continue to ocrur,
especially during early exposure to a pariicuiar course.

Looking only at the last two Simplified Procedures flights, a total of 13
procedural errors occurred in 928 procedural operations. The average number of
procedural errors per operation on these two flights was 0.014, The average
number of errors per pilot per flight was 0.81. These dota look even better for the
fourth flight alone on which only three errors were made in eight flights, an average
of 0,38 ervors per pilot per flight.

Table 8. Navigation procedural errors made during each flight using Simplified
Procedures. Numbers in parenthases indicate the number of days since
tha previous VNAV flight {including the practice flight preceding the
first test flight). This table includes 12 “other" errors.

Flight
Subject Pilot Group 1 2 3 4 Total
1 ATP 3(12) 1(10) 09 0(0) 4(Q31)
2 ATP W o( 4) 3(8) o1} 4(14)
3 ATP 2( 6) 27) 0{7) 0(0) 4{20)
4 ATP (9 7( 3) 201) 1(3) 13(16)
5 Cip (1) o( 5) 2(6) 0(3) 5(15)
6 Cip 201) o{ 3) 0(0) 0(7) 221
7 cip 8(9 5( 3) 1(3) 1) 15(16)
8 cwe A7 W 2(3) 1(2) 7{21)

25(56) 16{44)  10(37) J(17) 54{154)
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The average numbers of procedural errors per flight for each pilot group and

for each level of procedural complexity over four flights are presented in Figure 22.
9 Analysis of the variance of these combined data revealed reliable differences between
Standard and Simplified Procedures and over four flights (p < .03). Howeuer, the

difference batwsen pilot groups was not relicble.
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Figure 22, Average rumbers of procedurol errors made by ATPs ond CIPs during fou-

successive flights over the Simplified Procedures course requiring
procedural operctions and over the Simplified Procedunss course requi-ix;

38 procedural operotions,

In conclusion, these procedural error results sliow that significent improvement
in the performonce of VNAYV procedural operations are possible through @ reduction in
their complexity. The results of the fourth flights on each subject indicate that with
Simplified Procedures the frequency of procedural errors con be reduced to a very
smoll number. Thesa results are especiolly important to the RNAV user operating with

a minimum system.
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DISCUSSIOM

The major underlying issue in all aspects of this study and the pravious
study is cockpit workload, One can see from Tabie 7 that there are ten basic types
of aavigation ﬁroceduml operations required of the pilot using the Butler VAC/ADD
system as installed in Twin Boranza 1000V. Although most waypoints do not require
al} ten operations, ary waypcint could, and safe cperating procedures dictate that
aif settings should be checked at least once for every waypoint used. Comparing
this system requiring ten operations with the conventional VOR navigation system
\which requires only two operations (VORTAC frequency and course), cne con see
that 3-D RNAV in this form may represent a higher level of cockpit worklcad thon
conventiona! VOR navigation. This higher worklood involved in Area Navigation
also represents a greater degree of cockpit responsibility because the pilot is
resporsibie for the accurate lecation of the poiats of reference being used for
navigation,

The reaults of this study clearly show that four aspacts of pifot performance
can be improved by © reduction in the number of procedural operations required
in a given task. Another study has sk »wa that increased woypolat storage con olso
improve pilot performance (Roscoe and Kraus, 1973). These studies demonstrote
that the problems of increased workload associoted with 3-D RNAV due to increased
procedural operations and cockpit responsi vllity con be dealt with and that porticl
soiutions hove been tound, The evidence presented here is an overwhelming
argument for using simplified orea ravigation procedures as one means of improving
averali pilot performance through reduced cackplt workload.

However, it shuuld be observed it this reduced cockpit »~rklood and
resultant improvement in pilot performonce during opproaches was not simply the
result of a random reduction in the number of procedural operctions during the
exacution of the VNAV approach. Undoubtedly, it wos the specific eliminotion
of the final app.ooch vaypoint and the pullup woypoint that produced o more

conventionol opprauch tosk, both in chart oppearsnce and in execution, than He
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four-waypoint Standard Procadures approach. Pilots could easily recognize from

the charted procedure a task which they had performed many times and could execute
stereotypically. Pilots also indicated that they felt comfortable doing Simplified
approach procedures, whereas pilots who flew the Standard approach procedures
indicated a high leve! of irritation with procedural tasks that were required at

unusual points during the approach.

Although it is desirable to generalize, caution must be exercised in making

generalizations from the results of a flight study such as this, Flight research in the

o ity e

aitborne environment is subjest to 3 number of limitations that con be overridden or

Ry I

: controlled in the ground-based simulation environment. Among the environmental

items that fimit the copability of flight research to provide generalizable results are

wind speed ond direction, weather conditions, turbulence, navoid signal quality,

ond traffic. These limitations do not mean thot flight research showld not be done,

e | R

but they do suggest very careful interpretoiion of the results of such research,

Of these items, the one that causes the most difficulty In the interpretation
of the rasults of this study is variations in tha quality of the ground-propagated VOR
ond DME signals. Although such variations were unmeasurable with the equipment

used in this study, it became obvious through observation during the experiment that

i signal quolity chonged from one point in the course to another. These signal variotions

were evident in the fomn of oscillotions of the CDI needle, both high frequency

s = i

. A ¥ e T 5 Y s N

! oscillations, commonly reforred to as scallops, ana low frequancy oscillotions,

! commonly reforred to as bends, Low frequency nocdle oscillotions were alse

evident on the vertical display in some instonces. H.gh frequency horizontal

oscillations were apparent in twa ploces. The first occurred shoetly after 1okeoff 4
until approximately two miles beyond the Pesotum wo, point, The second begon
during the three-degree spproach descent to Clinton on Segment § and disappecisd

, during the climb to 4500 feet on Segment 6. Berds or Yow frequency osciliotions
‘ of the horizontal course neadle were difficult to derect by observation in the dynomic {
environment of changing wind conditions., However, an obseivable bend in the

hovizontal course did occur during the Paris final opproach, MDA, una missed opproach
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segments. Regardiess of wind speed cnd direction, pilots were forced to make
relatively large and consistent heading changes to keep the needle centered during
these three segments. A very small bend of approximately ore runway width - as
observable on the Champaign approach. During the 3% climbs and 6° descents , low
frequency oscillations were observed on the VDI. These oscillations were not as
easily identifiable as they were in the horizontal dimension, and their persistence
could not be explained by heading changes or changes in wind direction and speed.
It is possible that these vertical signal perturbations contributed to the small quantity
of steady-state data on these two -egments.

In addition to environmental factors, a number of other factors must be
accounted for in the interpretation of these results. These include workload, the
instrument and control panel configuration, type of communication, and procedures
for identifying and correcting blunder errors, All of these factors interrelate and
may have differential effects on measused pilot performance over the variables
being considered in the Stundard Procedures and Simplified Procedures studies,

Workload cn any instrument flight is variable from one point to another.

The variations which occurred between some tasks of the Standard and Simplified
Procedures course are particularly important in the interpretation of the results.

For example, two differences between the six-degree descent in Standard Procedures
and the six-aegree descent in Simplified Procedures were (1) horizontal turns and

(2) waypoints at ‘he beginning and end of the descent in Standard Procedures, neither
of which were present within three miles of the Simplified Procedures descent path.
The apparent eftect of these changes was a significant improvement in overc!!

vertical steering and airspeed control in Simplified Procedures. It is interesting to
note that the difference in overall horizortal steering performance between these

two procedures was not reliable despite the beginning horizontal turn of 46 degrees
in Standard Precedures, Therefore, the introduction of horizontal turns and waypoints
at the beginning and end of o vertical gradient has a significant detrimental effect
on vertical steering and airspeed performance, but not on horizental steering

performance .
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The effect of reducing the number of required waypoinf entrias on steéring
performance is also evident in the results for Clinton and Paris approaches. On
these approaches, highiy reliable differences between standard and simplified
Procedures were found for all three steering performance measures: vertical and
horizontal steering and airspeed. Because all other conditions including the
steering task remained constant, it must be assumed that the improved steering
performances were the result of a reduced procedu sl workload permitting a higher
level of attention to be devoted to the three continuous control tasks.

It should be pointed out that, although workload levels were eased, the
overall workload represented by the number of operations required in the Simplified
experimental task was greater than one would expect on a normal RNAV instrument
flight from one airport to unother given no changes to the planned route of flight,
The task was composed of a SiD, a STAR, tnree VINAV approaches, and two missed
approaches. Although they were made on transition segments during which workload
was re katively light, two frequency changes were required during each flight. The
relatively short transition segments between these procedures and the aircraft speed
of 130 knots permitted the pilot little time to study the charts.

These problems are somewhat offset in the experiment by repeatedly flying
the same sequence of procedures using a booklet of charts bourd in the correct order.
By their fourth experimental flights, pilots were becoming very familiar with the
fask sequence. This familiarity undoubtedly provided a better performance on final
flights than one would expect if the order had been shifted, as may happen in the
real world, This mry be ¢ primary reason for the significant decrease in procedural
errors through the fourth ilights.

Another possible explanation for the decrease in procedural arrors is that
pilots were inadequately trained in the use of the RNAV equipment prior to their
first experimental flights. As explained earlier (page 13), subjects were given a
thorough biiefing and familiarization of the ~.quipment prior to their first experi-
mental flights. However, given the complexity of the VNAV equipment and proce-
dures, it may be necessary to require pilots to have a certain amount of experience

with the particular equipment before admitting them into the system on their own.
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Finally, although these were highly experienced professional pilots, most
of them had minimal flight time in the type of aircrafi flown. Each pilet was given
a one-hour checkout in the aircraft. Thus, he was legally qualified to fly the
aircraft IFR with RNAV in a terminal arec, even if better judgement would dictate
otherwise. Some experimental data is available which provides an indication of
performance improvement due to increased familiarity with the aircraft itself. The initial
segments of each flight, the Champaign SID, did not require a sophisticated know-
ledge of the RNAV system. This task consisted of a normal climb to 4500 feet
followed by two fairly long level segments. Because this part of the flight is
relatively free of new RNAV concepts, horizontal and vertical performance on
these segments over four flights provides an indication of change in aircraft steering
performance as a function of increasing familiarity with the aircraft. An analysis
of these data over both Standard and Simplified Procedures shows some improvement
in horizontal and vertical steering error. However, the differences were not
reliable (p>0.05) indicating that the change in familiarity with the aircraft was
not @ major factor in the overail performance improvement over four flights.

Another factor that may have had a detrimental effect on pilot performance
in both Standard and Simplified Procedures is the configyration of the instrument and
navigation control panels in the aircraft, From an examivition of Figure 2, one can
see that this configuration is less than optimum for instrument flight. For example,
the normal “T" arrangmenet is broken by the SPI which is located between the gyro
horizon and the heading indicator. The distance-to-waypoint indicator and the VDI
were both located outside of the normal instrument scan pattern. The VOR and DME
frequency selectors, both of which had to be set, were the upper righi and lower
left controls, respectively, of the four frequency selectors shown on the right side
of the panel, Finally, -he location of the area navigation control panels at the
right requiraa the pi |t3f-f6 stretch to read the digital displays. Each of these loca-
tions was fess than opimum and may have had detrimental effects on pilot performance.

Altv.ough pilots did not complain about it, there is some cvidence indicating

that the vertiuat seale “vctor may have bsen too sensitive. For example, two of the
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blunders were vertical course overshoots. One of these was a delayed entry to
three-degree climb, the othe: was a delayed entry to a six-degree descent .

In addition, the vertical tracking data on segments involving vertical grudients indicate
a general overshoot tendency on the Clinton approach (Figure A-3), the three-degree
climb (Figure A-9), and the six-degree descent (Figure A-10). Other vertical
gradients (Figures A-6, and A-12) fail to show this tendency. All of these cases
represent a tendency for pilots to be late in initiating changes in vertical gradients,
possibly attributable to insufficient warning from the initial movement of the

guidance needle coming out of saturation.

The 100-foot per dot scale factor (£200 feet full scale over £0.45 inches)
. was chosen for this experiment because it was found to yield the best vertical
steering performance in the study by VanderKolk and Roscoe (FAA-RD-73-202).
However, an unpublished study by Roscoe at Hughes Aircraft Company in the late

1950s has shown that pilots may object to a sensitive scale factor that yields the

}:/
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most accurate attack steering performance because of the increased workioad

3
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involved with keeping the needle centered. The study concluded that the ideal
aircraft display scale factor is somewhat less sensitive than the level that produces
best steering results. A definite relationship exists between overall pilot workload

and the display sensitivity that can be tolerated. If the pilot is overloaded with

other tasks, a less sensitive display scale factor will yield better overall results.

- Given the relatively, high workload of terminal area operations, a less sensitive
¥ : vertical scale factor than £200 feet full scale (£0.45 inches) may be required.
The frequency of vutside communication also may affect pilot performance.
V In neither experiment were pilot-subjects required to monitor or make outside

communications. The simulated ATC clearances required to fly the intended course

were given fo the pilot from inside the aircraft by an experimenter. This method of
handling communi cations undoubtedly reduced the normal vigilance requirement

of the pilot, thus freeing a greater amount cf attention for his task of aircraft
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control and navigation. It can be assumed that these effects would, at least in

part, offset the effects of a less thr.> optimum instrument panel.
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The final area of concern in the interpretation of the results is the effect of
procedural errors, their identification, and their correction on measurements of error
on all four variables. As shown in Figure 22, pilots continue to make procedural
errors even with Simplified Procedures. However, the number and frequency of
errors are probably inflated by the method used to identify such errors. As indicated
earlier, this method was to note a procedural error when it occurred but to refrain
from recording it and pointing it out to the pilot until it appeared to the experimenter
that the error would not be corrected before it would disrupt one or more of the
recorded steering performance measures. There were only a few cases involving
course overshoot that were not caught in time to prevent their influencing steering
error. It is likely that in most cases for which a procedural error was recorded in
these studies, given more time, the pilot would have noticed strange indications
on one or more of the displays, and he would have found and corvected the pro-
cedural error. However, each of these procedural errors, even if detected and
corrected, would have resuited in larger steering errors. Therefore, in the inter-
pretation of the results of both studies one must keep in mind that the procedural
error rate is probably inflated and that measured steering errors for the most part
represent steering perforrnance given that no procedural erors are made .

There are two peculiarities in the procedural error data which deserve
further examination. For examgle, one type of operation, waypoint selection,
yielded a large proportion {one-fourth) of the total procedural errors for Simplified
Procedures. This phenomenon may have been a purely random result. Howewver,
there is some evidence that two waypoint systems may present special procedural
problems. A simulator study (Roscoe and Kraus, 1973) in which waypoint storoge

was voried from one to eight waypoints has shown that the two-waypoint system

presented the highest workload as indicated by the pilots' measured residual attention.

This may be a result of confusing the woy point in use with the waypoint to be set
which did not occur for other waypoint storage capacities.
However, it was observed in the present experiment that pilofs occasionally

completed all required operations except for switching to the new waypoint. The
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typical situation in which this error occurred was on the segment following the |AF
and before the descent in the approach procedure. The pilot navigating outbound
from |AF may forget that unless he selects MAP he will not receive descent guidance.
In each case, when the distance indicator read six miles outbound from 1AF, to
prevent a severe overshoot of the glide path, the error was pointed out to the subject,
and MAP was sslected.

The fraquency of this type of error could be reduced either by standardizing a
waypoint selection procedure or by greater familiarity with the RNAV equipment
through more extensive training. A closer examination of the data, however, reveals
that the number of waypoint sslection errors that occurred on each flight was: Flight 1,
soven errors; Flight 2, two errors; flight 3, five errers; and Flight 4, no errors. These
date indicate that some improvement did occur over four flights, but the performance
is variable. A procedure for keeping track of the waypoint in use by numbering the
chart was suggested but infrequently used by the pilots with Simplified Procedures.

Training does indeed command a place in any man-machine system. As
pointed out by Roscoe (1974) in discussing the complementary processes of behavioral
engineering and the selection and training of personnel, “the former serves to reduce
the need for the latter and the latter completes the job left undone by the former. ™
Therefore, training could be used as a mechanism for reducing procedural errors.
However, given the wide variety of possible procedural errors in area navigation,
the wide variety of experience levels of the pilots using the system, and the
catastrophic consequences of many procedural errors, one is well coutioned against
relying upon training to eliminote these errors. It should also be pointed out that
in somea situations, such as emergencies, training is o particularly poor substi‘ute
for good human engineering.

A tecond peculiarity in the procedural error results, Table 8, is that more
than half (28 of 54) of the errors were made by two pilots. To determine whether
the relotively poor performance of these pilofs on procedures also carried over to
the other performance measures, Table 9 presents the overoll rank of all 14 pilots

in both experiments in terms of total flight experience; performance on vertical,
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TABLE 9. Ranking for 16 pilots in terms of total flight experience, overall perform-

ance, and performance on vertical, horizontal, airspeed, and procedural

orror measuras.

R Subject Total Flight Overall  Vertical Horizontal  Airspeed  Procedural
- Experience Rank Errors Errors Errors Errors
| STANDARD PROCEDURES
1 ATP 2 12 9 8 13 16
2 ATP 4 9 8 7 14 7
3 ATP 5 16 16 13 16 13 |
4 ATP 7 " 7 14 10 12 ?
5CIP 12 10 10 10 9 10.5
E 6 CIP 14 14 14 15 12 4
B 7 CIp 9 15 15 16 ] 15
8 CIP 16 13 13 " 15 8

SIMPLIFIED PROCEDURES

| ATP 3 2.5 6 2 i 3
2 ATP 1 1 ) 3 2 3
3 ATP 8 4 4 4 8 3
4 ATP 6 5 5 1 5 9
5 CIP 15 8 n 12 7 5
6 CIP 10 2.5 2 6 3 1
7Cip n 6 3 5 6 10.5
8 CIP 13 7 12 9 4 6

i
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horizontal, airspeed, and procedural error measures; and overall performance rank.
Subjects 4 and 7, who accounted for most of the procedural errors with Simplified
Procedures, ranked below two of the pilots who flew using Standard Procedures.
However, their performances were better on the other three measures, giving them
overall ranks of 5 and 6 respectively.

The relative rankings of the other pilots reveai moderately high correlations
between tracking and procedural performances. A paired comparisons test of each
of the three tracking performances with procedural performance indicates the
following reliable correlations: vertical, r = .52 (p<.05); horizontal, r = .53
(p< .05); airspeed, r=.67 (p< .01). Yaken together the overall ranking in
tracking performance correlates even more highly with procedural performence
(r=.72, p<.01). However, comparing rankings of flight experience with overall
performance fails to yield a relioble correlation (r = .27, p>.05).

These results tend to confirm the conclusion that has been supported repeatedly
in this series of experiments. Namely, wide differances in overall pilo? parform-
ances are avident even in a relatively homoganeous group of professional pilots,
such os airlina transport pilots or commercial instrument pilots, ot the University
cf litinois. The high correlation of procedural performance with the thres other
performance measures indicates that generally, pilots who perform procedural tasks
well ,also mointain vertical and horizontal course centerlines vary accurately. The
converse is also true,

Despite the general negative tone of this section dealing with procedural
errors, the overall results of this study indicate that, with some adjustmentis to the
system, tlight tachnical erors in area navigotion with vertical guidonce con ba
much smaller than previowly estimatad. This expariment provides sirong evidence
that the primary cdjustment needed is a simplification of area navigation procedures.
Other adjustments not specifically addressed in this study but observed as possible
improvements to the system include: the use of the same frequency throughout a
STAR and approach procedure; a waypoint storage capacity sufficient to store o
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complete STAR approuch and missed approach procedure; and auiomatic computation
of the course from one waypoint to the next, thereby eliminating the requirement
for manual course selection.

It is apparent that all RNAYV systems will rely on training to a considerable
extent in meeting the FTE budget requirements, but this is especially true for one-
and two-waypoint systems. However, givan Simplified Procedures, proper train-
ing and current experience, it ssems probable that one-pilot/dual-waypoint RNAV
systems can mest FTE budget requirements in most procedures cumently planned for
the ATC system.

Finally, it should be pointed out that the FAA is now incorporating in new
RNAV approaches the Simplified Procedures suggested herein. It is the apparent
intention of the FAA to give the pilot the option of using o distance to MAP indica-
tion in liev of setting the FAF. It saems likaly that the Simplified Procedures used
in this study will be the future standard for RNAV approaches.
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B CONCLUSIONS

_ The following conclusions are based on the results of this fiight experiment
N and are referenced to the particular VNAV test route and procedures tested, This
experiment was performed for the purpose of comparing data obtained in an earlier
flight test (Report FAA-RD-72-126) to data obtained using less complex operational
procedures. The procedures in the earlier report have herein been designoted
Standard Procedures. The procedures employed in this report have been denoted
Simplified Procedures,

The scale factors employed in this experiment are as follows unless otherwise
noted: * 200 feet full-scale (£ 0.45 inch) on the vertical display (VDI) with two
i scale divisions above ond below center spaced 0.22 inch between dots, ond 5,0
nautical miles full-scale (2 1,10 inch) on the course deviation display (SPI) with

tive scale divisions left and right of center olso spaced 0.22 inch between dots.

Unless otherwise indicated, the conclusions stated refer to performances
of the combined ATP and CIP pilot groups with Simplified Procedures.
In level flight:
| R ﬁ. Yhe steady-state centrol tendency in vertical pilotage error of
+3 feet for combined pilot groups was not reliably differsnt from
zero, the value assumed in RTCA DO-152, The corresponding
value for Standard Procedures was 19 feet, not relicbly different
from zevwo.
b. The steady-state 3o variobility in vertical pilotage etror of
+ 129 feet was not reliobly different from 2 150 feet, the wolue
assumed in DO-152, The comresponding value for Stondard

Procedures was * 144 feet, also not reliably different from 2150 feot.

3 ’ 2. o, The steady-skate central tendency in crosstrack pilotage error of
0.07 nmi right of route centeriine was not reliably different from

zero, the value assumed in FAA AC 90-45. No comresponding value
was reported for Standard Procedures.
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The steady-state 20 variability in crosstrack pilotage error of + 0,74 nmi
was reliably smaller than 2 1,0 nmi, the value assumed in FAA AC 90-45,

No corresponding value was reported for Standard Procedures,

In 3° climbs from 3000 to 8000 feet MSL:

oo

0
In 3 descents:

The steady-state central tendency in vertical pilotage error of

+2 feet was not reliably different from -ero, the value assumed

in DO-152, The corresponding value for Standard Procedures was
-11 fest, not relicbly different from zero,

The steady-state 3o variability in vertical pilotage error of

+ 140 feet was not reliably different from £ 150 feet, the value
assumed in DO-152 for aititudes beiow 5000 feet, and was relicbly
smaller than 250 feet, the value assumed in DO-152 for altitudes
above 5000 feet. The comesponding velue for Standord Procedures
of £ 171 feet was reliably larger than + 150 feet and reliably
smaller than % 250 feet.

The steadywstate centrol tendency in crosstrack pilotege eror of
0.22 nmi to the right of route centerline was reliably different
from zero, the volue assumed in FAA AC 90-45, No corresponding
valye was reported for Standard Procedures.

The steady-state 2o variability in crosstrack pilotage ermor of

£ 0.5) nmi wos relicbly smaller than & 1,0 nmi, the value asumed
in FAA AC 90-45. No corresponding value wos reported for
Standond Procedures,

The steady-state central tendency in veriical pilotage error of
420 feet was reliobly different from zero, the volue assumed in
DO-152, indicating n bias to fly above the descending verticol
gradient. With Strndord Procadures o similar fendency wos
exhibited, with a reliable bias of +38 feet,
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The steady-state 3¢ variability in vertical pilotage error of £ 147 feet
was not reliably different from + 150 feet, the value assumed in
DO-152, The corresponding value for Standard Procedures was

£ 196 feet, also not reliably different from £ 150 feet.

The steady-state central tendency in crosstrack pilotage error of
0.06 nmi to the left of route centerline was not reliably different
from zero, the value assumed in FAA AC 90-45, No corresponding
value was reported for Standard Procedures.

The steady-state 2g variability in crosstrack pilotage error of

x 0,56 nmi was not reliably different from 0.5 nmi, the value
assumed in FAA AC 90-45, No comresponding value was reported
for Standard Procedures,

Using = 1.25 nai full=scale crosstrack scale foctor on o different
approach, the steady-state centicl tendency in crosstrack pilotoge
srror of 0,04 ami to the left of route centerline was not relicbly
different from zero, the volue assumed in FAA AC 90-45,

Using 2 1,25 nmi full-scolu crosstrack scole fuctor, the steady-state
20 varicbility in crosstrack pilotage ewor of £ 0,20 nmi was reliably
smaller thon £ 0.9, the volue assumed i: FAA AC 90-45,

. In 6° descents from 8000 to 3000 feet MSL:

8. a.

The steady-state centiol tondency in verticol pilotege emor of

+37 feet wos reliobly different from zero, the volue ossumed in
DO-152, indicating ¢ bios cbove the descending vertical

gradient. With Standard Procedures no comparcble steady-state
performonce was achieved, but o similor tendency wos exhibited
with a relioble bias of 55 feet.

The stecdy-state 3o variability in verticol pilotege enor of

+ 169 fect was ieliably smaller than £ 250 feet, the volue assumed
in DO-152 for oltitudes obove 5000 MSL, cnd was not reliokly
different from = 150 faet, the wolue assumed in DO-152 for altitudes
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below 5000 feet, With Standard Procedures no coniparuble steady-
state performance was achieved, and the 3o variability was + 369 feet,
.38 reliably larger than * 250 feet.

9. 0. The steady-state central tendency in crosstrack pilotege error of

- 3 0.05 nmi to the right of route centerline was not reliably different
~ from zero, the value assumed in FAA AC 90-45. No corresponding

value was reported for Standard V'rocedures. i

b. The steady-state 20 variability In crosstrock pilatage eror of

+ 0.44 nmi was reliably smaller than # 1,0 nmi, the valuve assumed
in FAA AC 90-45. No comesponding volue was raported for
Stondord Procedures.

Overall performances with Simplified Procedures and Standard Procedures:

10. Overail transient and steady-state vertical and horizontal steering,

airspeed control, and procedural performance are oll reliobly better

with Simplified Proceduras than with Stondord Procedures; procedural

: errors per operation were reduced by more than two=thinds by
simplifying procedural complexire,

1. Overol! transient ond stecdy-stote performances by ATP ond CIP pilot

groups are not reliubly Jdifferent for any of the four performance
measures on any of the four verticol flight tosks .,

12, Performances using o vertically guided commond leveioff ond wsing

| ‘ the altimeter disploy for leveloff ot MDA were not reliatly different

for any of the three continuous control performance measures,

13.  Overoll transient ond steady-state performances differed roliobly from
‘ task 1o task in some respect for each of the three continuous control

performance measures,
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APPENDIX A

Graphical Prasentation of Summary Verticai, 3
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Figure A-1. Central tendency and 3¢ variability of vertical error in level flight

for Segment 1 between Pesotum and Brockton waypoinis.
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Figure A-3. Central tendency and 3o variability of vertical error in level flight

and three-degree descent for Segments 3, 4, and 5 between Scottland

waypoint and Clinton MAP,
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Figure A-4. Central tendency and 3¢ variability of vertical error in level flight

for Segments 6 and 7 between Clinton MAP and Mecca intersection.

Data is not available in the normai climb until level flight is reached at

Mile 5.
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Figure A-5. Central tendency and 3o variability of vertical error in level flight
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Figure A-15. Central tendency and 2g variability of horizontal error on Segments 3,

4, and 5 between Scottland waypoint and Clinton MAP,
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Figure A-17. Central tendency and 2g variability of horizontal error on Segment 8
between Mecca intersaction and Wabash waypoint.
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Central tendency and 2 variability of airspeed error on Segment 14

between the three-degree climb intercept and the Royal waypoint.
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Central tendency and 2¢ variability of airspeed error on Segments 15,

16, and 17 between Royal waypoint and Roscoe waypoint.
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: Tabulation of Summary Vertical, Horizental,
! and Alrspeed Error Statistics
Table B-1.  Vertical deviations in feet for leval flight on Segment 1.

These statistics are presented graphically in Figure A-1.

R L e

Dist. ' N Mean g Mean +30 Mean -3¢
17 32 19.12 76.15 247.60 -209.34
16 322 7.3 56.84 197.88 -143.17
15 32 26.01 43.47 156.43 ~104.40
14 32 22.14 36.90 132.86 - 88.58
13 32 9.60 34.90 114,33 - 95.12
12 32 2.44 41.06 125.63 -120.74
1 32 - .5l 40.99 122.47 -123.49
10 32 .63 34.04 102.76 -101.50
9 32 -1 28.50 84.10 - 86.89
. 8 32 -5.93 36.45 103.43 ~115.29
3 7 32 -11.09 39.21 106.53 -128.72
3 6 32 4.37 39.01 121.43 -112.67
%- 5 32 5.94 30.16 96,42 - 84.53
1 4 32 - 8.41 40.12 11.97 -128.79
: 3 2 -7.66 .47 104.76 -120.10
. 2 32 -11.40 38,30 103.51 -126.32
?é 1 32  -6.83 30.54 84.79 - 98.46
. 0 32 1.53 34.92 106.31 -103.23
]
.34?
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Table B-2.  Vertical deviations in feet for level flight on Segmont 2.

These statistics are presented graphically in Figure A-2,

Dist. - N Mean d Mean +3g Mean -3¢
18 28 3.67 47 .51 146.23 -138.87
14 32 7.81 44.62 147.70 -132.06
13 32 18.82 43.55 149.49 ~117.84
12 32 12.17 46.43 151.48 -127.13
11 32 2.79 42.17 129.32 -123.72
10 32 4,33 47.29 146,23 -137.56

9 32 1.39 39.56 120.08 -117.30
8 32 - 5.99 37.92 107.78 -119.76
7 32 - 6.38 36.79 104.01 -116.77
) 32 -7.9G 41,37 116.23 -132.03
5 32 - 2.48 42.59 125.30 -130.26
4 32 - 4.63 41.12 118.74 -128.01
3 22 - 6.97 39.25 110.78 -124.73
2 32 -7.26 46.61 132.57 -147. 1
1 32 - 4.96 46.56 134.71 ~144 .64
0 32 -13.14 46.56 126.55 -152.85
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Table B-3. Vertical deviations in feet for level flight (miles 15-10, and 2+0)

and three-degree descent (miles 9-3) on Segments 3, 4, and 5,

2
Ak
b4,
2
P
&
35
2h
4
3
4
!
A
<

These statistics are presented graphically in Figure A-3.

Dist. N Mean o] Mean +3¢ Mean -3¢
15 31 -46.05 57.58 126.71 -218.81
14 32 ~40.30 52.51 117.24 -197.85
13 2  -37.38 49.58 111.37 -186.15
12 32 -43.24 59.12 134.13 -220.61

1 32 -39.34 50.61 112.49 -191.17 |

10 2 -18.17 59.27 159. 64 -195.98 |

9 32 -37.45 77.85 196.11 -271.02 f
32 51.62 79.66 290.61 -187.36

7 32 51,85 61.16 235.34 ~131.63 g

6 32 44.33 52.53 201.93 -113.26
5 32 24 .11 57.02 195.19 -146.97
4 3 27 .59 56.30 196.50 -141,30
3 32 31.05 61.36 215.14 -153.02
2 32 1 38.98 119.07 -114.85
1 32 -7.49 26.85 73.08 - 88.07
0 32 13.63 40.12 134.00 -106.74
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Table B-4. Vertical deviations in feet for level flight on Segments 6 and 7.
These statistics are presented graphically in Figure A-4.

32 -44.32 81.95 201.54 ~290.18
32 - 6.10 43.93 125.69 -137.89
30 4,07 61.87 189.70 -181.56
3t 23.62 47.53 166.21 ~-118.96
30 30.24 50.41 181.49 ~120.99
10 20 27.06 45.87 164.68 -110.55

Disst. N Mean o] Mean +3¢ Mean -3¢
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Table B-5.

Dist
12
1"
10

9
8
7
6
S
4
3
2
1
0

D~

Vertical deviations in feei for level flight on Segment 8. These

statistics are presented graphically in Figure A-5.

N Mean _o Mean +3¢  Mean -3v
22 27.33 57.83 200.84 -146.18
31 13.99 49.63 162.89 -134.90
32 16.00 51.59 170.78 -138.77
32 24.69 50.67 176.70 ~127.31
32 9.58 50.60 161.41 -142.24
32 4.08 43,18 133.62 -125.45
32 5.16 34.62 109.03 - 98.69
32 - .66 29.63 88.23 - 89.55
32 .52 32.88 99.17 - 98.12
32 - .2 39.55 118.45 -118.87
32 7.63 46.29 146.52 -131.26
32 8.72 43.07 137.96 -120.51
32 10.22 52.65 168.19 ~147.74
\
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Table 8-6. Vertical deviations in feet for level flight (miles 15-10, 2-0) and
three-degree descent (miles 9-3) on Segments 2, 10, and 11,

These statistics are presented graphically in Figure A-6.

Dist. N Mean g Mean +36  Mean -3¢
15 26 1.31 44,06 133.52 -130.89
14 32 -11.56 45.44 124.76 -147.88
13 32 -20.46 61.91 165.28 -206.20
12 32 -7.78 47.33 134.22 -149.79
1 32 - 6.02 45.41 130.22 -142.27
10 32 - 9.80 46.56 129.88 -149 .49

9 32 -32.07 57.42 140.18 -204.33
8 32 12.44 57.93 186.23 -161.35
7 32 8.80 68.77 215.13 -197.53
6 32 4,28 49,38 152.45 -143.87
5 32 16.49 37.61 129.34 - 96.34
4 32 36.75 36.96 147.64 - 7414
3 32 57.59 45.43 193.91 - 78.72
2 32 13.49 25.62 90.36 - 63.38
1 32 - 4.84 28.44 80.48 - 90.16
0 32 6.65 38.75 122.93 ~109.61
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Table B-7. Vertical deviations in feet for level flight on Segment 12, These

statistics are presented graphically in Figure A-7,

Dist. N Mean g Mean +30  Mean -3¢
1 32 48.35 76.94 279.17 -182.46
2 32 18.99 91.01 284,04 -262.07
3 32 27.20 81.93 273.01 -218.61
4 32 49.30 77.82 282.77 -184.15
5 32 40.06 45.05 175.24 - 95.11
6
7

"
i
H
i
|
)
i

32 27.30 66.53 226.90 -172.30
26 30.48 65.57 227.40 -166.03
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Table B-8. Vertical deviations in feet for leve! flight on Segment 13.
The statistics are presented graphically in Figure A-8.

Dist. N Mean ¢ Mean +30  Mean -3¢
23 22 48.94 83.94 300.78 -202.90
22 31 38.87 85.94 296.70 -218.95
21 31 44.79 81.47 289.23 -199.64
20 32 42.16 96.14 330.59 -246.26
19 32 40,78 65.65 237.74 -156.16
18 32 24.50 61.21 208.14 -159.14
17 32 25.32 59.56 204.01 -153.37
16 32 36.64 62.90 225.35 -152.06
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Table B=9.  Vertical deviations in feet for three-degree climb on Segment 14.

These statistics are presented graphically in Figure A-9.

:
Dist. N Mean g Mean +36  Mean -3¢ 3
16 23 103.63  118.04 457.76  -250.49 ’
15 32 52.60 71.26 266.41 16119 }
14 32 18.80 86.55 278.47 -240.86 ;
13 32 3.95 86.21 262.61 ~254.69 N
12 32 -27.88 85.69 229.20  -284.97 .é
n 32 -28.27 75.79 199.09  -255.64
10 2 e 75.44 210.51 242,15
9 32 1.88 70.47 213.31 -209.55
8 32 PR 57.86 187.71 -159.48
7 32 14.28 70.41 22673 -198.16
6 32 4.36 44.47 137,79 -129.05
5 32 23.95 56.43 193,26 -145.34
4 322 - 5.45 56.02 162.61 -173.53
3 2 -31.22 51.85 124 .41 -186.86
2 32 - 7.7 55,32 158.25  -173.68
| 32 4.81 76.15 233.26  -223.63

0 32 1.87 77.74 235.11 -231.3%




Table B-10. Vertica! deviations in feet for level flight (miles 19-12 and 2-0)

and six-degree descent (miles 11-3) on Segments 15, 16, and 17.
Thes= statistics are presented graphically in Figure A-10.,

Dist. N Mean g Mean +3g¢  Mean -3¢
19 20 -79.82 96.33 209.17 -368.82
18 32 -35.76 69.34 172.27 -243.80
17 32 16.96 58.88 193.63 -159.70
16 32 20.72 57.04 191.85 -150.40
15 32 28.1% 51.81 183.60 -127.28
14 32 27.07 47 .06 168.27 -114.12
13 32 8.59 41.66 133.57 ~116.39
12 32 10.04 35.08 115.31 - 95.22
N 3 -166.73 76.39 62.43 -395.90
10 32 48.14 104.22 360.82 -264.54
9 32 90.62 94.28 373.49 -192.24
8 32 61.74 102.25 3468.50 -245.01
7 32 28.10 77 .80 261.50 -205.29
6 32 27.95 69.3 235.90 -179.98
5 32 54.64 69.85 264.20 -154 .9
4 32 34.95 84.17 287 .47 -217.55
3 32 65.01 56.87 235.64 ~105.6!
2 32 34.77 45N 171.92 -102.37
i 32 12.32 45.35 148,39 -123.74
0 32 21.97 48.05 186,14 -122.18
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Table B-11. Vertical deviations in feet for lev2! flight on Segment 18. These

statistics are presented graphically in Figure A-11,
. %{ Dist. N Mean g Mean +36 Mean -3o C
0 3 14.55 57.99  188.53  -159.4] 3
: 1 32 11.10 50.96 164.01 -141.80 _.
2 32 .20 41.95  126.08 -125.66
3 32 9.38 45.37 145.51 -126.73 -
4 32 15.41 53.49  175.89  -145.07
5 32 T 36.52  109.43  <109.70

6 32 - 1.48 33.06 97.70 ~100.6¢

7 32 3.7 49.42 151.99 -144.56

8 32 9.04 47.28 150.89 ~132.80 ~

9 32 15.26 43.45 145.62 -115.09

£ 10 2 4.00 4377 1BB 7.3

n 28 - 2.62 41.49  121.85 ~127.09
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Table B-12. Vertical deviations in feet for level flight (miles 16~8} and three-

degrea descent {miles 7-1) on Segments 19 and 20. These statistics
are prasented graphically in Figure A~12.

Dist. N Mean g Mean +3c  Mean -3¢
16 29 -20.22 51.38 133.92 ~174.36
15 32 -20.14 3°.98 99.80 -140.09
14 32 -15.30 32.17 81.23 -111.83
13 32 - 4,86 36.78 105.50 -115.23
12 32 - 3.84 30.83 88.66 - 96.25
N 32 5.07 33.30 105.00 - 94,84
10 32 10.29 37.92 124.06 -103.46

9 32 1147 36.53 120.79 - 98.44
8 32 7.21 42.¢A 135.21 -120.77
7 30 4,73 56.58 174 .47 -165.02
6 32 13.94 49,39 162.72 -134.83
5 32 18.37 46.53 157.97 -121.22
4 32 2.9 47.08 151.16 -131.32
3 32 ¢.34 63.46 199.73 -181.05
2 32 11.82 57 .94 185.65 ~162.01
1 32 36.92 73.22 256.61 -182.75




Table B-13. Horizontaldeviations in naytical miles for leve! flight on Segment 1.

Dist.
17
16
15
14
13
12
"

—
[en)

N W b OO N 2 O

B2~

These statistics are presented graphically in Figure A-13.

N
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32

Mean d
-.0926 .5424
.0669 .5485
.0859 A903
-.0243 .4004
-.1048 .3413
-.0809 .4078
-.1615 .4207
-.2121 .3270
-.1210 .2987
-.0946 .3798
-.1210 .4856
-.1074 5177
-.0815 4318
-.0398 4003
0663 4260
1252 3723
-.0154 3361
-, 0804 L3159

Mean +2¢ Mean ~2¢
9921 -1.1773
1.1639 -1.0301
1.,0665 - .8948
7765 - .8251
5777 - 7874
7347 - .89¢5
.6800 ~1.0029
4420 - 8661
4764 - 7183
.6651 - .8543
.8502 -1.0922
.9280 -1.1428
.7821 - .9451
.7608 - 8405
9184 - 7857
8697 - 6193
.6568 ~ 6875
5515 - 7122
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Table B-14. Horizontal deviations in nautical miles for level flight on Segment 2.

Dist.
i5
14
13
2
"
10

4
8
7
6
5
4
3
2
1
0

Thase statistics are presented graphically in Figure A-14,

N

28

32
32
32
32
32
32
32
32
32
32
32
32
32
32
32

-

Mean
L0699
. 2655
.2736
L1454
.0342
.0205
.0210
.0170
0377
.1388
1601
1622
L1432
L1209
.0023
.0472

o Mean + 2¢
.3145 .6989
.3655 9964
.4233 1.1202
3751 .8956
.2738 .5818
.2520 .4835
.2980 5749
.3092 .6015
.2959 .5542
.3001 4615
.3299 4997
.3248 .4874
. 3306 .5180
.3493 5777
.3873 7722
4211 .8894

Mean ~2¢
~-.5591
-.4654
-.573
-.6047
-.5134
-.5245
-.616%
-.6355
-.6295
- 73N
-.8199
-.8117
-.8045
-.8195
-.7769
-.7949
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Dist.
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N
3
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32

Mean

-.3609
-.7233
-.7884
-.7012
-.5599
-.4318
-.3282
-.2372
.2442
1776
1297
-.1141
-.0704
-.0462
-.0451
-.0318

c
5412
.6032
.5900
.5860
4726
5096
175
4599
4162
.3272
3317
.2781
.2894
.2964
.3344
3717

94+

Table B-15. Horizontal deviations in nautical miles for level flight (miles 15-10,
2-0) and three~degree descent (miles 9-3) on Segments 3, 4, and 5.

These statistics are presented graphically in Figure A-15.

Mean +2¢ Mean -2g
7215 -1.4432
.4831 -1.9297
.3916 -1.9684
4708 -1.8732
.3854 -1.5051
.5874 ~1.4510
7069 ~1.3632
.6827 -1.1571
.5882 ~-1.0766
4769 - .8320
.5337 - 7932
4420 - ,6702
.5083 - 6492
5466 - 6391
6237 - 7139
J15 - 7752
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Table B~16. Horizontal deviations in nautical miles for level flight on

Dist.

O O NN O B WY e

—
o

Segments 6 and 7. These statistics are presented graphically

' in Figure B-16.

N Mean
32 -.0096
32 0161
32 .0048
32 0645
32 1367
32 1792
32 2362
30 2949
31 4120
30 .6268
20 9635

¢ Mean +26  Mean -2¢
.3826 .7557 -.7748
.3890 941 ~.7619
.3698 7464 -.7328
.3959 .8563 -.7273
4551 1.0469 -.7734
4610 1.1013 ~.7428
4220 1.0751 -.6128
.3968 1.0885 -.4987
.3943 1.2006 -.3766
.3664 1.3596 -.1061
. 2657 1.0949 .0322
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Table B-17. Horizontal deviations in nautical miles for leve! flight on Segment 8.

These statistics are presented graphically in Figure B-17.

Dist, N Mean ] Mean +20  Mean -2g
12 2 .3581 4527 1.2635 - .5474
" 31 1359 (4464 1.0287  -.7569
10 32 0882 4345 7809 -.9573
9 32 -.0847 4301 7755 -.9449
8 32 -.0017 4755 9493 -.9526
7 32 .0622 4384 9391 -.8146 |
6 32 0705 3886 8477 -.7068 |
5 32 0970 .3522 3013 -.6073
4 32 0934 3345 7625 -.5756
3 32 1036 3474 7984 -.5913
2 32 1582 3724 ,9030 -.5867
! 32 2492 4849 1.2191 -.7206
0 32 1943 4009 9961 -.6075
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Table B-18. Horizontal deviations in nautical miles for level flight (miles 15~10,
2-0) and three-degree descent (miles 9-3) on Segments 9, 10, and
11. These stotistics are presented graphicaily in Figure A-18.

Dist. N Mean - Mean +2¢  Mean -2¢
15 2 ~.1644 4181 6719 -1.0007
14 32 -.3607 5279 6951 -1.4165
13 32 -.3993 .5213 6432 -1.4418
12 32 ~.2602 4437 6273 -1.1476
1 32 -.2194 .4028 5863 -1.0251 |
10 32 -.1341 L4410 7478 -1.0161
9 32 -.0509 .4018 7527 - .8545
8 32 1446 .2852 .7150 - 4259
7 32 0719 2110 4939 - .3501
6 32 -.0328 .2137 .3946 - 4603
5 32 -.0901 .2953 .5006 - 6807
4 32 -.0044 .3697 7351 - 7439 |
3 ®» s .35 806 - L6095 |
2 32 2375 .3095 8565 - .3815 ;
1 32 .2918 .3227 9371 - 3525
0 32 2512 .3342 .9195 - 417
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Table B-19. Horizontaldeviations in nautical miles for level flight on Segment 12.
These statistics are presented graphically in Figure A-19,
Dist. N Mean o Mean +26  Mean -20
0 31 1579 3136 .7850 -.4693
! 32 .1500 .3536 .8572 -.5572
2 32 A7 4085 9901 -.6359
3 32 .2156 .3890 .9936 -.5624
4 32 L2117 . 3945 1.0007 -.5774
5 32 .2009 . 3482 .8973 -.4955
6 32 <2699 339 .9482 -.4083
7 26 .2820 5065 1.2950 -.7310




Table B-20. Horizontal deviations in nautical miles for level flight on Segment 13.

These statistics are presented graphicaliy in Figure A~20.

Dist. N Mean g Mean +26  Mean -~2¢
23 22 .3992 .5842 1.5677 - 7693
22 31 3516 5781 1.5078 - .8046
21 31 .0968 .6492 1.3953 -1.2017
20 32 -.1231 6875 1.2521 -1.4983
19 32 -.1992 7282 1.2571 ~1.6556
18 32 -.2216 6461 1.0706 -1.5137
17 32 -.1471 .6287 1.1102 -1.4044

16 32 -.0657 6152 1.1647 -1.2961
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Table B-21. Horizontal deviations in nautical miles for three-degree climb on

Segment 14. These statistics are presented graphically in Figure A-21,

Dist, ' N Mean g Mean 26 Mean -2¢
16 23 .0356 .5004 1.0365 -.9650
15 32 .0504 .4958 1.0420 -.9413
14 32 . 1408 4341 1.0089 -.7274
13 32 1629 4205 1.0039 -, 5781
12 32 2413 .3707 .9826 -.5001
1 32 3179 3318 .9815 -.3457
10 32 3401 .3361 1.0123 -.3322

9 32 2739 3484 .9707 -.4229
8 32 2372 3747 .9866 -.5122
7 32 .2420 .3874 1.0167 -.5327
6 32 2214 .3626 9466 ~.5037
5 32 1655 .3323 8301 -.49N
4 32 1969 . 3561 90N -.5153
3 32 .2880 .3326 L9531 -.3772
2 32 .2852 3279 L2411 -.3706
1 32 «255) 3796 1.0143 -.5042
0 32 .2946 L3913 1.0773 -.4880
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Table B-22. Horizontal deviations in nautical miles for level flight (mile: 19-12
and 2-0) and six-degree descent (miles 11-3) on Segments 15, 16
and 17. These statistics are presented graphically in Figure A-22,

El’i; N Mean o Mean +2¢ Mean -2¢
19 20 2159 3570 9300 - .4981
18 32 3277 4286 11849 - L5296
17 32 2848 4646 1.2140 - L4444
16 32 2122 4951 1.2005 - .7780
15 32 1748 5365  1.477 - .8982
14 32 1367 5508 1.2382 - L9649
13 32 0813 5682 1.2176  -1.0550
12 32 0782 5518 1.1819  -1.0254
1 3 1044 5738 1.2520 -1.0433
10 32 1083 5200 1.1484 - .9%18
9 32 0456 4465 9386 - .8474
8 32 0196 4N6 8429 - 8036
7 32 0091 A2 834 - .83
6 32 L0188 3976 8141 . 7765
5 32 0506 367" 7847 - .6835
4 32 0692 3156 7005 - .5620
3 32 0542 2615 5773 - 4688
2 32 0165 2714 5593 - .5264
| 32 -.1557 3266 4975 - .8089
0 32 -.3235 4403 5571 -1.2041
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Table B-23. Horizontal deviations in nautical miles for level flight on Segment 18.

These statistics are presented graphically in Figure A-23,

Dist. N Mean g Mean +2c  Mean -2¢ §
0 31 -.1926 4269 6613 -1.0464
1 32 -.0467 5779 1.1092 ~1.2026
2 32 .0189 5315 1.0820 -1.0441 ;
3 32 .0677 5960 1.259% ~1.1243
4 32 .0379 .4810 9999 - 9241 |
5 32 .0883 .4500 9882 - 817
6 32 1663 4231 1.0125 - 6800
7 32 .2468 417 1.0703 - 5766
8 32 .2532 .3899 1.,0329 - 5266
9 32 -.0970 .6843 1.275 -1.,4655

10 32 - 789] 8071 .8252 -2.4033
" 28 -.6560 4437 .2314 -1.5435
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Table B-24. Horizontaldeviations in nautical miles for level flight (miles 16-8)

Dist.

N W AN OO

a—

and three-degree descent (miles 7-1) on Segmenis 19 and 20. These

statistics are presented graphically in Figure A-24.

N Mean o Mean +26 Meon -2
29 -.4415 5579 L6742 -1.5573
32 -.3252 .5022 6792 -1.3295
32 -.1899 4333 6767 -1.0564
32 -.0490 .3856 7222 - .8201
32 L0271 .3761 7794 - 7252
32 .0445 . 3633 771 - .6820
32 .0666 L3417 .7501 - 6169
32 L1160 L2174 .5508 ~ 4348
32 .0842 .2143 5128 ~ 3444
30 -.0409 .1840 .3271 - .4089
32 ~.0465 L1594 2723 - .3653
32 -.0793 .1508 2222 - .3808
32 ~.0624 1374 .2125 - .3372
32 -.0155 .0724 L1293 - .1603
32 ~.0093 1162 2231 - .2418
32 L0128 0926 L1979 - 1723
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Table B-25. Airspeed indications in milcs »er hour for leval flight on Segment 2.
These statistics are presented graphically in Figure A-25.

Dist. N Mean_ g Mean +2¢ Mean -2¢

15 28 150.08 1.93 153.95 146. 2%

14 32 1801 1.52 1553.17 147.06

13 32 150.27 1.32 152.92 147.62

12 32 150,31 1.2? 152.89 147.72

11 32 150,17 1.66 153.51 146.83

10 32 150.24 1.70 153.64 146.83

9 32 150.33 1.20 152.73 147.93

8 32 155.27 1.24 152.76 147.78

| 7 32 150.39 1.10 152.60 148.18
I 6 32 150.36 1.10 152.57 148.14
5 32 149.84 2.22 154.29 145.39

4 32 149.21 4,47 158.16 140.26

3 32 147.32 7.30 161.92 132.71
2 32 144.10 10,17 164,46 123.75
, 1 32 139.47 10.43 160.34 118.60
; 0 32 133.66 9.34 152.34 114.99
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Table B-26. Airspeed deviations in miles per hour for level flight (miles 15-10,
2-0) and three-degree descent (miles 9~3) on Segments 3, 4, and 5.

These statisties are presented graphically in Figure A~26.

Dist. N Mean o Mean +2¢  Mean -2¢
15 31 9.71 8.56 26.84 - 7.42
14 32 3.84 7.27 18.40 -10.71
13 32 .22 5.68 11.60 -11.15
12 32 - .38 4.18 7.97 - 8.74
? 32 - .25 3.97 7.70 - 8.20
10 32 - .35 3.31 6.27 - 6.98
9 22 94 4.98 10.98 ~ 9.C1
8 32 - 35 4,63 8.90 - 9.64
7 32 .82 4.54 ?.N - 8.26
6 32 .09 4,19 8.47 - 8.29
5 32 - .06 4.56 9.07 -9.19
4 32 46 3.51 7.48 - 6.55

3 32 - .62 3.92 7.23 - 8.48
2 32 -3.04 3.45 3.86 - 9.95
i 32 -2.73 4,47 6.21 -11.68
0 32 -3.55 5.04 6.52 -13.63
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lable B-27, Airspeed indications in miles per hour for ievel flight on Segment 8.
These statistics are presented graphically in Figure A-27,

ist. N Mean ¢ Mean +2g Mean ~2¢
12 22 150.15 1.99 154.15 146.15
11 31 150.23 1.29 152.82 147 .64
10 32 149.91 1.52 152.97 146.85
9 32 149.77 2.07 153.91 145.63

8 32 150.29 1.09 152.59 148.19

7 32 150.32 1.25 152.82 147.82

6 32 150 40 1.08 152.56 148.23

5 32 150.36 1.18 152.73 148.00

4 32 15C.30 1.13 152.58 148.03

3 32 148.11 5.24 158.60 137.61

2 32 143.14 9.87 161.30 124.98

i 32 135.62 9.28 154,19 117.06

0 32 129.28 ?.53 148,36 110.21
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Table B-28. Airspeed deviations in miles per hour for level flight (miles 15-10,
2-0) and three-degrec descent (miles 9-3) on Segments 9, 10, and 11.
Thase statistics are presenied graphically in Figure A-28.

Dist. N Mean g Mean 26  Meun -2g
15 26 6.7 8.82 24.35 -10.92
14 32 5.51 7.56 20.63 - 9.60
13 32 2.88 4,42 1.73 - 5.96
12 32 .80 4.05 8.91 -7.29
1 32 .21 4.69 9.60 - 9.18
10 32 .61 3.68 7.98 - 6.76
9 32 .55 3.97 8.49 -7.39
8 32 -1.53 3.85 6.16 -9.23
7 32 - .69 3.73 6.78 - 8.17
) 32 -1.49 4.30 7.1 -10.10
5 32 - .14 3.55 6.97 -7.25
4 32 99 4.08 9.16 - 7.7 i
3 ) 1.27 4.63 10.55 - 8.00 !
2 32 - .65 4.51 8.38 - 9.69 |
1 32 -1.75 3.44 5.14 - 8.65
0 32 -2.74 4,23 5.73 -11.21
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Table B-29. Airspeed deviations in miles per hour for three-degree climb on

Dist.

— el el emb et e
O —= N W b O

N W A N O O

[= J

Segment 14. These statistics are presented graphically in
Figure A-29.

N
23
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32
32

Mean
18.71
12.84
4.87
1.43
.49

- 49
- OM

1.22
1.86
1.35
1.23
1.03
1.49

.26

- N

44
.67

o Mean +26  Mean -2¢
14,29 47.31 - 9.80
10.82 34,50 - 8.80
6.74 18.37 - 8.62
5.1 11.67 - 8.79
4.59 9.68 - 8.68

3.94 7.38 - 8.38
4.27 8.49 - 8.58
4.55 10.33 -7.89
4.77 11.41 - 7.67
4,08 9.53 - 6.81
4.74 10.73 - 8.25
3.81 8.67 - 6.59
4.16 9.82 -6.84
4.49 9.24 - 8.7
5.85 11.59 -11.82
5.4 10.93 -10.05
5.34 11.35 -10.0t




Table 8-30.

Dist.
19
18
17
16
15
14
13
12
n
10

O-‘MCJ&MO-N&*O

Airspeed deviations in miles per hour for level flight (miles 19-12
and 2-0) and six-degree descent (miles 11-3) on Segmenis 15, 16,
and 17. These statistics are presented graphically in Figure A~30.

N Mean ¢ Mean +26  Mean -2¢
20 43 4.56 9.57 - 8.69
32 2.85 3.68 10.21 - 4,50
32 5.76 5.16 16.10 - 4,57
32 8.16 6.02 20.22 - 3.89
32 7.26 6.23 19.72 - 5.19
32 6.65 6.53 19.72 - 6.41
32 6.57 7.32 21.22 - 8.07
32 4.19 7.27 18.73 -10.34
3 3.61 7.29 18.28 -10.97
32 -4.13 4.46 4.79 -13.06
32 -1.07 5.12 9.16 -11.31
32 07 5.26 10.61 -10.45
32 -1.54 5.72 9.89 -12.98
32 -2,13 5.74 9.34 -13.62
32 -2.02 4,35 6.69 -10.73
32 -1.72 4.00 6.28 - 9.73
32 -1.52 4.23 ¢.93 -9.99
32 -1.54 6.54 11.54 -14.63
32 3.92 7.39 18.70 -10.85
32 7.32 8.90 25,13 -10.47
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and three-degree descent (miles 7-1) on Segments 19 and 20. These

statistics are presented graphically in Figure B-31.

N
29
32
32
32
32
32
32
32
32
30
32
32
32
32
32

32

I e A TS S s ey 5 e

Mean
2.49
1.38
1.01
1.09
1.57
1.77
1.69
1.92
1.50

75

-1.36

-1.76

-1.04

- .3

-.25

-1.09

e t. -
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Table B-31. Airspeed deviations in miles per hour for level flight (miles 16~8)

g Mean +2¢  'Mean -2¢
6.34 15.18 -10.19
7.05 15.49 -12.72
5.06 11.14 - 9.1
4.42 9.94 -7.75
4.81 11.21 - 8.06
4.4% 10.70 ~-7.16
4.29 10.29 - 6.%90
4.94 11.81 - 7.97
4.80 11.10 - 8.10
4.49 9.74 - 8.24
3.4 5.12 -7.85
4.02 6.28 - 9.80
4.72 8.40 -10.49
4.48 8.59 - 9.33
4.46 8.67 - 917
4.83 8.58 -10.76
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APPENDIX C
Tabulation of Statistics Presented Graphically in the Text

Table C-1.  Three-RMS vertical flight technical error in feet comparing steady-
state performance for Simplified Procedures with corresponding data

for Standard Procedures. These data are presented graphically in
Figure 12,
Procedural Flight

Task Complexity ! 2 3 4
Level Stondard 216 194 177 144
Flight Simplified 158 138 13 126
Three~degree Standard 254 199 196 208
Climb Simplified 186 192 170 150
Three~degree Standard 357 266 214 227
Descent Simplified N 177 164 167
Six~degree Standard 455 534 524 397

Dascent Simplified 283 329 23 195

e e A e




Table C-2. Three-RMS vertical flight technical error in feet comparing steady-
state performance for Standard Procedures with corresponding data
for Simplified Procedures. ‘These dota are presented graphically

in Figure 13,
Procedurai Flight

Tosk Complexity ! 2 3 4

Level Standard 155 147 140 128

Flight Simplified 13% 128 99 ne

Three~degree Standard 250 192 193 194 ]
Climb Simplified 206 199 163 165

Three~degree Standard 30¢ 231 197 221

Descent Simplified 181 168 155 131 ;

et e
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Table C-3. Three-RMS overall vertical flight technical error in feet. These
statistics are presented graphically in Figure 14,

Procedural Flight

Task Complexity 1 9 3 4

Lovel Standard 225 204 180 153
Flight Simplified 189 144 120 135
Thres-degree Standard 297 312 222 249
Climb Simplified 258 213 186 N
Three-degree Standard 387 321 222 276
Descent Simplified 228 204 177 165
Six-degree Standard 390 414 459 375
Descent Simplified 3569 343 324 300

Toble C-4. Three-RMS vertical flight technical eror in feet for level flight
at MDA, These statistics are presented graphically in Figure 15.

Procedurol Flight
Display Complexity ) 9 3 4
vid Standord 180 165 m 11
Simplified 123 81 % %
Altimeter Standord 210 204 153 105

Simplified 17 8! 69 63
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Table C=5. Two=RMS steady-state horizontal flight technical error in nautical
miles for Simplified Procedures. These statistics are presented

grophically in Figure 16.

Flight
Pilot Group ! 2 3 4
ATP 1.04 .58 .66 .50
Cip .92 1.08 .60 .68

Toble C=6. Two-RMS overall horizontal flight technical emror in noutical miles,

These statistics are presented graphically in Figure 17,

Procedural Flight

Tosk Complexity 1 p 3 4

Level Standard 1.30 1.22 1.08 1.12
Flight Simplified 1.16 0.98 0.94 0.84
Three-dagree Stundard 1.06 0.68 1.08 1.08
Climb Simplified 1.14 0.% 0.68 0.48
Three-degree Standard 1.32 1.30 0.92 0.98
Descent Simplified 0.84 0.68 0.80 0.60
Six-degree Standard 0.90 1.065 1.04 1.14
Descent Simplified 1.02 0.88 0.40 0.62
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Table C-7. Transient tendency to undershoot or overshoot in nautical miles course

changes for Simplified Procedures. Negative sign indicates undershoot.

These statistics are presented graphically in Figure 18.

Course Waypoint Course Intersection
Change Turns Change Turns
45 -.025 46 -.055
68 . l 28 7] e 044
85 .282 90 -.150

Table C-8. Two=-RMS tronsient horizontal flight technical error in navticol miles

- for Simplified Procedures. Thase statistics are presented graphically

in Figure 19,
Course Waypoint Course Intersection
Change Turng Change Tuens
45 0.88 45 1.95
68 0.72 N 1.40
85 1.22

90 1.36
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Two-RMS steady=state airspeed error in miles per hour, These statistics

are presented graphically in Figure 20,

Procedural Flight

Task Complexity

1 2 3 4
Level Standard None None None None
Flight Simplified 9.7 9.8 6.8 7.1
Three~degree Standord 13.0 12,2 il.3 14.8
Climb Simplified 9.7 10.2 8.9 6.7
Three~degree Standard 17.0 12.3 1.0 11.8
Descent Simplified 9.4 7.1 7.4 8.2
Six~degree Standord 15.3 17.0 12.3 14.2
Descent Simplificd 104 12.3 9.8 8.7
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Table C-10. Two~RMS overall airspeed flight technical emor in miles per hour.

These statistics are presented graphically in Figure 21,

RS AS

Procedural Flight &

Task Complexity : 2 3 4 ;

: 8
Level Standard 37.8 31.4 28.8 27.0
Flight Simplified 14,9 13.1 11.8 10.3
Three~degree  Standard 16.G 19.6 15.7 19.0
Climb Simplified 16.% 13.0 10.6 8.9

|

Three~degree Standc: d 16.8 12.3 10.7 11,8 l
Descent Simplified 9.7 7.2 8.0 8.1
Six=Degree Standard 2.8 19.7 13.1 14.7
Descen® Simplified 10.4 12.0 10.4 9.1

Table C=11. Average numbers of procedural ecrors per flight. These statistics are

presented graphically in Figure 22,

Pilot Procedural Flight

Croup Complexity : 2 3 4

ATP Standai . 12,5 6.0 3.3 2.8
Simplified 2.3 2.5 1.3 0.0

CIpP Standard 8.3 7.3 2.8 2.8

Simplified 4.3 1.5 1.3 0.5
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~ APPEND!X D
Navigation Charts Used in Experimental Flights
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