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A. Abgtract

his Phase II1 report is the last of a series of interim and data reports dealing
with offsets and turn anticipation techniques using a single waypoint analog RNAV
system and a noncentered needle CDI instrument, Eight instrument rated pilots
participated in a series of flight simulation tests employing solo pilot techniques
which were conducted at the National Aviation Facilities Experimental Center (NAFEC)
in order to measure total system crosstrack (TSCT) and flight technical error (FTE)
as well as operational pilot performance. The tests were designed to assess pilot
performance for: (1) anticipation of turns while maintaining a desired offset, and
(2) steady state parallel offset tracking proficiency. Performance was measured
on these variables: horizontal tracking, afrspeed control and procedural performance
The horizontal tracking data included both steady state (parallel offset) and
transition (parallel offset) data. The major findings of this study were: (1) No
significant differences exist between the offset turn data and the offset steady
state data in terms of TSCT or FTE magnitude; and (2) The procedures used for
shallow angle turns (29° and 48°) and the logic for the interception of the final
approach course have'a potential for hlunders.\\
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PREFACE

The data in this report represent the results of experiments conducted in the

Cockpit Simulation Facility at the National Aviation Facilities Experimental
Center (NAFEC), between July 25 and September 13, 1977.
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Acknowledgement is given to Mr. D. Timoteo, ANA-751, for his contribution to
reducing the data and preparing the plots for this effort.

This interim report supplements previous reports entitled:

1. "Procedural Turn Anticipation Techniques, Experiment No. 2, GAT-2A,
Phase I - On Course Tracking' by Messrs. Eldredge and Goldberg, dated July 1977.

2. "Procedural Turn Anticipation Techniques, Experiment No. 2, GAT-2A,

Phase II - Preliminary Offset Tracking Procedures" by Messrs. Eldredge and
Goldberg, dated November 1977.
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INTRODUCTION

PURPOSE.

The purpose of the Phase 1II data collection simulation effort was to establish
a data base on 2 and 4 nautical mile (nmi) offsets (left and right) using a
specific logic for setting the Omni Bearing Selector (OBS) during offset track-
ing, and for the use of pilot judgment of Course Deviation Indicator (CDI)
distance (and/or rate of movement) for transitioning to the next segment while
maintaining the desired offset. In addition, the use of a specific procedure
for intercepting the final approach course (from an offset configuration) was
also evaluated. These procedures were tested using a single waypoint analog
general aviation RNAV system and a noncentered needle CDI display.

BACKGROUND.

This activity is one of several projects conducted by the Federal Aviation
Administration in order to assist in the orderly introduction of Area Naviga-
tion (RNAV) into the National Airspace System. This interim report is one of
three reports covering experiments oOn turn anticipation procedures.

Based on the preceding Phase II data report ('Procedural Turn Anticipation
Techniques -~ Preliminary Offset Tracking Procedures'), it was concluded that
it was necessary to conduct a detailed experiment in order to expand the data
base for offset tracking and to evaluate the use of a noncentered CDI non-

to fly and maintain 2 and 4 nmi offsets in a terminal area environment.

In the preceding effort (Phase II), it was determined that no adequate procedural

turn anticipation technique existed (when using a noncentered CDI needle) for
transitioning from the offset course, to the final approach course without
incurring excessive crosstrack errors. It was, therefore, necessary to develop
a specific logic for intercepting the final approach course prior to the

Phase III data collection effort. The necessary logic was developed, based on
the tracking data from the Phase II experiment, and was incorporated in the
experimental design and procedures for the Phase III study.

DESCRIPTION OF EQUIPMENT

COCKPIT SIMULATOR.

All testing was done using the Singer-Link GAT-2A/Xerox XDS-530A computer
facility which represents a twin-engine, general aviation aircraft (figure 1).
For these tests, the GAT-2A was equipped with conventional instruments, dual
Navigation/Communication (NAV/COM), King KNC-610 RNAV computer, and a standard
Course Deviation indicator. There was no slant range correction feature in
the equipment tested. Figure 2 shows how these equipments were installed

in the GAT-2A.
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RNAV SYSTEM.

The Area Navigation (RNAV) system used in these tests was a single-waypoint
station-oriented computer which, in effect, moved the very high frequency
omnirange (VOR) position to a phantom location called a "waypoint." The desired
course to the waypoint is set with the OBS control on the CDI, as is done in
conventional VOR navigation. A corresponding course error signal is then shown
on the CDI. The magnitude of the deviation is shown in nautical miles

rather than degrees as is the case with conventional VOR systems.

The CDI needle used in these tests swings through a range of 45 dots (+5/8 inch).
When operating in the enroute ("RNAV") mode, the distance between each dot
(1/8 inch) represents l-mile of course deviation. In the approach ("APPR")
mode, each dot is equal to 1/4 mile. A sine/cosine resolution potentiometer
was incorporated into the CDI which permitted the accurate measurement of OBS
settings made by the pilots. Aircraft Distance to Waypoint (DTW) is displayed
directly on the RNAV unit. Waypoint selection is accomplished by tuning the
No. 2 NAV unit to the proper VOR frequency and entering the proper range (rho)
and bearing (theta) for the desired waypoimt on the RNAV control hez<«. The
GAT-2A, RNAV computer, flight instruments, and XDS-530A computer were inter-
faced as shown in figure 3.

METHOD OF APPROACH

BACKGROUND .

The Phase II tests demonstrated that the pilots could use a procedural turn
anticipation method based on an OBS set logic and CDI distance (and/or rate
of movement) to anticipate turns while maintaining the desired offset using
a noncentered needle CDI. The Phase II study also pointed out that the
procedure did not work for the transition to the final approach course, and
that a procedure (or logic) would have to be derived that would allow the
pilots to successfully transition from the offset course to the final course.

The rationale for the CDI based turn anticipation technique is presented in
the corresponding section of the Phase II data report.

ROUTE STRUCTURES .

All RNAV flights were flown using the route Bl configuration presented in
figures 4 and 5. Route Bl provided a Standard Instrument Departure (SID),

a route leg to transition to a Standard Terminal Arrival Route (STAR), and

an RNAV approach procedure to runway 4/ACY. The route Bl configuration has
been used in previous simulation and flight tests conducted at the National
Aviation Facilities Experimental Center (NAFEC) and the University of Illinois
for baseline studies. Figure 5 presents 2 nmi and 4 nmi left and right offset
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FIGURE 4. ROUTE Bl CONFIGURATION MAP
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DASHED LINES REPRESENT 2<AND 4=NMI PARALLEL
OFFSETS ON EITHER SIDE OF THE COURSE,
78-34-5

HORIZONTAL VIEW OF KXPER IMENTAL FLIGHT COURSE




configurations. The Phase IIl study was conducted using only the 2 and 4 nmi
left and right offsets. The Phase II tests showed that 5 nmi offsets were not
practical due to equipment limitations.

EXPERIMENTAL DESIGN.

The experimental design used for Phase 111 testing was specifically devised

to test whether or not significant differences in horizontal tracking
performance existed between the four offset configurations (2 nmi left, 4 nmi
left, 2 nmi right, and 4 nmi right) for steady state tracking; and to determine
if the turn angle or direction affected tracking performance.

The experimental design matrix for this study is presented in table 1. It can
be seen that a familfarf{zation flight preceded the data collection flights,

and that one half of the subjects were tested on the left offsets first, and
the remaining half were tested on the right offsets first. In addition, the
order of presentatfon of the 2 nmi and 4 nmi offsets was counterbalanced so
that the 2 nmi and 4 nmi offsets were presented first an equal number of times.

SUBJECTS .

The eight subject pilots in this experiment were chosen from instrument

rated pilots (at NAFEC) who had participated in previous GAT-2A RNAV projects.
The eight pilots ranged in flight experience from 350 to 1800 total hours, and
6 to 55 hours of GAT-2 experience. Table 2 presents a summary of their flight
experience.

PROCEDURES .

The pilots were briefed regarding experimental objectives and specific flight
task requirements. In addition, the route geometry was discussed and route
charts and approach plates were given to the pilots. The OBS setting logic

and the specific turn anticipation techniques to be used were explained in
detail and the pilots were instructed to use the OBS set logic and turn
anticipation techniques exactly as specified, and not to modify the techniques
under any circumstances. The pilots were instructed to begin flying the offset
course after passing waypoint C. The procedure at this point was to establish
a 45° intercept track and then transition to the offset course, then fly the
constant offset until interception of the final approach course.

During the offset flight, the pllot was expected to maintain 12,000 feet
altitude and 160 knots indicated airspeed (i.e., approximately 195 knots TAS).
The pilot was instructed to begin his descent at a point approximately 5 nmi
after waypoint F and to descend and maintain 2,000 feet.

The charts defined the OBS setting, theta, rho, and frequency for each waypoint.

After the pilots set the OBS, theta, rho, and frequency for a given waypoint, they

were flying TO that waypoint. The TO flag was displayed on the CDI and DTW
was decreasing. When they reached the wayline, the TO flag (within approxi-
mately +.5 nmi) disappeared and the DTW stopped decreasing (DTW did not reach
zero, but approximated the offset distance).

8
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L TABLE 1. EXPERIMENTAL DESIGN CONFIGURATIONS

| Data Flights Data Flights
, Subject No. | FAM* 4 nmi Left 2 nmi Left | FAM* 2 nmi Right 4 nmi Right
! 1 1 2 3 4 5 6 '
2 1 3 2 4 6 5 |
3 4 5 6 1 2 3 i
4 4 6 5 1 3 2 |
5 1 2 3 4 5 6
6 1 3 2 4 6 5 |
7 4 5 6 I 2 3
] 4 6 5 1 3 2 J
* FAM means familiarization flights. :
The numbers under "Data Flights" represent the order in which each subject
was tested.
k
TABLE 2 SUMMARY OF THE FLIGHT EXPERIENCE OF THE EIGHT SUBJECTS
fotal Instrument GAT~2 RNAV
Subject No. License Hrs, ~_Hrs. _Hrs. Hrs.
1 Comm/ Inst/Mult 1800+ 310 45 10
2 Comm/Inst/Mult 960 90 50 20
3 Pvt/Inst 800+ 150 6 3
4 Comm/Tnst/Mult 1700+ 300 55 35 .
5 Comm/ Inst 980 65 45 5 |
6 Comm/ Inst 360 60 6 5 \i
7 Comm/ Inst/Mult 560 94 6 S |
8 Comm/ Inst 500 80 10 6
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The pilots were instructed to make an extra effort to fly with the CDI needle
at the selected offset distance at all times. Furthermore, when starting

the flight, the pilots were instructed to make sure that the RNAV Mode
Selector switch was in RNAV Mode. The only time the pilots were allowed to
use the APPROACH MODE was on final approach (H-J) waypoints. Each pilot was
given familiarization flights before starting actual data collection
(reference table 1). Specific charts were provided for the familiarization
flights. The pilots were instructed that they could expect to encounter some
mild turbulence with winds aloft during the flight., The pilots were advised
as to wind and any weather conditions by the simulator operator, as well as
other ATC clearances as required.

Upon completion of each familifarization flight, the subject pilot was immed-
iately tested on the appropriate offset flights (reference table 1).

SPECIFIC TECHNIQUE FOR OFFSET TRACKING USING A CDI-BASED TURN ANTICIPATION
TECHNIQUE.

The technique used in this Phase 11I effort consisted of three distinct
required actions:

1. Implementation of the OBS set logic
\
p Implementation of the turn logic.

3. Implementation of the final approach intercept logic

LOGIC FOR SETTING OBS DURING OFFSET TRACKING.

Course Change Logic

1. Right offset/turn right Twice offset value
2. Right offset/turn left To/from indicator

3. Left offset/turn left Twice offset value
4., Left offset/turn right To/from indicator

In general, the rules for setting the OBS (for the next course) during offset
tracking are as follows:

When on an offset, and the next course turn occurs after the waypoint,

use the to/from indicator as a cue for setting the OBS to the next course
(reference cases 2 and 4 above). (Note: When you cross the wayline (a line
perpendicular to the course through the waypoint) the TO/FROM flag is neither

TO nor FROM, but is "buried out of view.") At this point, set the OBS for the
next course.

When on an offset, and the next course turn occurs prior to the waypoint, use
a value that is twice the offset distance for setting the OBS to the next

10
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course. For example, if a 4.0 nmi offset is being flown, the OBS will be set 1
when distance to waypoint (DIW) reads 8.0 nmi (reference cases 1 and 3 above). A
Figure 6 represents the placard which was mounted directly above the RNAV Unit.
This placard was to be used by the pilot to assist in applying these rules.

TURN LOGIC. Once the OBS has been set, the CDI needle will move from its
present position and will either be pegged (at the extremes of the display)

or will move toward the center of the display. The pilot will continue to
maintain his present heading until the CDI needle approaches the desired

offset distance. As the CDI needle approaches the desired offset distance,

the pilot will have to use his judgment (based on the rate of CDI movement)

to initiate his turn to the next course. As the aircraft is turning onto the
next course, the pilot will monitor the CDI needle until it reaches the desired
of fset distance. Pilots are expected to turn at a rate not to exceed 3°/second
(i.e., "standard rate turn"). The pilot should bear in mind that the faster the
airspeed, the faster the CDI movement, and the more he will have to lead his
turn.

TURN LOGIC FOR FINAL APPROACH TECHNIQUE. Left offset (or right offset) inside
base leg (i.e., offset track is between the final approach fix and the initial
approach fix for the final approach course).

Rules:

8 9 After completing turn at Golf, update to India waypoint.

2, After updating waypoint, set OBS to 038° final approach course.
3. Maintain current heading to intercept final approach course.

4, Use CDI as guide for turning onto final approach course.

Right offset (or left) outside base leg (i.e., offset track is beyond the
initial approach fix).

Rules:
) 1 After completing turn at Golf, update to Hotel waypoint.

2. After updating waypoint, track offset CDI needle until twice the offset
distance (DTW) to set OBS to the next course.

3. Use CDI as a guide for turning onto final approach course.
These rules for the OBS setting logic were derived by experimentation and actual

testing, and appeared to offer a reliable means of establishing when the OBS
should be set.

11




FOR 0BS SET

OFFSET | TURN | LOGIC
RIGHT | DTW
RIGHT
LEFT | T/
LEFT LEFT | DTW
RIGHT | T/F

FIGURE 6. PLACARD USED TO ASSIST THE PILOT IN APPLYING THE OBS SET LOGIC
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DATA COLLECTION PARAMETERS.

The data items extracted for this report include:

i Crosstrack data (total system crosstrack) related to the transition
from one segment to the next segment. This data was defined by envelopes
+2 omi and +4 nmi before and after a waypoint. These envelopes were suffi-
ciently large to encompass all activities related to transitioning from one
segment to the next segment,

2. Steady state total system crosstrack and flight technical error data.
This data was defined as all data from 2 nmi after the waypoint to 2 nmi
prior to the next waypoint.

e Actual start turn distance (DTW, Distance to Wayline (DWYLIN), and time)
used by the pilot. The heading time history data was used to establish this
point,

4. Actual turn end distance (DTW, DWYLIN, and time) used by the pilot. The
heading time history data was used to establish this point.
L OBS setting (DTW, DWYLIN, and time).

RESULTS

DATA REDUCTION - OBS SET/START TURN DATA.

The first level of data reduction was directed toward extracting operational
data concerning the pilot's performance of their RNAV related navigation tasks
in order to comply with the assigned turn anticipation procedures.

Table 3 contains the OBS setting and start turn values for the following
parameters:

1. DTW distance
2. WAYLINE distance
3. CDI displacement

The statistical values in this tablc are means. These values are presented

as a function of turn angle (i.e., waypoint location and transition angle)

and offset configuration, and are a summary of the operational data from

all eight subjects. Tables 4 through 11 present the OBS setting times and

and distances (including DTW, DWYLIN, and CDI displacement) and actual start
turn times and distances (including DTW, distance to wayline (DWYLIN), and

CDI displacement)., Also included in these tables are the position of the to/
from indicator and the magnitude of the turn angle. FEach subject's data
comprises one table, The left offsets are presented in part (a) and the right
offsets are presented in part (b).

13
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From table 3, it can be seen that for the most part, the pilot did apply the
rules established for the OBS setting logic. For the left offsets, four of

the six turns required that the OBS be set at a distance that was two times

the offset value. From these data, it appears that the pilot did not have a
problem with using the required rule. The other two turns (at T and at F)
required that the OBS be set upon movement of the to/from indicator. From
these data, it can be seen that the required action resulted in the OBS being
set at a DTW distance equivalent to the offset distance, which in turn required
the pilot to initiate the transition to the next segment almost immediately.

From table 3, it is evident that for the right offsets, four of the six turns
required that the OBS be set upon movement of the to/from indicator. From these
data, it appears that the pilot did not have a problem with using the required
rule. The other two turns (at T and at F) required that the OBS be set at a
distance that was two times the offset value. The data indicates that the
required action was implemented at the desired DTW distance.

The turn at waypoint "H'" was not considered in the above explanations since

the logic for the transition to the final approach course was different than
the other two turn logics. The data in table 3, however, indicate that the

pilots followed the required logic.

Even though the pilots adhered to the OBS setting logic for both the left and
right offsets, the turn logic appears to have caused considerable variability
in times and distances for the right offsets. The left offset CDl displace-
ment values are consistent with that which was expected and the pilots did
perform as expected and initiated the transition to the next course at the
appropriate point. An explanation concerning the expected CDI needle movement
is included in the appropriate section of the Phase II data report.

TOTAL SYSTEM CROSSTRACK ERROR (TSCT) - TURN DATA.

The second level of data reduction was directed toward measuremeint of cross-
track error during the transitions at waypoints T, K, L, M, F, and G in order
to determine if the turn logic resulted in turns that did not exceed a two Root
Mean Squared (RMS) value of +1.5 nmi, Table 12 presents the mean sigma and

RMS statistics based on the time series data from 2 nmi prior to the waypoint
to 2 nmi after the waypoint. Table 13 presents the mean sigma and RMS statis-
tics based on the time series data from 4 nmi prior to the waypoint to 4 nmi
after the waypoint. From the tables 12 and 13 it can be seen that the turn
data did not exceed a 2 RMS value of +2 nmi. Further, the RMS variability was
greater for the left offsets than for the right offsets, and that the 4 nmi left
offset transition at way point L exceeded a 2 RMS value of +1.5 nmi. The dif-
ference in variability between the left and right offsets may be attributable
to the right CDI needle bias (reference table 14).

The total system crosstrack error for the turn data at waypoint H (which used
a centered CDI needle), did not exceed a 2 RMS value of +1.5 nmi.
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TABLE 14. CALIBRATION VALUES FOR THE CDI INSTRUMENT USED IN THIS STUDY

Left Center Right
Dots -5 -4 -3 -2 -1 0 1 2 3 4 5

Volts* | -5,25 =4,15 -3,06 =-2.00 -1.03 .010 1.00 1.99 3.10 4.30 5.65

*Voltage is equivalent to nautical mile displacement.

STEADY STATE DATA - TOTAL SYSTEM CROSSTRACK ERROR AND FLIGHT TECHNICAL ERROR

(FTE) .

Table 15 presents the mean, sigma, and RMS statistics for the offset steady
state tracking data (i.e., Total System Crosstrack Error (TSCT) for all seg-
ments between waypoints C' and H (or H'). The same statistics were also
computed for all tracking data between waypoint H (or H') and waypoint J;
however, this data was based on using the RNAV approach mode (i.e., 1 Dot=1/4
nmi). The statistics were computed based on the time series data from 2 nmi
after the waypoint to 2 nmi prior to the waypoint. An evaluation of the turn
and steady state tracking data indicated that the +2 nmi turn data window was
sufficient to encompass all of the turn data and that the steady state data
was not affected by the turn data.

From table 15 it is evident that in three segments, tracking performance
resulted that exceeded a 2 RMS value of +1.5 nmi. Two of these occurred during
the 4 nmi left offset, and the third occurred during the 2 nmi left offset.
Only one of these three exceeded a 2 RMS value of +2 nmi.

In general, the left offsets were more varfable (in terms of TSCT error) than
the right offsets. Once again, this may have been due to the CDI needle bias.
These data indicate that the tracking proficiency (TSCT error), except for
three offset cases, do fall within either a 2 RMS value of +1.5 nmi, or a

2 RMS value of +2 nmi for the steady state data. These data however, are
influenced by one pilot's initial flights which were the 2 nmi and 4 nmi left
offsets. This pilot was a minimum time Instrument Flight Regulations (IFR)
pilot (approximately 60 hours), and he had the lowest overall time (approxi-
mately 360 hours). This particular subject improved his performance over
subsequent flights, and by his last flight (i.e., sixth -~ including two
familiarization flights) it was difficult to distinguish his performance from
that of the other seven pilots.

Figure 7 presents RMS TSCT error for the steady state data and the turn data
(both + 2 nmi and +4 nmi error window). From figure 7, it can be seen that
the difference in variability between the left and right offsets exists for
both the steady state and the turn data; furthermore, it is evident that there
is no difference in the magnitude of the steady state and turn data. This
similiarity in both data sets would suggest that the turn logic works and

does not result in errors larger than those incurred for the steady state
tracking.
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Figures 8 through 11 present the composite plots for the 2 nmi left, 4 nmi
left, 2 nmi right, and 4 nmi right offsets.

Table 16 presents the mean, sigma and RMS statistics for the offset steady
state CDI displacement (FTE) for all segments between waypoints C' and H

(or H'). The same statistics were also computed for all tracking data
between waypoint H (or H') and waypoint J; however, this data was based on
using the RNAV approach mode (i.e. 1 Dot=1/4 nmi)., The statistics were
computed on the same basis as the TSCT data. From table 16, it can be seen
that for the steady srate tracking data there were no differences between the
left and right offsets in terms of CDI displacement. The bias apparent in
the calibration measurements (reference table 14), does not appear to have
affected the pilots' tracking capability for the steady state segments.

TABLE 16.  MEAN, SIGHé AND RMS STEADY STATE TRACKING DATA (FTE)

2 nmi Left Offset 4 nmi Left Offset 2 nmi Right Offset 4 nmi Right Offset
Segment x 9. RS x e ms || X ] RuS x o RMS
Ct - T 1.867 .413 1,918 3.757 .769 3.839 -2.167 .583 2,245 -4.145 .860 4,236
T -K 1.864  .291 1,889 4.051 .606 4,128 -2,021 .827 2.208 -3.540 1.804 3,996
K -1L 2,111 .354 2,145 4,519 .310 4,532 -1,932 .352 1.967) -4.193  ,555 4,235
L -M 2,020 .S535 2,044 4,451 .734 4,513 -1.975 .334  2.006| -3.952 .871 4.058
M «F 1.967 .378 2.009 4,124 .849 4,289 -2,018 .504 2.084(f -4.089 1.443 4,351
F -6 2,09 .318 2,123 4,218 .642 4,329 -1.899 .716 2.066(| ~3.878 1.100 4.032
G = H 2,121 1.121 2,423 2,599 1.875  13.505 -1.753 1.526 2.362| -4.176 1.348 4,399
Mean RMS 2,085 4,162 2,134 4.186
H = Jaw =.113 .,204 . 244 -.034 .240 «264 =143 .259. 311~ .102 .265 .286

* Due to the final approach course intercept procedures, these data are not reliable and are subject to
large errors.

** The data for these segments was based on using the RNAV Approach Mode (1 DOT = 1/4 nmi) and was
center needle tracking.

The steady state TSCT error for the final approach course was based on the
centerline course (i.e., deviations were for a centered CDI needle), and as
such, was more precise than that for the offset tracking.

PLOTS OF TOTAL SYSTEM CROSSTRACK ERROR VERSUS FLIGHT TECHNICAL ERROR.

Figures 12 through 15 present the plots of total system crosstrack error
versus the CDI needle displacement for each of the 32 runs in the study.
(Legend for figures 12 through 15 on figures 1l2a and l4a only, figures 12 and
13 are left offsets and figures 14 and 15 are right offsets.) These plots
are presented in order to depict the relationship between the CDI indicated
position and where the aircraft actually is in X, Y space (i.e., TSCT error).
From these plots, it can be seen where the OBS was set, and where the bearing
and distance values were set into the RNAV unit, and their effect on CDI
displacement,
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SUMMARY ,

This section presents a summary of the major findings in this study as well

as a discussion of problems inherent in the use of the offset turn anticipation
logic. The data obtained from this Phase I11I effort, turned out to be nearly
equivalent to the Phase II effort, and as such provides a good data base for
further evaluation of general aviation RNAV systems.

In this study, the steady state TSCT error for offset tracking was the same
magnitude as the offset turn data TSCT error. The reason for this is that
the turns were made using a set of logic that required the pilot to pay close
attention to the CDI needie and the pilots did a reasonable job of transitioning 1
between segments with minimum TSCT error.

TABLE 17. SUMMARY OF THE OVERALL 2 RMS (+2.0 NMI WINDOW) TSCT ERRORS

e are o]
12 nmi Left 4 nmi Left 2 nmi Right 4 nmi Right
it _ . Offset Of fset Offset Of fset
Steady State Data | 1.066 1.294 .882 .986
e
Turn Data 966 1.182 792 . 956
- 4

The to/from logic, however, does allow the pilot to "get into trouble" during
the transition at the shallow angle turns (T, L, and F) in that upon setting

the OBS, the CDI needle has little or no movement which results in a lack of

time to observe CDI needle motion.

Figure 16 depicts the geometry at waypoint L, and is presented in order to
explain a problem with the to/from logic for right or left offsets. The rules
for the to/from logic state that the OBS should be set at a point where the
to/from flag is "buried out of view.'" The CDI distance at this point (assuming
that the aircraft is on course) will be approximately the distance of the
offset (i.e., 2 or 4 nmi in this study). For a right offset the pilot must
immediately initiate the turn to the next segment (within approximately

8 to 16 seconds after setting the OBS) because the CDI needle either moves
very little or not at all and, therefore, the pilot cannot use needle movement
as a cue for initiating the turn. The problems stated above contributed to
two blunders at waypoint L.

T e 1 A R R i P9, s



The first occurred during a 2 nmi right offset and resulted in a TSCT error

of 2.74 nmi right of course. The pilot commented that the CDI needle did not
change when he se: the OBS and he became confused. In this case, the CDI
needle eventually drifted out to 5 dots left; however, the pilot did not
attempt to recenter the needle for approximately 76 seconds. For the second
case (a 4 nmi right offset) the pilot also expected the needle to show some
movement and became confused. The problem in this case was compounded by

the fact that the needle pegged to the left. The pilot stayed on course,
waiting for the needle to move, and eventually committed a blunder of 5.73 nmi
right of course. The pilot had to be directed to return to course.

In a similar case, another pilot flying a 2 nmi left offset incurred an error
of 1.45 nmi left of course while transitioning at waypoint F (29° transition).
This occurred as a result of the pilot waiting to observe the CDI needle
movement. The pilot initiated the turn when the CDI read 3 nmi right.

These three cases point out a weakness in the to/from OBS set logic and sub-
sequent turn logic that could result in blunders when used under actual IFR
conditions. The problem would become even more critical at higher speeds and
the logic of OBS set/turn would not be useable for shallow angle turns, and
would require the implementation of a DTW based logic which would take into
account the turn angle and speed of the aircraft.

The problem with the shallow angle turns is further demonstrated by the data
in table 18,

TABLE 18. ELAPSED TIME BETWEEN OBS SET AND START TURN FOR SHALLOW
ANGLE TURNS AT WAYPOINTS L AND F

Left Offset Right Offset
Waypoint 2 nmi 4 nmi 2 nmi 4 nmi

L (48°) | 41 seconds (2x) | 67 seconds (2x)|16 seconds (T/f)| 11 seconds (T/f)

F (29°) 11 seconds (T/f)| 8 seconds (T/f){39 seconds (2x) 71 seconds (2x)

An alternative solution would be to train the pilots to react to the shallow
angle turns as quickly as possible, and to start the turn almost immediately
after setting the OBS to the next course.

A potential problem area exists which is directly attributable to the non-
centered CDI needle. The pilot's workload is increased with the noncentered
CDI needle because he has to fly away from the needle and in other cases he

has to fly toward the needle. Under high workload conditions, this could cause
confusion which might cause the pilots to fly in the wrong direction. In fact,
in this study there were three instances of this wrong needle sensing. One
occurred at waypoint T which resulted in an error of 2 nmi right of course.
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Another occurred at waypoint G and resulted in the pilot flying 4 nmi off
course, but parallel to the intended offset course between waypoints G and H.

A third case occurred at waypoint F where the pilot sensed the needle wrongly;
however, he realized his error and returned to the offset course. In this case
the pilot corrected to the needle instead of away from the needle.

The final approach logic, as implemented during the G-H segment, appears to
cause considerable difficulty for the left offsets. In this study, the right
offsets were flown using CDI guidance fur approximately three quarters of the
distance between G and H. For the left offsets, the pilot, in order to
implement the required logic, has to reset the OBS immediately upon completing
the transition at G (refer to the pilot procedures section) and was required
to maintain a heading for the length of the segment without CDI guidance. The
data in table 15 shows the results of these different required actions. From
table 15, it can be seen that the RMS variability was approximately two times
greater for the left offsets than for the right offsets (0.711 nmi versus
0.323 nmi). These results indicate that maintaining a heading, while tracking
a course, is less accurate than using a noncentered CDI needle for tracking
guidance.

In summary, the final approach intercept logic used in this study works and
did provide transition from the right offsets to the final approach course.
However, the logic did not work as well for the left offsets.

A problem related to the initial acquisition of an offset course resulted in
a greater amount of crosstrack variability on the first offset segment (the
segment along which the offset was initially intercepted) than on other offset
segments. With a single waypoint analog RNAV system, using a noncentered CDI
needle, the pilot had to establish a 45° intercept track and then transition
to the offset course in order to establish the required offset; the pilot had
to fly away from the CDI needle and transition to the offset. In the process,
overshoots and undershoots occurred and stabilization of the flight along the
offset course was derogated.

Based on the results of this study, it is apparent that steady state offset
data, using a noncentered CDI needle, can be expected to exceed a 2 RMS value
of +1.5 nmi for the 4 nmi offsets; and that turns made while maintaining
offsets (using a CDI movement based turn anticipation logic), can be expected
to exceed a 2 RMS value of +1.5 nmi for the 4-nmi offsets. Moreover, none of
the steady state or turn data exceeded a 2 RMS of +2 nmi.

When flying a 4-nmi offset around turns (using the two times the offset value
logic for setting the OBS), the CDI needle will be pegged at the extremes of
the display. Under such conditions the pilot must maintain a heading until
he senses movement of the CDI needle toward the desired offset value. During
this time it 1is possible for the pilot to drift off course and the CDI needle
will not provide the necessary guidance and could result in a blunder.

From this study, it was also determined that the placard provided in the cock-
pit was essential in order for the pilots to implement the turn logic. Only
one of the eight pilots indicated that he could remember the logic, and would
not use the placard.
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FIGURE 10, COMPOSITE PLOT OF 2 NMI RIGHT OFFSETS
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