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16. Abstract

This report describes a simulator evaluation of electronic radio aids to navigation
dispiays conducted for the purpose of trading off display information effectiveness with
operational requirements and shipboard system cost. The miniexperiment, a pre-
decessor to more lengthy experimentation, utilized an abbreviated scenario to
operationally simulate 18 display formats. Six digital, ten graphic, and two perspective
displays were evaluated. The digital display was designed to provide trackkeeping and
turning information that would enable a pilot to transit the waterway while using an
inexpensive digital (alphanumeric or numeric only) display. The graphic display was
designed to provide a pictorial representation of ownship in the waterway similar to the
way it is viewed on radar, contemporary collision avoidance, or navigation option
displays. The perspective display was designed to portray the perspective scene as
viewed out the forward bridge windows, Pilot performance using each of the displays is
discussed and analyzed, and seven displays were recommended for further evaluation in
the full-scale experiment. ..
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PREFACE

The simulation experiment described herein is the first of a multiple experiment
program for the operational evaluation of radio aids to navigation displays. The
intent of the overall program is to investigate navigational safety as a function of
display cost, complexity and system error characteristics. The results will define
the requirements for an electronic display which will allow safe pilotage of vesseis
in poor visibility conditions keeping in mind all economic, technological and
feasibility limitations.

The report describes abbreviated 12 minute simulations for selecting the most
effective displays from among 18 original candidates. This experiment, known as
the miniexperiment, was conducted using "perfect position" information for
displaying ownship in the world. Those displays selected in the miniexperiment will
be further tested in full-length (1 hour) scenarios, still using perfect position inputs.
This more stringent testing of formats with perfect position information is known as
the RA-1 experiment. The remaining one or two "benchmark" displays will again be
simulated, only this time in a noise environment of known proportions, using
specified tracking filter characteristics and filter aiding techniques. This will be
known as the RA-2 experiment. Both the RA-l and RA-2 experiments will be
presented in subsequent documentation.

"The ultimate objective of the program will be realized by a combination of the
performance metric, various signal to noise ratios and filter bandwidths into a
definitive statement about the ability of a pilot to navigate a restricted waterway in

limited visibility conditions."}

lUnited States Coast Guard, An Approach to_the Study of Electronic Displays for Use

in Restricted Waterways, a position paper, December 1979.
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- S Section |
T Zo@NCLUSIONS AND RECOMMENDATIONS

1.1 SUMMARY OF CONCLUSIONS

The overwhelming conclusion of the miniexperiment is that of the three display
concepts examined, the GRAPHIC display produced the most satisfactory results.
This was evident both in a comparison of subject performance and individual
preference. Table | shows a summary of this performance as interpreted from the
statistical analyses of Section 5.

Figure 1 best illustrates the findings. It is a graphic presentation of the mean
track (center of gravity) of ownship and +/- two crosstrack standard deviations of all
tracks made when each type of display was used. These plots define the envelope
that would contain 95 percent of all ship tracks for a population of transits under
similar experimental conditions. A review of Figure | shows all mean tracks to
originate in the center of the channel and with comparable crosstrack variability. In
the bend, the mean track with the DIGITAL display is significantly closer to the
point of the bend than either of the other displays. This suggests a premature or
early initial turn rudder for the turn radius required by the bend.

It is concluded that by designing the leadline of the digitai display too far from
the bend, pilots were influenced to rurn early resulting in an "undershoot" of the
bend. The experiment suggests that either (1) the leadline should be located to
accommodate a larger overall rudder angle (i.e., larger turn rate), or (2) the
selection of a turn initiation point should be left up to each individual pilot and
should be implemented as a manual operation via selector knob. In general, the

MEAN /- 2
$TD. OEV.
$HIPS C.G.

FIGURE |. SUMMARY OF TRACKKEEPING BETWEEN DISPLAY CONCEPTS
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TABLE 1. SUMMARY OF RESULTS

TRACK-=-
KEEPING | TURNING l

DIGITAL VARIABLES

Steering Cues

- none [ ] [ J

- course error °

[ J
S

- heading to steer ®

Turning Cues

- distance to leadline Y

0 S S

- time to leadline ®

GRAPHIC VARIABLES !

Motion Cues

- true motion ]

- relative motion )

Orientation Cues
-~ trackup ° L ]
~ headup ®

Vector Cues
- heading ® L4

- course

Ownship Image Cues

- scaled ®
- symbolic ( +)

PERSPECTIVE VARIABLES

Field of View
- 60 degrees L
- 90 degrees ®

¢ indicates superior pilotage performance
interpreted from statistical analysis of measures (Section 4)




WY .

overall concept of presenting digital information for trackkeeping and turnmaking on
a radio aids to navigation display appears plausible given adequate user familiariza-
tion and effective display design.

High crosstrack variability with the DIGITAL display beyond the bend indicates
inconsistency among subjects in the application of their check rudder and
considerable difficulty in steadying up. This difficulty was primarily attributed to
subject inexperience with the DIGITAL display.

By the end of the second leg, as shown in Figure 1, mean tracks for all but the
PERSPECTIVE display had returned to the channel centerline. This suggests that
with the PERSPECTIVE display pilots either could not track down the centerline or
were unaware that they were not in the center. A comparison of pilotage
performance between when subjects used the different PERSPECTIVE displays
indicates that the 60-degree field of view display was the primary contributor to this
trackkeeping difficulty. This is shown in Figure 2. Apparently the additional 30
degrees in the field of view of the 90-degree display provided more effective
information for portraying ownship's position in the channel.

In general, the GRAPHIC display produced the most favorable results, but even
among the graphic variables there were trackkeeping differences. These differences
are shown in Figure 3. Overall, the turn motion, track-up GRAPHIC display
produced the most desirable track plots of the displays that were evaluated.
Subsequent findings of the experiment suggest that the ship's image, scaled or
symbolic, had very little effect on overall performance; however, certain combina-
tions of orientation, motion, and vector type did. The GRAPHIC concept in general
produced superior performance over the other concepts for those pilotage tasks
performed in the experiment.

1.2 MAJOR RECOMMENDATIONS

As a result of wide subject variability, the heading vector was shown to be easier
to implement and understand by subjects than the course vector. This is attributed
to the subjects' familiarity with heading vectors and their general lack of
appreciation of how a course vector should appear in a turn, Additional training in
the use of a course vector is recommended prior to further experimentation. Also,
it is suggested that an investigation into the use of a combined heading and course
vector display should be pursued.

The symbolic (+) presentation of ownship is considered inappropriate for further
evaluation on the radio aids to navigation displays. A navigation system with the
potential implementation capabilities such as those suggested require an accuracy
resolution achievable only by the scaled ship's image. This feature is not considered
a significant cost factor; given the benefit to shiphandling performance and subject
acceptance it should be included in all subsequent GRAPHIC display experiments.
Reduction of the GRAPHIC display scale can be expected to yield further increases
in shiphandling performance as a function of improved spatial resolution.

As a result of the miniexperiment findings, it is recommended that two
GRAPHIC displays, both track up, true motion with a scaled ship's image be included
in the RA-1 experiment. The display variables to be reevaluated in the full length
scenario are heading vector and course vector. Two additional GRAPHIC displays
for the presentation of predictor steering information are also suggested for
evaluation by RA-1.
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The PERSPECTIVE display while experiencing a significantly higher incidence of
rudder activity through the bend, and subsequent difficulty returning to the exit leg
centerline, should be further evaluated in a more challenging scenario than that
experienced in the miniexperiment. Differences in performance between the 60-
degree and 90-degree field of view displays were substantial. Based on (1) subject
opinions, (2) the ability to see more of the channel abeam for an easier
determination of drift angle, and (3) the ability to see the point longer through a
bend, the 90-degree field of view is suggested for use in all subsequent, full-length
simulations. No modifications to the PERSPECTIVE display are warranted as a
result of the miniexperiment analysis. As a result of the miniexperiment findings it
is recommended that the 90-degree perspective display be included in the RA-1
experiment for reevaluation in the full length scenario.

Results of the DIGITAL display analysis support its effectiveness both in
trackkeeping through straight legs and in turnmaking. Operational goals of the
DIGITAL concept, however, were not compatible with those of the other concepts in
that a turn radius of 0.8 nm requiring only a 10-degree rudder was described by the
DIGITAL display while evidence suggests that the simulated turn would normally be
executed using 15- to 20-degree rudder,

As a result, significant undershoot of the turn is indicated. Modification of the
DIGITAL program to accommodate a 0.5 nm radius turn (e.g., requiring a 20-degree
initial rudder) will ensure both acceptable tracking through the turn and bring the
operational requirements more in line with the GRAPHIC and PERSPECTIVE
displays.

Analysis of performance when using steering cues shows that course error was
either better understood by the subjects or more trusted than heading to steer.
When no steering cues were provided, subjects experienced a greater variability in
attempting to return to the channel centerline beyond the turn. Other variability
measures at initial rudder suggest that all DIGITAL runs were made equally well
regardless of whether steering cues were provided or not. The presence of this
significant variability, however, does suggest that the steering cues (at least course
error) should be further examined in a scenario with lengthy straight legs.

The display of time to leadline instead of distance to leadline was shown to
promote small variability among subject groups particularly in the application of
initial rudder. End results of the turn maneuver, however, show no overshoot of the
bend and comparable excellent alignment on the centerline after the turn was
completed. This suggests that the variability in initiating the turn rudder was not
sufficient to effect the overall performance in what evolved as a very gradual
maneuver. Regardiess of whether time or distance cues are presented on the
DIGITAL display, little effect on individual determination of the haul point is
expected.

As a result of the miniexperiment findings it is recommended that two DIGITAL
displays be included in the RA-1 experiment, one substantially modified from the
miniexperiment. The modified display would include no turnmaking information and
both would require manual selection of the turn initiation or haul point by the
operator.

Measures and statistical techniques employed in the miniexperiment are
considered adequate for the somewhat limited analysis which was required. Among
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conclusions gleened from the experiment is the need for a more in-depth analysis of
trackkeeping including track means and standard deviation (variability) plots
especially through the straight legs and within the bend. A more comprehensive,
structured retrieval of subject appraisals and display critique is also warranted.

By
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Section 2
EXPERIMENT OVERVIEW

The evaluation of electronic radio aids to navigation displays is being conducted
to determine:

1) a highly effective display(s) for the presentation of navigation information

2) tradeoffs of cost versus effectiveness for the design of navigation display
systems

3) impact of display design on operator performance and safe navigation through
restricted waterways in poor visibility

4) system filter requirements for achieving acceptable pilotage with a highly
effective display(s)

5) noise parameters which can be tolerated by the resultant display(s) and
filter(s) to achieve acceptable pilotage

The study diagramed in Figure &4 began by evaluating, through operational
simulation, numerous promising state-of-the-art display concepts using perfect
information for positioning ownship. An abbreviated, miniexperiment was conducted
on 18 different display formats to eliminate many of the original variables,
recommending only the most effective ones for more extensive, more costly RA-1
evaluation. The miniexperiment and recommendation of display formats for further
evaluation is the subject of this report.

2.1 DISPLAY DESIGN RATIONALE

Three unique display technologies were evaluated in the miniexperiment as a
function of their potential cost of design and implementation in real world
applications. The concept of display technology in the low, moderate, and high cost
categories is one of visual display capability (e.g., graphics versus alphanumerics),
computer capability (e.g., speed, memory), and computer program development
requirements (e.g., geographic inputs, shipboard sensor). See Section 6.2 for a
discussion of the cost and hardware analysis of each display.

The lowest cost display is represented as an all DIGITAL readout of parameters
such as shown in Figures 5 and 6. It is assumed that alphanumeric and numeric only
displays would not be significantly cost distinctive. For test purposes the digital
readouts are displayed on a cathode ray tube (CRT), while actual applications of this
type display might use light emitting diode (LED), liquid crystal display (LCD),
plasma panel (gas discharge), or multiple-projection readouts.

The more costly display technology is represented by a CRT display capable of
both alphanumeric and/or graphic presentation such as shown in Figure 7. This
technology requires computer capabilities, provisions for data storage and retrieval,
and input methods whether manual or automatic. Actual cost of this type of
equipment can range from a moderately priced system presently being developed for
the United States Coast Guard by Applied Physics Laboratory to the more idealistic
approach for predictor steering systems or perspective view displays. The
moderately priced APL system, which will be represented in simulation as a
GRAPHIC display, uses a limited graphics and alphanumerics CRT, a microprocessor
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CROSSTRACK DISTA~MCE: 24 FT >
CROSSTRACK SPEED: 28 FT/MIN - J>
COURSE ERROR: 4 DEG -w-x

!
TURN RATE: 1 DEG/MIN -]
DISTANCE TO LEADLINE 0.3 NM

FIGURE 5. EXAMPLE OF DIGITAL DISPLAY AT BEGINNING OF EXPERIMENT

CROSSTRACK DISTANCE: 784 FT ¥

CROSSTRACK SPEED: 1857 FT/MIN I
TURN RATE: 20 DEG/MIN ==
RECOMMENDED TURN RATE: 24 DEG/MIN-=x

FIGURE 6. EXAMPLE OF DIGITAL DISPLAY AT BEND

TRALK P
\

FIGURE 7. EXAMPLE OF GRAPHIC DISPLAY




and relatively inexpensive memory and input techniques. The moderately priced
category will also include a PERSPECTIVE display with a view similar to what the
nilot sees out the forward windows (see Figure 3).

Capabilities of this moderately priced category will fluctuate to some degree
with the cost of system definition and procurement. Regardless of this variability,
however, its cost remains unique compared to that of extensive, high-speed
capabilities required for computing ship’s hydrodynamic characteristics, navigational
data, chart information, and ship operating parameters characteristic of ‘ven more
sophisticated systems. For this reason a high priced category will also be evaluated
in the future RA-1 experiment. This category will consist of one GRAPHIC display
which exhibits a computed track prediction based upon hydrodynamic algorithms and
ship status inputs (e.g., predictor steering display). Each of the DIGITAL,
GRAPHIC, and PERSPECTIVE displays contain a number of unique information or
format characteristics. The introduction of color to any of the displays could have
an impact on their cost. This capability, however, is not being addressed in the
program.

Because some of the displays were obviously more beneficial or detrimental to
effective display utilization than others, it was decided to perform inexpensive,
abbreviated simulations before engaging in the more costly, full-length evaluation.
As a resuit, a miniexperiment was conducted using the displayed .nformation
“escribed in Table 2 as a variabie.

The predictor steering format of the GRAPHIC display was not examined in the
miniexperiment since previous researcn had documented its numerous benefits,
making its inclusion in the full-length RA-| experiment inevitable.

FIGURE 8. EXAMPLE OF PERSPECTIVE DISPLAY
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TABLE 2. MINIEXPERIMENT VARIABLE LEVELS

DIGITAL DISPLAY (low cost)

Crosstrack distance from centerline
Crosstrack velocity

Course error

Heading to steer

Turn rate

Recommended turn rate

Distance to leadline

GRAPHIC DISPLAY (moderate cost)

Track-up, true motion
Track-up, relative motion
Head-up, relative motion
Ship heading vector

Ship course vector

Scaled ship image
Symbolic (cross) ship image

|
!
L .a.-.'i'h”

Time to leadline
; PERSPECTIVE DISPLAY (moderate
v cost)

60 degree field of view
90 degree fieid of view

2.2 DESIGN OF THE MINIEXPERIMENT

Rationale for the design of a miniexperiment to eliminate ineffectual or
/ potentially unsafe displays was based on anticipated display usage and known
shiphandling requirements. It was decided that to be considered a candidate for full
scenario simulation the display must at least be capable of guiding the pilot safely
f~ around a single 35-degree bend in the channel. If this could not be achieved the
display‘s. benefit would be significantly diminished regardless of its advantages in
other segments of the scenario.

The miniexperiment originated approximately 0.75 nautical miles (nm) from the
bend and terminated in [2 minutes, approximately 0.75 nm above it. This provided
ample time for the subjects to demonstrate some trackkeeping ability with the
display, initiate and conduct a 35-degree course change within defined boundaries,
and steady on the new trackline. All environmental conditions and ship control
characteristics of the fuli-length scenario were contained i the miniexperiment.
This will provide for additional validation by comparing the two experiments and

relating resultant performance to comparable runs in the AN-CAORF™ and AN-

VvISuU AL3 experiments.

2E.clectech Associates, Inc., Aids to Navigation Presimulation Report, AN-CAORF,
United States Coast Guard, September 1979.

3Eclectech Associates, Inc., Aids to Navigation Presimulation Report, AN-Visual
Experiment, United States Coast Guard, October 1979.
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Section 3
EXPERIMENTAL DESIGN

The minjexperiment was intended as a brief overview of the overall effectiveness
and potential operator acceptance of various formats of DIGITAL, GRAPHIC, and
PERSPECTIVE radio aids to navigation displays. These display formats represented
the primary variable of the experiment and as such, received priority treatment in
the experimental design. Individual subject if“erencas, crder effects (learning), and
secondary effects such as helmsman performance were also considered. Each
subject was administered explicit instructio <. the use of the display prior to
every run. The instructions are presenter! in Appendix A.

3.1 DISPLAY VARIABLES

The DIGITAL display was designed to provide trackkeeping and turnmaking
information that would enable a pilot to transit the waterway while using an
inexpensive DIGITAL (alphanumeric or numeric only) display. The display could
conceivably be handheld or bridge mounted, but would receive its information from a
microprocessor and high precision radio navigation system. Table 3 shows the
variable levels simulated in the evaluation of the DIGITAL display.

Cnly one level of trackkeeping information (TKI) was used along with each level
of turnmaking information (TMI). These levels were counterbalanced among subjects
in the experimental design to accommodate the learning effect. When using the
DIGITAL display, the following information was provided to each subject in the first
leg:

1) CROSSTRACK DISTANCE shown in feet to the right or left of the channel
centerline with its direction indicated by arrows,

2) CROSSTRACK SPEED shown in feet per minute with an arrow pointing in the
direction that ownship is moving,

3) TURN RATE shown in degrees per minute with an arrow indicating the
direction right or left,

4) DISTANCE TO LEADLINE shown in nm. The leadline is the point at which

the turn should be initiated. It is calculated in advance based on making the turn
with a standard (10 degree) rudder, or

TABLE 3. DIGITAL DISPLAY VARIABLE

TRACK KEEPING | TURNMAKING
INFOAMATION ‘ INFORMATION
LU | g [}
TURN RATE
LEVEL 1 CROSSTRACK OISTANCE |pgcoMmENDED TURN RATE
CROSSTRACK SPEED  |oigrancE TO LEADUINE
I CROSSTAACK DISTANCE [TURN RATE
LEVEL 2 CROSSTRACK SPEED  ARCOMMENDED TURN RATE
l COURSE EAROR Imn TO LEADLING
| CROSSTRACK OISTANCE
LEVEL 3 CROSSTRACK SPEED
HEADING TO STEER
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5) TIME TO LEADLINE shown in minutes. This is continuously calculated based
on ownship's speed.

Once ownship has reached the leadline, information for CROSSTRACK DIS-
TANCE and CROSSTRACK SPEED is calculated to the new leg. TIME TO
LEADLINE or DISTANCE TO LEADLINE disappears and the subject is shown a
RECOMMENDED TURN RATE which he must try to match with ownship's TURN
RATE. This recommended turn rate is continuously calculated so that if the subject
is able to achieve and maintain it, he will arrive on the centerline of the new leg
even taking into account wind and current factors. Once ownship's heading is within
5 degrees of the new leg, RECOMMENDED TURN RATE disappears and TIME TO
LEADLINE or DISTANCE TO LEADLINE to the next bend is presented. Thus
alphanumeric information is the only guidance which pilots receive when using the
DIGITAL display. There were six possible combinations of the DIGITAL format
variable and each subject was administered the miniexperiment scenario using all six
as shown in Table 4, the experimental design.

The GRAPHIC display was designed to provide a pictorial representation of
ownship in the waterway very similar to the way it is viewed on radar or
contemporary collision avoidance and/or navigation option displays. This display
would be cabinet mounted requiring a CRT with accompanying support electronics
and a data processor system. As such, it could conceivably provide a large variety
of display features or could be limited to a few. Thus, the basis for evaluating the
GRAPHIC display was to determine which of the display features are most effective
and if any combinations are actually detrimental to safe, effective shiphandling.

Table 5 shows the variable levels simulated in the evaluation of the GRAPHIC
display. Note that three display orientations (DO), two different types of ship
vectors (SV), and two different ship images (SI) were tested. These levels were also
counterbalanced among subjects to accommodate the learning process.

When using each GRAPHIC display it was oriented as one of the following:

1) TRACK-UP, TRUE MOTION where ownship originates 1/4 the display
diameter from the bottorn of the screen and resets after it has traveled 3/4 of the
distance across the screen. With the track-up mode, the picture comes on with the
channel centerline oriented up and ownship moving through it. Once the turn is
completed (approximately one ship length beyond the turn) the display automatically
changes to the new track-up and ownship resets to the bottom of the screen,

2) TRACK-UP, RELATIVE MOTION in which ownship's image always remains in
the center of the screen. Channel centerline is always oriented up and ownship
revolves relative to it.

3) HEAD-UP, RELATIVE MOTION in which the bow of ownship and subsequently
the gyrocompass heading is always up and all motion revolves around ownship.

Ownship's image exhibited either:

1) HEADING vector which corresponds to gyroheading and is drawn to the edge
of the screen, or

2) COURSE vector which represents the course-made-good of ownship and is
drawn for the distance ownship will travel in 3 minutes.
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TABLE 5. GRAPHIC DISPLAY VARIABLE

ISPLAY
OR?ESNTATION SHIP VECTOR SMIP IMAGE
(Do) sV | (st
HEADING SCALED
TRACK-UP
LEVEL 1 TRUE ' ,
MOTION
COURSE SYMBOLIC
TRACK-UP \ |
LEVEL 2 RELATIVE
MOTION +
HEAD-UP
LEVEL 3 RELATIVE
MOTION

Ownship was shown either as a:

1) SCALED ship's image of actual shape and size scaled to the display range, or

2) SYMBOLJCALLY represented as a cross (+) approximately 1/2 inch in
diameter. '

Pictorial information was the only guidance which pilots received when using the
GRAPHIC display. There were 12 possible combinations of the format variable;
however, the scaled image with either heading or course vectors were the only levels
tested using the head-up, relative motion display. During design of the experiment,
it was concluded that an adequate evaluation of symbolic (i.e., cross) versus scaled
ship's image could be made with the track-up orientation and that repeating
symbolic imagery in the head-up mode was unnecessary. This reduced the number of
GRAPHIC displays to be simulated to 10. Each subject was administered the
miniexperiment using the 10 displays as indicated in Table 4, the experimental
design.

The PERSPECTIVE display was designed to portray the perspective scene as
viewed out the forward bridge windows. There was no attempt to reproduce a field
of view (FOV) similar to that seen through the windows, but instead, FOV was used
as a display variable to promote display effectiveness. It was hypothesized that
given a certain vessel size, channel width, and height of eye above the water, only
one FOV would be optimal for the pilotage. Table 6 shows the variable levels
simulated in the evaluation of the PERSPECTIVE display. When using each
PERSPECTIVE display the picture represented either a:

1) 60-degree FOV, 45 foot height of eye and bridge located 200 feet back from
the bow; or '

2) 90-degree FOV, the same eye location.
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FIELD OF
VIEW
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|
LEVEL | «°
LEVEL 2 92°

A 30-cdegree FOV was examined prior to design of the experiment but was found
to be too narrow for observing both boundaries of the channei throughout the bend.
The 60-degree and 90-cdegree levels of the format variable were counterbalanced o
accommodate learning. Both were administered to subjects as shown in Taple 4, the
experimental design.

All parameters of environment, ship hydrodynamics, bridge personnel, bridge
arrangement, and display characteristics such as update rate, contrast, resolution,
legibility, etc., were kept constant. Scenario characteristics were controlled as
much as possible given the subjects' freedom to order rudder and course commands,
and vary propeller rpm. Subjects were, however, instructed to stay in the center of
the channel and maintain 7 knots through the water as best they could. This ensured
scenario consistency.

3.2 SIMULATOR FACILITY

The simulator used in the miniexperiment was developed at and by Eclectech
Associates, Inc., to evaluate advanced bridge displays such as the electronic radio
aids to navigation display. Previous research by the U.S. Maritime Administration
has been conducted at this facility for evaluations of short range collision avoidance
displays, maritime radar interrogator/transponder systems, predictor steering
displays, and precision navigation displays.

The primary apparatus which was used is a Digital Equipment Corporation GT-44

computer graphics system with PDP-11/40 central processor and VT-11 graphic
generation hardware. The VR-17 CRT display is mounted in a free standing pedestal
comparable to bridge installed planned position indicator (PPI) systems. It is located
on the centerline of the ship and against the forward bulkhead of the bridge just
below the gyrocompass repeater. The heim, engine order telegraph, rudder angle
indicator, and rpm indicators are installed on a steering console, located to the right
of center and also forward as shown in Figure 9. This arrangement is solely for the
benefit of the experiment, enabling the subject to monitor all ship control functions
with minimum distraction. It is noted that without a visual scene the helmsman does
not require a visual range for steering and is able to maintain course using his own
console mounted gyro repeater. Figure 10 illustrates the simulator facility, which
consists of:
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FIGURE 9. SIMULATOR WHEELHOUSE

e wheelhouse

e ship's controls

e ship's indicators

e radio aids to navigation display

® scene projection system

e PDP 11/40 with requisite interface equipment

e data reduction facility

The Wheelhouse. The wheelhouse is a structural mockup approximately 16 feet

wide and Il feet deep. Additional facilities include a chart table with chart
stowage. The lighting in the wheelhouse can be varied to night operating conditions.

Ship's Controls. The control mechanisms found in the bridge simulator are tied ‘
directly to the PDP 11/40 computer, providing the proper inputs for ship's controls i
with resultant ship's motion incorporated in the visual image. These control ;
mechanisms include the following:

e a ship's whee! and heim unit

e an engine order telegraph which provides control of the ship's speed both

ahead and astern. Propeller rpm is determined by ownship characteristics
programmed into the computer ’

17

g

IS PSR



- - - " - -y,
-~ o A e S S W Sy,

~/RADIO AIDS TO
77,] NAVIGATICN DISPLAY

REAL TIME
SIMU%‘ATION

DATA
COLLECTIC

\ RACK&PLOTS

STATISTICAL ANALYSIS

FIGURE 10. SIMULATOR FACILITY
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Ship's Indicators. The indicators available to provide information to the pilot
include:

e a gyrocompass overhead repeater and console mounted repeater providing
indications of ownship's heading as transmitted by the computer

e a shaft rpm indicator that shows the shaft rpm transmitted by the computer
e a rudder angle indicator
e a ship's clock which has been modified to show scenario time

Radio_Aids to Navigation Display. The electronic bridge display unit is capable
of presenting a variety of information displays to the pilot.

The PDP 11/40 Computer. The PDP 11/40 computer provides dynamic signals for
the electronic bridge display or visual system. These signals are modified by the
appropriate program to reflect owaship's characteristics including maneuverability,
visibility, hydrodynamic influences, and individual scenario conditions.

Data Reduction Facility. The computer facilities are configured to provide
supporting data reduction and analysis with a minimum of data manipulation or
conversion.

3.3 SCENARIO DEVELOPMENT

The scenario selected for the miniexperiment is shown in Figure 11. It is an
abbreviated version of the l-hour transit which will be simulated in all subsequent
radio aids to navigation experiments. The only difference is that in the
miniexperiment ownship is initially positioned 0.75 nm from the bend and terminates
approximately 0.75 nm beyond it.

The scenario was selected from among those simulated in the Aids to Navigation
AN-CAORF experiment. [t contained a 35-degree left bend, considered worse case
representative of a majority of inland waterways and river bends. Measurement of
subject performance from the radio aids to navigation experiment can then be
compared to performance in the AN-CAORF and AN-VISUAL runs. This comparison
should enable a better appreciation of the time value and safety effectiveness of the
navigation displays, particularly after they are simulated in the more realistic noise
environment.

Each subject was instructed to keep in the center of the 500 foot wide, 36 foot
deep channel. Ownship was a 30,000 dwt tanker, 595 feet LOA, 84 foot beam and 3%
foot draft. There was a following current through the first leg at an average of |
knot. It gradually reduced to 3/4 knot at the bend and became a crosscurrent beyond
the bend. Wind was also from astern in the first leg, varying around 30 knots. This
force did not diminish but became a crosswind beyond the bend. Because the ship
was in ballast, both current and wind had a significant effect on its handling. There
was some weathervaning attributable to the crosswind in the second leg.

The scenario channel consisted of a 34l-degree (true) first leg and 306-degree
(true) second leg. Charts provided to the subject showed ownship's original position,
a dead reckoning line, channel boundaries as short dashed lines, ana shoal contours
outside the channel,
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Previous experimental data from comparable scenariosa reveal that subjects will
enter the turn with little crosstrack variation but will be at unique distances into the
bend as a result of personal preference. Because of individual maneuvering
strategies as well as resultant performance differences, subjects are expected to
exit the turns with greater crosstrack variance but with a crosstrack mean close to
the centerline. Given optimal information for turnmaking and compliance with
requirements to keep to the center of the channel for trackkeeping, it should be
possibie to achieve both a low variance (small standard deviation) and mean track on
the centerline for the entire subject group. Performance was therefore measured as
a function of trackkeeping variance and mean track-made-good. Subjects were also
scored on how they controlled speed and their use of rudder to negotiate the turn.

3.4 SUBJECT SELECTION

Six individuals with pilotage experience acted as subjects for the miniexperi-
ment. Each subject used all 18 variations of the DIGITAL, GRAPHIC, and
PERSPECTIVE displays. Runs were completed in less than 6 hours allowing time
between runs for critique of the previous display, instructions for the next display
and questions. The instruction sheets are presented in Appendix A. All subjects
selected were familiar with the response characteristics of a 30,000 dwt tanker.
Nevertheless, they were given opportunity to maneuver the simulated ship prior to
the first run.

All subject comments both during and after each run were recorded and analyzed
(see Section 4.0). Subject performance was also observed for signs of anxiety,
stress, fatigue, etc., as well as for any particular difficulties and compliance with
accepted bridge watch procedures. In general, all subjects responded well to the
tasks required and their performance was considered valid to accomplish the
objectives of the miniexperiment.

3.5 ADMINISTRATION

Administration of the display variable was designed to investigate within subject
effects, thus minimizing individual differences and encouraging a higher probability
of finding significance than would be experienced by between subject effects. This,
of course, meant a large number of scenario repetitions for each subject with the
resultant possibility of introducing order effect (e.g., learning, anticipation, boredom
caused solely by repetition). For this reason, a test for order effect was conducted
on ali data.

Table 7 displays the actual subject assignments which were derived from the
experimental design (see Table 4). Note that the order of administration of all
variables is counterbalanced to compensate for learning. Abbreviations (e.g., TKI,
TMI, DO, SV, SI, and FOV) are used to identify each variable and numbers (e.g., 1, 2,
or 3) identify each level. These are described in Tables 3, 5, and 6.

Subject assignments defines the order in which all variables were administered.
For example, subject | first used the DIGITAL display which included crosstrack
distance and crosstrack speed only (TKI-1), turn rate, recommended turn rate, and
distance to leadline (TMI-1). For his second run he used the DIGITAL display again,

aEclectech Associates, Inc., AN-CAORF Preliminary Observations, United States
Coast Guard, December 1979.
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with the same trackkeeping information (TKI-1) but with time to leadline instead of
distance to leadline (TMI[-2). The variables for his other runs and the other subjects’
runs can similarly be determined from Table 7.

In summary, the experimental design permitted the best mix of administration
options to perform the miniexperiment inexpensively and expediently yet retaining
the necessary requirements to ensure statistical validity and confidence.

TABLE 7. SUBJECT ASSIGNMENTS

SUBJECT NUMBER

ORDER OF

ADMINISTRATION ! 2 3 4 5 6
1 1-1+% Balalex  [4as 3-2-1  1-2 2
2 1-2 3-2-1 2 3-1-1  1-1 1
3 2-1 1-1-2  2-1 1-2-1  2-2 2-2
4 2-2 1-1-1  2-2 1-2-2  2-1 2-1
5 3-1 1-2-2 31 1-1-1  3-2 3-2
6 3-2 1-2-1  3-2 1-1-2  3-1 3-1
7 1-1-1  2-1-2 Il 2-2-1  1-2-2 -2
8 1-1-2  2-1-1  1-2 2-2-2  1-2-1 1-1
9 1-2-1  2-2-2 2-1-1 2-1-1  l-1-2  2-2-2
10 1-2-2 2-2-1  2-1-2 2-1-2  l-l-1 2-2-1
11 2-1-1 2 2-2-1 1 2-2-2  2-1-2
12 2-1-2 1 2-2-2 2 2-2-1  2-1-1
13 2-2-1  3-1 3-1-1 3-2 2-1-2 3-2-1
14 2-2-2  3-2 3-2-1 3-1 2-1-1  3-1-1
15 -1-1 -1 1-1-1 1-2 3-2-1  1-2-2
16 3-2-2 12 1-1-2 1-1 3-1-1  1-2-1
17 1 2-1 1-2-1 2-2 2 1-1-2
13 2 2-2 1-2-2 2-1 1 1-1-1

*2 digit number indicates levels of TKI-TMI for DIGITAL display
*+3 digit number indicates levels of DO-SV-SI for GRAPHIC display
#++] digit number indicates level of FOV for PERSPECTIVE display
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Section 4
DATA COLLECTION AND ANALYSIS

Data on the trackkeeping and shiphandling performance of subjects was recorded
automatically every 475 feet along the channel by the facility computer for
subsequent statistical analysis and graphic illustration. Observed data and subject
comments were written by the observer during the simulations.

The analysis was conducted in two stages. The first stage provided a preliminary
overview of performance by combining observed data with crosstrack measures at
the entrance and exit to the turn and rudder actuations required to accomplish the
turn, This behavioral analysis is described in Section 4.1. The second stage of
analysis was developed as an analytic technique for the evaluation of trackkeeping
to be used in the AN-CAORF and AN-VISUAL experiments. [t was used in the radio
aids to navigation experiments both because it aided in the interpretation of
statistical measures and because it enabled a direct comparison of performance
between all other aids to navigation (AN) experiments.

4.1 BEHAVIORAL ANALYSIS

Subject perceptions of each format were elicited by asking them to compare
variables within each DIGITAL, GRAPHIC, and PERSPECTIVE display. The intent
of this survey was to establish preferred displays in case several were shown to
promote comparable performance and were similar enough 1n design not to warrant
re-evaluation. These opinions were not statistically tested due to the small sample
size. They were, however, quantified and are presented in ccnsideration of the
overall conclusions.

A qualification of trackkeeping was performed by statistically analyzing
crosstrack deviation (mean distance in feet from the centerline) and crosstrack
variability (one standard’deviation of subjects about the mean) at two different
points in the channel, 0.25 nm before the bend and 0.25 after the bend. This analysis
was designed to indicate trackkeeping ability at the entrance to the bend and again
how well the subject recovered from the turn. Interpretation of trackkeeping
performance up to the entrance, through the bend, and after the recovery was the
subject of the second stage of analysis.

Two rudder actuations, initial rudder and check rudder, were analyzed. Also the
manner in which subsequent rudders were applied was addressed. For example, some
subjects selected an initial turn rudder and maintained it throughout the maneuver.
Others intentionally selected a large rudder, then gradually or in discrete steps
reduced it through the maneuver. Still other subjects initiated the swing with a
given rudder, but found it was insufficient to satisfactorally complete the maneuver.
These subjects used additional rudder, often too late, to recover on the new leg
centerline. Although the first two methods describe a preferential and usually
satisfactory behavior, the latter suggests an inadequate estimation of rudder
requirements and an otherwise deficient behavior. For these reasons, not only was
the amount of initial rudder considered in the behavioral analysis, but also the ship's
location, heading, subsequent rudders, and final location in the new leg.

Because all rucder angles were administered in discrete steps (e.g., 5, 10, 15, 20
degrees) and because larger rudder angles could always accomplish the turn while
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some of the smaller rudder angles might not, a normal distribution of rudder
applications could not be assumed. This necessitated the selection of a non-
parametric statistical measure for the overall rudder utilization analysis. The
Wilcoxon signed rank test was employed to enable paired comparisons of all runs for
each display by ranking differences instead of absolute values. For the analysis of
trackkeeping into and out of the beng, the t-statistic and difference of variability (F
test) were used.

All reported or implied significance documented in the behavioral analysis is at
the 90 percent confidence level.

4.2 TRACKKEEPING ANALYSIS

To augment the behavioral analysis and aid in interpreting the trackkeeping
performance statistic, track plots showing the group mean track and twice the
<rosstrack standard deviation were constructed. These plots were drawn for
approximactely 2.25 nautical miles either side of the bend. The track lines
represented were drawn from the center of gravity (CG) of ownship. In essence, the
shaded envelope typically contains all individual track plots for the selected display
variable and, assuming that the subject group was a representative sample of the
pilot population, would represent 95 percent of all ship tracks made under similar
operating conditions. The trackkeeping analvsis is presented in Section 5. All
compined track plots derived as a result of the experiment are con:ained in
Appendix D.
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Section 5
RESULTS AND CONCLUSIONS

In light of the measures and statistical analyses performed, the results of the
miniexperiment suggest that all the displays evaluated could promote a safe transit
of the waterway under conditions in which perfect position information (i.e., no
system error) was portrayed on the display. Of the 126 total runs which were
conducted using the radio aids to navigation displays, there were no major excursions
from the channel.

Two DIGITAL runs with HEADING TO STEER information were excluded from
the analysis because the display presented erroneous information to a subject. The
cause was traced to an inadvertent programming error introduced during the
presimulation phase of the experiment; however, none of the other variables and
only one subject's runs were affected. Removal of two runs from the data pool
(n=34) did not significantly aiter the experimental results.

In general, all valid runs were completed without major difficulty and with no
obvious detrimental effect on traditional pilotage behavior. Subjects, however, were
noted to digress from their normal discrete rudder commands (e.g., 5 degrees, 10
degrees, 15 degrees, 20 degrees) when using the digital display. They ordered 6, 7,
and 8 degrees, etc. This behavior resulted from attempts to match "actual" turn
rate with "recommended” turn rate. It can only be speculated that this traditionally
uncharacteristic behavior wouid not be detrimental to real world pilotage. The
results were not specifically analyzed in the miniexperiment, but its close
observation and scrytiny is recommended for all subsequent simulations.

Other unique findings and recommendations of the minjexperiment are presented
in the following comparisons of learning effect, between DIGITAL, GRAPHIC and
PERSPECTIVE concepts, and between individual display variables.

5.1 ORDER EFFECT AND PERFORMANCE INDICATORS

Due to time constraints, an analysis of individual subject learning effect was
relinquished in favor of comparing all subjects' first, middle, and final runs
regardless of which display they had used. Since all display variables were
counterbalanced in the experimental design to negate order effect, it is assumed
that any difference in performance between the first, middle and final runs (see
Figure 12) could be attributed to the subjects learning the waterway, ship
characteristics, simulation anomalies, etc. A comparison of subject performance
between the first, middle and final runs demonstrates how the waterway might be

transited once subjects had achieved high proficiency,
The exact period of the greatest learning increase was not determined; however,

the referenced tables and figures show that much of the proficiency enhancement
was evident by the middle run. This finding is supported by previous CAORF
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research”'® which show pilots' adaptation”td" relatively unfamiliar bridge display
systems to be rapid; usually within the first, or if the first is brief, second exposure.

Using the above rationale, it can be hypothesized that for the given simulation
conditions, a highly effective display would be one which promotes pilotage
performance most closely resembling that of the entire group's final, most proficient
run. This is most valid in an experiment such as the radio aids miniexperiment
where every subject experiences each display variable and the order of presentation
is counterbalanced within the subject group. It is with this premise and a knowledge
of what constitutes effective, safe shiphandling practice that the following analytic
discussion is promulgated.

5.1.1 Trackkeeping Statistic

The preliminary measure of trackkeeping in the miniexperiment was crosstrack
distance from the centerline (right or left) at a point exactly 0.25 nm before the
bend and 9.25 nm beyond the bend. Since ownship started on the centerline at a
point 0.75 nm from the bend, the subject had 0.50 nm mile to demonstrate his initial
trackkeeping ability. Given the scenario conditions and the fact that ownship was
originally well aligned on track, it was not difficult to keep to the center of the
channe!l up to the bend.

There was no significant difference in subjects' ability to keep on the centerline
of the first leg regardless of the display they used or when they made the transit.
There were, however, differences in trackkeeping consistency (i.e., variability)
among the subject groups as a function of which display was used. Ideally, an
effective display would promote small variability, particularly with the trackkeeping
task where all subjects had a common goal.

Table B-1 in Appendix B shows the group mean crosstrack distance and group
crosstrack variability for the first, middle and final runs. Both mean crosstrack
distance and variability are low at 0.25 nm before the bend indicating the relative
ease with which the approach leg was transited even during the subjects’ first runs.
These mean crosstrack distances in the approach leg are shown at the bottom of
Figure 12,

It is suggested that the miniexperiment did not provide an adequate challenge to
the trackkeeping requirements of a straight leg and therefore did not contribute
conclusive evidence on the displays' effectiveness for this task. It is therefore
recommended that subsequent display evaluations contain a longer approach leg,

with possibilities for perturbing the track-made-good either through crosscurrents,
crosswinds or required evasive maneuvers.

The trackkeeping measure in the exit leg which occurred at 0.25 nm beyond level
was selected to represent how well subjects recovered from the turn and realigned

5

CAORF Research Staff, Simulator Evaluation of Predictor Steering, Short Range
Collision Avoidance and Navigation Displays, Report Number CAOREL’ 30-7913-01,

6

National Maritime Research Center, Kings Point, New York, Novemnber 1979,

CAOQORF Research Staff, Valdez Operational Exercises, National Maritime Research
Center, Kings Point, New York, August 18, 1977,
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on the new centerline, This 0.25 nm distance was well beyond the point at which
check rudder was required; and if an appropriate maneuver had been executed,
awnship would have been steadied up on its new course.

Table B-1 shows significant differences in returning to the centerline during the
first runs but not during the middle and final runs. This is graphically portrayed at
the top of Figure 12. The mean track of the first runs was 107 feet to the right of
the centerline with a group variability of 110 feet about the mean. Considering the
85" foot beam of the simulated ship, it can be caiculated that on their first run
approximately 84 percent of all subjects (1T + 1;21—0— ) aligned in the new leg with
more than 50 feet between their ship hull and the right channel boundary. In light of
the goal to align on the channel centeriine, this result may not be highly
commendable, but it does indicate that even the first runs were conducted wel}
within a margin of safety. In both the middle and final runs, subjects significantly
(p< 5.10) improved both this mean track-made-good and track variance.

This significant improvement in recovering from the turn and aligning on the new
ieg as a result of learning suggests that the crosstrack distance measure at 0.25 nm
bevond the level is a highly sensitive measure of pilotage performance. While the
"Sefore the bend trackkeeping measure" only provided information on how well ship's
course was maintained, the "after the bend trackkeeping measure" provided a clue
.1t how well the turn maneuver was executed and/or how well the ship exited and
steadied-up after the turn. To determine which of these factors contributed most to
the second leg trackkeeping performance, an analysis of rudder utilization through
the turn was required.

5.1.2 Turning Statistic

Initial rudder for maneuvering around a bend is characterized by (1) magnitude or
amount of rudder in degrees; (2) where it is applied in relation to the bend, ship's
crosstrack position in the channel, and ship's course error (difference between ship's
course and channel alignment); and (3) duration of time it is applied.

Once initial rudder is applied and the ship begins to swing, subsequent increased
or decreased rudder may be applied to modify the swing. Pilot preferences tend to
be inconsistent, however, since some prefer to apply a gradually increasing rudder
with resultant gradually increasing swing into the turn while others prefer a large
rudder to start the swing quickly using subsequent decreasing rudder to control and
slow the swing through the turn. Most pilots agree that sharp bends in a narrow
channel do not afford the luxury of the gradual rudder approach and are best
accomplished with one well selected rudder through the entire turn.

This latter requirement was considered during the seiection of the radio aids to
navigation scenario because an effective display would enable subjects to select the
most appropriate rudder the first time. If this was possible, all selections of
gradually increasing or gradually decreasing rudders could also be accommodated.

In light of the above rationale, the incidence of increasing initial rudder was
employed as a measure of how well the displays enabled subjects to determine the
steering requirements. A decrease of initial rudder in the bend was considered
acceptable to the pilotage, but an increase in initial rudder implied that the original
judgment was deficient and that sufficient turn rate had not been achieved to
compiete the turn to the subjects’ expectations.
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The incidence of increasing rudder in the bend is measured by the percent of
those individuals in the group who increased their initial rudder at any time in the
bend. Where a statistically significant difference is indicated, that display variable
with the lowest percent could be expected to have promoted a more accurate
selection of initial rudder angle. Table B-1 (line 1]) shows no change in the
incidence of increasing initial rudder angle through the bend as a function of
learning. Only half of all the subjects were satisfied with their initially selected
rudder at the beginning of the experiment, throughout it, and at the end. As shown
in later sections, however, certain display variables may have promoted this
behavior even through to the final run.

The application of check rudder proved to be the most sensitive measure of
turning performance and consequently of display effectiveness. As with initial
rudder, magnitude, ship position, course error and duration of rudders play important
parts in interpreting appropriateness of the check rudder. Table B-1 compares both
initial and check rudder applications between first, middle, and final runs. There are
not statistically significant differences in any of the initial rudder measures (lines 3
thru 6) except for variability (lines 15 and 17). In essence, initial rudders were
appropriately applied in the subjects’ first runs and there was little room left for
improvement by the middle and final runs.

The bottom of Figure 13 shows measured difference which indicate that the
middle and final runs averaged a 5-degree less initial rudder than the first runs. This
rudder was also applied euclier ahead of the bend. The reader is cautioned however,
that these measures are not statistically different at the p< 0.10 level of
confidence and are presented only to illustrate a trend.

The check rudders however are statistically different as shown at the top of
Figure 13. Table B-1 (lines 7 through 10) shows a significantly (p< 0.10) higher
course error (10.70 degrees), lower but left side of the centerline crosstrack distance
(32 feet), and closer to the bend (0.075 nm) when the check rudder was applied.
Magnitude of check rudder (15 degrees) is consistent in all runs.

The standard deviation of measures (Table B-1) shows a significantly (p< 0.10)
larger variability for course error (13.18 degrees) and a lower variability for distance
from the bend (0.019 nm). By the time the subjects had reached their final runs,
they were using the same amount of check rudder but applying it significantly
earlier and in a more appropriate location to bring them on the new centerline,

The appreciation of the finding is important to the evaluation of display design
because it implies that all the display variables probably exhibited similar initial
rudder behaviors, but only as a result of the scenario limitations. Check rudder
behavior, however, was totally dependent upon pilot judgment and his availability
and interpretation of navigation information. As such, check rudder behavior, its
timeliness and accuracy, is considered a major indicator of the overall turnmaking
performance.

5.1.3 Observations
A comparison between early run observations and those at the final runs
indicates that all subjects performed confident and assertive pilotage throughout the

experiment. Three of the subjects had previously participated in similar type display
evaluations and were initially less apprehensive about what would be expected of
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them than the others were, None of the subjects, however, had seen these particular
displays nor had they operated the simulator with the 30,000 dwt tanker
characteristics. All subjects considered the bridge arrangement, helmsman
performance, and equipment adequate for the pilotage although they stated that the
margin of transit safety would depend upon visibility conditions and overall
navigation system accuracy. The subjects indicated that the channel was realistic
and many asked where it was located.

Subjects issued course commands in the straight legs and rudder commands for
initial and check rudders. Once on track in the exit leg and at least partially
steadied-up, course commands were again used. All subjects employed this practice
with noticeable consistency from the first through the final runs. There was,
however, the obvious tendency to permit the helmsman greater latitude in steadying
up himself once the pilot was confidert of the helmsman's proficiency.

The miniexperiment made no attempt to correlate when course commands were
issued and when rudder commands were issued with regard to the displays in use.
Because of increased maneuvering diversity in the full-length scenario of the
subsequent experiments, it is recommended that course commands and rudder
commands be recorded separately and their Incidence compared as part of the
analysis.

The operation and monitoring of bridge equipment (e.g., engine order telegraph,
gyro repeater, rpm indicator, rudder angle indicator) posed no initial or subsequent
problem to the subjects. Prior to each subject's first run, a complete familiarization
with the bridge, bridge equipment, and arrangeinent was conducted by the test
director. A checklist which ensured compliance with all familiarization require-
ments is presented in Appendix C.

In their first runs, subjects spent considerable time checking the chart to
familiarize themselves with th> course requirements and particulars of the
waterway, By their last runs, this information was well known. Initially, subjects
stood in front of the display occasionally walking to the chart table and around the
wheelhouse as though attempting to maintain a lookout. By the end of the
experiment all but one pilot had accepted the offer of a high stool and remained
seated in front of the display for the duration of the run.

At the end of each run, subjects were asked to critique the run and display they
had just used. There were no comments by any of the subjects which reflected their
learning experience between the beginning and end of the experiment. There were,
of course, opinions regarding the learning of each display concept or variable as it
was presented. These comments are discussed in the later sections which compare
the display designs.

In general, there were no observed signs of fatigue or boredom. Most subjects
found the variety of displays and display variables continuously challenging and
thought the scenario was particularly difficult, even from the beginning. It is
recommended that for the subsequent full-length scenarios, subjects be queried as to
how well they thought they did in each run. This technique was successfully
employed in the Advanced Bridge Display Evaluation at CAORF 7 by using a briet

The Computer Aided Operations Research Facility at Kings Point, New York owned
and operated by the U. S. Department of Commerce, Maritime Administration.
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structured questionnaire which elicited relative comparisons of each run with the
previous run. The questions were brief, did not burden the subject, and resulted in
an objective appraisal of each subject's perception of his own performance and of
the dispiay.

5.2 EFFECTIVENESS OF DISPLAY CONCEPTS

The intent of the miniexperiment was to select those variables from among three
DIGITAL, GRAPHIC, and PERSPECTIVE display concepts which are most effective,
and thus worthy of the full-length simulator evaluation. As such, the experimental
design was not structured to accommodate a powerful statistical comparison
between display concepts. Nevertheless, it was possible to average the measures of
each of the display concepts, and using the t-statistic determine which if any
produced significantly different results at the p < 0.10 confidence level. This
analysis produced the greatest single contribution of the miniexperiment. [t
signified a need to re-mechanize the DIGITAL display turn initiation point to make
the DIGITAL display shiphandling requirements more compatible with those of the
GRAPHIC and PERSPECTIVE displays.

5.2.1 Trackkeeping Statistic

Table B-2 compares the trackkeeping measures between each display concept.
Aithougn there is no diiference Letween displays in crosstrack distance on the
approach leg, Table B-Z shows significantly less crosstrack variability among the
subject group when the DIGITAL display was used prior to the time of initial turn
rudder.

In the exit leg, 0.25 nm beyond the bend, ownship was still significantly to the
left of the centerline when the DIGITAL display was used, but to the right of
centerline when the GRAPHIC and PERSPECTIVE displays were used. These
trackkeeping measures are illustrated in Figure l4. Immediately a difference in
pilotage performance is suspected.

£.2.2 Turning Statistic

The analysis of initial ~udder (Table B-2 and Figures D-1, D-2 and D-3 of
Appendix D) show a significant difference between DIGITAL and the other displays
in both the magnitude and ownship's distance from the bend when the rudder was
applied. This is illustrated at the bottom of Figure l5. This difference can be
directly attributed to the preprogrammed operation of the DIGITAL display, which
had been calculated for a 10-degree standard rudder and a haul point (i.e., leadline)
at approximately 0.20 nm. At the time this calculation was made, it was
hypothesized that subjects would use standard rudder to negotiate the turn. As a
result of the miniexperiment and the experience with GRAPHIC and PERSPECTIVE
displays, it is recommended that the DIGITAL display program be modified to
calculate a 20-degree turn rudder initiating at approximately 0.10 nm from the bend
or allow the pilot to select the leadline position. This change will bring all
shiphandling requirements of the simulation more in line with one another, and will
permit a valid statistical comparison between display concepts in the subsequent
experiments.

The analysis of check rudder (Tabie B-2) reinforces the finding that with the
DIGITAL display, ownship made extremely shallow turns, perhaps passing across or
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