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INTRODUCTION

The Computer Assisted Operations Re-
search Facility {CAORF) 1is a highly
sophisticated ship maneuvering simu-
Tator owned and operated by the Na-
tional Maritime Research Center. It
was designed primarily as a high Ti-
delity simulator to conduct a broad
spectrum of applied maritime research.
A secondary role has emerged for CAORF
for the specialized training of YLCC
masters in ports such as Valdez, A-
laska. The cost of CAORF training for
Valdez, in terms of resource conser-
vation and other factors, has been
demonstrated to be much less than the
cost of comparable at-sea ftraining,
Recent interest by the maritime indus-
try for the increased use of simulator
training will require prototype devel-
opment; CAORF is the ideal facility
for this type of maritime training re-
search. Hence, multiplie roles have
emerged for this facility: 1) to con-
duct research on operational maritime
problems; and, 2) to develop maritime
training programs and identify train-
ing device characteristics. Both of
these roles exempiify aspects of the
goal of resource conservation through
simulation. The effectiveness of
achieving this goal is addressed 1in
this paper in terms of CAORF valida-
tion, the extent to which mate behav-
jor on CAORF is similar to mate behav-
ior at sea.

CAORF was designed as a research tool
to enable the conduct of dinvestiga-
tions that would be prohibitive to ac-
complish at sea, The extensive capa-
bilities designed into CAORF for this
purpose also enable its use as an ad-
vanced training device. A high fidel-
ity wheelhouse environment is simu-
lated, representing the state-of-the-
art in merchant ship bridge simulation
(see Figure 1). The major elements

of simutation include: 1) the full
compliment of ship instrumentation,
such as radar and navigation equip-
ment; 2) ship handling characteristics,
such as wind effects, turning equa-

tions, and tugboat forces; and, 3) a
comprehensive visual scene. The com-
puter-generated visual imagery, sub-
tending a 2400 horizontal arc and a
240 yertical arc, is the most unique

feature of CAORF. The full color vis-

ual scene can be constructed of any =

area and changed in real-time as a

- . function of own ship and other ship

actions., The visual scene can vary
-according to day/night, level of visi-
bility, and color factors. It cam in-
clude parts of own ship, other ships,
coastline, bridges, buildings, o0il
rigs, and other visual objects.

the quality of
control and

0f equal importance to
the simulation are the
-performance monitoring capabilities
fsee Figure 1). These are essential
from both a research and training
standpoint. The remotely located Con-

- trol Station provides a complete set
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of indicators and displays for moni-
toring the actions of own ship and
other ships. These include monitors
of the visual scene, geographic plots,
_pradar repeaters, and communication
pafiels. Interrogation and control of
all problem parameters may be accom-
plished from the Control Station. The
Human Factors Station compliments the
Control Station by providing a variety
of remotely controlled audiovisual
monitors for observing behavior on the
bridge., These two stations permit re-
mote observation and exercise control
by a researcher or instructer. Fur-
thermore, interaction with the mate or
master on the bridge c¢an be accomw
plished via CRT displays on the bridge
and radio/telephone communication.
"Extensive computer facilities enable
the on-1ine calculation of performance
measures, provide for immediate feed-
back if desired, and provide for com-
prehensive post-exercise analysis.
These extensive controi, performance
monitoring, and computational fea- 7
tures, although designed for the con-
duct of research, are excellent train-
ing assistance capabilities. They
provide the training program developer
and instructor with a wide range of
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capabilities with which to develop and
implement training.

The effectiveness of a high fidelity
simulation facility in the conduct of
applied research, or in providing ad-
vanced training, is dependent on the
validity of elicited behavior, The
purpose of incorporating a high degree
of fidelity is to assure obtaining be-
havior on the simulator that is simi-
Tar to behavior that occurs in the
real world environment, Validation of
the CAORF simulator was undertaken for
this purpose, in essence to ensure

that findings on CAORF have a positive
relationship to those expected at sea.

The issue of simulator validation may
be addressed in three distinct areas:
1. Hardware Validation - e.g., equa-
tions of ship motion.
Perceptual and Information Pro--
cessing VYalidation - the mate'’s
perceptual integration of simu-
lated information {e.g., visual
estimation of target range).
Behavioral Validation - the mate's
behavioral functioning (e.g., the
mate's radar-related behavior).

2.

The third area of validation, mate be-
havior, is addressed by this paper,
This area is of fundamental importance
in that 1t may serve as a summary of
the first two areas, as well as direct-
ly relate to ship performance.

This validation project, which was
sponsored by the National Maritime Re-
search Center, was tailored to inves-
tigate a variety of validation issues
of concern to CAQRF. The most impor-
tant were:

1. The mate's Tevel of activity and
radar behavior as a function of
situation conditions,’
Examination of the existence and
magnitude of a learning/experi-
ence factor when the mate inf-
tially reports on the CAORF
bridge, and
Comparison of research findings
between research performed at
sea and on CAORF,

2.

BEHAVIORAL VALIDATION APPROACH

Behavioral validation was accomplished
by comparing the behavior of mates on
CAORF with the behavior of mates in
similar situations at sea (see Figure
2). An at-sea data base consisting

of mate behavior was compiled from a
variety of trips at sea. This computer

data base also contains reconstruc- e

ted target and own ship data for the
various at-sea situations., Three four-
houyr watch scenarios were constructed
for use on CAORF from these data. The
watches were identical to situations
that had occurred at sea near the
Cheasapeake Bay, Matanilia Shoals in
the Straits of Florida, and the English
Channel, The behavior of mates who

- stood watch on the CAORF bridge during
- the constructed scenarios (ten mates

- 3).

.at sea.

299

and,

total) was compared with the mate be-
havior observed during the 51m11ar
situations at sea.

The three selected at-sea situations
covered a broad range of conditions to
provide for the general applicability
of the validation results (see Figure
A variety of information was de-
veloped for each watch based on the
at-sea situation: 1) own ship data;

2) target dataj; 3) environmental con--
ditions; 4) communications guidelines;
5) geographical data; and, 6) ship in-
formation and materials. In essence,
the mate reported for watch on the

CAQORF bridge is a duplicate of a watch

that had occurred at sea.

The data collection methods employed
on CAORF were identical to those used
. A trained observer recorded
the pertinent Information concerning
the mate's tasks, A variety of task
categories were identified for the at-
sea data collection efforts, and also
used to classify the tasks observed on
CAQRF. More than seventy distinct
task categories werge considered under
the following major areas: 1} ship
control; 2) navigation; 3) communica-< ~
tions 4) visual; 5) contact assessment;
6) logging and miscellaneous.

The validation analysis was conducted
in three separate configurations:

T. CAORF Watch Behavior Versus The
Identical At-Sea Watch Behavior-
The advantage of this approach
was that CAORF behavior could
be compared with at-sea behav-
ior under identical conditions.”
The disadvantage was that the
behavior of only one mate per
at-sea watch could be used for
the analysis.

CAORF Situation Average Versus
Similar At-Sea Situation Ave-
rage - The three CAORF watches
were partitioned into segments .
ori the basis of the situation
conditions; average behavioral
data were calculated across the
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Figure 2. Behavioral Validation Approach
WATCH CONDITIONS
WATCH #1 WATCH #2 WATCH #3
LIGHTING DAY .
NIGHT . .
CONTACT LOAD LOW » .
MEDIUM » . .
HIGH 0
NAVIGATION: OPEN SEA - . .
COASTAL
: RESTRICTED
VISIBILITY: UNLIMITED . -
LIMITED 3-7MM
LIMITED < 3NM .
COMMUNICATION: LOW . . .
MEDIUM
HIGH .
RADAR NOISE: LOW 3 .
HIGH .
CURRENT SET: LOW
MEDIUM . .
HIGH .
NAVIGATION LOAD: | LOW .
MED LIV ] .
HIGH .

Figure 3. Watch Conditions
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similar segments. .The entire
at-sea data base was lTikewise
partitioned into segments, and
behavioral averages developed.
The advantage of this approach
was that the at-sea data for
each situation were based on
the behavior of several mates.
3. Overall CAORF Average Versus
Overall At-Sea Average = This
approach developed average
data across all CAORF watches,
regardltess of the situation
conditions. The at-sea data
were similarly averaged, This

approach, although used to com- .

pare behavioral data, was pri-
marily used for comparison of
CAORF and at-sea ship perfor-
mance.

The analysis investigated similarities
and differences in mate behavior. Be-
havioral variables that received par-
ticutar attention were: 1} Task Work-
Toad - the percentage of a mate's time
that was spent doing particular tasks
{e.g., a 20% radar workload means that
the mate speni three minutes out of
fifteen minutes performing radar tasks);
2} Task Frequency =~ the number of times
in a given period that the mate per-
formed particular tasks; and, 3} Task
Duration - the average amount of time
the mate spent performing a task. A
contact Toad algorithm was used %o pro-
vide an objective estimate of the Toad-
ing placed on the mate by the distri-
butign of ship contacts. The contact
Toad algorithm was developed in an
earlier study investigating standard-
jzed bridge design (Eclectech Associ-
ates, 1976). The contact Toad para-
meter is sensitive to the number of
contacts (fixed or moving), their
range, bearing, speed.and course.

This algorithm was particulariy use-
ful in partitioning the watches into
equivalent segments.

FINDINGS

Mate behavior on CAORF was found to be
similar to mate behavior at sea. The
level of mate activity, the type of
tasks, and the manner in which the
tasks were performed were found to
change in accordance with the situa-
tion conditions, both on CAQRF and at
sea. A summary of the validation
findings is presented in this paper.
The interested reader is referred to
Hammell (1976) for the complete report.

Overall comparisons between mate be-
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havior on CAORF and at sea are shown
in Figure 4, CAORF and at-sea work-
Toads are averaged across all the da-
ta for three sets of situation condi-
tions. The data are further broken
down according to A1l Tasks and Radar
Tasks categories, A relatively high
correlation coefficient was obtained

~ for these data (Spearman Rank Corre-

lation Coefficient: T = 0.9, p <.05),
demonstrating relative similarity in
mate behavior on CAORF and at sea.

Behavior During the Watch

Mate behavior during the watch is ex-
emplified by the data for Watch #2,
Matanilla Shoals area, shown in Fig--
ure 5. The upper curve shows the
dimensionless contact load as a func-
tion of time during the watch, A
contact 1oad of zero through ten in-
dicates a low level; 15 through 30
indicates a medium level; 30 and above
indicates a high Tevel. The contact
load reached a2 Tow-level peak around

- 0900 and a high-Tevel peak around 1130

The Tower curves show: 1} the mate
workload on CAQORF during the four-
hour watch, for all tasks, and aver-
aged over the six mates that stood
this watch; and, 2) the mate workload
at sea during the similar watch, for
all tasks, and for the one mate that
stood watch. Inspection shows that
the mates usually had a higher level
of activity on CARORF, Much of this
difference may be attributed to a
learning/experience efféct, which is
discussed later, The worklgoad peaks
near 0900 and 1115-1145 correspond to
the contact load peaks; the workloads
during these times are primarily due
td contact assessment tasks (e.q.,
reflection plotting on radar), The
workload peaks around 1000 were due
to navigation tasks {e.g., plotting a
LORAN fix). The similar workload
trends of the CAORF mates and the at-
sea mate during the watch {(i.e., peaks
around 0900, 1000, and 1115-1145) show
the correspondence between CAORF and
at-sea behavior as a function of the
situation conditions,

Behavior Averaged Across Similar
Situations

Greater confidence in the behavioral
comparisons may be had when the CAORF

"data are compared with averaged at-

sea data, reducing the potential bias.
The three CAORF watches and the entire
at-sea data base were partitioned in-
to segments based on the situation



SEA CONDITION/

TASK CONTACT LOAD WORKLOAD (%)
CAORF AT -SEA
ALL TASKS OPEN SEA/LOW 27.0% 15.6%
OPEN SEA/HIGH 48,2 32.60
RESTRICTED WATERS/
LIMITED VISIBILITY]%/*© 54.00
RADAR OPEN SEA/LOW 12.0 6.00
OPEN SEA/HIGH 34,4 20,00
RESTRICTED WATERS/[.4 o 22 00

LIMITED VISIBILITY

Figure 4. CAORF and At-Sea Workload Comparison Summary
(Spearman Rank Correlation Coefficient: T= .9{p<.05),
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Figure 5. Contact Load and Mate Workload During
Watch #2, Matanilla Shoals,
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conditions. Three distinct groups of
segments were identified from the

CAORF watches on the basis of the sit-
uation conditions: 1) open sea, good
visibility, low contact load; 2) open
sea, good visibility, high contact. =
icad; and, 3) restricted waters, limit
ed visibility, high contact load, The
average worklcoads for all tasks during
these segments show that the mate work-
load differences between the three
groups of situations on CAORF are si-
milar to those at sea (see Figure 6).
These similarities extend to specific
task areas as well {e.g., radar tasks).

Learning/Experience

Figure 6 shows that the workload in
each group is greater on CAORF than at
sga. This nearly constant offset is
attributed to a learning/experience
effect that occurs when the mate ini-
tjally reports on the CAORF bridge,
This effect is similar to what is ex-
pected to occur when a mate first re-
ports on an unfamiliar ship. He has
to Tearn the instrumentation, the lo-
cation of the controls, and the setup
of radar; he has to become familiar
with the ship operating procedures,
and so on.

The 1earning/experience effect has
been hypothesized to occur in two
parts - short-term and long-term. The
short-term effect occurs at the begin-
ning of his first watch, eventually
settling down to a more normal level
of activity. Figure 7 shows the mate
workload with the short-term learning/
experience period segmented., The
three situation categories in this fig-
ure are: 1) learning/experience - the
first hour of the CAORF watch, which
always had a iow contact Teoad; 2} low
contact lToad situations that occurred
after the first hour; and, 3) high
contact load situations. The rela-
tively high workioad that occurs dur-
ing the short-term learning/experience
period is evident from Figure 7. The
CAORF mates are as active during this
period as when under the high contact
load conditions. The impact of this
short-term Jearning/experiénce period
is exemplified by the workload differ-
ence between this group and the Tow
contact load group, both of which oc-
curred under Tow contact load condi-
tions. Removal of the short-term
Tearning/experience effect has consid-
erably reduced the difference between
CAORF and at-sea workloads. The re-
maining difference is attributed pri-
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_.Toad during the first and second

marily to the Tong-term Tearning/ex-
perience effect,

Comparison of the workioads for all
tasks with those for radar tasks in
Figure 7 reveals that radar behavior
was not overemphasized by mates on
CAORF. The higher CAORF radar work-
load is in proportion to the higher
CAQORF workload for all tasks. Hence,
the radar workload received the same
relative emphasis on CAORF as at sea.

" The absolute differences are attrib-

uted to the lTearning/experience ef-
fect on all tasks,

The behavior of one CAORF mate was in-

vestigated with regard to the long-

term learning/experience effect. This

mate stood the #2 Watch (Mataniila

Shoals) twice, the two times separated

by three months during which he had
some additional experience on CAORF,
Figure 8 shows this mate's radar work-
times
and
ra-

he stood this watch {i.e.

upper
Tower curves,respective1y5.

The

dar workload for the mate at sea is

also plotted, These curves show a
substantial difference in the radar
workloads between the mate's two
watches, indicating a long-term learn-
ing/experience effect. Furthermore,
the CAORF mate's second watch radar
workload was quite similar to that
which occurred at sea {i.e., almost
no radar activity until the contact
load increased near the end of the
watch). These data should he cau-
tiously interpreted since they were
from only one mate on CAORF and one
mate at sea. Nevertheless, they sug-
gest a long-term tearning/experience
effect. Additional research should
be conducted at sea to verify the
Tearning/experience effects on mate
behavior when he first reports on

an unfamiliar ship.

Experimental Effects

The initial experiment conducted on
CAORF investigated the benefits of
electronic aiding on ship performance
under a variety of situation condi-
tions. Three levels of electronic
aidingwere studied: 1) visual oniy;
2) radar and visual; and, 3) coliision
avoidance system (CAS), radar, and
visual. The CAS condition was found
to result in superior performance
based on a variety of measures.

One of the major purposes of this val-
idation study was to investigate the
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Figure 8. Mate Radar Workload During Watch #2, Matanilla Shoals,
Showing the Long-Term Learning/Experience Effect.
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Figure 9. Range at Closest Point of Approach for Traditional (Radar)
and Automated {(CAS) Bridges, CAQORF and At-Sea [Data.
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validity of CAORF experimental find-
ings. This was accomplished by com-
paring experimental effects obtained
from CAORF research with effects ob-
served in the at-sea data. An impor-
tant CAORF research finding supported
by the at-sea data was that CAS equip-
ped ships attained larger ranges at
the Closest Point of Approach (CPA)
than those ships equipped with radar
only. Figure 9 shows the high degree
of similarity in the ranges at CPA

for CAORF and at-sea data for radar-
only and CAS equipped ships. Of )
greatest importance, however, the
at-sea data demonstrated an effect
similar to that obtained from research
on CACRF -~ that is, a greater range at
CPA for the CAS equipped ships. The
experimental effects obtained on CAORF,
therefore, are substantiated by the
effects observed in the at-sea data.

SUMMARY

The findings from this validation
study demonstrate a degree of similar-
ity between mate behavior on CAORF
and mate behavior at sea. The mate's
activity level on CAORF changed in
accordance with situation conditions
similar to behavior that occurred at
sea. The CAORF mates were very active,
at a level equivalent to that of the
most difficult situations at sea.
This generally high level of activity
was attributed to a learning/exper-
ience effect that was predominant
when the mates first reported on
CAORF, and then subsided over time.
This effect was similar to the ex-
pected behavior of mates at sea when
first reporting on an unfamiliar
ship. The mate's radar behavior on
CAORF was also found to be similar to
that occurring at sea, a function of
the changing contact load conditions.

Experimental effects obtained in the
initial CAORF experiment were veri-
fied by the at-sea data. These vali-
dation findings are, perhaps, the
most important since they directly
support the validity of CAORF re-
search,
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The CAORF simuiator was designed prij-
marily as a research tooil. Its wide
range of simulation, control, mon-
itoring, and analysis capabilities
make it an excellent training device
as well. Although expensive, operation
of CAQRF is much Tess expensive than
the operation of a ship at sea for
research and training purposes, as

has been demonstrated during experi-
ments for the port of Vaidez, Alaska.
Other factors, such as the control of
environmental! conditions and the capa-
bility to train in failure modes of
operation, weigh greatly in favor of
the use of simulation. The acceptance
of CAORF by the maritime community for
research and training c¢learly demon-
strates the need for resource conser-
vation through simulation. The CAORF
validation study represents a funda-
mental step in verifying the feasi-
bility of simulation for soiving a
varigty of problems, and hence, con-
serving resources,

The results of this validation study
support the quality of the CAORF sim-
utation and the resultant empirical
research findings. This represents
the first demonstration of the be-
havioral validity of a marine simula-
tion facility.
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