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PREFACE

This report is one output resulting frcm a program to
develop an analysis and evaluation methodology f-- dealing with
questions regarding operational Command and Control (C&C). As a
prelude to the report it might be well to briefly describe our
view of C&C and of program purpose, and to discuss how this
report relates to the program. For more detailed discussions of
C&C and a presentation of the overall methodology, the reader is
referred to Reference 1 and, especially, Reference 2 (see page
31).

C&C can be defined most succinctly by saying that it is the
unautomated, or human, management element of any system,
responsible for enactment of that system's role and achievement
of its goals. The overall C&C structure for any one system is
being described as a hierarchical chain-of-command which links

system-subsystem definitions, is responsitle to higher links in
the external chain-of-command, and which establishes and directs
system mechanisms for the purposes of C&C information acquisition
and utilization. Any one system, at whatever level of definition,
is seen as being composed of at least the following: (1) a C&C
Functional Model, (2) a system 'plant', (3) a system environment,
and (4) the aforementioned information mechanisms. It is very
important to note that what constitutes the system 'plant', or
the controlled element, at one level of system definition may
well constitute the command element at another level of syscem
definition. All of the foregoing can be constituted of either
men or men and machines, as appropriate to the problem under
consideration.

The purpose of the overall program is to develop a method-
ology which will enable the Navy analyst to gain better status,
predictive, and diagnostic information about operational C&C
and, therefore, about the effectiveness and performance of manned
systems. It has previously been the case that C&C has generally
not been included as an integral part of most system design and
operations analysis programs. Rather, if and when analyzed, it
has been analyzed as a subject, or system, in and of itself; but
as can be inferred from the above definition of C&C, this is a
useless and often counter-productive exercise. C&C has meaning
and purpose only as an integral element of a particular system;
the purpose of the overall program is to provide a methodological
framework for analyzing C&C from this viewpoint.

When C&C is viewed as the integral management element of a
particular system, as that part rtcsponsible for system perform-
ance and effectiveness, then it can be evaluated only through
careful analysis of system cause and effect variables which
constrain ..nd/or are the responsibility of the C&C element - e.g.,
the "plant" and "environment" variables. The implication here is
that substantive questions regarding a complex operational system
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or' its command and control element will of ten~ require the
development of a substantial model of that system and its
components so as to reflect the effects of C&C strategies and
tactics on the states and activities of system components and
the consequence effects on their performances and on system
effectiveness. The model developed of the system, its components,
and its operations must be in a form which allows a compatible
expression for human and equipment components and, further,
allows the expression of C&C actions and the consequent effects
on system behavior.

The purpose of the part of the program presented in this
paper was to develop a way of modeling systems for computer
analysis which would provide the foregoing capabilities of
expression, analysis and evaluation. The approach taken was to
review the techniques available for computer model development,
select the most promising technique, to test out its capabilities
through the modeling of a particular system with which we had had
considerable experience, anid to begin transforming this experi-
ence into a method for command and control analysis. This paper
presents the work completed under this part of the prograxm and,
as a final comment, it appears that the simulation languages
present capabilities for manned systems modeling which have not

* yet been fully exploited. Considerable potential remains
untapped.
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I. INTRODUCTION

One approach to the evaluation of manned systems and their
command and control elements is direct empirical observation.
However, direct measurement, anid especially the study of system
variables by systematically altering conditions within a manned
system, are oftem impractical. A model of the system which
allows variation and measurement may therefore be a cost
effective alternative, and a computer model for such purposes
is sought in this paper. Such a model must include computer
representations of both human and machine components, so that
subsystem and total system performance can be measured in terms
of computer parameters.

The primary purpose of this report was to develop a method
of computer modeling for command and control analysis. The
method is called the Command and Control Analysis Model. A
computer model was programmed at two levels of complexity, but
since the emphasis was on the development and exposition of
methods, as simple a model as possible was developed for test
and evaluation. Complete detailed examples were not actually
developed and tested, but suffi.cient direct programming experi-
ence was accumulated so as to provide a basis for the
establishment of general procedures and some evidence of the
workability of the approach.

The General Purpose System Simulator (GPS3) language was a
convenient choice for this study but other computer simulation
languages are available to serve similar purposes. The GPSS
language was used to construct an example simulation based on the
Carrier Air Traffic Control Cantar (CATCC). Both human and
machine components are included, and the role of co•-puter models
in Command and Control analyses is discussed. Guidelines for
the development o- computer models are generated to guide future
applications of this techinique. An interesting side issue is
that the computer simulation languages have such rich descriptive
capabilities that for human task performance deficiencies in
standard task analyses techniques are made apparent.
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II. BACKGROUND

A BRIEF INTRODUCTION TO GPSS

The General-Purpose System Simulator (GPSS) is a computer
language for modeling those systems which involve flows of
transactions and events over time. The GPSS language also
permits the collection of statistical records about system
quantities. Some common examples of systems which can be
simulated with GPSS are traffic flow (e.g., people, automobile
or aircraft movements), factory assembly lines, distribution
systems, and many aspects of man-machine systems. There are
other simulation languages for computer modeliný' (e.g., SIMSCRIPT,
SIMPAC, CSL, ESP, SIMON, GSP, MONTECODE, SIMULA, DYNAMO, and
OPS), bat GPSS will be presrated here so as to allow concrete
exampleb,

GPSS (Refs. 3 and 4) is a block-diagiam-oriented lauguage.
When a system block diagram is prepared at a sufficiently
molecular level using a GPSS-specific set of blocks, the computer
program can be derived directly from the block diagram. Take
for example the block diagram of a simple queue forming at a
theatre ticket window as presented in Figure 1. In sequence,
the block diagram indicates that the computer model should
(1) GENERATE transactions (people) and cause them to be introduced
at intervals according to a specified distribution, (2) form a
QUEUE, or waiting line, fcr people wakting their turn and keep
statistical records on the length c, the line and waiting time,
(3) SEIZE a facility (the ticket vendor) when an individual gets
to the front of the line and the ticket vendor is not busy,
(4) DEPART the queue, (5) ADVANCE the clock according to a
specified distribution to account for the time needed for the
ticket to be given and money exchanged, (6) RELEASE the facility
or the next person in line, (7) TABULATE statistics (update
frequency distributions) of system quantities for printout at
the end of the computer run, and (8) TERMINATE the transaction
(individual) from the system. This block diagram can be trans-
lated into a computer program along with specific system
quantities. The computer model can then be exercised until a
specified number of transactions are completed; subsequently
the run would stop with a printout of requested statistics.

GPSS involves a number of entities which are include ý in a
system model simply by referencing them by number (as there maybe many of each). First, transactions are entities which flow

through the system block diagram. Transactions may be thought
cf as people, automcbiles, airplanes, mail, etc., as one wishes.
Each transaction carries with it twelve or more numbered
parameters. Values associated with each parameter can be used
to characterize the transaction. Facilitie- are entities which
simulate the processing of transactions, with as few as one
transaction at a time being processed. Storages may process (or

2
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store) a number of transactions at a time, but a capacity for
storage must be specified. Queues, as already indicated, are
used to cause the GPSS s~ystem to maintain statistics on lines
which forin, Savevalues are numbered storage areas where special
data may be kept until the end of a run. Standard Numerical
Attributes (SNA) are system quantities which are automatically

I remembered. These and other entities are available to the GPSS
programmer to create a computer model.

The GPSS language and the concepts included will be used in
this report to develop a computer model of a specific man-machine
system. This specific model has been constructed so as to serve
as a vehicle for describing methods for developing models of
other systems for command and control analysis purposes. The
generic name for these types of model.s is the Command and Control
Analysis Model.

The specific system to be modeled in this report is the
Carrier Air Traffic Control Center. It controls the recovery of
aircraft on an aircraft carrier and possesses a substantial
command and control element. The essential char-acteristics of
this system are outlined in the following section.

A BRIEF INTRODUCTrION TO THE CARRIER AIR TRAFFIC CONTROL CENTER

The carrier air traffic control system (Ref. 1) consists of
several agencies, each with specific control functions and
responsibilities for coordinating with the other agencies. As
one of these agencies, the Carrier Air Traffic Contirol Center
(CATCC) has primary responsibility for aircraft requiring
positive center control (e.g., under instrument flight conditions)
within a one hundred mile radius of the ship for which that ship
is either the destination or point of departure. For aircraft
operating under other control conditions, CATCC interacts with
other agencies for control purposes and/or monitors to ensure
traffic safety.

one of the more difficult CATCC activities, and the one
which requires the most complete and fullest utilization of CCA
capabilities, is a Mode III recovery of a scheduled flight of
aircraft. The number of aircraft per scheduled recovery commonly
ranges from 7 to 18. CATCC recovery of a flight of aircraft is
considered to be one of the more stressful air traffic control
activities. The activity is stressful due to the task require-
ments for control within quite close position and time tolerances
and for management of what can become a comriex traffic pattern
with many variables in operation. The le~vel of stress is
increased by the awareness of the extreme costs in terms of lives
and aircraft that can be incurred by failing to meet task
requirements.

The CCA control positions usually manned for these recovery
operations are Marshal and Subteams A and B, with each subteam
consisting of one Approach and one Final Controller. Other

4



personnel directly involved in support or supervisory roles
include the Carrier Controlled Apprr :h Officer (CCAO), the
Supervisor, and Boardkeepers for tL. marshal and final status
boards.

During recovery operations, the aircraft are initially
under Marshal control. The Marshaller organizes aircraft within
the marshalling configuration and ensures their individual
entry into the approach pattern at the appropriate time.
Aircraft handoffs from Marshal to Approach usually alternate
between Subteams A and B, with subsequent handoffs from Approach
to Final. The flow for CCA control and integration functions
during scheduled Mode III recoveries is presented in Figure 2.

5
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4 III. COMMAND AND CONTROL SIMULATION WITH GPSS

! I Since GPSS produces models in which -_ransactions flow
through a system, the starting point in producing a simulation

V is the identification of the paths along which transactions
I flow, and, of course the different kinds of transactions. For a

CATCC model, the following transactions and paths are appropriate
as shown in Figure 3: (1) the flow of aircraft from the Marshal
point down to the deck of the carrier, (2) data about the
aircraft, flowing to the CATCC, (3) control instructions, flowing
from CATCC to the various aircraft, (4) transformations of (2) to
produce (3) flowing internally within CATCC, and (4) command
information, flowing from external sources to CATCC.

When block diagrams are generated for each flow, programs
generated and executed on a digital computer, all types of GPSS
transactions flow "simultaneously" simulating an information-
processing management system in which transformations and
interactions occur in the same event/time relationships as the
CATCC. The GPSS Software permits record keeping and the
calculation of measures of effectiveness as the analyst desires.

For our purpose, which was the development and exposition
of methods for developing computerized command and control
analysis models, two versions of a GPSS CATCC model were produced.
The first version was a very simple, and therefore unrealistic,
model of CATCC while the second version was more complex and
incorporated modules of interest in the analysis of manned
systems. The development of two versions was .L part of an
iterative methods development, test, and evaluation process.
Both versions are discussed in this chapter. Subsequent chaptera
will use the background provided by this chapter for exploring
model development guidelines and uses.

A SIMPLE GPSS SIMULATION

A simple GPSS simulation for the control of a flow of air-
craft is presented in Figure 4 in block diagram form (A complete
listing of the GPSS program is presented in Appendix A). This
model is oversimplified in at least two respects: (1) information
and control related to the aircraft are updated at only one mile
intervals, and (2) the controller is a simple unit which only
tests spacing and sends aircraft bac': into line whenever the
spacing is too close. This simple nodel will be used to develop
methods and illustrate potential application to a system such as
CATCC; additional modules for model sophistication will be
discussed later.

The following comments apply to the block diagram of Figuret ~, tr 4:

7
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Parameters. Each transaction (aircraft) in the aircraft
flow has associated with it a number of parameters as shown in
Table 1. The value of each parameter characterizes each aircraft
and becomes the basis for identifying and controlling information
flowing in the system.

Generation of flights. Flights are generated at specifiad
intervals (i constant intaýrval, or a mean value with a specified
distribution). As each flight is generated, the number of
aircraft in each flight is determined as well as the parameters
for each aircraft; each of these may be constants, computed
values, or selected from a random generator with specified
characteristics. Flight size and fuel remaining are determined
through random distribution FN1 and FN3 (i.e., function one and
function three).

Marshal point. Each arriving aircraft is assigned an
estimated time to begin its approach to the carrier; each is
separated by one minute. Subsequently, the time foL each aircraft
to begin approach is compared to the GPSS clock to determine when
the aircraft can continue again.

Aircraft flow. As each aircraft flows through the system
("down the approach") the following occur: (1) glideslope,
azimuth, and airspeed errors are introduced through specified
random distributions identified in GPSS as functions (FN1, FN2,
FN3), (2) each aircraft transaction is split into two duplicate
transactions, one of which continues as an aircraft in the
aircraft flow, and the other is sent as data along the data flow
path, (3) the clock is advanced and fuel is decremented to
reflect traveling one mile, and (4) if control is dictated, the
aircraft is held and fuel decremented to simulate placing the
aircraft at a new position in the approach line up. These events
occur iteratively until each aircraft transverses the 20-mile
path (20 times through the aircraft flow loop).

Information processin The information processor in this
simple example bears little resemblance tr, CATCC operations.
Only one controller, with few human characteristics, is included;
this controller tests the spacing between aircraft, and when an
aircraft is following too closely it is sent to a pre-planned
opening in the approach line up. As information in the form of
posit-i-n reports arrive at the controller, the number of items
of information unprocessed is counted and additional information
discarded to keep the queue sufficiently short so that exception-
ally old information is not processed. When the controller is'
free, the time of arrival of each aircraft at a specific mile
ch-3ckpoint is compared with the time the last aircraft arrived at
tae same checkpoint. If the time difference was less than 30
seconds, a control action is originated (split from the data
transaction); otherwise, the data transaction would be terminated
Idiscarded from the information processing subsystem). A control
action cinsisted of computing the time for the aircraft to be

10



TABLE 1. PARAMETERS ASSOCIAT ED WITH EACH
AIRCRAFT TRANSACTION

PARAMETER CONTENTS

I'1 Flight Number

P2 Flight Size

P3 Type Aircraft

P4 Serial Number

P5 Seconds of Fuel Remaining

P6 Clock Time Stor;age

P7 Airspeed (seconds per mile)

P8 Heading Error (degrees)

P9 Glideslope Error (feet)

PlO Checkpoint (miles to go)

PII Holding Time (seconds to hold A/C)

P12 Clock Time Flt Arrives at Marshal

held, and allowing this information to be communicated to the

aircraft-flow simulation.

Measures of effectiveness. As the system simulation
proceeds, system quantities are automatically recorded. At
specified points in the various flows, statistical tabulations
are updated for summary printout at the end of the computer run.
Statistical tabulations may include airspeed, heading and glide-
slope errors, fuel remaining after recovery, controller processing
time, aircraft spacing, flight recovery time, and others. The
computer run terminates after a specified number of aircraft have
landed on the carrier deck.

Tables 2 and 3 present example statistical output for
airspeed and spacing, respectively. The GPSS programmer defines
intervals for each tabulated value, and then fveguency counts are
accumulated during the GPSS run. In each table, che following
information is presented: the interval (in terms of the value
at the upper limit of each interval), the observed frequency
count in each interval, the frequency information in terms of
the percent of the total number of entries in the table,
cumulative percentages and 100% minus the cumulative percentage,
the multiple of the mean, and the deviation from the mean.

I ___
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The mean, standard deviation, sum of arguments, and the total
number of entries in the table are also presented as summary
information.

ADDITIONAL MODULES FOR CATCC SIMULATION

While the above model contains some characteristics desired
in a CATCC model, it definitely lacks many others. Among these
are the following, which may be considered as additional modules
to be added or substituted in the previous simple model to
achieve a more desirable model form (Appendix B contains a
complete listing of the resulting expanded GPSS program):

MULTIPLE CONTROLLERS If a command and control analysis is to
properly consider the man-machine problems encountered in CATCC,
the individual workers and their communication channelp must be
identified. For example, the personnel "facilities" should
minimally include the Marshal Controller, two Approach Control-
lers, two Final Controller, a status board keepcr, and personnel
from related command agencies.

Consider the following GPSS example (from Appendix B):

SEIZE 11 Seize a Communication channel
ADVANCE 100 Account for time for A/C to report in

SEIZE 2 Seize the Marshal Controller "facility"

ADVANCE 150 Account for time to assign an approach
time

!hSSIGN 6,V6 Assign an approach time to parameter 6

Two facilities &re identified: a communication channel and the
Marshal Controller. When an aircraft reports in a communication
channel (facility #11) must first be available and time is taken
for communicating the message. When the Marshal Controller
(facility #2) is free and after sufficient time to determine the
desired appraoch time, the approach time is assigned to the
aircraft (information to be stored in parameter 6).

DISPLAYS To permit the simulation of individuals' tasks,
display information must be provided in the model in a form
required by each task. For example, informaticn derived from a
radar can be stored in specific computer storage areas (SAVEVALUES)
which the mod 1 can access as needed. This permits radar informa-
tion to be subsequently degraded or missing as appropriate to
operational radar. Also, status boards can be similarly
modeled, permitting realistic update intervals by the simulated
status board keeper.

A method for storing display information for access as
needed is to arrange a series of Savevalue locations to corres-

2 4 pond to a matrix of aircraft numbers and all parameters for each
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aircraft. When a data transaction is received GPSS variables
are used to compute the proper place in the matrix for each
associated parame-ter (see Radar/Display Information Updating
in the program listing in Appendix B). When information is
needed from a display for a human operator task, a similar
computation can be performed to retrieve the latest information
from the matrix. One can also insert additional displayI
properties, such as loss of information during a specific range
of distance by testing the distance before accessing the matrix
and use the stored information only if outside the zone of radar
loss.

CONTROL The control provided in the simple model does not
reflect the full repertoire potentially available in the CATCC.
A number of different maneuvers are used operationally to manage
traffic flow, conflict, and emergency situations and could be
added to the model.

In the current simulations, x-y position of each aircraft
is not computed, only the position along the approach path.
Control is exercised by halting motion along the path for a
specified time, changing speed, or moving the aircraft back up
the approach path (e.g., to the Marshal point). Consequently,
within this simulation, the control actions can include: (1)
de 'lay aircraft advance by using an ADVANCE block and decrementing
fuel by modifying parameter 5 with an ASSIGN block, (2) change
speed by modifying the value stored in parameter 7, using an
ASSIGN block or (3) send the aircraft back to a specific plac:ý
in the flight path where a space in the approach sequence is
available (using an ASSIGN block to change parameter 10 for
for distance to go and parameter 5 for fuel remaining, and an
ADVANCE block to account for the time required).

TASKS Each task pertinent to information processing should be
included in a CATCC simulation if it were to be used for detailed
prediction and diagnosis analyses. Many tasks are initiated by
specific stimuli; for example, a position report may initiate a
task by a controller, which when completed may initiate another
task, and so on. Other tasks may be rather continuous such as
monitoring aircraft spacing on a radar screen, or others may be
initiated as time permits; however, such tasks may be timeshared
with other tasks, so that a task priority structure is clearly

needed.

An example of a continuous activity is that of monitoring
the radar screen for a".iequate spacing between aircraft. The rate
of such activity can be controlled using a GENERATE block to
create transactions which are used to cause radar information to
be accessed, tested, and appropriate actions to be taken. For
example:
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GENERATE 10

SEIZE 4
TEST G V26, K13, CLOSE

ADVANCE 2
RELEASE 4
TERMINATE

In this case a transaction is created every 10 clock units,
which causes the distance between aircraft to be computed (using
variable 26 for computation) and if the distance is less than 13
distance units then the appropriate control actions will be taken
(at address CLOSE). Other tests may be initiated by the trans-
action if inserted before the TERMINATE block.

Note the use of SEIZE, ADVANCE and RELEASE blocks in the
above example to ensure that facility 4 (Approach Controller A)
is available, account for his time occupied, and free him when
completed. This member of the team may of course have other
demands on his time simitaneously, GPSS and similar languages
al-low for a priority structure so that if more than one trans-
action attempts to seize a facility at the same time the facility
can be devoted first to the morea important one. Two cases can
be directly implemented using GPSSt (1) when a given transaction
must be serviced immediately, use of a PREEMPT block will obtain
immediate use of a facility and permit the facility to then
continue later by reconvening service of any previous transaction
and (2) transactions may be assigned a priority which modifies
the normal first-come first-served rule. Other priority
structures may be implemented; for example, task A may be
divided into segments (SEIZE-RETURN, SEIZE-RETURN,...) causing
the facility seized to be entirely devoted to a transaction in
segments, but free for other activities at predetermined
intervals.

14.
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IV. GUIDELINES FOR COM4PUTER MODEL DEVELOPMENT

The model explored in Chapter III of this paper used the
CATCC as an example relevant to manned systems with a substantial
command and control element. The specific procedures and

*1problems encountered *with that example are generalized as
guidelines in this chapter so that the analyst may attempt to
adapt these to his specific needs with other similar systems.

SYSTEM INFORMATION NEEDED

As the computer model is to be an analog of the operating
real system, a great deal of information is needed about each
facet of the system which is to be reflected in the model. Among
the areas of syst-em information needed are the following:

1. A description of the controlled element, the variables
1 I which specify the state of the controlled element, and variables

which are used for control.

2. A specification of each channel of communication
(various forms of electronic, visual, and auditory communication
devices), and the capacities and manner of use fo,- each channel.

3.- Those machine elements of the system which share the
information processing and control tasks with the human elements

must be identified and described. They must be characterized
(e.g., failure characteristics) so that they can be realistically

r represented in the computer model.

4. The information to be visually displayed within the
system must be listed, along with display characteristics which
may be of interest for model use such as rate of updating,
method of accessing and displ~ay degradations (e.g., errors ",
missin~g information).

5. Incidents where human task requirements may occur
simultaneously -- creating a need for human time-sharing -- must
be identified. Methods for choosing between competing tasks,
or methods for time-shar~ing tasks, must be defined in a manner
permitting computer description.

6. The people in the system must also be modeled in a
manner permitting the effect of human characteristics on huma'n
perfot...:tnce to be included in the computer model.

7. Scenarios are needed which describe the conditions and
load under which'the system will typically operate. the computer
model must validly perform for each required scenario.

17



AMOUNT OF MODEL DETAIL AND COMPLEXITY

During computer model development tlie system programnmer will
face~ many decisions about model detail and complexit-y. Suffi-
cienit model detail is necessary for (1) proper m~odiW operation
and output, (2) proper infoi.Aation processing within the model,

(3) corre~ct man-man and man-machine interface, (4) valid human
and equipment performance, and (5) an adequate experimental
design including all independent and dependent variables. (And

a function of whether the question being asked is one regarding
system status, prediction, or diagnosis. This issue regarding
model detail and complexity will be discussed again later.)

The progi-ammer must consider all five of these needs
during model construction. For example, a given communication
may be of little importance for the scenario and therefore
require only that the amount of personnel time consumed be
accounted for. On the other hand, if the communications are
relevant to scenario evolution then each item of informationj
must be appropriately processed and stored.

Often computer programming for model development is turned
over to a software specialist without adequate information on the
foregoing. It should be clear that this could be disastrous, for
the programmer must then make (often inadvertently or by default)
many critical decisions about model details in order to develop
a program which will answer the analysts questions. In the
process of doing this the programmer must often generate
considerable detail related to human 3~erfuimnance models. The
model developers, i.e., the programmers, must possess both
command and control and programming expertise and, further, be
given all the necessary and sufficient information about the
system, its components, and its operations.

PROCEDURES

The steps listed below were used in developing a GPSS Model
of CATCC and are offered as a general framework for the develop-
ment of other models.

1. System Analysis. A description or the approaching
aircraft the CATCC system, personnel tasks, system procedures,
and measures of effectiveness was formulated. Scenarios were
formed to specify the precise conditions under which the model
would be used. Development of a scenario independent model was
also attempted; however, it was found that descriptions of CATCC
system operation were frequently a funevtion of specific events
occurring singly or in a specific sequerkce and under specific
conditions. Consequently, the descriptions and therefore the
model, derived for one scenario migl't not be valid for some
events occurring at other times, in other sequences, or in
unusual combinations. It became clear that models for command
and control. analysis are very scenario dependent and that the
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selection of a representative set of scenarios for system
description and, consequently, model development is critical.

2. Model Framework. A model framework was formed, based
on the system analyses, including the following components:
(1) the flow of approaching aircraft which provides information
to CATCC and which responds to CATCC control, (2) displays,
which are manually or automatically updated, (3) the man-machine
system, including chains of events which are initiated by
external stimuli, and events which are initiated internally,
(4) measurement, and (5) external command inputs.

3. Task and Communication Ana'ysis. The tasks were
described using several format-s, including a task analyses,
operational sequence diagrams (OSD), and decision tree analyses.
The analyses defined the sequence of occurrence for initiating
stimuli (communications, or display of triggerin~g information)
and corresponding actions. Examples are presented in Figures 5-
7. From these data GPSS flows were defined, with each flow
initiated by the proper event or information. Other GPSS flows
which resulted are those which are initiated within CATCC, or
which are continuously performed (as time and events permit).
The OSDs were constructed for selected task operations where the
GPSS block diagram could result from a direct mapping from the.
OSD. Decision analyses were used to clarify the choice between
alternatives, especially in the case of ewergency events. The
analyses were subsequently placed on a tizie line by listing
tasks and, for a given scenario, assigninj a nominal time to each
task.

4. Scenarios and Experimental DL~. Scenarios describing
conditions under which the computer model was to be tested provided
such information as the number of aircraft and mixes thereof. Since
a number of random variables and unpredictable combinations of
events will occur while exercising the computer model, experi-
ments must be conducted with sufficient trials to achieve stable
measurements of comparisons between alternative system configura-
tions or inputs. Of course, the conditions under which the
computer model will be used is valuable information for model
development to ensure that desired experimental comparisons and
measurements are designed into the model.

5. Programming and checkou'L. A computer programL can be
prepared based on the foregoing information. Normally, the

¶ programmer interacts between requirements, the program, and the
results of trial program executions until he obtains what seems
to be needed. The checkout of the program evolves in three
stages: (1) correcting syntax, (2) getting the program to run,
and (3) getting the program to run correctly..

6. Program verification. The last stage of program
checkout, that of getting the program to run correctly, is, of
course, the most critical stage. The programmer should personal-
ly possess both operational and system knowledge since it is
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BOLTER/WAVEOFF - ALTERNATE OPERATOR OPTIONS AND INFORMATION FLCW

Situation: LSO signals waveoff to aircraft at ½ mile from ramp
because of fouled deck. CCA, AirOps, PreFly and
Bridge receives knowledge of same Via monitoringS~activities.

ACTIVITIES INFORMATION FLOW

1. Bingo A/C CCA Supr. reviews status board data and
determines best solution is bingo.

CCA Supr. coordinates with AirOps for
concurrence.

CCA Supr. instructs Approach Control to
relay bingo information to pilot.

Approach Controller transmits bingo instruc-
tions to pilct and receives acknowledgement.

Status board keepers update status boards.

2. Bring boltcr CCA Supr. reviews status board, notes A/C
A/C around for fuel state and instructs a new insertion
new approach ASAP ASAP.

Talker informs AirOps, PriFly, and Bridge.
App. Control coordinates with CCA Supr.,

Marshal Control and other Approach Control-
ler to create space for bolter A/C.

App. Controller and Marshal Control Transmit
speed, flight path changes, etc., as
needed to affected A/C to accommodatebolter space creation.

Pilots acknowledge instructions.
App. Controller transmits insertion instruc-

tions to bolter A/C and handcff to Final
Controller when appropriate.

Bolter A/C checks in with Final Control/LVO
and completes landing.

Status board keepers maintain updated
status boards.

3. Reinsert bolter CCA Supr. reviews radars, status boards for
A/C at the end recovery sequence details and determines
of the line after bolter A/C will refuel and make new ap-
refueling proach from marsnal.

Talker relays CCA Supr. action to AirOps,
PriFly and Bridge.

CCA Supr. instructs Approach Controller to
relay instructions to bolter pilot.

App. Control instructs bolter pilot to con-
tact Departure Control for refuel instruc-
tions.

Bolter pilot acknowledges.
After refuel, bolter pilot re-enters marshal

area and checks in with Marshal Control.
Status board keepers maintain board update

Figuire 7. Example Decision Tree Analysis.
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unlikely that he will be able to derive what he needs from
other people in the form needed. However, the task will be
expedited if specific check cases are constructed for which

* desired results are fully known. Also, highly detailed and
- redundant measurement printouts will help identify unanticipated
-. problems. Aside from these few suggestions, it can only be said

that checkout and debugging remains an art to be performed in a
painstaking fashion.
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V. ROLES OF COMPUTER MODELS IN COMMAND AND CONTROL ANALYSIS

Simulation language computer models, such as that repre-
sented by the GPSS CATCC model, can serve several roles in
command and control analysis (cf, Ref. 1, 1974, pg. 64): (1) to
answer questions about the status of -wvstems effectiveness,
(2) to diagnose system problems, and (3) to predict future
system performance and effectiveness. In all of these roles, the
computer model offers much more power and flexibility with regard
to manipulating system parameters and reconfiguring the system
than is possible when attempting to examine the operatioral
system directly. On the other hand, it is not ordinarily
possible to check the validity of each and every variation of
the computer model, and often the validity of results is either
estimated or is simply unknown. In the end, a blending of
analytical techniques, including direct empirical testing, at
critical points is probably necessary, giving some assurances
but no overall guarantees of validity.

SYSTEM EFFECTIVENESS QUESTIONS

If only system-global or final status measures of effective-
ness are needed, a computer simulation may need only represent
the overaJl system and a detailed simulation of components or
subsystems may be unnecessary. The performance of the system can
be made to depend on the level of load or environmental condi-
tions, which, in the case of CATCC, could include parameters
such as: the number of aircraft in each "light, the rate of
arrival of flights, mixes of aircraft types, pilot proficiency
as evidenced in flight errors, and fuel condition. Specific
events may also be pertinent, such as the turning of the carrier
to a new heading or the bolter of an aircraft. Performance and
effectiveness may be investigated as a function of these
parameters or events if the desiqn of the model included the
appropriate features; for example, if parameters relating to
number, type and arrival of aircraft are of interest, tnen the
model must include entities which correspond to individual
aircraft.

Given an appropriate computer model, the appropriate
parameters may be varied as necessary, and resulting performance
measured. Since GPSS permits multiple runs to be made with
convenience, an experimental design may be implemented and
sufficient data collected for statistical analysis. While large
and costly computer runs may be involved for larg'e numbers of
iterations with a large model, it should be clear that perform-
ance data may be collected on situations which may be exceedingly

difficult or impossible to collect durinq a field experiment
involving an operational command and control system.
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SYSTEM DIAGNOSIS QUESTIONS

Suppose that the measures of effectiveness for a given
system indicate a deficient level of performance. How should
one. correct the situation? As suggested in Finley, et al (Ref.
1, P. 67), one may attempt to adjust the system, or failing in
this, faulty components may be replaced. While the procedure
may be basically trial-and-error, one must be guided by someI
prior and much more detailed knowledge of operational system
response to specific changes if some degree of efficiency is to
be achieved.J

As pointed out in the preceding discussion, an iterative
procedure will be difficult and costly, and often too dangerous
or impossible to implement with an experimental approach using
the operational system. A computer model is relatively simple1'! and less expensive. Deficiencies may be systematically includp~d
in the model in varying degrees of severity and the effect on
measures of effectiveness observed; however, this is limited to
variation in the parameters provided in the model.

Through use of a more complete xitodel than would be used to
investigate a status question, the sensitivity of system
performance to changes in parameters representing the more
detailed and internal operations of the system can be found,
allowing (1) the system characteristics to be identified which
might caus'3 a specific deficiency, and (2) a determination of the
amount of adjustment which may be needed for correction. of
course, exercising the model in this manner should only be
necessary to provide knowledge about system mis-operation and
sensitivity to internal chanctes when such knowledge is not
available or testable through operational experience. Ultimately,
in any case, changes must be tried in the operational system, and
measures of effectiveness colle(.zced to determine if the fix was
appropriate.

SYSTEM PERFORM1ANCE PREDICTION QUESTIONS

The computer model may be used to predict system performance
and effectiveness with much the same objective as the approach to
system diagnoses. The question is put in the form: What will
happen if...? If the model is constructed appropriately,
varia tions in model parameters or configuration may be initroduced.
Since many inputs and parameters may be stochastic, multiple
computer runs may be necessary to establish a sufficient statis-
tical nýot of measures for evaluation. Based ot, this procedure,
statements may be made to the effect that substitutions in either
the man or machine components of the system (or AX change in a
man or machine parameter) will make an average improvement AY in
system performance. If such a prediction can be related to each
change, then a regression equation may be formed with change
variables and coefficients written on the left side of the
equation and the equation and the predicted variable (measure of
effectiveness) on the right-hand side.

25



It should be clear that while questions of system effective-
ness status may be approached with a global model, questions
about system effectiveness diagnoses or prediction require a
model with much internal detail. For example, if man-machine
performance is to be addressed, the people of the system must be
modeled along with specific displays and man-machine and mai. man
interfaces. Consequently, model complexity is increased,
requiring more model development and validation effort.

DEVELOPMENT OF MEASURES

The development and selection of a reliable, valid andI
useful measures set is often a difficult task. When measuring
in the operational environment one should be certain that the
measures set is the best possible. Consequently, there is
reason to use the computer model as a testbed for measurement,
so that alternative forms can be compared and combined 4.n an
environment which is conducive to measurement development.
Further, many forms of measurement are so difficult to collect
in the operational environment (e.g., those which require a large
amountof information, reflect fast-happening events, or require
extensive computation) that they are precluded from use in the
operational environment unless the payoff can be demonstrated.
The computar model. will permit study of any mathematically

K expressible form of measurement whenever the model includes the
quantities which are required for computing the measure.

ROLE WITHIN THE TOTAL COMM¶AND CONTROL ANALYTIC PROCESS

The computer model can be a powerful tool for the analysis
of command and control systems; however, it should be used in[
context with other analytic methods and in conjunction with
empirical tests. The computer model is based on other modeling
efforts (e.g., models of the human components) and is used as a
substitution for empirical tests. Consequently, the computer
model is an outgrowth of other analytic methods, represented in
a form which gives additional power, but which ultimately is an
adjunct to empirical testing.

Normally, the computer model is neither used at the begin-
ning or the end of the ana~lytic process since prior analysis is
usua~lly needed to specify the computer model and the results of
computer model computations are normally a preliminary to
further analysis or empirical tests. otherwise, of course, the
role of the computer model within the total analytic process
depends on the purpose to which it is applied. The computer
model is truly a tool with many uses.

INCORPORATION OF HUMAN OPERATOR MODELS AND PSYCHOLOGICAL THEORY

The computer models discussed in thi- paper are basically
task descriptive models wherein each action taken by human
operators can be included as a system event. Of course, for the

26



computer model to work properly each (vent muL.t be caused to
occur for the proper combination of scimuli and at the proper
time. In the most basic form, then, the comnputer model must

1 include at least the characteristics for nominal and consistent
human operators. The human operator can be readily embellished
with some realistic operator characteristics by altering the
event times, by including alternative stochastic distributions
so as to allow for human variation as a function of conditions,
arnd by incorporating known human errors which occur with defined
probability. InA this manner a human operator model can be
developed for each workstation which will agree with observation
and data.

The various parameters of che human operator model which
control the distributions of time, error and laternative actions
can also be variable. Consequently, to the extent that these
factors are known, the model parameters can be changed to include
the effects of fatigue, motivation, training, etc. Or, if one
wishes, the model parameters can be changed systematically so as
to refl ect command actions and to determine their effect on the
overall system performance, to infer the sensitivity of the system
to the effects of fatigue, motivation, training, etc.
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VI. DISMISSION

One of the advantages provided by a computer model is the
relative richness of the form of task description invol~ved.
Simulation language computer models incorporate timing of events,
sequencing of tasks, interaction between task element~s, and the
competition of time-shared and over-loaded tasks. F'urther, task
performance variables can be made to operate stochastically and
alternate distributions can be used to reflect the effects of
training, changed standards, motivation fatigue, etc.; that is,
the effc.cts of changes in factors that can be modified by command
action. However, the richness of task description presents a
problern to the analyst/programmxer defining the computer model.
The analyst/programmer has at his disposal a model which is
capable of representing an operator's task at many descriptive
level, from simple to highly detailed. As with any simulation
development, the designer is faced with the difficult decisions
associated with determining the necessary fidelity of simulation.
A level of specificity must be determined which is adequate for
model validity but which also restrains the cost of collecting
information needed to fix model parameters. As the model becomes
more complex, more information about the real cLystem is needed.
The analyst/programmer determines the mapping f.-om the descrip-
tion of the system provided him (probably overly simple and
incomplete) and the success of the modal will depend on how well
the analyst/programmer has done this mapping process. This at
present is a complex creative process.

The type of computer model described in this report causes
simulated events to occur in proper timing and sequence. This

assessed. The time (or distribution of times) for each operator
activity requires detailed knowledge of operational task perform-
ance or the ability to make accurate estimates. Knowledge is
also required of the tasks that are rather continuously performed
or which are self-initiated; often only the tasks which are
initiated by external events are clearly defined. Also, the
computer model will be affected by the flexibility of the
scenario provided: a simple constrained scenario will require
only simula'tion for a highly-specific combination of circumstances;
a more general scenario, or a set of scenarios, will require a
more complex model and, correspondingly, much more information
about parameters of the system. Similarly, information needed
f or the resultant model will depend on the specificity to be
included about operator functions and decisions.

While the richness of description provided by the computer
model may initially pose some problem due to insufficiency of
information provided by the usual task analysis methods, the
potential exists for advancing the state-of-the-art in human task
description. If a task descriptive method is to be effective for

systems in which task execution time, time-sharing of tasks, andK 28



inter'dependencies between tasks are important, then the
information required by the computer modelling method must be
made available. In a sense, the computer model is a new task-
analytic method and it must be formalized into a clear-cut set of
task-analyLic procedures. The procedures for describing the
system operators, equipment displays and cormnunications as given
in Chapter III constitute, in fact, a new task/system description
method which appears to be far richer than the methods presented
in Figures 5 - 7. See Reference 2 for a further discussion of
this issue.

Based on the examples developed anc tested for this paper,
it is believed that the C&C Analysis Model, using GIPSS or a
similar language, can serve an important role in the evaluation
of manned systems and their conmmand and control elements. A
powerful technique results when the personnel and machine
components of a total man-machine system are described both
appropriately and in compatible terms: this is permitted by
simulation languages ITe GMISS. Given a valid computer model
which extends over both personnel and machine components, the
analyst can address questions of systems effectiveness and
performance status, diagnosis and prediction. From a composite
view of the total man-machine system, enlightened analysis and
design can proceed; and, when the model is in a working format
such as with a GPSS computer model, innovations can be tested todetermine their utility.

It is not contended, however, that the computer model
approach will always be more cost effective than direct empirical
assessment. It will often be practical to address difficult
questions with a computer model instead of direct measurement on
the system due to the difficulty and high cost of measurement in
the operational environment. On the other hand, high costs for
computer model development should be anticipated when: (1) high
fidelity of simulation is necessary, or (2) information needs are
very simple and easily obtainable. Cf course, once data are
collected and d model is constructed,, many measurements under
many model variations are possible, and the use of a model may
greatly reduce costs compared to direct system measurement. But,
it must be kept in mind that a computer model must be validated
with some empirical tests prior to use. Consequently, if
information needs can be easily satisfied by simple empirical
tests (compared to those required for model validation), use of
the computer model will not be cost-effective. It may also be
seen that the overall effort required for model development is a
combination of empirical and analytic efforts, and never purely
an analytic effort.

Taking the above considerations into account, it is believed
that the simulation-languages computer-model approach will often
be cost-effective for the evaluation of command and control
element in manned systems. Further, such models can integrate
existing analysis methods which are now separate, provide an
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advanced technique for task description, and provide a vehicleI
for the integrating of psychological theory into man-machine
analysis.
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APPENDIX A. COMPUTER PROGRAM LISTING:

A SIMPLIFIED GPSS MODEL OF CATCC

(VERSION 1)

73i

!I

32 32
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SI 14UL ATE

* GPSS McJO7L OF CATCt^

THIS IS A4 Vr~V S IMPL!" 7'PP!-SFNTATION OF GAT;C. IT IS 'INTENDOED
SONLY AS A 3Tý.AW"AN FJR DISIUSSIONI WITH YGR TnO FLJ.THLP USE ANIO ý-VrLOPlME'1T'

AT 11115 OCIN:T IN OEVEELOPý'TNT, NO ATTEmPT 1S rADE TO CONT-'OL A/C FARAMlr-T--RJ
9 UT Ir S04~' * ING R'UGAES T.) AC SýC 0R Lý:S&, A.14 A/C IS DIVER TED TO~ AN OP:EN
",-DAi(t FAý'THE: BACK 1'4 Twn AFPCrýOACH*
" "Or- INCOLUL'EFU' L'IST:ZIBUTICKN3 OF TH;ý FOLLOWING--

4 2) FUEL AFTEý R;-COVc:Y

(3 %NýLE F'ZC'ES.JI'G TIME

15 (i ~CCV-:,Y TIVE

4Pl:IA-7.Tcf.'S APZ A3SGCIATEO- WITH L-ACH TRANSACTIOV IN THE FL.O.4

P 1, FLIGHT NUIAr!E- (+50 IF BOLTER, +7a IF f3OLTTE0 LT MI)
P PLI GoHT Si 17

F3 -TV A/ C
P -3SRIAL INU1-"'; (CHAN~GED IF I0LT;-!)

P S--%N SE~L OF rJL:L ~MAI'It:r,
F6 -CLOCK TI"S STORA'
P7 Al PIS PErJ P =-.~~ F0 MI E
P9 - GA I.C E Dr) -

P3~~ - c SLE¶LE O. Ft.

Pl H=:VPCINT - ILES TO GO
P11 -+CLDIWA TIM-- =!C IF Pc7 BOLTE;))

P12 - TIME FLT AR9IVJES AT %1143SHAL
4 4 S44 %4 4

1;'~V AL U; S ANE STORAIE LOCATIONS 3; THEi ~4=MOPY CO SPE3IFI& AUS
* A¶' APLISCF INFOZMATICIN IUE. STATUS f3OAiD 1I'~FOPMATICt. AND, OT'C

44

* SaViVALUF CICTIONARY

Xly2 - Tl1'~E LAS!r AP/C -EPO7TED CHrEZKPOINT 192t ooe2C MILE S
Y 21 - Plf'CFF £:FIT FLT N.) 'IV 1'C

Y2- T : . S r" F 0 LAST FEPORTING A/C
X -1- CS-! aL NO FIR~ A/C TO *'E TESTES0 ANO GIJEN COUMAtOD

Y24 -

X - A/3 CCOJTOOL
X2 - HOG CONTROL

X2- G/S CONThTOL
W3- JOLTER. A/C HOLC-IN! TIME

X4- TIIM; POP' LAST A/C rj03TI4G IN AT S.~iCIfC CHECKPOINT
X41. - LA"ST CLOCK TI'NE- T) STIPT A')PROACH ASSIGt4EO
X42 - CCUN.TF FO A/C LýNOIIG WITHIN FA. r-LT*
X51-X'73 -A/C NJs 3Y 313T. TO GO (DROGRUSS3 CIS"'LAY)

*44 4# 4# 4# 44 44 46 #44 P4# 44 44 494.4##44444# #6 #44339



P* 4L Ia*a~s 3E.iI N 0OG A M

THE FOLLL~WING AC7 FUIC'TIONS (1,.E, )ISTRI3UTIOtJS) USEo IN THE GOSS
SI'MULfTIOA. FU4r~TI0,IS 1-3 A;E:_ NOPMAL QA,403i )I1STRIVVJTIOtIS U3SED FO-,.
T Ht4 UG :14 A T IC.h 0 r F LI'G HT i fýO R3. FUt:;TI,)NS 4. Atg 5 AR-- USED
T N THC- AS3TGtf~z_*NT OF EAT A'' FOR A/C i3')LT"7 .NT-GP"4T1ONo

1FUNUCTIO14 ýýMiC56

-l.~ -4r* *OC?23 -3co* .0135 -3.* '.OL26 -21. .Cý.b7 -26,

*C54 -16* *Ct -15. *L8^8 -14. *09'ý6 -13. e!151 -12. .1357 -Ile

.5793 2. .6170 3. 6cr- . .',915 56 *7257 6, 1 75 0 7.
*78ýi b. 681jý9 9. e8413 10. ei643 1l. .8849 12. oIC32 13.
.9192 14. 0 937 2 15. .94,5? 16. 1.95 5 4 17. 0 'ý64. 11. 1 1-37 13 19.
1*977 " 20. 1 *9C 1 ?2, .9918 24. .9953 26. a.99(7't. 28. 1 99 165 33.
1.99177 35o .93997 40.

2 F U 4 I" T 10. 211 1 a a

*4%13 1.1 *9777 3* 2. 9913163c, .9939,740. a 39i99,100
3 FJNCTIOIl -NloC17

4 A * a

9941- .9773 5.1 0 .31 E, a .99?. 7. *999971Co
Itl TvhE FOLLr~wT~r, FUN'h'TICNZ FO 0E AT ASSIGN.Atwr ANJ 5JOLTER INITEGRATIIN9

A SPA,%O- IS LEFT !'I T~r' f.-0P--O4CH FOP, AIOTH;R A/C -- (1-41 SPACE (5-9) SP'C--
*(10-15) S=IAC (16~-21) SrAC- (22-2'1 SOACE ( 2 1- 3

46 FUNCTIONh PL.,O30
a 4 a a a a a

6. 6C. 120. 3. 15r. 4. 240. 5. 360o 6. 420.

19 3 "1 2 L 3060 2 i 1 64 1 2 1 1 3 6 : 4 ;8
75 370 22 6 0 020 1 90 6C 3.1 2 12 a

5 15CT~t P41,037 5 18

2 3 2 21 1 2 6 2 5 2"

25 3 2' 2 27 1 2 1 3 ?3 2 31 1

rFAERATF rLIGHT 39 T I 'AE T 14 UNITS OF 1 3EU'ON~o

GrN4Tc ATE 3ET CNT FLT EVEiY HOURý

2 I V~tIA3Lt' x21+4KI3
S;~tVALUE- ?19 VI TEmoe STOcrE LAST FLT NO.

3 AsSTr,4~ 1,y2l FLT NC IN 01
?VAzIVA3LE Pý;3FK15

2 9 VS~ 2I? FLT S17-_ T14 02
m .1 P;-,C; ýR C START TIM-. FOR RTCOVERY OF FLT

6 S'.I' V 3 14- XT 94 CzEaT- INM)1I. A/C ANDO SEIALIZE P*
7 -4F'Y A3S IN 7 1 K 24 VELOCIITY 141 P7

5 VALýIg1L FN1*K54Kl440
AASSIGN 5,1v 5 FUEL FEwAINING (SE7C) IN P5

L ~ PA=SHALt ASSIGN T100 TC STA;T ApPztOAC-4 (1I-MIN APAPTI



9 PKC0Or)START TIM;- FUR~ If4UIV A/C TRANSIT TIM--

An A;S r. N (3 9Vfi ~ TA PT APPF3AC H T 11I I N Fb
T C3T 1, P6,X'I,MAaSH TFST TIML T.) ýTART SAVEU 114 X'.1

2 ýAV;7V AL OF '4 W'(- SAVr: LATEST EAT IN X,*I
3 MAQSH4 TFST L.E 069C1 A/C HELD UNTIL TI'IE TO START APPR~OACH,

: zI'4ULATi- APPI.OACH ON'E ?'ILL AT A TIM4E

4A3S~Tr% 1,,2 rip' Uc-zr AS LCOP COUNTE'R, MILES TO 50
5 RTGI 1 A ;3T1GA4 7, Ftl2 A/S F qO IN F?

6A3S T C, 4.F L-'R EFFOR IN Pi
7ASSITG4 349FNI G/S E".0p IN P~9

AS`Tr.N 6,sC I AR'?IVAL TI4c RFGO-0)E IN P6
9 SPLIT I,OATA Sý,NO YaCT WITH OATA IN PAPAMETEOS TO) OATA SE:L0w
c Al V AN-',F P7 AUV CLOCK TTH~z TO TRAVE.L A 'I1LE
I AlS T r,N c; ,L, DCREENT PULL 0!-- AI NING
2rGAT:' LS I Iý< If, LET XACT 7H:WU IF G3NTROL ACTIONS NEO'DF0

*3 T -- TF VIli, y23 *SKIP CO(ITIFOL ONLY P4ý0P=Q A/C
'a SAVFVALIJE 23,'KQ GLPAR A/C TD' FLACr,

5 L~' !l I EStr TO IYE AT7 AGAIN
II fAIAIC ES..TOfl43

E:6 A.3S~r.' 7y 7Y 7CrUlTQOL A/S

7 L.) iI r.N 4xqC')NT OL HrP)INr;

r:'-r N;. rllo,,SKtP TrST TO 397 IF ~iOLT-* A/C
I OqTPIJT 99)PPI'4T PA4A9ETFP VALUES

1;i~ily clI'T P:?OG?7'E UliPLAY
A4.iAtl-:-- 3 HULI FO T~41 TII1r rC,0M1AN0PO

SA IIIVALUE ~:v C.LE5P ~30LTEI FLArG
II , K I L L!'A R FLAr' IN')lrI P9-EV IOLTEF

E A ; I r_ 3 rOUCýPFr'tT FU'-L
7 PR I.4TP

a P 771 PtIT 1 P I'lT PQOGr)ESj f)ISOLAY

C 11P 0 "r G rI N K Ec LOOPINGr UNTIL 20~ MILLS

*U.PPATE STA'ITI71Sl

I T..T LC c 1II~TttL~ AS EA AW, OF FIRSTFILNS

2 P N T 9 Iv JT PARfAiETER.j A3S EACH A/r, LANC
3PQ T 4 w 1 9 71 9 OUTOUT ALL SAVEVI4LtJS

4a TCA PULTI 1U2?L ATr I U POA T x A/S, T A3L 7
TA~IJLATE L? U'1A T HDG TA"LE

- Anl)LATF UV'DAT , G/S TAPL-:
7 TA,1lJLATF '4 UpfV&TF FUrL TA3Lz_

8 10UL ATE UPDATE TP.ANSIT T14-- TABLE

9 14 JVFVALUF Ls 2 qV1 I iUE X42? AS A GOUNTEld
0 r-,r G (4?,P29,JtAp [F X,42 rGE .40, IN FLT TA~l R.COV~Y T14E
I. TAfl)JL4TC A ~ TA3IJLATE "--(COVEP(Y TIME

SAJ~VL')E '4' ~O ~SET CO~tJTEP
.3 lUMP T;-704INATL I

SSIMULArr rONTrOL FUOJCTION-,

5T!:3T'Lc I)I.'209TERM 00 NOT PER4IT UUEU!_ TO FJ LCNGEP THAN 20
E o~hUtE JOI14 OUEUE 35



7 S_7I z I O3TAIN CONT.-'OLLE-

SA VEVALV~ 4*Ql, Xl TIME LAST A/C AT CHzCKPI IN X40Q

S1 rSAVFVALUE DlOtP6 STODE ARPIVAL T1:127 IN SAVIýVALUE

[S A. 1E SV ALU.E VIL.,tvi UPOL&TE PROGPýSS T43LE
?SAVE-VALUiL 7 1, C i PR-CIRC TI~lE- OF UPDATE
3*A Iv t!C; 512 DELAY 5+/-2 SECOIUWS

j 4 SAV:4VALU'- ?2,VIQ STORE SEP ILATF-R DIFF STORE FOR EA 3HKPT)
ET A 3-ULAT:7 E

6 TZST LE VlO,'(3%E'l0 TEST IF SPA.IlNG .LT,, 31 SEC*
I OLTE:ý COCNVT',! LOGIC
7SAVEVLU 23,VII. IDEN-TIFY A/C FOR nOLTXR2 I SET FCC. CCN~TROL 34T% IN APPROACH1 LOOP AaOVE

9 SAV:FVALUE* ?7 vK?4 AI~PS~ED SE-:T TO *10MINAL VAlLUE
0 3ýAV7VALU;E 2 ý, C'8 NO 3CNTPCL FOR NOA
I SAVE-VALU- 2 9 9, 9 NO G/S CONTROL FC-% NOW

15 V A 0 -`IAL E- FN5K60(~
2 S A V 'V AL U' 3:,V11 X3 CONTAINS TH4E tO04PANDE.D HOLDING TIME
3 A 3 31GN # +, F M5 ASSIGN\ NO PEJUAL TO A/%'. JUST BEHIN) C&LOSEST SPACE

4 ;~ASSIG:N ioF
5TE-ST Lr P1Ij,K49PR-V*3 WITHIN 4, MI OF 0;ECK, INTIEGRATE FARTHEr R3ACK

I6 V A MI A )LE X 31F 19 K6 + KoO
E 4sTAEIG 4+ F4N3
7 A~sSIN 192

.1 Jv --vA L~ 3ýq 'Jb t-'CL')ING TIM-E TO GEZT TO NEXT FARTHER SPACE Il X3:
9 FV T Z.3T G, 011,r(39CN)

17VA'DIAILE X3C+'(6Z
S AV 7V AL LJ. 3 C 0Vi

10 LIJ :L - I PELF A15E C01TFOLLE P rC' ANOTHEA JOý
2 TAIULATE 5 UC04TT INJFO, PROO, TABLE

3 C4' TE -4 " AT~

* INSURE A- EVENT 0CU E 1EJ 6? SEC.
'4 GzENTP4TX E

Avsv :-MI.o T& II

I TABLE 07FIPlTIC93C

C? TaILE IA Ps)UE!.ZY oISl I'tT~

GLIOESLC'TE rEqOO
3 TAILF 9-011

* FUFL RZY'AINT.NG (S:-*a

CI4 JT;OLLEF IN.FC ;)CSO-SSING TIME
5 T A3L :'Ett92
AIPC"VT SFACTNG (SF")

6 TAn'Lr 2 ,C99
* I141VIDUt.L A/C T.'ANSIT TImN4E

"DE OVEPY TARLE
8 T A 'A UF 12 3 3 3C , 9

4 RUN 31'.1I'LATICt' F)!) THX RE,-COVERY Ov A NUMBER OF FLIGHTS TO COLLEST A'4
*ADEQUATE' SAMFVLE FOC STATISTICAL ANALYSIS.
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I APPENDIX B. COMPUTER PROGRAM LISTING:

AN EXPANDED GPSS MODEL OF CATCC

(VERSION 2)

r

I

S37 -
ii 4



SIMU~L AT F

*'~~ GPSS MCUFL OF CATC- 444

* MOE INCLUDF F~rOU~NtIC OISJDP3T9ITONS OF THE FOLLOWING--
*(i) A/51 H06, AND G/S EPC;RS
4(2) FUFL qryAININC- AFTcc PECOVERY

(51 RECOVTRY TIM--~

S Re We O3EPmAY9C" iG/17/74 VFRSION 2 44~4

PARAM~ETE'P OICTIONAPY

* PI FLTGw-T NUM-IEV
P2 -FLIGHT SIZE

* P3 -TYPE f/C
V4- Se-PIAL NU427TR (CHANGED !F ;)OLTEP)
F5 -SFCONDS OF FUE7L REEFAINING
P6 -CLOCK TT~rE STO-ýAGE P~ML

PS HEACT.NG FERPOR - OE'GREFES
F9~ GL.iDESLPF ERPOR - FEET

N PIC C9-'CKPOTNT P tILES TO Go
F 11 HOLrING T!T4Eý
P12 -CLOICK TIMlE ýLT ARR.IVES ATMARSHAL

SAVE'JALUýS APZE STCRAGT LOCATIONS FOR THE ~47MOPY 3F SPECIFIj VALUES,
4AND TAýLvS OV INFORMATION (I.E. STATUS BOARO INFORMATION AND OTHrER
4OPERATOP DISPLAYS)*

4 SAVE'JALUE OI1CT I 06A t

w y LAST Al, PEPOPTEO CHECKPOINT 1929 ss.20 MILES
X 2 - Il,:>'-rENT FLT NO 3Y i10

* X23 - STQIAL NO CO; A/C TO IE TESTV) AND GIVEN COMMAND
X24. - A/S CCNTOL
X25 - WAG

4 42- CCUN", FOR A/C LANDING WITHIN EA. -LT*

* X90,X70I-X4C0 - STATUS 9fOARD DATA
* Xllt.'(Ir31-Y3nC - cADAý/OTSOLAY DATA

X ~x~ - SCAN COUNTEDS
*xs6,X97 - DISTANCES FOP THE T.WO A/C TO 3E COMPARED

/****FACILITYVASINET 44444444 444 44 444 444444

i CCA
2 MC

SSTATUS PC UPKP
4. APPROACH A
5 APPROACH 3

6FNAL A7J FIA _ 3
49t .



BEGIN PROGRAM 44449 ~ 4 44 44 44.44444

* THE FOLLOWING ARE FUNCTIONS 4IE., DISTRI3UTIONS) USED IN THE GPSS

*SIMULATION. FUNCTIONS 1-3 ARE NORMAL RAKDOM OISTRIBUTIONS USED FOR

STHE GENeRATTON OF FLIGHT ERRORS. FUNCTIONS 4 AND 5 ARE US5.D

" IN THE ASSIrNMENT OF EAT AND FOR A/C BOLTER INTEGRATION.

1 FUN'i TIrN PNl4C56

• 0 -131. ,or.003 -40a oO0023 -35o ,00135 -30, ,0026 -25o .0047 -26,

.00Q2 -24. .0139 -72. C0227 -20o .0287 -ii, .0359 -18. ,0946 -1?.
*0548 -160 r066A -150 .009ý8 -14* *9964 -13, .1151 -129 a!357 -lie

-i1)M7 -10* .1941 -9. .2t19 -q. *2420 -7s .2743 -6, *3085 -5.
.3446 -4. .3821 -3. .4207 -2. .46C2 -1. .500 0.0 .5398 1.

s57ql ?. .6179 3. .b554 4. .6915 5. .7257 6. .7580 7.

.7891 8. .81Fq o9 o 8"13 10.s a8643 11. .8849 12. .9032 13.

.9192 14.. .9332 15. .94.52 16.o.9554 17. .q641 18. .0713 19.

,q771 20. .9861 2?, .9918 2'. .9953 26. .9974 28. .99865 30.

.9997" 35. .99997 40.
2 FUNCTION RNtC1l

.0 -7.50 ,03C03-3*0 .0U135-2.25 .0227 -1.5 .1587.-s75 .500 0o

.9413 .75 .9773 I.;l .*991652.25 .999373.0 .999997.50
I FUNCTION RN1il'

$00001-100 .0326 -7, .o0.2 -6, .0227 -5, .C549 -4. .1131 -3.

4.2119 -2o .1446 -to 0504 a. 065q4 1. .4881 2. 48849 4,

.9441.521., g.!73 5. .9918 6. .3974 7. o 9999710.
TN THE FOLLCWING FUNCTIONS FOR EAT ASSIGNHENT AND 9OLTER INTEGRATION,

*A SPA.^F IS LrFT TN THc APPROACH FOP ANOTHER A/C -- (1-4) SPAG( (5-91 SPACE

(1If-151 .OACF t11-21) SPAC- 122-271 S0 ACE (28-30)
4 FUNCTION 04,903nl

1. 0. 8. 120. 3. 140. 1. 240. 5. 360. 6. 420.
7. 4800 8. '540. 9. 600. 1t. 720. 1t. 710. 12. i"o.

1L. 900. t-4. Or 3. 15. 1G23. 16. 1140. 17o 1200. 19. 1260.

19. 1320. 20. 10 , 21. 140o 22. 1561). 23. 1620. 24o 1c8.•0

25. 1740. 2?F9 l@DO. ?7o 1860. 28. 1983. 29. 2040, 30, 2100.

5 FUNCTION P,403.

1 4 2 3 3 2 4 1 5 4

7 3 A 2 9 1 10 6 11 5 1?
11 3 14 2 15 1 16 6 17 5 18 4

19 3 20 2 ?1 1 2' 6 23 5 214

25 3 26 2 27 1 28 3 29 2 30 1
260444a 4%4 0444444 4 4 4 v4 4 06a4 44444IS44 4 44044 444 4 444 4444444 444444444444

44444 VARIA9LE DEFINIT IONl3 if''4 "" 444444444° 4 t4444444444" 444444444444*

1 VACIt.9LF Y?1+K100
2 VARIAOLF FN34KIO
3 VAPIAMLE IP?-K1
5 VAO'IAILE rNtKSi+Kt44•0
6 VAPIA.Lr KII0FN4+Pl24K12J0n

I I VADIAnLr" Pl÷P4

18 VARIA.Lr W42÷K1
20 VADIAlL'- Klt+P4'K10+X130
21 VADIARLF X1UI\+KI

22 VAPIAILr W974IK(?-
23 VAPIAILF KX264r4 'K5+ X9

24 VADIAILE Y904K1
25 VARIAILF X8+KIO

I 26 VARIA3LE X96-X7 39

V WA RIA.3L-f X.98-I(6



29 VAOIARLr X9g-Kq
30 VA9IAOLF Y45,x'6
31 VARIAMLF KO-K4
32 VARIABLE X98-K3
33 VARIASLý" K?4-XM 7

GENEQATE FLIGHTS, TIME IN UNITS OF 1/10 SECONO

1 GFIEOATF 30000,,0 ONE FLT EVERY HOUR
SAVEVALUE 21,VI TEMP, STORE LAST FLT NO.

3 ASSIGN iXZI FLT NO IN PI

4 A33IGN 2,V2 FLT SIZE IN P2
5 MARK 12 RFCORD STAPT TIM; FOR•P ECOVERY OF FLT
6 ScLIT V3,NEXT,4 CREATE INDIV. A/C AND SERIALI1E Pt4
7 NEXT ASSIGN ?,K?4 VELOCITY IN P7
SASSIGN 5,V5 FUEL REfAINING (SEC) IN P5

SMAPSHAL, ASSIGN TIPE TO STAPT APPROACH (I-MIN APART)

9 MA'K cP, ORD START TIME FOR INDIV A/C TRANSIT TIME
0 SEIZr 11 CO9i m HAN
I AnVANCE 100 TI
2 SE1 7 2C
3 AnVANC. 150 T2
4 ASSIGN EV6 START APPRACH TIME IN P6
5 ADVANCE 20 T3
6 SPLIT ,S9Dt,

7R;:LEASc 2
8 PLEASE 11

TRANSFER ,MARSH
"*'***TIt'E LOOP -- MC CHECKS MAFSHAL A/C P

0 GENERATE Ifaet0,500 SIM T6 - T13
I SEIZE
2 SEI7r T7
3 ADVANCE 250
4, RE-LEASE I I
5 RELEASE 2 ,

6 TERMINATE

STATUS ;rnARD
*• SAVE VALUES LOCATION

"TO rTG FUEL TIME REMARKS
* ACt 30t 302 3C3 1 1[5

ac 10 *O• 3.7 C08 309 31'
* AC3 311 312 - - 315

* AC?0: .1q 3?7 398 399 400

***'STATUS 9OAFO UPOATPIGG#3'

7 SBt S-ITF 3
SSAVEV ALUt 9 KO
, SAVEVALUF V21 ,VI1 10
v SAVF.VALUE qo0,V24
1 SAVEVALUF V23,PPO DTG
2 SAVEVALUE 9CV?4
3 SAVEVALUL V27,P5 FUEL PEMAINING (SLr,)

SAVEVALUE 90,V2+
5 SAVFVALUE V23,Ct TIME OF REPOPT
6 SAVFVALUE 90, 9124
7 SAVýVALIJE VI,KO REMARKKS
L AOVANCE 25C[ 40



SFI?rI

1ADVANCE le T
2 RELEBSc' I
3 TEP'41NATE

4 STATUS 9rOA":D UPOATF
k PT SIL IT I ISqcO1

STRANSFFP IRET

* ~ ****RA0Aq'/nISPL AY INFORM'ATTON UPDATING*

nISPLAY INFOkd4ATION

* SAVEVALUE LOCATIONS

ifPARA ACRFT NU'1(ER
NO, I1 ? 3 4 5 6 - -- 10 - -- 20

2 la? 112 --- 1 3222
1 3 - 1.93 293

4

in 110 120 130 -- 200 300

DISP SAVFVALUr 1009hK0
SA4FVALUE Y2I",P1

pSAVýVALUE 100,V21r SAVFVALUF VP 1 ?
c SAV-:VALtJE: 100 *V21
1 SAV'FVALUF V21,Pl
2 SAVEVALUE 100,jV21
3' S.AVEVALUE, 12i?~rP
(6SAVc.VAL(IE 1e00V?t

E SAVFVALUE V209"5
6SAVEVALUF' 1VloV'l

7 SAVEVALUF V29P
aSAVFVAL(IF 1p00,V'

9 SAVEVALUF V2h090
o SAWEVAL'JE tic ,VI
I SAVEVALOE V2090A
2 3AVEVALUE 1009V21
3 SAVFVALUE V 2 1 9P 9
4SAVEVALUE IC0,V2I

5 S A VlV ALtJE V20qPtO
c- TEMT NATE

7 MAOSH TESýT LF P6 c I A/C HELD UNTIL TIME TO START APP&OACH

ST"UJLATr APOTI)ACH ONF TFN-TH MILE: AT A TIt'E

ASSIGN 10,K2nvn PLO USFO AS LCOP COUNTER, MILFS To Go~
0 SPLIT j.SjflI
0 9 EGIN SSG 7src + , FN A/S EPPO; IN P?
1. AS7,I(N R+PN L-R FFRPOR TN PA
2 AIS~TGN 9.,FNI r(/S EFROP IN P9
3 ASSIGN 6,CI ARR~IVAL T1IIF RECORDFO IN P6

4SPLIT 190ISP UPDATE RADAR - nISPLAY INFO
TEST NE P1OI(11)DRPT 41



TST N E P1 9R -
8 IST 14E 0109KS*RPT

9 RET ArlUANCE P? 4DV CLOCK TIME TO TRAVFL 1t/iq MILE
C ASSIGN 5-9p? O)LCPEMFNT FUkL RESiAININf,
I TF3ST E Vt1,y239S'(IP CONITROL ONLY PROPER A/C (10 IN X231
pS.AVEVALUE 23K (CLCAP A/C 1O FLAG

1, ASSIGN 7+,X24~ CCNTRflL A/S
4 A3SIrN 11025 TIME TO WAG
si LOG1C P I

P TEST Nc PIKOSI TCST TO SF IW~'AG

7 A9VAIICE Pit HOLD FOP THE TIIE COt4HANOEO
8A3ýIGN 5-oPi1 IOECREt4FNT rUFL

SSK IP P'JFFER
0 LOIP 10 9 Icf~lN KE'~' LOOPING UNTIL 2C MILES
1 5 L ITf I SID t

*UPnATE 3TATTSTICS: AS ACOrT LANI

2 TzET LE P1.Ki<0flTABUL PRINT AS EA A/C OF FIRST FLT LAND)S
I O IN T t9I9 PPINT PARAMETER; 43 EACH AIC LA~nS
t 4 PRINT i,rW)0,x OUT"UT ALL SAV7VALUES
TAeUL T~nULATE I UPnATF A/S TAa3Lr

6 TA-3UIATF 2 UPnATE HOG TAqLZ
7 TAI~ULATE 3 UPOATF G/3 TA93Lt
p TAIUL.ATE 4 UPnATE FUEL TAaLE
9TAnULATE 7 UPDATE TRANSIT TIME TAnLE

c TESýT E DL.,Kt,OTHrP
I S A IEV AL JE "1,C1 .I

H ER SAVEVALUE 4?,VIA USE W4 AS A COUNTF-P
3 TFST GE Xio?,P'VJU-iP IF X42 GE NO. IN FLT TAR QECOV=PY TIME
4 ASSIGN 12PX4.1

TAIULATE 8 TARULATt' FECOVERY TIME
FSAVFVALUE 10?,VrQ SFT FIT SIE
7SAV'VALIJE 429KC R-F.S7T COUNT---r

f JUMP TERM¶NATE 1

'' CHErK SPARATION A LL QV ONE OPE;ATO,4

PARAMETCR ASSTGN'4cNTS FO ScEPARATION LOOP

*I

* 5 4 FL.T rT7r

* 5 IOCC OF !ZPe NO,
* LOC. OF FIT ;T7c7
* 7 InC. OF A/S OF AIC UNIPER OCUNTROL

* 10 0 = NO r. (INT. I I 'NUEP CCKITOCL

GFNFPATr it'll
r, ýAN TrEST G' X1029KC NO SCAN UNLESS T14ERE IS A FIT

2 AlsIrýN 49WI12 LOAD P4. WITH FIT SIZE
3 SAVEVALUF 9A,K1J'
'. CHKi, 34VrVALUE 9)AtV-,~ STA!OT AT 110, IN0 -3y 10

A SI T .N 5 9v ? LOAfl P5 WITH L0C OF SEC NO

A. L ASS IGN 6 , V;.P LOAU PC- WITH LOC OF FIT NO
7TEST NE X*5,KlJMP JUNO Tn END FOR A/C NO 1 42



AA33M-N lvE'l P1 HAS X WITH 015t OF A/C A

9AIVANCr I
G TE43r G X'1,Ki(),J4P NO '3"ARATION CONTRUL DURING IHE LAST A MILiS

IASSIGN 2V5P2 4AS Y WITH DIr OF AIC I1

2 ASSIGN i0,KO O0iP
3 PECK S A ViVA LUE 96F o( IMV CONTENTS P1Tf X9

[ SAVFVALkl 1791(v? MWV CONTENTS P2 TO X97
FI 5TErT G v2vcK!9jMP mio %CAN IF A/C IS NOT IN FRCNT

lb ArIVUICE i a,5 TIP4C FOR THE COMPARISON
I TESýT G V25jKt~vCfNT
8 SAV=VALUE 979V2?'
9 CO4T TES'T G VSKl3vCL03E
G T777T L V269KI4,FAR

1TEST f-. PIjIq"',Jmp
2 TEST LE V26,K 9 WATI-H
3 TEýST r, V2r6,K71 9WATCH
'4 SAYEV&LIIF 239V~n
5 A S3 1 G N r9V3
E SAVFVALIj- 2'4,Y31
7 ISAVJEALUE 2T 9Ke
8 PRINT 239259Y
9 LOGIC S 1
o G.ATE LQ I
I JI"P LOO3P 4q4
2 RCISLEASE '4

AOVANCý
TRAMIIFEP , SC AN
IF nTSr JS WITHIN PDOAl1 TOL. WAIT Tt~EN CHECK AGAIN

6 WATC4 AOnIANCE Ir~o
7 TPANeF~v , r FClK
4610 Ic AfC IS TCO C.LOSE TO THE ONE IN FFCNT

6 OST- ASS IGN V
9 ASSIGN %q

0 ~ASSTrN Cti
I FAVEVALUF 2SIV31 10 OF A/C~ TO IF CONTCOLLEr)
2 SAV97VALIJE ?49.K4 DEC-EASE A/S t3Y APPROX 25K
3 SAVC'VALUE t ?K

4.PRINT v29

L')GIC S I
E ATr LQ I

7 RFLrfSE 4.
a ADYANIrF 3olc WAIT 3C/I~SEC, OPECATOP FF.EE
9 5;r!ZF 14
c TRANSFrc I ZCK

64*60 Il: A/Co IS TCO FV4 FROM THE ONF IN FRCNT
I FAC AS~zTGN SV0
2 A33TGN I9
3 ASSIGN 0bl
4 TzlST Vr 7 9R 3Z col
5 SAVTVALUF 23,VV'
E SAVEVALU;' 240J131
7 SAVI:VALUE 2r v

ePRINT 23,25,X
9LnrIC S t

GATF LR I
I NCC4 PEELIFA S7 4.

2( A'IANCF 1 WAIT 30,*/-10 SEC. OPEPATOQ" FFLE

4 TRN-rFP 9PECK

S INSUPE AN ZVE.NT OCCU!7S EVEO'Y 51) SEC.J 5 GI-,jQATF 600
6 lcQTN Al [ 43 7



*TAILE DEFINITIONS

P ACH TAflLS IS A F9EOIJENCY DJISTRIflUTION
AI"NSPflD~ (SECIMT)

* HT.ADING ERROR
2 TAILF AE19to

*GLIDESLOPE ERPOO
3T43LF. 1O,50filjio

* FUFL REMAINING (SEC)
4 TA9LF 1550910930

INnIVI'JUAL A/C TRANSTT TIME
7 TAnlLr ml ,36 00 in o 0O

RECOVEvRY TA9LE
9 TABLE M012t30009330Q9O

'RUN SIMULATION~ FOR THE RE&O0VERY OF A NUMlBER OF FLIGHTS TO COLLECT AN
*AO--UATF SAMPLE FOR STATISTICAL ANALYSIS*

44
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