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Preface

The work which follows is the result of a large mumber of hours of
research, computer programming, program debugging, experimenting, analy-
zing, and planning. This project has given me a new respect for those
who do research; especially those who do rescarch and make it appear
to be easy.

If I vere tochoose one facet of this thesis project which is

particularly significant, I would pick the development of the concept of

the ideal operator to assist in precisely defining human saturation level.

To my knovledse, human saturation level has never been modeled before
and introducing the idea of the ideal operator greatly simplifies the
problem. I believe that with suitable modification, the concept of the
jdeal operator could be used to assist in modeling the reliability of
clectrical and mechanical parts under severe stress.

There 1s no way that I can adequately express my gratitude to my
thesis advisor, Professor T. L. Regulinski, for his invaluable help and,
more significantly, his encouragement during the dark hours of this
project.

During the 2-1/2 years that I have been studying engineering, my
wife has tyied reports, punched cards, run errands, operated my simulator
(Operator #17), analyzed experimencal results, typed this thesis, and,

most importantly, been my inspiration. Thank you, Erin.

Dahl B. Metters
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Abstract

The United States Air Force is buildirng a mathcmatical model of

the air battle and neecds, as an input, a model of the saturation level of
the ground-based enemy radar operator., Saturation level can be loosely
defined as the number of tarpets that the human cperator can effectively
manaige. The concept of an ideal operator is introduced to allow the
precise definition of saturation level. An ideal operator is defined

E as an operator who can perform a certain amount of work per unit time

1 perfectly. The amount of work that the ideal operator can perform is
termed the operator's saturation level. The human operator is then
mo-eled as an ideal operator who makes randon errors. The human operator's
saturation level is then estimated from a series of measurements as a

function of the human's maximum time-between-errors.

An experiment vhich was conducted to measure saturation level is
described in detail and the resulis are presented. The resulting data
is then analyzed using the Kolmogorov-Smirnov and Likelihood Patio tests.
The results of analysis suggest that the random variable, saturation

level, is poverned by the distribution of the largest extreme value.

In addition, it is shoim that the human operalor's saturation level

changes as the rate al vhich tarpets are iniroduced varies.
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MODELING THE SATURATION
LEVEL OF A HUMAN
RADAR OPERATOR

I. Introduction

Background

The United States Air Force is in the process of creating a new
mathematical model of the air battle. Experience in the air war over
North Vietnar has proven current models inaccurate in a modern electronic
warfare enviromnent. Among the inputs that the Air Staff requires for
thic model is the saturation level of the ground radar operator (Ref 2 &
Ref 3). Saturation level is usually defined as the maximum number of
targets vhich can be managed effectively at one time by the human operator.
Previous models have generally considered the human operator to be sature-
ated at sore arbitrary number of targets or stress level, !lo tested or
generally accepted model of the operator's rerformance presently exists.

Vhile numerous studies of radar operator performance have been made,
none have specifically attempted to quantify caturntion level. A simulae
tion by Kidd (Ref 13) indicated that experienced air traffic controllers
could efficiently maintain 4 to 8 target tracks irith no loss in efficiency.
The study of Ref 13 is not directly applicable to the problem at hand
since a major task in a military radar sysiem, detection of new targets,
was not rcquired. Thomas (Ref 22:68) rcported that operators graduating

from military operator schools must be able to monitor about 10 aircraft

‘.
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concurrently and also vector two intercepts. Again, no detection tasks
were required.

The relation between workload and operator performance was studied
by Huntlecy (Ref 10:65) in 1972. The result of his sludy indicated how
people rcact to an overload of work, but no atlempt was made to define
or measure caluration level., A study uvhich included both detection and
tracking tasks was performed by Mills in 1973 (Ref 16:348). Operator
performance as a function of five system parameters was measured. One
of the paranelers uas rate of target introduction. This study is of lim-
ited applicability becnuse the experimental subjects tended to drop the
track maintenance tasi and, again, measurement of saturation level was

not a goal of the study.

Objectives

The primary oblective of this thesis is to formulate a model of the
kuman radar operator's caturation level. To do this, tasks which consti-
tute the performance repertoire of the operator will be delineated, a
precise definition of caturation level will be given, an experiment capa-
ble of generating the nnpropriate data will be designed and conducted,

and the probabilistic model will te formulated from the resulting data.

Annroach
An analyszis of the modeling problem is given in Chapter IT. The basic

tasks required of the human radar operator are examined and factors which

influence the operator's porformance are specified and discussed. The

concept of an ideal operator is then introduced. The human operator is
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modeled as an extension of the ideal operator in order to define satura-

tion level pirecisely.

Chapter III is a description of the experiment that was performed
to generate the data necessary for the model formulation. The equipment
used is described and the detailed experimental procedure is given.

The method used to determine the underlying probability density
function of the random variable, saturation level, is presented in Chap-
ter IV. The details of isolating the density function and estimating the

parameters are explained.

The specific results of analysis are detailed in Chapter V and

Chapter VI contains the conclusions and recommendations.
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II. Analvsis of the Problem

In any early warning or areca defense radar system, two major tasks
mist be performed by a radar operator in conjunction with the radar sys-
tzm being used (Ref 1h:L). The tasks are:

Detection (Track Initiation). Detection of targets is a task in

vhich radar returns are correlated and then classified as a target by

ine operator.

Tracking (Track Maintenance). Tracking of targets is the process

of noting subsequent returns after a target is detected and plotting the

course of the target in some manner.

Variables

k The saturation level of the human operator, the random variable
: under study, is influenced by many factors. These variables may be char- 3
acterized as being related to the radar system in use, to the operator,
or to the scenario.

Radar Svstem Variables. Any characteristic of the radar system in 1

use that could possibly influence the human operator's performance is a [
2 radar systcm variable. These are:

1. Mechanical Aids. Mechanical operator aids can greatly

assist (or hinder) the human in keeping track of targets. |
2. Required Operator Response. According to “argo (Ref 23:221),

the response that the man-machine system reauired of an operator will

greatly influence the opecrator's capability. If an operator must make a

L
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complex response to indicate a detected target or to indicate tracking,
there will be less time for these basic tasks than there would be if the
required response were simpler.

3. Other system Factors. Many other radar system factors
could influence the operator's performance. Studies have shown that such
things as ambient noise can significantly alter target detection perfor-.
mance (Ref 2L:2L45). Other variables are the type of radar display, the
area assigned to each operator for surveillance, and the physical sur=-
roundings of the operator.

Scenario Variables. Scenario variables are those variables which

depend upon the exact nature of the enemy force and its deployment.
Variables of this type are:

1. Confusion Factors. Confusion factors are any devices that
could be used by the enemy force to attempt to reduce the effectiveness
of the total man-machine radar system. Electronic countermeasures (EQ{)
and evasive maneuvers are examples. Any successful attempts at confusion
would lower the operator's saturation level.

2. Signal Predictability. If the operator can predict where
new targets will appear and the path they will take after appearance,
they will be easier to track.

3. Geometric Deployment of the Force. The rate of appearance
and the paths of the targets upon the radar display could alter the op-
2rator's performance. In an experiment performed by Bell and Symington
(Ref 4:65), it was found that performance deteriorated with increasing
target density. Mills (Ref 16:3L48) asscerts that the velocity of the tar-

gets on the display affects performance.

5
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li. Other Scenario Factors. The results of a study conducted
by Bernstein (Ref 5:1) indicates that the performance of subjects detect-
inz targets on a cathode-ray tube is sensitive to other variables of the
scenario such as variations in target type, target-to-background contrast,
and image rate of motion.

Operator Variables. Some attributes of the individual operator which

could affect his saturation level are:

1. Training. The extent of the operator's training will have
e rajor impact on his performance. The operator who has just begun his
training cannot be expected to do as well as one who has had many years

o experience on the job.

2. Other Psychophysiological Factors. Various other psycho-
thysiological factors could have major impact upon the human radar oper-
zsor's performance. Teichner (Ref 21:181) showed that detection perfor-
rance is seriously degraded as the length of the watch is increased. Any
other influences which reduce the operator's sense of well-being or state
o7 nind, such as fatigue or tension, could also tend to decrease his sat-

wration level.

~r.2 Ideal Operator

In order to precisely define human saturation level, the concept

ol the ideal operator will first be considered. An ideal operator is

cofined as one who can perfectly manage a certain number of actions per
unit time. The number of actions that the i'deal operator can manage per
unit time is termed the operator's saturation level, If an ideal opera=

tor, with saturation level s actions por unit time, is presented with a
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workload of less than s actions per unit time, no errors will be made.

If the operator is presented with a workload greater than s, s actions

per unit time will be managed perfectly. It follows then, that the av-

erage rate at which the perfect operator will make errors, e, is:

€ = w- s d wrs

or . o & W=ES

vhere w is the average workload required to be done, measured in actions
per unit tima. The ideal operator's average time-to-error (time between

errors), t, is then:

: ‘ —(-_:Jé‘ =:l';'5 for w>s (1)

The average time-to-error of the ideal operator is depicted in Fig. 1 as

+. i a function of average workload.

The Human Operator

The concept of the ideal operator is used to model the human oper-
ator by thinking of the human as an ideal operator who makes additional

mistakes in some random manner. To be able to take this approach, the

time period of observation must be short enough so that the effects dis=-
cussed in Chapter II as operator variables do not change the performance

level of the operator. Thus, the human operator's error rate, E, will be:

E-e+X (2)

Lo g e L S e
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AVERAGE
1 g TD{E-TO-ERROR

P

AVERAGE WORKLOAD - ACTIO!S/UNIT TIME

Fig. 1. Average Time~to-error of Ideal Operator
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, ) where e is the error rate which is induced by the ideal operator portion
of the model and X is an additional random error rate. From the initial
conception of the model, X is a random variable which is strictly positive.

The saturation level of a human operator, s, measured in actions per

unit time is, therefore, defined to be:
S w-e LF wre

where w is the human's average workload in required actions per unit time

and e is the error rate attributable to the ideal operator portlon of the
human's performance.

The human's time-to-error, T, is

i
rT' = etX (3)
It is clear from (1) and (3) that

h;.. TR

If nmany observations of a human operator are made at a constant
workload, *.fo, a group of sample times-to-error, Ti (i=1,...,n), will be

observed. An estimate of i, '1?, can be made:

. N

A T = max (T)
§

By using T, an estimate of the operator's saturation level, 's\., is made

as follows:

It is apparent that:
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oy = ( 5'\

S = MRX (5 (%)
with

; I
SL = UJ'-er

vill yield the same estimate of s.

| If the above method of estimating the human's saturation level, s,

£ is carricd out at many different levels of workload, one may have more
confidence that the operator was tested at a level greater than satura-

tion.

r2action Time Measurements

A conceivable alternative to the above method of estimating satura-
tion level is by means of reaction time measurements. It seems reason-
able to assume that if a human operator rejuires an average of tr seconds
to respond to a stimulus, the human, acting at that rate, can only manage
l/tr responses per second.

A secondary goal of this peoject will be to attempt to model l/tr
as a function of workload. If this approach ' modeling problen is
feasible, it may be possible to isolate the .al effects of the

detection and tracking task workloads on caturation level.

viodelin- Saturation T.evel

After a method of mcasuring saturation level has been obtained, it

is possible to model the saturation level of a group of operators.

e SRRV RSN S N
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1

The random variable is s, saturation level, and f(w) is the proba-

bility density function governing s, Thus -

P {hum:m operator is saturated with workload Yo tow Istress}
v
= ,{ $(wWdwr
Using the saturation level data gathered by experiment, the under-
lying density function governing the random variable, s, is isolated

using the method described in Chapter IV,

11
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III. Experimental Procedure

An experiment was conducted to gather data with which to model the
saturation level of the human radar operator. The experimental proce-
dure called for subjects to perform the functions of a radar operator in
a controlled simulation with a workload sufficient to produce errors in-
duced by saturation. Data was recorded so that the times at which errors
were made, as well as reaction times could be determined.

In order that the observed differences in performance accurately
reflected basic differences in saturation levels, all variables listed
in Chapter II that could be controlled, were held constant. Specifically,
to minimize error:

1. Individual simulation tests were short (ten minutes) in order to

avoid the effects of fatigue.
2. The tasks performed were as simple as possible to reduce the in-
fluence of learning.

3. Each subject was given identical training and instructions.

The Simulator

The equipment used was the Saturation Countermeasures Simulator
(SATSDM) located at the Air Force Avionics Laboratory, Wright-Patterson
AFB, Ohio. The simulator is described more completely elsevhere (Ref 16:
32-37), but is basically capable of displaying a multitude of targets and

EQ1 effects. A simplified block diagram of the SATSIM is given in Fig. 2. i

The PDP-8 computer reads target information from the digital magnet-

ic tape and passes it to the digital-to-analog converter. [etails con-

12
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cerning the digital magnetic tape format arc contained in Appondix B.
The digital-to-analog converter has four independent analog output chau-
nels which are connected to the four input channcls of the Intermmediate

Frequency (IF) U.it. The controls of the IF Unit allow any or all of the

| four signal channels to be applied to the PPI display Unit.
The primary method of recording data reflecting the reactions of ex-
perimertal subjects is by means of the Raytheon 703 Computer. ‘'henever

the output pushbutton, located at the PPI device, is activated, the Ray-

theon 703 computer prints information contained in the Buffer Unit. This
information consists of the number of seconds since the current simula-
tion run tegan, the position of the operator controlled azimuth cursor in
degrees, as well as information concerning IF Unit switch settings.

Fig. 3 is a photograph of the input portion of the SATSIM. The
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Fig. 3. The Input Portion of the SATSIM
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PDP-8, the digital-to-analog converter, and the magnetic tapc drive are

pictured. Fig. L shows the Raytheon 703 and the IF Unit.
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Fig. L. The Raytheon 703 and the IF Unit

A portable cassette tape recorder was also used to record verbal
corments which experimental subjects were required to make during their

tests (see Tasks, below).

Experimental Display

The display unit used in this study is pictured in Fig. 5. It is a
standard UPA-35 PPL indicator nodified to accept inputs from the SATSIM.
The radar simulated for this experiment had a pulse repetition frequency

of L0O pulses per second and an anterna scan rate of rix revolutions per
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ninute. The two controls of most concern to the subjects, the azimuth
cursor control and the output pushbutton, are located on the lower right-
hand portion of the digplay unit. The operator pictured in Fig. 6 is
shown operating the azimuth cursor control. The pushbutton is located

six inches to the right of this control.

&
~
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Fig., 5. The Display Unit
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Fig. 6. An Operator Using the UPA-35 PPI

The display unit was set to display a« simulated area of 100 miles

in radius with 20-mile range markers for this experiment.

Each subject was required to monitor a surveillance area consisting
of approximately one-quarter of the display area and also to perform the
functions of target detection and tracking. The area monitored was a

ninety-degree quadrant extending from 315 to L5 degrees in azimuth and :

from the eighty-mile range marker in to the center of the cathode ray

tube. The detection task consisted of: f

17 '
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1. Noticing that a new target was present and assigning lhe target
a number., Integers beginning at one were used; each new target was given
the next consecutive number.

2. Moving the azimuth cursor so that it covered the new target.

3. Activating the pushbutton and verbally announcing the target
number into the microphone of the cassette tape recorder.

The tracking task required the same response whenever an already
detected target crossed one of the 20-mile range markers. The number
announced was the original number assigned to the target.

Each sinulation test began with no targets on the display and targets
were prograrried to appear at random times throughout the test. Targets
were also programmed to appear at a random azirmth in the ninety-degree
sector and at a random range between 60 and 80 miles to prevent subjects
from predicting where they would appcar. The number of targets programied
to appear on each of the simulation runs was determined during prelimine-

ary trials with subjects not used in the final experiment.

Subjects

Twenty adult volunteers were used in the experiment. Of these, six-
teen were male students of the Air Force Institute of Technology and four
were female volunteers. None of the subjects had previous experience as

a radar operator,

Procedure
Each subject completed one session with the simulator per day on
four consecutive days. The simulation tests and instructions were iden-

tical for all subjects.
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The first day was entirely devoted to training. The subject was
told that the purpose of the experiment was to measure the saturation
level of hwnan radar operators. After a brief description of the equipe
ment, the subject was seated at the display unit and shown the azirmuth
cursor control, the output pushbutton, and the various intensity controls,
Then a demonstration was given of tracking targets on the display usihg
a grease pencil, Finally, the subject was told to read the instructions
vhich detail the tasks to be done by the operator. A copy of these in-
structions appear as Appendix A. After the instructions had been read,

a ten-minute training simulation run was tegun. During the training run,
the subject tas closely observed to confirm that required responses were
understood and were being performed.

The second day of testing was devoted to practice. The operator
was again closely watched during a rerun of the same training run that
was presented on the first day. Then after a short rest, the subject vas
told to begin Run 1, his first 'real' run. By, the end of tnis ten-min-
ute run, the scope contained eleven targets which was approximateliy tirice
the number in the first run. The subject was alone in the testing room
and the casselte tape recorder was set to record for the first time.

This simulation run was scored so that the subject would know how well
ke did, but to minimize errors induced by learning, the results were not
used for final data analysis.

The third day of testing consisted of subjecting the operator to twe
ten-minute simulation runs, Run 2 and Run 3. %The activity on these runs

was slightly higher than that used on Run 1, 13 targets on Run 2 and L5

19
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targets on fun 3. Before taking the subject into the testing room, the
results of Ruin L were discussed, As bLefore, between the two runs, the
subject was given a short rest period.

On the fourih day of testing, the subject was shown the results of
the third day. This lasl run, Run L, consisted of one simulation run

with sixteen targets.

Equipment Frotlems Encountered

During zhe testing of subjects, several problems with the simulator
equipment tacane apparent, It is not believed that these difficulties
had any siznificant influence upon the final results of the experiment.
The problens are recorded here for completeness.

Occasisnally during the early part of the testing program, the tar-
gets being gisplayed would suddenly appear to shift clockwise by 22-1/2
degrees. 7Iris seemed to indicate that a block of data on the tape had
not been re23i., Upon closer investigation, ihe pinch roller on the mag-
netic tape :transport was found to be worn. Since a replacement was not
available, & temporary solution was found. The roller was cleaned, buffed
with an emsr; cloth, and installed in a reversed position. The skipping
stopped excens on the tape that held the last simulabion run, Run 5.

Since time wzs short, this run was deleted from the testing program.
Another problem involved the printed output of the Raythecon 703
computer. Occasionally, grossly incorrect times were printed even though
the other information was printed corrcctly. The cause of this difficulty
was never determined. DBecause it was possible to measure the correct
times from the tapes of the portable cassctte tape recorder, this was

not considered to be a scrious problem.

20
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A problem occurred that involved the appearance of the targets upon

the PPI display. At apparcntly random times throughout a simulation run,

a 'ghost' image would appear in the immediate vicinity of a real, dis-
played target. The ghost image would always appear closer to the center
of the display and approximately U4 niles from the real target. The ghost
was at the same azimuth and about one-fifth the intensity of the real tar-
get. The problem was definitely in the SATST1 equipnent since the ghosts
appeared at different times and places each time a given simulation was
ran.  All test subjects were shovn examples of the ghosts and told to ig-
nore them and concentrate upon the real targets. Based upon observations

of the subjects during training, it is corjectured that the ghosts had

little effect upon the experimental results,

Scorinc of Test Results

The individual simulation runs were scored as follows:
: - 1. The tape recording of the ten-mir:te run was played and the nun-
‘ ters that the operator called out were noted on the output sheet from the
raytheon 703 computer. Because the computsr frequently made errors in

orinting out the time, as the tape was played, all times were checked

3 for accuracy and corrected where necessary. This was possible since ac-

tivating the pushbutton produced a distinct click which could be heard

on the tape recording. It was possible to measure time with a wrist
wateh since the time was printed to the nearest second.

2.. The output sheet was then studied t';o discover any errors made ]
by the test subject. Errors were indicated when a target was not detected,
vhen a target crossed a range marker unmnoticed, or when the wrong target

nunoer was used,
21
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3. By using the times at vhich errors were made, the estimate of
the operator's saturation level, 5, was made using (4).

L. The response times of the operator for detection tasks and track-
ing tasks were calculated for the portions of the run that were not in

error.,
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IV. Analysis of Test Data

The experiment described in Chapter III produces two groups of data,

estimated saturation levels and measured response times. These data will i

be used to formulate the models discussed in Chapter II. The method used
to isolate the underlying density function governing the random variables
1 under investigation, saturation level and response time, is patterned ]
after work done by Regulinski and Askren (Ref 18:407-415). Steps in
their procedure include:
1. Parameters are estimated for each of the probability dis-
! tributions that are being considered. ?
| 2. The Kolmogorov-Smirnov test is conducted for each of the
distributions.
3. The likelihood ratio test is performed to identify which
of the distributions passed by the Kolmogorov-Smirnov test is most likely

to be the underlying density function governing the generated data. 1

Distributicns and Estimation of Parameters

The distributions tested are listed in Table I. Both the probability
density function (PDF) and the cumulative distribution function (CDF)
are listed. Table II is a listing of the formulas used for estimating
the parameters of the probability distributions. These estimates were
all taken from Ref 19 except for the estimates for the Pareto and Laplace

distributions which were taken from Ref 11 and Ref 12, respectively.
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IS Kelmoporov=-Smirnov Test
E The Kolmogorov-Smirnov test is a powerful nonparametric tool which
can be used to test the hypothesis that a group of data comes from a pop-

ulation with a particular cumulative distribution function (Ref 15:68-78).
The method is based upon a comparison c¢f the cumulative step-function of
the random sample and the theoretical cumulative distribution function.
The maximum difference between the two functions is found. Based upon
the number of sample points and the desired significance of the test,
the table of Ref 15 can be consulted to determine if the hypothesis that
the stated distribution function applies, is accepted.

The Kolmogorov-Smirnov test is conducted at the .2 significance level
using Hassey's critical values (Ref 15:68-78). This is a fairly conser-
vative step as several distributions may te accepted, but the problem of

low discrimination will be corrected in the next step.

Likelihood Ratio Test

The likelihood ratio test (Ref 9:213) is performed for all distribu=
tions that do not fail the Kolmogorov-Smirnov test. For each distribution
under consideration, a likelihood function represents the likelihood that
the given sample could occur given the distribution function. If-81,€2,...,€k
are the parameters of the probability density function f(x;€y ... ek), then
the likelihood function, L(X,8), is:

L(X,0) -~ ﬁ ‘HXL'; 8, "'ek>

=1

2l
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for the set of n samples X. If there are 2 distributions under consid-
eration, the ratio of the likelihood functions,

L, . s (X.8)

Lo THI(X,8)
will determine vhich is the most likely underlying distribution function,
According to the rationale discusszd in Ref 18, the threshold value of
this test is unity. Thus, if Ll/L2 is greater than one, fl is more likely,
otherise, f2 is the better choice.

It is evident that if j distributions are under consideration,

£y, f2, 000g fj, the best choice corresponds to the largest L. If the
logarithms of the L's are compared, the largest logarithm corresponds to

the most likely function.

Corputer Prozram

The above procedure was translated into a FORTRAN computer program
to automate data analysis. A flow chart of the program is given in Fig. 7.
Up to 1000 data points are read into the computer and then are sorted
into an array of increasing values. Using the arrzy, four values that
are used frequently throughout the program are calculated and stored in
a common storage area. These values are:
1. sm o= X,
2. smz = 2X3
3. 80 = 8 L (Xg)
b smih = 5L Ln (KT
At this point, one subroutine is called for each of the distributions

being considered as candidates for the model. In each of the subroutines,

i ki
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the parameters of the particular distribution are cstimated. Then using
these parameters, the maximum difference between the cumulative sample
step-function and the theoretical cumulative distribution function is de-
termined for the Kolmogorov-Smirnov test. A decision is then rade as to
whether the test has been passed. The next step is to calculate the value
of the logarithm of the likelihood function. The results are passed back
to the main program.

The remainder of the program prints the results of the tests and the
final decision, A complete listing of the computer progran is contained
in Appendix D,
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TABLE II

Parameter Estimation Formulas

DISTRIBUTION
Uniform as Min{xi; 1= 1leeeyn} B= Max{xi; ie=1l,eeeyn}
z Xy
Exponential 6= Hin{xi; i=1,ee0yn} po - -0
I Z(lnx)z (.Z‘lnx)2 -4 Tlnx - |
Weibull g i’ _ i « = oxp i, 51
P \ n=-1 n(n - 1) n )
' 2
T x T x zx; %
Normal he = 0= = - =
Zlx n.z(lnx)a-(zmx)2 3
i i i
Log-Normal b e —— 0 =
n(an - 1)
1 -1 AN x - Zln x:41
Camma @a= ==y (1 +N1 + ay/3) po—ss— ¥=lnxeo—p
2 2
zx zx { L xg ¥
Logistic He — T = - -\ -

Extreme Value
Smallest

in
pom o+ HTT2P = [

Wiy

N6 [ z | “3"1\2]i

1

. 2 . 2_%
Bxtreme Value ho- z X - 57728 = V6 Z, %y _( X
Largest n e B n \ n !
Z In x, =1 1
Pareto k= Min{xi; i=1,04yn} a -[ = - 1ln k]
= xi -ng
Laplace 0 = Nedian x; L =
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V. Results of Analysis

The experimental data collected using twenty subjects is presented
as Appendix E. The results of subjecting these data to the analysis
procedures discussed in Chapter IV are given below. The discussion is
in two parts, analysis of saturation level data and analysis of reaction

time data.

Analysis of Saturation Level Data

The data from Runs 2, 3,'and I were subjected to the procedure dis-
cussed in Chapter II; an estimated saturation level, ?ﬁ was calculated
for each of the twenty experimental subjects. These saturation levels
are listed in Table III. The estimated saturation levels irere then used
as inputs to the computer program described in Chapter IV to isolate
the underlying density function governing the random variable, satura-
tion level.

The distributions accepted by the Kolmogorov-Smirnov test for each

run are:
Run 2 Run 3 Run k
Uniform Exponential tfeibull
Normal Extreme Value-Largest llorral
Log~-ilomal Parcto Log-ilormal
Logistic Logistic
Extreme Value-Largest Extreme Value-Smallest

Extremz Value-Largest

30
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TA

BLE IIX

Estimated Saturation Levels, &

SUBJECT RUN 2

1 .112806
2 .099598
3 112806
L .097282
5 .098362
6 081190
i .083735
8 ,097282
9 094116
10 .090972
11 .099598
12 L094116
13 .095057
1l .112835
15 .099598
16 109176
17 .098362
18 .089127
19 .09452)
20 .10639)

NOTE: All saturation levels are measured in actions per second,

RUN 3

12k
.123282
095819
.101656
116106
.101688
.097161
.100908
112755
094310
108938
.1011.656
.116106
.097660
.09978),
096429
116106
.094310
.101656
.101656

31

RUN L

J122047
124751
.095363
10869l
110267
123711
.118667
124751
124679
.113810
119725
124679
124559
.123711
.108694
.110071
110071
115431
.116562
J12h7h7
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The distributions selected from the above results by the likelihood ratio

test are:
Distribution
Data Selected Parameters Mean Variance
Bun 2 Uniform o = 08119 A= .1128 09700 .8327x10'h
Pun 3 Exponential © = 09431 4= ,01030 10461 .01105 "
Run 4  Ext Value - e = 005689 = .1212 1179 .5324x10
Smallest

A review of the results of the Kolmogorov-Smirnov test indicates that the
only distribution accepted for Runs 2, 3, and L was the extreme value-
largest. If one probability density functiuvn goverrs the random variable,
saturation level, based upon the available evidence, it must be the ex-

treme value-largest density function, Estimated parameters of the func-

tion are:

/3 N l'ean Variance
Run 2 .006810 09442 .09835 .7628x10'ﬁ
Run 3 ,006670  .1008 L1047 .7319x10:h
Run b 005689  .1146 179 .5323x10

To determine whether the parameters of the underlying exteme value=-
rargest density function changed from Run 2 to Run 3 and from Run 3 to
2un i, two tests were made.

Sipn Test. The sign test is a simple ronparametric test to deter-
nine whether two groups of data can have coze from populations governed
by the same underlying density function (Ref '9:310). Using the procedures
given in Ref 9, it was found that the probability of obtaining two groups
of samples from one population as divergent as those for Runs 2 and 3

is .0018. The corresponding probability for Runs 3 and 4 is less than
.001,
32
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Monte Carlo Simulation. A Monte Carlo simulation was undertaken to

determine whether the differences obtained between the estimated parame-
ters of Runs 2, 3, and L were significant. One hundred groups, each
containing twenty data points, were generated using the extreme value-
largest density function. Parameters were:
V- 006670 A= .1008

The parameters, 4 and S of these groups were then estimated using the
formulas of Table II. In approximately 70 percent of the cases the Monte
Carlo estinmates for A showed more variation than did the estimates for
Runs 2, 3, and Ii. The Monte Carlo estimates for 4« however, shoved less
variation in all cases than did the estimates for Runs 2, 3, and 4.

It seems clear that the parameter of the extreme value-largest
distribution changed significantly from Run 2 to Run L while /4 was con-

stant or nearly so.

Number of Targets at Saturation

The average workload of the operator can be related to the number of
targets appearing on the display at any time by considering the random

variable representing workload, W, to be a sum:

n
W = 2 Xi + Y
iz
where - Xi represents the tracking workload of the it‘h target
Y represents the detection workload (all workloads measured in

tasks per second)

Then
E(W) = nE(X) + ELY) (Ref 9:118)
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or
Ww=na+hb

where = w is the average workload measurcd in actions per second
n is the number of targets on the display
a is the average ratc at which tracking actions are to be
performed, measured in actions per second per target
b is the average rate at which detecction tasks are to be
performed, measured in actions per second
Therefore, solving for n:

n=sw=>
a

For this experiment, the constant a is a function of the velocity of the
targets and ths distance between the range markers. The standard speed for
all targets was approximately 500 miles per hour and the range markers were
spaced at 20 miles so that one tracking action was required every 1L0O seconds.
The constant b, the average rate at which detection tasks are to be
performed, varied for each of the simulation runs. This constant is
found by dividing the total mumber of targets appearing on a run by the
length of the run in seconds.
The parameters, a and b, are thus:

Run a b

2 L007143 .021.667
3 007143 .025000
N .007143 .026667

The number of targets corrcsponding to the mean caturation levels are:

Mean Number

_1_13{_1 of Tarrets
2 10,736
3 11.151
L 12.771
3k
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Analysis of Reaction Time Data
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The reaction times of all operators were separated according to the

number of targets on the display when the stimulus was applied and accord=-

ing to whether the task was a detection or a tracking task.

The results

of computer analysis of the reaction time data is given below for the de-

tection task at various levels of workload.

Number of
Targets on Distribution Mean
Display Selected Parameters (Sec) Variance
0 none - - -
1 none - - -
2 Log-Normal L= 1121 o= 553 4.83 8.33
3 none - - -
L none - - -
5 Log-Normal L =1.576 T = 581 5.72 13.16
6 none - - -
7 none - - -
8 none - - -
9 Log-Normal S =2,000 o=1,004 12,24 260.86
10 Exponential ©=1,000 4= 16.15 17.15 294.12
11 Weibull 8= 1,62 e=15,29 13.68 287.63
12 Log-Normal Lem 2,346 o= 1,076 18.63 757.79
13 Log-Normal A=2,098 o= 1,070 14.45 Lh7.06
1 Exponential €= 3,000 =10,79 13.79 190,16

In the cases where distributions other than the log-normal were se=-

lected, the log-normal was also accepted by the Kolmogorov-Smirnov test.

For the cases of 9 to 1L displayed targets, the mean of the sclected dis-

tributions varied from 12.2} to 18.63 seconds.

of actions per second (1/T) are .UBl699 to .053677.

The corresponding number

The reaction time data for the tracking task was to be processed in

the same manner as that used for the detection task, but an unexpected

difficulty arose.

crossing range markers with the result that there were many reaction times

35
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equal to zero.

printed data was only to the nearest second.

Probably the chief cause was that the accuracy of the

To allow a comparison with

the data for detection tasks, the zeroes were censored and the reaction

time data for tracking tasks were

processed as before.

Results were:

36

Number of
Targets on Distribution Mean
Display Selected Parameters (Sec) Variance

2 Normal L= 2,600 o=1,32 2.600 1.74
3 Log-Normal .= 0039 o= 8665 3.252 11.83
L none - - -
5 Ext Value-Largest 4= 2,184 &= 2.264  3.525 7.85
6 none - - -
7 Log-Normal <= 1,05, o= 812 L, 000 15.02
8 Log-Normal A4 =1.0L408 o= ,9783  6.596 69.80
9 Log-Normal _«=1,710 o==1,080 9,907 216.93
10 none - - -
11 Log-Normal a=1,756 o= 1.013 9.671 167.43
12 none - - -
13 Log-<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>