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Preface 

The work vrtiich follows is the result of a larce number of hours of 

research, computer proßramming, program debugging, experimenting, analy- 

zing, and planning. This project has given mo a new respect for those 

who do research; especially those who do research and make it appear 

to be easy. 

If I ;:ere to choose one facet of this thesis project which is 

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

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

To my knowled-s, 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 

ideal operator could be used to assist in modeling the reliability of 
i 

electrical and mechanical parts under severe stress. 

There is 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-l/?.  years that I have been studying engineering, my 

vrifo has typed reports, punched cards, run errands, operated my simulator 

(Operator ,vl?), analyzed experimenoal results, typed this thesis, and, 

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

Dahl B. Metters 
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Ahntract 

The United States Air Force is building a mathematical model of 

the air battle and need», as an input, a model of the saturation level of 

the cro^^-based enemy radar operator. Saturation level can be loosely 

flefined as the number of tarnets that the human operator can effectively 

manarc. The concept of an ideal operator is introduced to allow the 

precise definition of saturation level. An ideal operator is defined 

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

perfectly. The amount of work that the ideal operator can perform is 

tamed the operator's saturation level. The human operator is then 

modeled as an ideal operator who makes random 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 v;hich was conducted to measure saturation level is 

described in detail and the results are presented. The resultint; data 

is then analyzed using the Kolmocorov-Smirnov and Likelihood Patio tests. 

The results of analysis suggest that the random variable, saturation 

level, is cov^rned by the distribution of the largest extreme value. 

In addition, it is shown that the human operator's saturation level 

changes as the rate at which targets arc introduced varies. 
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MODELItKl 'niE SATURATION 

LEVEL OF A HUMAN 

RADAR OPERATOR 

I. Introduction 

Backnround 

The United States Air Force is in the process of creating a new 

mathematical model of the air battle. Experience in the air viar over 

North Vietnar. has proven current models inaccurate in a modem electronic 

iiarfare environment. Among the inputs that the Air Staff requires for 

this model is the saturation level of the ground radar operator {Ret 2 It 

Ref 3). Saturation level is usually defined as the nmimum number of 

targets irhich can be managed effectively at one time by the human operator. 

Previous models have generally considered the human operator to be satur- 

ated at sor.e arbitrary number of targets or stress level, "o tested or 

generally accepted model of the operator's rsrfonnance presently exists. 

While n-jnerous studies of radar operator performance have been made, 

none have specifically attempted to quantify caturr.tion level. A simula- 

tion by Kidd (Ref 13) indicated that experienced air traffic controllers 

could efficiently maintain U to 8 target trades 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 system, detection of new targets, 

was not required. Thomas (Ref 2?:68) reported that operators graduating 

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

h 
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concurrpiibly and also vector two intercepts. Again, no detection taaks 

wore required. 

The relation betwoen workload and operator porfonnuice was studied 

hy Huntlcy (Ref 10:65) in 1972. The result of his study indicated how 

people react to an overload of work, but no attempt was made to define 

or measure saturation level, A study which included both detection and 

tracking tasks was performed by Mills in 1973 (Hef l6:3ii0j. Operator 

pjrfornance as a function of five system parajnoters was measured. One 

of the parajneters was rate of target introduction. This study is of lim- 

ited applicability because the experimental subjects tended to drop the 

track maintenance tas.: and, again, measurement of saturation level was 

not a joal of the study. 

Objectives 

The primary objective of this thesis is to formulate a model of the 

Ivinan radar operator's saturation level. To do this, tasks which consti- 

tute the pei'forr.anco repertoire of the operator will be delineated, a 

precise definition of saturation level will be given, an experiment capa- 

ble of generating the appropriate data will be designed and conducted, 

an 1 the probabilistic :aodel will be formulated from the resulting data. 

Ar-nroach 

An analysis of the modeling problem is r;iven in Chapter II. The basic 

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

influence the operator's porformanco 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 precisely. 

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. 

■■ • ■   "■-— mm 
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II.    Analysis of the Problem 

Tasks 

In any early warning or area defense radar system, two major tasks 

rust be performed by a radar operator in conjunction with the radar sys- 

tem being used (Ref Ih'-h)-    The tasks are: 

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

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

the 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 

The saturation level of the human operator, the random variable 

under study, is influenced by many factors.    These variables may be char- 

acterized as being related to the radar system in use, to the operator, 

or to the scenario. 

Radar Syatew Variables. Any characteristic of the radar system in 

use that could possibly influence the human operator's performance is a 

radar system 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 WargO (Ref 23:221), 

the response that the man-machino system required of an operator will 

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

h 
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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 wore 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 2U:2Ui3). 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 countemeasures (ECM) 

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- 

erator's performance. In an experiment perfomed by Bell and Symington 

(Ref U:65), it was found that performance deteriorated with increasing 

target density. Mills (Ref l6:3li8) assorts that the velocity of the tar- 

gets on the display affects performance. 
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k.    Othor Scenario Factoro.    The results of a study conducted 

by Bernstein (Ref 5:1) Indicates that the porfonnance of subjects detect- 

ing 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.    Sone attributed of the individual operator which 

could affect his saturation level are: 

1. Training.    The extent of the operator's training will have 

a riajor impact on his porfonnance.   The operator who has just begun his 

training cannot be expected to do as well as one who has had many years 

of experience on the job, 

2. Other Psychophysiological Factors.    Various other psycho- 

physiological factors could have riajor impact upon the human radar oper- 

ator's perforaance.    Teichner (Ref 21:l8l) showed that detection perfor- 

r.ance 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 

of riind, such as fatigue or tension, could also tend to decrease his sat- 

uration level. 

Zha Ideal Operator 

In order to precisely define human saturation level, the concept 

of the ideal operator xd.ll first be considered.   An ideal operator is 

defined as one who can perfectly manage a certain number of actions per 

unit time.    The number of actions that the ideal operator can manage per 

unit time is termed the operator's saturation level.    If an ideal opera- 

tor, with saturation level s actions per unit time, is presented with a 
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v/orkload 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 manaced perfectly. It follows then, that the av- 

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

or ^  U)*S 

where w is the average workload required to be done, measured in actions 

per unit time. The ideal operator's average time-to-error (time between 

errors), t, is then: 

■tor- u) > <5 -t (1) 

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

a function of average workload. 

The Human Oporator 

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 come 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 n as operator variables do not change the performance 

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

r-«+-X (2) 

HMMMBHi 
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AVERAGE 
TDE-TO-ERROR 

AVERAGE WORiaOAD - ACTIONS/UNIT TBffi 

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, o, measured in actions per 

unit time is, therefore, defined to be; 

S=   o>'G, )-$- u) re. 

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 portion of the 

human's performance. 

The hunan's time-to-error, T, la 

It is clear from (I) and (3) that 

If many observations of a human operator are made at a constant 

workload, •.: , a group of sample times-to-error, T.  (i^l,. ..,n), will be 

observed.   An estimate of t,  t, can be made: 

£ ^ m* fa) 
By using t, an estimate of the operator's saturation level,'s, is made 

as foilers; 

It is apnarcnt that; 
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f   = f/VHX ^S^ (1*) 

vdth 

11 

vrill yield the same estimate of s. 

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

is carried out at many different levels of workload, one may have more 

confidence that the operator was tested at a level greater than satura- 

tion. 

Reaction Time Measurements 

A conceivable alternative to the above method of estimating satura- 

tion level is by means of reaction time neasurements.    It seems reason- 

able to assume that if a human operator requires an average of t   seconds 

to respond to a stimulus, the human, acting at that rate, can only manage 

l/t   responses per second. 

A secondary goal of this project will be to attempt to model l/t 

as a function of workload.    If this approach modeling problem is 

feasible, it may be possible to isolate the i JII effects of the 

detection and tracking task workloads on saturation level. 

"odolirv- Saturation Level 

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

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

10 
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The random variable is s, saturation level, and f(w) is the proba- 

bility density function coverninc s.    Thus - 

P   Jhvunan operator 1c saturated with workload w   to w | stress ( 

o 
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 mi-iutesj 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 Countormeasures Simulator 

(SATSIMj located at the Air Force Avionics Laboratory, Wright-Patterson 

AFB, Ohio.    The simulator is described more completely elsewhere (Ref 16: 

32-37J, but is basically capable of displaying a multitude of targets and 

Edl effects.    A simplified block diagram of the 3ATSIM is given in Fig. 2. 

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

ic tape and passes it to the digital-bo-analog converter.    Details con- 

12 
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Fig. 2.   Simplified Block Diagram of the SATSIM 
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ceming the digital magnetic tape foimab are contained in Appnndix D. 

The digital-to-analog converter has four Independent analog output chan- 

nels v/hich are connected to the four input channels of the Intemediato 

Frequency (IP; unit.    The controls of the IP Unit allow any or all of the 

four signal channels to be applied to the PPI display Unit. 

The prinary method of recording data reflecting the reactions of ex- 

perimental subjects is by means of the Raytheon 703 Computer.   Whenever 

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

theon 703 conputer prints infomuition contained in the Buffer Unit.    This 

infomation consists of the number of seconds since the current simula- 

tion run began,  the position of the operator controlled azimuth cursor in 

degrees, as •.•ell as irifomation concerning IF Unit nvätch settings. 

Fig.  3 is a photograph of the input portion of the SATSIM.    The 

.jr- '■""-•H1' 

;)    !      ' 

'   I 

Fig. 3.    The Input Portion of the SATSJM 
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PDP-8,  the dicital-to-analo^ converter, and the magnetic tape drive are 

pictured.    Fig. k shows the Raytheon 703 and the IP Unit. 

1 

i 

G 

• • 

rl 
1 

1 . 

.^-1 

■ a f 

/ 
/ 

Fig. U. The Raytheon 703 and the IF Unit 

Reproduced from 
u!r. «v.iUbl« copy. 

A portable cassette tauo recorder vras also used to record verbal 

coments which cxperimontal subjects v;ere required to make during their 

tests (see Tasks, below;. 

Expet-imental Dlgplay 

The display unit used in this study is pictured in Fig. 5- It is a 

standard UPA-3i> PPI indicator modified to accept inputs fron the SAT3IM. 

The radar simulated for this experiment had a pulse repetition frequency 

of UOO pulses per second and an antenna scan rate of rix revolutions per 

1$ 
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ninuto.    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 display 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. 

k^ 

Fig. $.    The Display Unit 

LTÄife 

16 
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Reproduced  from        S» 
best available copy. 

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. 

Tasks 

Each subject was required to monitor a surveillance area consisting 

of approximately one-quarter of the display area and also to perfom the 

functions of target detection and tracking. The area monitored was a 

ninety-degree quadrant extending from 315 to k$ degrees in azimuth and 

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

tube. The detection task consisted of: 

17 
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1. Noticing that a now target was present and assigning the 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 vras the original number assigned to the target. 

Each simulation test began with no targets on the display and targets 

were prograrr.ed to appear at random times throughout the test. Targets 

were also programmed to appear at a random azimuth in the ninety-degree 

sector and at a random range between 60 and 80 miles to prevent subjects 

from predicting where they would appear. The number of targets programmed 

to appear on each of the simulation runs was determined during prelimin- 

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 hraian radar operators. After a brief description of the equip- 

ment, the subject was seated at the display unit and shown the azimuth 

cursor control, the output pushbutton, and the various intensity controls. 

Then a demonstration was given of tracking targets on the display using 

a grease pencil. Finally, the subject was told to read the instructions 

;;hich 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 begun. During the training run, 

the subject was closely observed to confim 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 was 

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 approximately twice 

the number in the first run. The subject was alone in the testing room 

and the cassette tape recorder was set to record for the first time. 

This simulation run was scored so that the subject would know how well 

he 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 two 

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 15 
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targets on Run 3.    Before talcing the {subject into the testing room, the 

results of Run i were disoussed.    As before, between the two runs, the 

subject was (jiven a short rest period. 

On the fourih day of testing,  the subject was shown the results of 

tho third day.    This last run. Run It, consisted of one simulation run 

with sixteen targets, 

Eauipment rroblans Encountered 

During zhe testing of subjects,  several problems with the simulator 

equipment becane apparent.    It is not believed that these difficulties 

had any significant influence upon the final results of the experiment. 

The probler.s are recorded here for completeness. 

Occasi^r.ally during the early part of the testing program,  the tar- 

gets being displayed would suddenly appear to shift clockwise by 22-1/2 

degrees.    This seemed to indicate that a block of data on the tape had 

not been rear.    Upon closer investigation,  the pinch roller on the mag- 

netic tape transport was found to be worn.    Since a replacement was not 

available, a temporary solution was found.    The roller was cleaned, buffed 

with an anory cloth, and installed in a reversed position.   The skipping 

stopped except on the tape that held the last simulation run. Run S. 

Since time was short, this run was deleted from the testing program. 

Another problem involved the printed output of the Raytheon 703 

computer.    Occasionally, grossly incorrect times were printed even though 

the other information was printed correctly.    The cause of this difficulty 

was never determined.    Because it was possible to measure the correct 

times from the tapes of the portable cassette tape recorder, this was 

not considered to be a serious problem. 
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A problein occurred that involved the appearance of the targets upon 

the PPI display. At apparently 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 h niles from the real target. The ghost 

•..•as at the same azimuth and about one-fifth the intensity of the real tar- 

get. The problem was definitely in the SAISffl equipment since the ghosts 

appeared at different times and places each time a given simulation was 

rm. All test subjects were shovm examples of the ghosts and told to ig- 

nore then and concentrate upon the real targets. Based upon observations 

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

little effect upon the experimental results. 

Scoring of Test Results 

Hie individual simulation runs were scored as follows: 

1. The tape recording of the ten-mlr.-ite ran was played and the nun- 

tars that the operator called out were noted on the output sheet from the 

Raytheon 703 computer. Because the computer frequently made errors in 

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

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 

iratch since the time was printed to the nearest second. 

2, The output sheet was then studied to discover any errors made 

by the test subject. Errors were indicated when a target was not detected, 

when a target crossed a range marker unnoticed, or when the wrong target 

number was used. 
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3. By using the times at which errors were made, the estimate of 

the operator's saturation level, ^, was made using (U). 

li. 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. 

22 
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IV. Analysia of Test Data 

Tl}e experiment described in Chapter III produces two groups of data, 

estimated saturation levels and measured response times. These data will 

be used to formulate the models discussed in Chapter II. The method used 

to isolate the underlying density function governing the random variables 

under investigation, saturation level and response time, is patterned 

after work done by Regulinski and Askren (Ref l8:UU7-Ul5). Steps in 

their procedure include: 

1. Parameters are estimated for each of the probability dis- 

tributions that are being considered. 

2. The Kolmogorov-Smimov 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-Smimov test is most likely 

to be the underlying density function governing the generated data. 

Distributions ind 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 enttmating 

the parameters of the probability distributions. These estimabes 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. 

23 

■ I     I    !■       ,mtm^tmlaatt 



■"'—    "■        "— 

GE/EEM-73 

, Krlmororov-Snirnov Teat 

The Kolmo^orov-Smirnov test is a powerful nonparametrio tool which 

can be used to test the hypothesis that a group of data comes fron a pop- 

ulation with a particular cumulative distribution function (Ref 1^:68-78). 

The method is based upon a comparison cf 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 1$ can be consulted to determine if the hypothesis that 

the stated distribution function applies, is accepted. 

The Kolmogorov-Smimov 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 ba 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-9^,•©»),. ..,-6^ 

are the parameters of the probability density function fCx;^ ... Sy),  then 

the likelihood function, LU,^")> is: 

HX&t'ft HX^BS...\) 
i-1 

2h 
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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, 

will detemine vrhich is the most likely underlyinc distribution function. 

According to the rationale discusssd in Ref 18, the threshold value of 

this test is unity.    Thus,  if L^/L2 is greater than one, f,  is more likely, 

otherwise, fp is the better choice. 

It is evident that if j distributions are under consideration, 

f^, f„,   ..,, f.,  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. 

Cor.outer Program ■ 

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 array, four values that 

are used frequently throughout the program are calculated and stored in 

a common storage area.    These values are: 

1. ST..I1 - ^X* 

2. S-ÜH2 = 2Xt 

3. SUM3=£UCXL) 

h.    SUM1;. ZtUO-Of- 
At this point, one subroutine is called for each of the distributions 

being considered as candidates for the model. In each of the subroutines, 
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RFAD IN 
DATA POINTS/ 

SORT IMTÜ 
IMCIvZASHIG ORDER 

GALCUUTE OOMKCKI 
FACTORS 

CALL: 
ÜIHPÜHH 

EXPOIIENTIAL 
VEEBULL 
NORMAL 

Loa::oFMAL 
GAIBIA 

LOQISTIC 
EV URGE 
EV Sl-IALL 

PARETO 
LAPLACE 

PRI::T RESULTS O? 
PARA1-1ETER ESTIKATIOM 

\PRI::T RESULTS OF 
\  K-S TEST 

i 
PRI:;T RESULTS OF 

LIKELIHOOD RATIO TEST, 

-ESTIMATE PARAMETERS 
-PERFORM    K-S TEST 
-BIND LOG OF LIKSLI- 

IIÜOD FUNCTION 

KENT DISTRIBUTION, 
SELECTED 

Fig.  7.    Flow Chart of Data Analysis Program 

26 

■   ■  —   ■  -—imam^^ig^m 



 I 
-w- 

( 

GE/Eni:/7U-73 

the parameters of the particular distribution are estimated. Then using 

these parameters, the maximum difference between the cumulative sample 

step-function and the theoretical cumulative distribution function is de- 

termined for the Kolmocorov-Smirnov test. A decision is then made 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 t.io main program. 

The remainder of the program prints the results of the tests and the 

final decision. A complete listing of the computer program is contained 

in Appendix D. 
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TABLE: II 

Parameter Kstimation formulae 

DISTRIBUTION 

Uniform a • Minfx.i   1 • lt».*fn}   |) ■ Maxfx.;   i - 1,...^} 

Exponential e - 
Z x. 

Kin{xl;   i - 1,...,»}   (i-  — 6 

Weibull ß- 
•   6   /    Zdnx^2      (Zlnx.)2   \] 

ff2  ^     n - 1                n(n - 1)     ) 
Of  ■ exp — 

E in x      >5r 

n       '      p 

Normal ^ - 
71 Xi- 

n 

Z x2            z x 2 i                                    | 
n                  n 

Log-Normal K - 
Z In Xj^ 

n 

n.Z(ln xi)
2 - (Zln xi)

2 * 

n(n - 1) 

a m 
1        i                                                 - x,                                  Z In x. . •••           -A/ 1      .   .     t      .      •_./•<     \            n *                 1.. Gamma ^     y      V x  T « x   ■.   ^jf/ j   ;       fj   -       n a                j   -   *ii n 

Logistic V- » ?'        ' • '    Z x2      f   2 x L)T n          \     n 

Extreme Value 
^ - 

-          2 
Z x.                                     N/A        £ x (-i\2l i 

Smallest V   "   i j 

Extreme Value ^ - 
2 xi ^ r ^ xi f ^Xi f 1 i Largest .,n~P P-          L      n V «   ). 

Pareto k - 
r Z In x.                 I -1 

Kinfxj^;   i - l,...,n}     a -  JJ—=- - In k 

Laplaoe e - *•* J £. ~           ~                                       A 
Z x.  - n 0 

J'tOUXO»    JL.                              v n 
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V.    Results of Analysis 

The experimental data collected using tvxenty 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 ia 

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 k were subjected to the procedure dis- 

cussed in Chapter IIj an estimated saturation level, s, was calculated 

for each of the twenty experimental subjects.    These saturation levels 

are listed in Tible III,    The estimated saturation levels ;:ere 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 

Uniform 
Normil 

Log-i.'onnal 
Logistic 

Extreme Value-Largest 

Run 3 

Exponential 
Extreme Value-Largest 

Pareto 

Run 1; 

Weibull 
normal 

Log-'Ionnal 
Logistic 

Extreme Value-Smallest 
Extrems Value-Largest 
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TABLE III 

Estimated Saturation Levels, 's* 

SUBJECT RUN 2 RUN 3 RUN It 

1 .112806 .114247 .122047 
2 .099598 .123282 .124751 
3 .112806 .095819 .095363 
1* .097282 .1016^6 .108694 
5 .098362 .116106 .110267 
6 .081190 .101688 .123711 
7 .083735 .097161 .118667 
8 .097282 .100908 .124751 
9 .094116 .112755 .124679 

10 .090972 .094310 .113810 
11 .099598 .108938 .119725 
12 ,09l|ll6 .10116^6 .124679 
13 .095057 .116106 .124559 
lit .112835 .097660 .123711 
15 .099598 •099784 .108694 16 .109176 .096429 .110071 
17 .098362 ,116106 .110071 
18 .089127 .094310 .115431 
19 .094521; .101656 .116562 
20 .106394 .101656 .124747 

NOTE: All saturation levels are measured in actions per second. 
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The distributions selected from the above results by the likelihood ,-atio 

test are: 

Data 
Distribution 

Selected 

Run 2 Uniform 
Run 3       Exponential 
Run U     Ext Value - 

Smallest 

Parameters 

«t = .08119      /*-  .1128 
* = .09k3l     A= .01030 
a = .00568?   >= .1212 

Mean 

.09700 

.10l;6l 

.1179 

Variance 

.8327x10"'* 

.01105     | 

.532lpcl0"u 

A review of the results of the Kolmogorov-Smirnov test indicates that the 

only distribution accepted for Runs 2,  3, and h v.as the extreme value- 

largest.    If one probability density functiai goverrethe 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: 

Run 2 
Run 3 
Run h 

.006810 
,006670 
.005689 

.0910*2 

.1008 

.11U6 

2 an 

.09835 

. 10147 

.1179 

Variance 

.7628x10 , 

.7319x107 

.5323xlO"4 

To determine whether the parameters of the underlying externe value- 

largest density function changed from Run 2 to Ran 3 and from Run 3 to 

?:in k,  two  tests were made. 

Sif^n Test. The sign test is a simple r.onparametric test to deter- 

mine whether two groups of data can have come from populations governed 

by the same underlying density function (Ref 9:310J. 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 li is less than 

.001. 
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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 h wore significant.    One hundred groups, each 

containing twenty data points, were generated using the extreme value- 

largest density function.    Parameters were: 

^ =   .006670 yt*,"   .1008 

The parameters, ^ and  A , of these groups were then estimated using the 

formulas of Table II.    In approximately 70 percent of the cases the Monte 

Carlo estinates for A showed more variation than did the estimates for 

Runs 2,  3, and k-    The Monte Carlo estimates for ^U) however, showed less 

variation in all cases than did the estimates for Runs 2, 3, and li- 

lt seens clear that the parameter Z of the extreme value-largest 

distribution changed significantly from Run 2 to Run k while A 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: 

W- i:Ki*Y 
where - X. represents the tracking workload of the i  target 

Y represents the detection workload ^all workloads measured in 

tasks per second) 

Then 

aW) = n^(X)  + ECY)     (Ref 9:il8) 
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or 
w = na + b 

where - w ia the average workload measured in actions per second 

n is the number of tarfjets on the display 

a is the average rate at which tracking actions are to be 

performed, measured in actions per second per target 

b is the average rate at which detection tasks are to be 

performed, measured in actions per second 

Therefore, solving for n: 

n a w - b 
a 

For this experiment, the constant a is a function of the velocity of the 

targets and tha distance between the range markers. The standard speed for 

all targets T-ras approximately ^00 miles per hour and the range markers were 

spaced at 20 miles so that one tracking action was required every 1^0 seconds. 
■ 

The constant b, the average rate at which detection tasks are to be 

perfomod, varied for each of the simulation runs. This constant is 

found by dividing the total number 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 .0071U3   .02166? 
3 .0071U3   .02^000 
h        .00711*3  .026667 

The number of targets corresponding to the mean saturation levels are: 

Mean Number 
Run   of Tarnots 

2 10.736 
3 11.151 

{                                                                       k 12.771 
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Analysis of Reaction Time Data 

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. 

Mean 
Parameters        (Sec)       Variance 

IfWUMfluPIL^PJM 

Number of 
Targets on Distribution 
Display Selected 

0 none 
1 none 
2 Log-Normal 
3 none 
li none 
5 Log-Normal 
6 none 
7 none 
8 none 
9 Log-Normal 

10 Exponential 
11 Weibull 
12 Log-Normal 
13 Log-Normal 
11* Exponential 

/^= 1.1*21   <T= .553 U.83 8.33 

^ =1.576    cr- .581 5.72 13.16 

I 9 Log-Normal > = 2.001    <T= i.oolt 12.21* 260.86 
«-= 1.000   ^= 16.15        17.15        291*.12 
/3= 1.61*2 -<■=• 15.29 13.68 287.63 
^= 2.31*6 «-=■ 1.076 18.63 757-79 
>i= 2.098 r= 1.070 lk.h5 1*1*7.06 
•0= 3.000 ^= 10.79 13.79 190.16 

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

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

For the cases of 9 to ll* displayed targets,  the mean of the selected dis- 

tributions varied from 12.21* to 18.63 seconds.    The corresponding number 

of actions per second (l/T) are .081699 to .053677. 

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.    The experimental subjects had anticipated targets 

crossing range markers with the result that there were many reaction times 
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equal to zero. Probably the chief cause was that the accuracy of the 

printed data was only to the nearest second. To allow a comparison with 

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

tijne data for tracking tasks were processed as before. Results were: 

Number of 
Targets on Distribution Mean 

Displt ÜL Sel.oofced Parameters (Sec) 

2.600 

Variance 

2 Normal .^ = 2.600        er- = 1.32 1.7U 
3 Lo^-Normal ^ = .0039     <^- .8665 3.252 11.83 
I* none - - - 
5 Ext Value-Largest /* = 2.181t    ^c- 2.26k 3.525 7.85 
6 none - - _ 
7 Log-Normal ^u = i.oJU    «-= .81U2 it. 000 15.02 
8 Log-Normal ^ = l.liOS     <r- = .9783 6.596 69.80 
9 Log-Normal ^** = 1.710      cr- = 1.080 9.907 216.93 

10 none - - - 
11 Log-Normal > = 1.756      =r- = 1.013 9.671 167.1*3 
12 none - - - 
13 Log-Normal ^ = 1.6^5    er-- 1.222 10.931 1*12.1*6 
Ik Log-Normal ^ = 1.777    ^r-= .9078 8.927 101.99 
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VI.    Conclusions and Rcicominendatlona for Future Study 

Conclusions 

Based upon the results discussed in Chapter V, the saturation level 

of the human operator modeled by means of the concept of the ideal oper- 

ator can bo described with the extreme value - largest probability dis- 

tribution.    Added credence is lent to this result when the works of 

Gumbel (Ref 8; and Singpurwalla (Hef 20^ are considered.    Guir.bel points 

out that the characteristic largest value of the normal,  logistic, and 

exponential distributions are distributed according to the extreme value- 

largest distribution.    Singpurwalla shows in Ref 20 that the characteris- 

tic largest value of the lognormal distribution has an extreme value 

distribution. 

The mean saturation levels of 10,7 to 12.3 targets calculated in 

Chapter V support the 10 target expectation of the radar operator school 

graduates as reported by Thomas (Ref 22:68.) and are in agreement with 

Kidd's conjecture (Ref 13). 

Modeling human saturation level using reaction time data results 

in a serioas underestimation of saturation level.    This underestimation 

is apparent when the mean reaction times of Chapter V are compared to 

the results shown in Tables IV through VI in Appendix E.    The mean reac- 

tion times indicate much lower saturation levels than were actually 

observed. 
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According to the reaults of the sign test and the Monte Carlo sim- 

ulation discussed in Chapter V, the primary conclusion of this thesis is 

that the saturation level of the human radar operator may be modeled by 

the extreme value-largest probability distribution where ^ varies depend- 

ing upon rate of target introduction while ^ is constant ^approximately 

equal to .006?;. 

Recommendations for Future Study 

To most effectively utilize the principal features of this work, 

the following recommendations are proposed: 

1. A method of modeling human saturation level has been devel- 

oped.   More accurate results can be achieved by modifying the prototype 

and measuring the responses of actual operators in a more realistic en- 

vironment, possibly an operational radar site. 

2. Assuming accurate radar operator saturation levels are 

available, the problem of allocating radar operators to a radar system 

can be approached. 

3. It is possible that the concept of the ideal operator can 

be extended, with appropriate modification, to the problem of modeling 

the reliability of electronic or nechanical parts under accelerating 

stress. 
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Appendix A 

INSTRUCTIOMS TO SUBJECT: 

1. You are participating in an experiment which is deüigned to test the 

porfomance of radar operators.    The task you will be asked to perform 

consists of the two jobs that radar operators are required to do.    These 

are detection of new targets and tracking of already detected targets. 

You will be asked to monitor only about one fourth of the radar screen. 

2. Detection Task.    Mienever you first notice a new target appear on the 

screen in your assigned sector, you will note the position of the target 

with a grease pencil and assign it a number.    For scoring purposes, posi- 

tion the azimuth cursor over the target, press the button and at the same 

tine announce the number aloud.    New targets will appear on the screen 

at random tine intervals, but will always appear in the range between 60 

and 80 miles. 

3. Tracking Task.    Each target must also be tracked as long as it is on 

the scope in your sector.    You Mill indicate that you are tracking a tar- 

get by announcing each time it crosses a range marker.    Your announcement 

is made as before, the azimuth cursor is placed over the target, the but- 

ton is pushed, and the target number is announced aloud at the same time. 

k'    Priority of Work.    If you think you must chose between tracking a 

few targets well or many targets poorly,  remember that? in a real situa- 

tion,  the operator would be instructed to do his best on a smaller number 

of targets. 

hi 
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Appendix B 

Generation of Sinailatlon Tapes 

Because the SATSIM software support package does not include provi- 

sions for simulating more than four targets at one time,  it was necessary 

to develop a computer program that would generate digital magnetic tapes 

containing the appropriate information.    This appendix describes the neces- 

sary tape format and the program that was written to generate these simu- 

lation tapes. 

SATSIM Input Format 

Information for many SATSIM simulation runs can be contained on one 

standard length digital magnetic tape.    The total cumulative running time 

is limited to about 25 minutes.    For each simulation run on the tape, the 

following format is used: 

1. The first data record, a header record,  indicates the file 

number and the run number of the simulation run.    These numbers are handy 

if a large number of tapes are being handled. 

2. The second and subsequent data records,  sector records, each 

contain information relating to 250 PRF's.    Because the simulated radar 

has an antenna scan rate of 6 revolutions per minute and a PRF of UOO 

pulses per second, one data record corresponds to 22-v degrees of animuth. 

Each PRF corresponds to l/h000 of a complete 360 degree scan, or  .0? de- 

grees (5 minutes, 2h seconds of arc). 

Simulation runs are separated by end-of-record blocks.    The last 

simulation run on a tape must be followed by two end-of-record blocks. 

U2 
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Header Record Format.    The header record in fomed by writing two 

CDC 6600 words on to the tape.    The first v:ord is the file number and the 

second word is the run number. 

Soctor Record Format.    On magnetic tape the smallest unit of infom- 

ation that can be written at one time is the six-bit byte.    Two of these 

tytes are combined upon input to the PDP-8 to form a 12-bit word.    Each 

sector record contains 3000 of these 12-bit words which means there are 

12 words per PRP.    Each 12-word section is composed of: 

1. Four jammer words.    Because it is not necessary to simulate 

jainming, this portion of the data record is set to zeroes. 

2. Four target intensity words.    Target intensity information 

is specified separately for targets appearing on channels 1 through U. 

If no targets appear on a particular channel during the current PRE, the 

appropriate word is set to zero.    Maximum target intensity is 1777g.    For 

this simulation target intensities were uniformly set to 1720g. 

3. Four target range words.    Target range information is also 

specified separately for targets appearing on Channels 1 through k-    The 

naximum range that can be displayed at a FIIF of 1;00 pulses per second is 

approximtely 80 miles v.iiich corresponds to 1777Q.    The displayed range 

is directly proportional to the range word so that the displayed range in 

miles,  r ,  is: 
d 

r   = range word -;:- 80 xalles/lJJT 
d 0 

Tape Gcnnration Program 

The FORTRAII computer program which was developed to generate the 

U3 
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SATSIM input tapes is incluaed as Appendix C.    A block diagram of the 

main program is given as Fig.  8.    Each tape that is generated contains 

tuo 10-minute simulation runs.    The main program is designed so that the 

first time it is run in a two-run sequence, it rewinds the output tape 

before writing, and after writing produces one end-of-record.    For the 

GGcond run, the output tape is not rev.'ound and an end-of-record is writ- 

ten twice.    Operation of the program is the same in all other respects 

for both runs. 

The first step in the program is to write a header record onto the 

magnetic tape.    Since a large number of tapes are not necessary,   ehe same 

header is written for all simulation runs.    The subroutine READIN is then 

called.    This subroutine reads infon-ation which specifies the location 

and time at uhich targets are to appear on the display.    A DO loop is 

then entered v.'hich is executed once for each complete rotation of the 

simulated radar antenna.   The first step in the loop is to call subroutine 

CALCPOS which calculates the position of all targets which are to appear 

on the current scan.    Then the subroutine OUTPUT is called to write the 

calculated infomation onto the magnetic tape.    After the last scan has 

been completed, an end-of-record is written onto tape.    Details of each 

subroutine are given below. 

Subroutine READIM. The subroutine READIM is used to initialize many 

of the often used program constants as woll as to read in target informa- 

tion.    The target information is read from cards and consists of: 

1.    The time, measured in minutes after the beginning of the 

simulation run, at which the target is to appear on the display. 

w. 
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f      START  j 

IF SWITOT 13 
NOT SET, REWIND) 

OUTPUT TAPE 

\ S WHITE HEADER/ 
RECORD TO/ 
TAPE 

\ y   READ ALL INPUT 
\ DATA 

_zx:. 
DO    1=1,60 

I 
CALCULATE POSITION 
OF ALL TARGETS FOR 

SCAN #1 

\ 

T 
OUTPUT DATA , 

\       TU TAPE 

V.TUTE EIID-OF-RECORD 

± 
7 

IF SWITCJtl IS SET] 
I     miTE ANOTHER 
I    EIID-OF-RECORD 

f        STOP       J 

Fig. 8.    Tape Generation Program Block Diagram 
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2. The X- and Y-coordinafccs, measured in miles, of the initial 

position of the target. The origin of the X-Y coordinate system is the 

center of the display and the positive Y-axis is in the vertical (North^ 

direction. 

3- The velocity of the target in miles per minute. 

h-    The X- and Y-coordinates of the final position of the target, 

r.tiasured in miles. 

Target infomation for Channel 1 is input to the subroutine in in- 

creasing order of tine of appearance. Infomation then follows for tar- 

gats appearing on channels 2, 3, and k- 

Each target has the folloiilng information stored in a master array: 

1. The scan number at which the target is to appear. 

2. The scan number at which the target is to disappear. 

3. The initial X-position of the target. 

k-    The initial Y-position of the target. 

5. The incremental distance that the target will move in the 

X-direction on each scan. 

6. The incremental distance that the target will move in the 

Y-direction on each scan. 

Also stored for future reference are the number of targets appearing 

on each channel for the simulation run. These values are placed in com- 

mon storage. 

Subroutine CALCPOS. Subroutine CALCP03 calculates the position of 

each active target, those that are to appear on the current scan. To do 

this the subroutine checks the master array generated by READIN for tar- 

1*6 
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gets which appeared on an oariier ucan and will disappear on some future 

scan. If an active target is found, its position in the X-Y coordinate 

system is converted to the polar form. The asimuth is measured in terms 

of PRF number, from 1 through hOOO,  rather than degrees. The range from 

the origin is converted to the form used by the PDP-8. 

After all positions have been calculated, the azimuth, range, and 

channel number infomation for all targets is sorted by azimuth. The 

subroutine that does the sorting, QUICICr, is an assembly language (COMPASSJ 

quicksort subroutine. 

Subroutine OUTPUT. Subroutine OUTPUT builds an array of target in- 

formation and then writes the array onto magnetic tape. For each scan of 

the simulated radar antenna, OUTPUT writes 16 blocks of data; each block 

represents 22--?,- degrees of scan. 

The subroutine first zeroes the entire array. Next, a check is made 

to see if there are any targets in the next sector. If not, the zeroes 

are written onto the tape. If targets are found in the array built by 

CA1CP0S, the intensity and range information is stored so that the target 

will appear on seven consecutive PRF's of the display. One 60-bit CDC 

6600 word is used to store data for all four of the data channels by shift- 

ing the 12 bits of infomation an appropriate amount depending upon the 

channel number of the target, Channel 1; information is stored in the 

lowest 12 bits of the word, Channel 3 data is shifted 12 bits to the left, 

Channel 2 data is shifted 2k bits, and Channel 1 data is shifted 36 bits. 

In the final throe-column by 21>0-row array, the first column which 

represents Jammer information, is filled with zeroes. The second column 

contains intensity information for all channels and the third column con- 
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taina ran^e infonnation for four channels.    Each row of the array repre- 

sents one PRE.    The most significant 12 bits of each word in the array are 

filled vfith zoi'ocs.    Before the data can bo written onto na^netic tape, 

the data must be compressed to fom a 600-word array with the high order 

12 bits of each word removed.    This is the purpose of the subroutine 

SQUEEZE.    Data is then written onto tape using the FORTILUI buffer-out 

statement. 

US 
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Appendix C 

Tape Generatinp; Program 
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Appendix E 

Experimental Data 

The data taken during the experiment with the tvrcnty subjects is 

presented in the tables which follow. 
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TADLE IV 

Reaction Times in Seconds - Run 2 

SUBJECT 

ACTION    1    2    3   k    5    6    7    8   9 10 U 12 13 lU 15 16 17 18 19 20 

»1 h h It 3 3 5 3   It It 5   5   3 3 5   5 5   3    3   6   5 
»2 3 3 5 3 It it 2    3 5 It   It   It 3 2   5 It    3   It   It   It 
»3 8 9 7 5 9 9 5    8 11* 7   7   6 6 7   8 9   6   7   7   7 

h 0 0 0 i It 0 0    3 2 0    2    0 2 2 11 0    110   0 
5 0 0 0 0 0 ü 0    2 2 0   0    0 0 0   6 0    0    0    0   0 

»6 1» 3 8 3 6 15 1    It 3 5  8   5 5 2    2 112    2   1* 
7 9 1 It 5 1 5 3 10 7 12    0 i. 12 17 1*    It 12    0   0 

»8 2 3 16 3 It 2 1    3 3 13   3   2 3 2    2 2    0    3   2   3 
9 3 2 It It 5 0 0    3 11 1    2    6 _ 7   8 2    0   !* 11    3 

*10 7 9 11 6 8 16 It   7 5 7   8    2 3 3    2 it   It    5   1   6 
11 lj 3 J 23 3 i 12 1    2 3 0   3    1 - 10 12 1    1    It   0   - 

»12 22 ]_3 U 8 3 36 12 13 5 7 lit 12 3 6   5 3 13 12   5   8 
13 9 1 7 5 19 3 3    7 26 It   5   It 0 1    - 6    3    - 50 lt2 

■"■lU S Ii 16 5 13 19 12    8 23 2 16   It It 6 13 ' 1*8 26   0   1* 
15 1 1 3 3 3 _ 2    3 lit 1    3   0 0 3 11 2 22    -    - 
16 2 1 U III 10 0 0    6 2 17   3   0 0 0   1 -    2    -    0   2 
17 7 0 0 0 0 30 0    2 1 i   It   5 0 0   0 -10    0   0 

*18 ]_]_ 3 11 It 7 20 12    8 6 5 29   It 3 2   5 3   It    3   -   I* 
19 2 0 It 6 0 - 0    1 2 0 20 US 0 12 23 16    9    -   0   1 
20 6 3 lii 12 2 0 - 13 25 8   1    1 1 It   5 0 1*3    3    0   2 

#21 21 4 h2 25 5 3 - 17 It 5 37lt3 2 22 11* 25 lil 3li   o 1*5 
22 1*3 ] 1 2 9 11 11 25 1 -   6   0 0 2 12 2    3 ll*    -   1 
23 0 5 17 It 0 0 -    0 - 0    -    - 0 1    - 13 1*9   0 23   It 
21* 18 3L 0 - It - 3    7 8 33   0 31 0 0 23 16    0    0    - 1*1 
25 11 7 Lli 5 1 2 1 13 3 19 11 26 0 It    3 1    9 12    -   It 
26 67 0 It a 7 - 23    1 - 6   1   - 2 0    0 3    2    3 26   - 

*27 0 - 33 - - Itlt - - _   _   _ - itlt - 36    -    -   - 30 
28 2 1 7 i 5 0 11   8 1 7   0   0 0 0 11 6 13   It   -   1 
29 0 0 0 0 0 - -   5 1 0    0   0 0 0    1 0 12    - 16   0 

»30 - 13 5 ii - - 20    6 13 27    -    - 16 5   6 5 lit    3   0   8 
31 2 o 0 i 2 - 1    1 - 0    0    0 - lit 12 2    -    -    -   1 

»32 - 9 - 3 - - 13    8 6 30    -    - 13 3    2 8 10   6   - 12 
33 - 13 - - 1 15 0    - 13 1    2 12 - -    1 3    -   -   0 13 

(■"-) - Detection Task 
(-) - Either an error was made in responding or no response v.-as made. 
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TABLE V 

Reaction Times in Seconds - Run 3 

SUBJECT 

MJTIOi i 2 3 k 5 6   7   8 9 10 11 12 13 lit 15 16 17 18 19 20 

»1 3 a 5 I 0 k   h   5 3   U   5   3 3 5   7 5   5   3 3   5 
*2 5 u ll 3 k 3   ll   ll 9    5   6   3 li ll   6 It   5  It 3   5 
»3 2 2 3 1 3 2 13   ll 3   I*   U   3 3 1   3 2   It   3 2   5 

h 0 0 0 0 0 0    0    0 10   10 0 0   0 o   o 17 0    1 
*$ I» 3 5 3 h 3   li   5 5   5   9   3 3 6   8 5   5   3 5   6 

6 5 1 U 3 I 10    2 2    2   13 0 2   3 3   U   3 0   2 
7 2 1 a 2 1 0   2    3 2   10   2 0 1   2 2   2   1 0   2 

#8 3 ll 3 h ll 5   3    3 U   6   5   3 3 Un It 10    3 2   5 
*9 8 8 7 5 8 7   5   5 6   8 lli 18 5 6   - 6   6   6 ll   7 

»10 h 1* 6 3 6 2    ll    5 5   5   5   6 5 7   7 It   5   3 2   6 
11 Ihlh U 2 1 o  5 ii 3 19   2   3 0 1 13 0 11 13 0   3 
12 6 1 6 5 13 2    2    2 -   2 13 10 0 -   5 It   ll 25 3   7 

*13 5 8 U 3 9 2    8 lli 5   6   3   U 8 lli   It 5  5   3 3   9 
ih - 0 17 3 0 o m   0 -   o  i   5 0 0   2 6   2    3 0   0 
15 It 1 _ 19 h 0    7    2 lilt 59   It 38 0 6   5 -   It   2 0   It 
16 It 3 k 13 1 5 lli   5 li   8 18   1 3 6   6 2 10    3 0   li 
17 6 0 - 5 3 0^8 7 51   6   5 0 1   7 3   2    U 0   6 
18 2 0 8 0 0 0    0    0 2   5   6   0 0 0   3 0   3   1 0   0 

»19 5 3 2 3 3 15   Ulli lit 17   5   5 ll 2   8 It 12   3 3   It 
«-20 13 3 17 3 3 7    2    li it 17   9 61i 2 2   5 1 17 12 1   3 

21 9 2 36 19 8 2 13 26 8   -   7 31 6 li 18 2 10    - 0   8 
22 0 0 0 0 0 0 lU    2 0 19   0   0 0 0 2li 050 0   2 
23 7 k U u 3 2 I4    2 3 15 10 63 5 7 35 Hi   U 12 o  5 
2k 0 25 28 0 0 0   k   - 0   0   6 29 0 - 38 10- 0   0 

»25 5 35 _ 3 18 1-2 It 38 li3   - 3 16 20 12 23 21 -   6 
26 3h 1 3 - 0 11   U 12 U2   li   3 10 17 29 ll3 -    5    2 o   - 
27 9 U 3 3 1U -    5 12 3   -   a 26 15 16   It 13- 0   li 
28 3 20 - U 0 -   - 35 13   0 27   - 1 -   5 2 28    1 -    - 
29 23 0 - _ 1 0   6   0 35   0 10   0 8 9 50 -    8    2 -lli 
30 9 0 0 _ 0 0   0   7 0-00 li 0 27 0   0   0 -    0 

«-31 18 11 7 20 32 -    -    7 2U   -   -    - 6 15 27 5 20 22 1 lit 
«32 - 2li - - - -   3    - _    _    _    _ _ _ _    -    - - 

33 2 0 _ 0 1 0   0 15 6   9    2   0 0 2 35 22   0   0 -  1 
»3U 12 - - - U 12    -    - 19   9   6 12 ll 6   - -   5 lli 9   6 
*35 9 - - 9 10 -   3   6 -   -   3 11 3 9   - -   -   7 -   It 

(-"-) - Dotoction Task 
(-) - Either an error was made in responding or no response was made. 
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TADLE VI 

Reaction Times in Seconds - Run U 

SUBJECT 

ACTION      I   2    3h    S   6   7    8    9 10 11 12 13 lli 15 16 17 18 19 20 

*1 3 5 1* 3   3   1* 3   3   5   1*   5   1* 6 1* 7 1*   3 I* 3   5 
-*2 3 l* 5 1*   U   1* 3   1*   5   3   5   3 1* 5 7 3   5 3 1*   1* 

3 1* i 3 3   1   1* 2   1    3   1   1*   1 1 5 3 1   1* 1* 3   3 
*!» I* 3 1* 3   1^   1* 3   5   3   6   3   3 6 1* 5 2   1* 3 2   U 
*5 1* 3 1* 3   1*   1* 3   1*   3   5   5   3 1* 6 5 2   3 3 3   5 
#6 2 2 2 3   1*   1* 3   2    2   2   2   3 3 2 5 5   3 3 3   2 

7 6 1 1 3   11 112    0   11 1 1 7 1   3 1* 1   2 
8 0 0 0 0   0    2 0    0    0    0   0   0 0 0 5 0   7 3 9   0 

*9 3 2 2 3    3 12 3   3    3   2   7   3 1* 7 5 2   1* 5 2    3 
10 5 1 3 1*   2   U 12    3   13   1 2 1* 1* 1*   3 1* 2    5 

#11 12 3 3 3   1*    3 3    3   1*   1*   3   5 3 5 5 1*   1* 3 7   1* 
12 1* 1 0 0   3   3 332231 0 2 0 3   3 6 2   1 
13 7 6 1 0   8   li 6   1*   6   6   6   3 0 2 _ 6   6 8 7   5 
11* 1* 0 2 2    3    - 2lt    2    0   It   2    3 1 5 . 2   0 2 1   3 

*1S 6 3 11 1*   5   5 1*   1*    6   6   5   6 6 10 7 1*   6 1* 5   6 
16 5 1 1* 3   11 3   2    3 32   2   1 0 27 10 17   1* - 1   1* 

#17 6 6 36 1* 11    6 2U 16   6   3 16 17 1* 7 3 1*12 3 1* U 
18 12 2 11 1* 13   3 -    5 11*   0   3   1 2 8 6 12 21 . 2 10 
19 0 0 0 0   0   1 0   0   0 23   o   5 0 _ 0 0   0 _ 5 15 

#20 6 11 - 3    7   8 6 16    7 38 25 21 3 7 11 9 23 12 16   1* 
21 31» 0 31 1*   1   0 0    1    U   -    2   1 0 6 17 3   3 5 7   0 
22 2 3 15 -    3   1* -    3   0 36 27 15 - 0 53 21 12 2 11* 1* 

#23 3 3 - 3 13   8 ll*   9 33   2   6 62 2 18 5 15 30 7 11*   2 
21* 6 0 0 0   1*    3 303030 0 0 0 3   1 3 3   2 
2$ 11 0 0 0    7   6 5   0   6   0   5   0 0 9 2 8   3 3 6   5 

#26 9 10 13 5    8    6 ll 27 22    2 26 27 11 33 19 ll* 23 2 7 13 
27 $1 36 - 16   1*   - 15 76 85 91 1*2 99 U 8 15 - 10 - -   5 
28 22 0 2 13    1 12 2    2    2   0   7   1 0 21 6 15   - - 0   2 
29 2? 9 0 -   0   - 5   1*    3   0   7   2 0 13 12 0   0 3 1   0 
30 13 7 5 3    3    - 2    2    2    0 12   2 0 71 - 0 21 12 55 10 
31 0 0 - 6    -    5 0    0    0   0   0   0 - - 1* -   1 22 0   1* 

#32 5 16 - 9 20 18 63 99 1*3   -   3 65 12 28 7 1 19 2 13 15 
33 9 0 2 _   _   _ 12    0 12    0    2    0 0 1 35 0  5 6 0 Itf 

#3lt 23 2 - l*   6   - 77 13    -    2 31*   - 32 - 96 6   1 3 1»   3 
35 0 0 0 0    0    2 0   U 20   0   1   0 0 _ 6 3   5 1*11*   - 
36 12 3 - 10 11    it -    9    -    -   1*   - 7 . . 11   0 5 -   3 

#37 50 5 - 7   8   - - 51    - 11 27 13 27 . . 5 13 12 - 28 
38 0 12 0 58   113   0   101*13 0 3 0 9   8 13 1*   3 
39 2 16 2 6 ll   3 ll*   o   3   o  1* 15 2 39 . 6 11 15 1   6 
1*0 - 7 - -   - ll* 3   1*   -   0 38   7 8 0 - -   - - 7   9 
1*1 - - - 0-12 2 ü 7 -   1* - 27   7 

#1*2 16 - - -    8    2 - 13   ...   . - - - 
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Dahl B. Metters vras born    , after grad- 

uating from , he attended 

Bemidji State College in Bemidji, Minnesota, for two years and then grad- 

uated from the University of Minnesota in 1963. 

He entered Officer Training School and was commissioned in 1963. 

After numerous assigrr.ents as a Ground Electronics Officer, he was select- 

ed for the undergraduate Electrical Znginesring program at the Air Force 

Institute of Technology.   After receiving a Bachelor of Science degree in 

June 1971*, he contimeci on in the graduate program in Electrical Engineering. 

In 197li, he was r.oninated for nembership in Who's Who Among Students 

in American universities and Colleges, and "..'as selected to receive the 

Air Force Institute of Technology's Mervin 3. Gross award.    He is a mem- 

ber of the Institute of Electrical and Electronics Engineers, Tau Beta Pi, 

and Eta Kappa Nu. 
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