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FOREWORD

Polhemus Navigation Sciences, Inc. was awarded a contract by the National
Aeronautics and Space Administration to conduct a study entitled "Navigation/Traffic
Control Study for V/STOL Aircraft” (NAS-12-2024). The goal of the study was to provide
recommendations to NASA regarding the solution of domestic air traffic control/airborne
navigation problems envisioned for 1975-1985, The program was sponsored by the Naviga~-
tion and Guidance Branch, Electronics Research Center, Cambridge, Massachusetts,

Mr. J. R. Coonan served as Technical Monitor for NASA/ERC. Principal investigator
for PNSI was Mr. Thomas T, Trexler.

This three-volume final report presents summary results of the NAVTRAC study
covering project activity from August 1969 through March 1969. 1t describes a broad-seope
analysis which identifies, from the pilot's viewpoint, the desirable performance characteris-
tics of an advanced navigation/traffic control system for aircraft operating in an environment
consisting of V/STOL, CTOL~-jet, SST, and general aviation aircraft. A number of
recommendations are made for the immediate further research and development of technology
related to future airborne avionics systems and air traffic control. The recommended
development program has a two-fold design objective: validation of the "Flight Plan
Reference/ATC" concept and verification of the effects of automation on pilot workload.
Recommendations are made for development of technology associated with NAV SAT and
ground-based hyperbolic systems. They include: development of a digital software computer
program; man-machine simulation(s) for VTOL and general aviatfion aircraft; hardware bench
and field tests; and qualification flight tests. '

The assistance of the following individuals who coniributed substantially to the
preparation of this document is acknowledged:

Mr. William L. Polhemus Operations Consultation

Mr, Donald W, Richardson Engineering Direction

Mr. Linus E. Lensing Technical Editing and Publication
Mr, Edwin McConkey Radio Systems Engineering

Mr. Eric H. Bolz Radio Systems Error Analysis

Mr, Steven C. Lesak Pilot Workload Studies
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ABSTRACT

The Navigation Traffic Conirol Study for V/STOL Aircraft (NAVTRACS) develops
recommendations for the further research and development of air traffic control/navigation
related technology. The desired performance characteristics of an advanced navigation/air
traffic control system for the 1975-1985 domestic air transportation environment are developed
from the cockpit viewpoint. V/STOL, CTOL-jet, SST, and general aviation aircraft are
considered. The advanced system embodies fwo new concepts: a Flight Plan Reference
System and Limit Logic. The concepts assume the availebility of area navigation aids.

Five candidate systems are'evaluated: NAVSAT, ground based hyperbolic (Decea, Loran C
and Omega) and rho theta integrated with course line computer,

Enroute, terminal area and approach and landing requirements are considered. Area
navigation, in this context, provides two capabilities: required horizontal position infor-
mation for the pilot, and ATC system-required surveillance information. To generate the
precision required for approach and landing of carrier aircraft, a differential NAVSAT and/
or ground based hyperbolic capability must be incorporated into the system if individual
runway instrumentation is not fo be used.

Acceptability of each area navaid is evaluated through use of comparative pilot
workload analysis. For purpose of this study, the pilot workload approach is used to
determine desired system level(s} of automation, Detailed Event Sequence Diagrams which
cover both VFR and IFR operations define the pilot’s tasks of navigation, communication,
aircraft control, and system moniforing. . . . . and show the interface between afrborne
system and ATC. To insure g broadly based workload assessment, several configurations
of general aviation and air carrier-type avionics systems are included in the fradeoff .
analyses,

Volume 1 of the report coniains an overall summary of the results of the study.
Volume 1! (Technical) discusses the technical cpproach used in the study and describes
the results of various tradeoff analyses which lead to the reported conclusions and
recommendations, Volume 11l (Appendices) documents the background technical data
generated to support the analyses and system definition,
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INTRODUCTION

A number of authorities have pointed out that the constant evolution of the U. S.
transportation system has been one of the principal motivators to this country's progress.
Alr transport, a key element in this evolving system, is reaching the point of being able
to satisfy almost all of the travel needs of the American public. A major inhibiting factor,
however, is the well-advertised problem of limited system capacity . . . . . a limitation .
brought on by a combination of technical and operational problems.

While there is physically more than adequate airspace to meet the needs of all cate-
gories of aviation through the next fifteen years, limitations in existing ground and airborne
systems require the reservation to each aircraft of an inordinately large volume of airspace.
The use of largely manual surveillance and control procedures also seriously affects the capa-
bility of the overall air transportation system. The lack of availability of adequate airport
facilities at a number of key airporis also contributes significantly to the problem.

At this juncture one can ask the question "What technologies could or should be
encouraged through federal support in an effort to remove the major constraints on growth of
air transport? "

Among the research efforts supported by NASA~ERC in an effort to answer this and
similar questions was the study reported on in this volume . . . . . the identification from point
of view of a pilot, of the desirable performance characteristics of an advanced navigation/
traffic contfrol system suitable for the 1975-1985 time frame. In this particular study the
point of view of the User of the system was to be the principal criterion of acceptability . . . . .
a point of view motivated by concern for safety, schedule reliability, minimum expense and
minimum workload,

The users of the air transport system were generally defined as general aviation and
commercial air carriers. Except for ifs influence on estimates of future enroute and terminal
area fraffic, military aviation was not considered in this study. General aviation was subdivided
info three categories related to performance and cost of vehicle. Four categories of commer~
cial air carrier were assumed.

The contract required that four navigation system configurations be evaluated: Decca,
Loran C, NAV SAT, and radio-inertial. A variant of the time difference systems was postu-
lated, called differential time difference, in an effort to meet required approach and landing
minima,

The results of the evaluation and analysis performed in this study indicate that two
of the major constraints on continued growth of the air fransport system, which could be
alleviated either through increased air and ground system automation and/or improved
avicnics technology, are: (1} lack of the navigation performance requirements, and (2) the
intolerably high workload which will be experienced in future cockpits if automation of

1-1
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cerfain navigation and communication functions is not achieved. Conversely, major
improvements in system capacity and system safety can be realized through use of «
surveillance and control concept which embodies: (1) a form of mandatory flight plan
reference with retrievable flight plan for all Users, {2) conirol~by-exception or Limit
Logic, ( 3) automated communications, (4) three-dimensional area navigation, and
(5) an Automated Ground System,

The new fechnologies recommended in this study tor support by NASA could create
the necessary airborne capability.

Ob'|ecﬁves

The Navigation/ Traffic Control Study (NAVTRACS) developed, from the viewpoint
of the pilot, an advanced navigation/air traffic control system capable of satisfying the
demands for service and safety of all general aviation and air carrier aircraft forecast
to be operational in the 1975-85 time period.

The reported conclusions of the study describe requirements for increased levels of
aufomation in both airborne and ground-based systems, for an area navigation capability
incorporating methods for airborne generation of surveillance and control information, for
improved terminal area navigation capability, and for major reduction in levels of cockpit
workload,

Recommendations have been made for new technologies, further studies and field
experiments, including both simulation and flight fest, which will aid in verifying the con-
clusions. These results thus permit the NASA fo identify a number of exploratory and/or
development programs which offer the potential of greatly improving the capacity and
efficiency of the fotal air transportation system (ATS). ’

Study Approach

The requirements on the advanced navigation/air traffic control system were developed
from three principal sources of information.

The first was a data base developed by the study team which included a traffic
activity forecast, a survey of pilot information requirements, a review of performance
characteristics of selected air carrier and general aviation aircraft, an internally generated
description of aircraft missions and profiles, and a cockpit workload model devised by the
study team.

The second source of requirements on the advanced system was developed from an
evaluation of the required features of an ATC system. Singe the ATC system must be provided
with the independent and secure surveillance information which positively indicates vehicle
position and velocity, the system must possess a closed loop command link and a capability
to at [east semiautomatically relay and display advisory information.

1-2
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The third source of requirements on the advanced system comes from the need to
provide an area navigation, approach and landing system of sufficient accuracy and precision
fo permit relatively unresiricted movement of all Users of the air fransport system regardless
of weather and/or traffic density.

Study Constraints

In the course of developing the advanced system the study team was asked fo
determine the relative suitability of four candidate navigation configurafions (Decea,
Loran C, NAV SAT and a hybrid radio-inertial system) to meet the navigation and
surveillance performance requirements. Because of the accuracies required in the approach
and land phases of flight a modified approach, called differential~time ~difference, was
postulated and evaluated for its applicability.

An advanced ATC system was postulated and used as a model for evaluation of
a number of candidate aitborne systems. The cockpit workload model was then exercised
in an effort to quantify system performance benefits. A limited assessment was made of the
cost of ownership of the candidate navigation aids using the existing VOR/DME system as

the datum for judging cost benefit payoff. Finally, a most promising candidate system was
nominated,

SUMMARY

A candidate navigation/air traffic control system was developed and evaluated
which embodies operational characteristics reflecting the cockpit point of view. lis
principal criterion of acceptability was “effect on cockpit workload. ™

Three categories of general aviation aircraff and four cafegories of air carrier
aircraft expected to be operational during the 1975-1985 time frame were evaluated,

The paragraphs which follow summarize the elements of the study:

(1) Data Base - traffic forecast, categories of users, user missions and profiles,
user subsystems, general cockpit information requirements and workload methodology.

(2)  Required Features of the ATC-System - separation criteria, flight plan control,
radar surveillance, communication system requirements.

(3)  Required Features of the Area Navigation, Approach and Land Systems -
approach and land criteria, area navigation criteria, qualitative summary of area
navigation requirements,

(4)  Candidate Navigation Aids - Decca, Loran C and NAY SAT; other candidate

systems, the operational requirements, accuracy requirements and capabilities.
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(5)  Configuration of an ATC System - the concept, flight plan reference,
retrievable flight plan, limit fogic equipment, operational considerations,

(6 Evaluation of Workload and Automation Benetits ~ workioad assessment
methodology, airborne systems ~ GA, air carrier, methods for system use,
communicafion workload tradeoffs, navigation workload tradeoffs.

(7}  Selection of Most Promising Candidate - system performance benefits,
system cost benefiis, system ranking.

(8)  Summary and Conclusions

(9) Recommendations
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1. THE DATA BASE

L1 TRAFFIC ACTIVITY FORECASTS

Traffic activity forecasts derived from data supplied by the technical monitor were
used to compute navigation and communication requirements. Activity forecasts for six
represeniative Centers are presented in Table . Two categories of User are identified,
general aviation and air carrier (including military aircraft movements). The min/max
range of peak-minufe fraffic is summarized in Table II.

The peak-minute densities were tabulated for each 100 square miles of a typical
sector within each center. Example: the typical sector within the.Salt Lake Center is
forecast to service 0.313 general aviation dircraft per minute per 100 square miles in [985,
and 0.085 dir carrier and military vehicles. From this base one can show that the Salt
Lake Center will have under surveillance some 1446 aircraft at any one time: 1139 GA
vehicles and 307 air carrier and military aircraft.

The forecast activity for each of the six centers considered was evaluated in a
similar way, the worst case being Kansas City with 9001 vehicles, 8544 GA and 457 air
carrier and military aircraft, forecast to be under surveillance during a peak minute
activity period,

Busy hour operations were evaluated for three major ferminal areas in an effort to
gain insight fo forecast growth rates, distribution of GA to air carrier operations, and the
ratio of VFR to IFR operations. The results are summarized in Table lll, page 1-6.

The general aviation and air carrier navigation performance requirements are
summarized in Table 1V, They were calculated from an evaluation of the following three
arguments.

(1) 1985 peak minute density (overs, departures and arrivals)
per 100 square nmi.

(2) 1985 peak minute density (overs, departures and arrivals)
under surveillance per ATC center.

(3) 1980 peak hour operations (arrivals, departures) within a
Large Hub.
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TABLE |

TYPICAL
CENTER -
1985
TRAFFIC
ACTIVITY
FORECAST

TABLE I

SUMMARY
OF 1985
TRAFFIC
ACTIVITY
FORECASTS

TABLE HI

BUSY HOUR
OPERATIONS
EXTRAPOLA-
TED INTO
AIRCRAFT
MIX

1965-1985

Typleal Peak Nenute | Pesk Minute | Peck Minvte | Paok Mirute A
Typiea! Sactor Av. Sector | Faf General Air Cortier GA Caerier & Malitory
Centar Ga ) Trpe Ares |10, mi.d  Aviation | & Maliory | under Center under Canter
Low Med High | 53 miles Units Traffic Traffic Survaillance Surveillance
Salt Loks Low GA
Cantsr High Alfitude 17,300 173 o313 0085 3y 207
Through
Ockland Low GA 5 2y
Conter Tramltioning 5170 n 62 102 404
Oaklond Low GA
Center Low Altiude 18,750 188 0 384 oo - -
Theough
Komas Caty | Mad GA -
Canter High Alnnude | 18,200 182 168 0083 a5t an
Thiough ~
Konms City {  Med GA - -
Cantar Tronulionmng 7,600 78 i o1
Houston Med GA
Canter Low Altshude 9,700 97 [13:1] 008 04 303
Theouph
Chiego High GA
Center Tronukioning 770 7z 17 14 5382 454
Clavaland High GA
Canter Low Alhtude 3,400 M 42 040 4850 457
Through
Averoge 1985 | Averoye 1985 | Averoge 1985 | Avcecye 1985 | 1985 Pook 1985 Peak
Peak Minute Zeck Minute Pevk Mircte Peok Mirwte Hour Genaral | Hour Militory
GA Aircraft | Militory & GA Militory & Aviation Hub | & Air Camier
Under Cantar | Air Comier Spread Air Carrier Activity Hub Activity
Surveillance | Undar Cantor per 100 il Spreod
Surveiltonce per 100 il
N39-8544 03457 03-17 00s-1,4 213-5985 66-502

Hrghest Achivity Maoderate Achivity Minimum Activily
Forscast Factor Naw York Detroit Cincinnat]
1965 | 19701 1975F 1980 [ 1985 |1 1945 ] 1970 | 1975 J 1980 11985} 1965 ) 1970 | 1975 ] 1980 | %35
Alr
Busy Cormrisr 176 | 213| 277 372 | 502 A0 41 57 &9 81 20 27 37 50 66
Heur
Qperatiens GA M0 ] 1982 | 9237 4385 | 5985 1] 408 | 681 | 1035 [1607 [ 2519(] 194 | 249 )| 389 ) sMi]| 912
A &7 83| 107} 133} 181 10 13 1 i8 20 4 7 10 1] 1z
Air _
Carrier ] 109 | 130 170 23¢9 | 34 30 28 41 51 61 16 20 g 39 54
GA3{C) 7 79| 199 ] 380 55 2 <1} 77 | w5 | 238 1 & 16 32 53
General
Aviation GAl
GA2 1123 | 1880 | 2724 | 4005 | 5429 |[ 406 | 451 | 958 |1462 |2283 | V93 | 243 | 373§ 579 | 80
(D-E)
Genarol GAl,
Aviation GA2,
to Air GA3, 1 12/1 1 k1 V4] 1 18/1 | 4.1
Carrier Alr
Ratis Carrior
Alr GAl,
Carner Air 1 3/1 ¥ 21 1 2 5/1 |3 3/1
IGrowth Carrier
GA GAl 1 1
Growih GAZ' 1 5/ 1 &/1 1 4z
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The navigation requirements ares

e Ceneral aviation GAl, GA2

c AT = L5 nmi, 5 minuies

GCT =02 o 1.0 nmi

e Military and Air Carrier (low altitude)

o AT © 2.5 nmi, 5 minutes

o} =0,5 -5 nmi

cT

e Military and Air Carrier (high altitude)

O At = 5,0 nmi, 15 minutes

o =0,5 ~ 6 nmi
cT 6 nmi
TABLE IV,
NAVIGATION ACCURACY REQUIREMENTS - TRAFFIC ACTIVITY FORECASTS
General Aviation u Military and Air Carrier
GAY, GAZ GAS, CTOL, VIOL, STOL
Activity Foracast Altitude: Altitude Altityde
& kit - 11 kit 11 kit - 18 kft 18 kft - 3% kft
*¥ - ¢y At L%t | Scr 1 %AaT § AT il Car a1 | "aAr
3o values| wmi nmi min* nmi nmj min, ami nmi min.
Peak Minute Density | 0.3-1.0 | L35 5.0 0.4 Z.5 5'04][ 1.0 50 15
per 100 sq, i -

Peak Minute Density | 0,14-0.45{ 1.5 5.0 0.6-0.81 25 50 0.4-0,7 5.0 15
per center {arrivals,
departures, overs)

Peak Hour Density 10.18-0,83) L5 50 07-501t 2,5 50 0,5-6.0 | 5.0 15
per Hub {arrivals, .
departures, overs)

-—

oo i

Mominal Range 0,2~1.0 1.5 5.0 0,55 25 50 0,5-5,0 5.0 15
Summary

*minuies


http:0.18-0.83
http:0,14-0.45
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L2 CATEGORIES OF USERS

The Users of the proposed advanced navigation traffic control system were
assumed to consist of three categories of general aviation aircraft and four categories of
commercial carriers. Typical aircraft forecast to be operational during the 1975 to 1985
time frame were used as design point vehicles in order to develop representative flight
profiles; to develop an appreciation of significant differences in performance characteristics,
such as cruise speed, rate of climb, minimum approach speed, efc; and to provide the
information necessary fo modeling the geometry of the aircraff flight profiles for purposes
of conflict prediction.

.21 Kinds of Aircraff

Table V summarizes the aircraft selected for evaluation in this study. The Mach
2.0 cruise speed Concorde was selected as the candidate SST, and the Mach 0.8 cruise speed
DC-8 as the representative CTOL jet. Both of these aircraft were configured for the
typical franscontinental or frans~ocean non-stop flight, termed "long haul™. Two types of
VTOL aircraft were considered: a turbo-prop filt-wing aircraft and a furbofan vehicle for
use on the 200 to 500 nmi short haul air carrier mission. The mission of less than 200 nmi
was classed as an air-taxi operation in which the helicopfer was used as the candidate
vehicle. The STOL aircraft selected for evaluation was a furbo-prop aircrafi.

The general aviation aircraft were subdivided into three categories, GAI, GA2
and GA3. This subdivision was used to differentiate between the professional pilot who
typically flys a corporate jet aircraft, G A 3, and the non-professional, and sometimes mar-
- ginally proficient, pilot who flys small reciprocafing-engined aircraft, Within this latter
set, two further divisions were made: G A was used to describe the small aircraft equipped
with minimal avionics gear; G-A 2 is typified by the $45,000 price range, well-equipped,
single engine craft with retractable landing gear, or small twin engined, privately~owned
aircraft, Note: military aircraft were not considered in this study beyond accounting for
their impact on traffic forecasts,

Generally, the G A aircraft were considered to possess avionics equipment which
is distinctly separable into two levels of performance, primarily as a function of cost.
Pilot performance was also assumed to be divisible info two categories, professional and
non-professional. The latter category implies fewer flying hours per year, less fraining,
and greater vulnerability fo workload increases from factors external to the aircraft.
The V/STOL aircraft vehicles selected i’or evaluafion were:
(1 Turbo prop, tilt wing VTOL typified by the XC-142
(2) Lift fan VTOL typified by the XV-5A
(3) Turbo prop STOL, typified by the Breguet 941/McDonnell 188E

1-8
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TABLE V
USERS OF THE ADVANCED NAVIGATION/TRAFFIC CONTROL SYSTEM
VTOL STOL GA
FACTOR Turko prop | Lift Heli- | Turbo | Turbo (?;?L SST
Tiltwing | Fan | copter] Jaf |prop [GA1* |GA2**|GA3
Aircraft Type or - . CTOL | Breguet | Cessna {Beech
Forerunner XC-142 XV-5A | H-47 et 941 150 & | Bonanza Jet Star| DC-8B Concorde
172 ]& Piper
Navajo
Range (nm}) 435 435 200 435 435 80 800 1800 | 4500 3400
Cruise Speed} 355 435 435 340
(KTAS) (425 ** | (485) 155 (450) (340) 95 210 445 480 (IN]ZQS)
Cruise Altitude 30 30 30 25
10 [ 9

(1000 ) (9*** | (3 | 9 Sl B 7
Climb Spaed !

(KTAS) 260 400 208 70 120 70 | 270-490 525-1030
Climb Rate 1000- 1000- 1000- 2000~

(Fpm) 4000 4700 1700 2500 500 1000 3500 3000 10007000
Descent Rate 1000~ 1000~ 1000~ | 500- 500-

(Fpm) 3000 amoo |9 {300 00 000 | s000 | 2000 1000-10,000
Descent Speed | 455 410 435 70 85 | 125 |315-2% 1100-345

(KTAS) :
VMC Approach | 5 1 3-12 311 J3-n 7 7 3 3 3
Slope (deg}

* Equipped for VFR only
** Fquipped for iFR, but predominately VFR operational
*** Parentheses indicate 174 nmi stage length

These aircraft are designed to operate profitably over short range lengths. Typical
are the 100, 300, up to 500 nmi stage lengths between city pairs in the California Corridor,
and the 405 nmi stage between Boston and Washington. These potentially short stage lengths
imply a dependence on a good vertical. navigation capability and an inherently high com-
munications workload.

1.22 Cruise Conditions

The cruise true air speed/altitude performance envelope is shown in Figure 2. The
potential range of cruise speeds over the design altitude regime of the 100-500 mile stage
lengths is seen to be 380 kts to 515 kis. The cruise altitude envelope is expected to range
from 25,000 to 35,000 feet; thus potential conflict with CTOL and GA aircraft dictates
the use of slant tracks and a parallel track or area navigation system.

Cruise speeds of CTOL vs V/STOL aircraft will vary by as much as 50%. This poten-
tial source of conflict enroute will be duplicated in the terminal area. Evaluation of the
VTOL and STOL terminal area profile indicates that approximately eleven minutes will
be spent at altitudes which will be in direct conflict with general aviation and air taxi
aircraft passing through the area at their respective cruising altifudes.

1-9
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50 & SST
Range
VTOL TILTWING GA 3°(1800) (3¢00) =~ nmi
ALT (XC-142)  (425) \ t
1000 FT STOL (McDONNEL], g @ ®-CTOL JET
250 (435) @ (4500)
VTOL LIFT FAN (XV-5A)
HELICOPTER {485)
10k ™ ®’EA 2 Engineering Forerunner
GAll . 1 1 |
500 1000
SPEED - KTAS

Figure 2. User Aircraft Cruise Conditions

CTOL jet aireraft cruise altitude and speeds will be in conflict with those of VTOL
and-STOL aireraft, thus creating a potential flow-control problem in congested airspace.
During cruise the SST will generally fly above 45,000 feet, thus will not be constrained
by subsonic traffic. Air taxi aircraft and general aviation aircraft, other than the turbo
GA3 business aircraft, tend to cruise at altitudes of 6,000 feet to 10,000 feet, the densely
populated terminal area altitude. The potential navigation/ATC solution must incorporate
parallel and slant tracks, speed scheduling, path stretching, the use of RTAs (required
time of arrival) and 3-d area navigation. The ATC agency will require a continuously
available output from the airborne system of unambiguous, precise, blunder-free surveillance

data.
213 USER MISSIONS AND PROFILES

Flight profiles for each type of user aircraft were constructed in sufficient detail
to permit identification of the significant input variables to the system, i.e. aircraft perfor-
mance, mission events, z:l'cvigcﬁon and communication events, approach procedures, pilot
workload, etec.

The profiles were subdivided into seven phases: taxi, take-off, climb out, cruise,
descent, approach and land; evaluated in the context of both VFR and IFR flight; and
evaluated as to time, altifude, speed and distance. The resulis of this evaluation are pre-
senfed in the illustrations and tables which follow.

(1) VTOL and STOL aircraft profiles. Illustrations of the profiles for taxi,
climbout, -cruise, descent and approach are presented in Figures 3, 4
5and 6. Tables VI and VIl summarize the time, speed, altitude and distance
relations which must be considered in the specification of a candidate navi-
gation/air traffic conirol system. Attention is directed to the performance
range of speed -and vertical velocity of these aircraft.

1-10
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TABLE VI
NOMINAL MISSION PROFILE VTOL TILT-WING AIRCRAFT (500-mile Stage Length)
Flight Time per | *Averoge HAverage Flight Path| Total Dist.| Altitude,
Profile Segment| Function Time Event TAS Mertical | Angle, Travelled ft.
Phase min, min, (k) Rate, fpm deg. miles {Avg)
Taxi Qut A-B 0.0 1.5 8 350 fr.
Take Off] 8-C1 Clear 10 1000{ 1.5 2,5 172(CN) 1000 50-0.0 1.0 1,000
ft. MOCA
Climb Outy Ci-DI Accelerate 2.5 0.2 200 0.0 2,0 1,000
for climb 230(D)
DI1-E1 Conversion 2.7 1.0 230 1000 3 4.8 2,000
Climb Out E1-F1 37 10.7 300 4000 7 34 30,000
Enroute Cruise | F1-G1 45.7 55,0 440 0.0 0.0 438 30,000
Descent GI1-H1 616 6.6 440 3000 - 473 0,000
H1=41 ATC 68,2 .| 5.3 290 1500 -3 423 2,000
JI-KT | Conversion | 73.5 38 230 1000 -3 497 1,000
172{K1}
Final Approach | Ki-L1 | Align to ILS | 77.3 0.8 161 0 0 499 1,000
Localizer 150(L1)
L1-M1 Align to 78.1 0.3 140 1200 -11 499 500
Glide Slope 130(M1)
Land MI1=N1 | Kiil TAS 78.4 0.3 ONT) 500 %0° 500 200
N1-O1 78.7 0.5 0 400 90° 500 0
Taxi In O1-P 792 1.5 8 350 ft.
1 vertical acgeleration O Ig, horizontal 0.15 * Parenthesis indicates TAS at segment point
2 horizonta! acceleration 0,25
TABLE VII
NOMINAL MISSION PROFILE, STOL AIRCRAFT (500-mile Stage Length) (Turbojet)
Flight Time per | Average | Average Flight Path{ Total Dist. (Avg)
Profile Segment | Function Time Event TAS Vertical Angle Travelled Altitude,
Phase min, min. (k) Rate,fpm deg. miles ft,
Toxi Qut A-B . 0.0 30 10 2500 fr.
Take OFf B-C2 Clear to 3.0 0.3 2(B1} 3000 7 1.9 1,000
1000 ft 138(C2)
MOCA
Climb Cut C2-p2 Accelerate | 3,3 0.8 180 0.0 0.0 4.0 1,000
to Climb 223(CY)
Speed
D2-F5 Attain 41 11.5 240 2500 4 51 30,000
Cruise AlL
Enroute Cruise F5-G1 15.6 516 450 0.0 0,0 438 20,000
Descent G1-H1 7.2 66 450 3000 7 1 4 \0,000
H1-31 73.8 53 2% 1500 -3 497 2,000
Ji-K2 79.1 38 230 1000 -3 499 1,000
172(K1)
Approach K2-12 Down wind | 82.9 1.0 155 0.0 0.0 501.5 1,000
Leg 138(L2}
L2-M2 83.9 1.0 120 0.0 0.0 503.5 1,000
103(M2)
Final Approach | M2-N2 Align Le- | 84.9 0.6 103 0.0 0.0 505.5 1,000
calizer
N2-02 Align GS 855 1.3 75 720 ] 507 100
Land 02-01 86.8 0.3 75 0.0 =3 . 507.2 0.0
Taxi in ol-p 87.1 3.0 10 -

1-13
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(2} GA and CTOL jet aircraft profiles. The performance differences between
GAland GA2 are illustrated in Figure 7, Nominal VFR Horizontal Mission
Profiles. In Figure 8, the vertical profiles are combined with flight paths
for GA3 and CTOL et in order to dramatizé the conflict problem in the
terminal area. The significant surveillance and navigation-related data are
tabulated inTables VIl - IX,

(3) SST Climb and Descent profiles, The zones of potential conflict between
SST and other users of the airspace, except for occasional military aircraft,
fie in the region below 42,000 feet, the climb-out and descent phases of
flight, Figure 2 illustrates these events while Table X! summarizes the
relevant performance data,
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TABLE VIII i
GAl AIRCRAFT FLIGHT PROFILE DATA
Flight Time per | Average | Average |FIt Patk | Total Dist. Altitude
Profile Segment  {Functien Time Event TAS Vertical Angle Travelied {3
Phase min min, kts) Rote,fpm deg. nm* [Averuge)
Take Off 0-A1 0.0 1 70 500 4 1.2 500
Climb Al-A2 1.0 0.7 70 714 [ 2.0 1000
Climb A2-A3 Depart 1.7 10.3 70 485 4 14.0 6000
Pattern
Climb A3-A4-AS5 12,0 148.5 ?5 0 0 -28.8 6000
Descent AS5-Ab 160.5 1.7 ?5 200 -2 -10.3 2500
Descent AL-AT Enter 172.2 3.0 5 442 -3 - 58 1000
Pattarn
Approach A7-AB 175.2 3.3 70 333 -1 -1.8 500
A8-Lam 178.5 1.5 ’ 0
TABLE IX
GA2 AIRCRAFT FLIGHT PROFILE DATA
Flight Time Time per | Average | Average Flight Path | Total Dist. | Altitude
Profile Segment Function min, Event , TAS Vertical Angle Travelled ft.
Phase min, (kts) Rate,fpm deg. nm* (Averoge ]
Take OFf | 0-81 0.0 | 05 120 1000 4 1.2 500
Climb B1-R2 0.5 0.5 120 1000 6 2.0 1000
Climb B2-B3 '| Deport Pattern i.0 8.0 120 Joco 5 18.0 2000
Cruise B3-B4-B5 2.0 150.7 210 0 4] -59.0 9000
Descend B5-Bé 159.7 13.0 210 500 -1 -13.5 2500
Descend B86-B7 Enter Pattern 172,7 3.0 120 500 -2 7.5 1000
Approach | B7-B8 175.7 2.5 120 333 -1 2.1 500
Final 88-Lond 178.5{ 1.5 0

* Positive value indicates distance gone, while minus sign

denotes distance o go to fouchdown.
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TABLE X
GA3 AIRCRAFT FLIGHT PROFILE DATA
Flight Time Time per | Average | Average Flight Path | Total Dist. | Altitude
Profile Segment Function min Event TAS Vertical Angle Travelled f1.
Phase min._ (kts) Rate, fpm deg nm* (Avorcge)
Take OFf { 0-CI 0.0 1.5 250 3333 8 6.3 5000
Lavel Cl-c2 ATC Hendoff 1.5 3.3 250 0 0 20.0 5000
Climb C2-C3 4.8 12.0 250 at 2500 5 74.0 35000
alt. < 10k fi
270 at
alt. > 10k ft
Cruim C3-C4 16.8 146.2 445 0 0 -80.2 35000
Descend C4-C5 1563.0 5.5 445 4500 -6 =39.0 10000
Level C5-Ch 158.5 2.0 250 0 0 -30.8 10000
Descand Coe-C7 170.5 2.0 250 2500 5 -22.5 3000
Level c7-C8 ATC Hardoff 172.5 2.0 250 0 0 -14.3 5000
Descand -9 Acquire ILS & ] 174.5 1.5 250 835 -5 8.0 1661
GS
Final C?-Lend 176.0 4.0 -3 0
TABLE Xl
CTOL AIRCRAFT FLIGHT PROFILE DATA
Flight Time Fime per | Average | Aversge | Flight Puth | Total Dist | Altitede
Profile Segment Function min. Event TAS Vertical Angle Travelled ft.
Phaose min, (kts) Rate,fpm deg. nm* (Averoge )
Take OFf o-D 0.0 1.5 250 3333 8 6.3 5000
Lavel D1-D2 1.5 2.3 250 0 0 15.7 5000
Climb D2- 3.8 1.7 250 3012 7 22,5 10000
Climb -D3 5.5 8.3 400 3000 4 78.0 35000
Cruise D3-D4 13.8 1.9 480 a 0 -74.3 35000
Descend D4-D5 105.7 5.0 480 5000 -6 -34.3 10000
Level D5-D6 110.7 1.0 250 0 0 =30.1 HO000
Descend D&-D7 ATC Handoff .z 3.0 250 2500 -5 -18.6 2500
Descend |* D7-D8 Acquire ILS & 14,7 2.5 250 300 -1 -8.0 1661
GS
Final D8-Land 117.2 2.8 -3 0

* Positive value indicates distance gone, while minus sign

denotes distance fo go to touchdown,
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TABLE X1
SST AIRCRAFT FLIGHT PROFILE DATA
i E ! lﬁwg, Fiight Time t
Flight Start | End {Stort {End  Avg.]Total | Climb Climb | Poth End per
Profile CAS | CAS| GS ;GS  GS ; Disk. | Rate . Rate | Angle | Altitude [Event 1 Time | Dist,
Phasa Segment| Function (kts) | (lets) | (ets) | (ki) fkts) | lomi)  (fpm) 1 (fom} | (den) {Ft) {min} | {min} | {nmi)
Take OF | 0-El |Rotationto 1200 | 240 200 240 220] 4¢ o] to00{=6.3 | w000 | 10! 1.0 4
& Accel, 1000 fr F i H
Climb-1 E1-E2 | Aceeferate 240 | 400 | 240 430{ 300 11 ! 1000 28501 5.7 5000 1.4 2.4 H
. o 400 KCAS ; :
Climb-2 E2-E3 | Climb [400 1400 1 4301 780 ‘ 572, 119 2840 27401 2.9 36000 11.3 13.7 112
constant CAS | P
Chimb-3 | E3-E4 |$°/0° schedulei 400 | 530 | 760{1000' 775 320 12740 | 475| 0.3 |4s750 163! 300 320
to 530 KCAS o
Climb-4 E4-E5 | Comstant CAS ;530 | 530 1 1000 [1165:1120; 559 | 475 660( 0,2 51500 i2.3 42,2 559
to M 2,05
Climb-5 | F5-E8 [ M2.051 530 ;520 1 YIS 118511651 D% | &80 200) 0,09 | 52300 2.5 A4.7 09
RoT < 200 fpen
Cryize F6-E7 | Crrise te 520 | 450 | 1165 (1165 116513029 | 200 <50 0.02 | 59000 [124.0 | 208,7 | 220
start of decel, ;
Decel./ E7-£8 | Decelerle 450 | 325 | 1185 | 8707 Q001305 - - 18 59000 2.0 12107 | ~190
Descent~1 te 325 KCAS p
Decel. / EB-E2 | Descend to 325 | 325 | 8701 3% ; 500, 3239 ¢ | -2400 -5 3000 21.5 | 232.2 (4]
Descant-2 3000 fi :
Approach | E9- 325 {140 | 325 ]40; 240" 2249 0 [ -1200|-3 1] 2.5, | 234.7 0
& Land Lond ! [ !
.t : ]

* Positive value indicates distance goneé, while minus sign
denotes distance to go fo touchdown,

i-18

(0001 * t334) 3anLILTY



PNSI-TR-69-0301-1

1.4

USER SYBSYSTEMS ~ INITIAL CONFIGURATIONS

Assessment of navigation, ‘communication and workload criteria required that some
initial configuration of avionic subsystems be postulated. Table XlII summarizes these first

configurations used in the study.

All include pilotage

TABLE XIII
AIRBORNE NAVIGATION SYSTEM INSTALLATION.

USER POSITION FIX DEAD RECKONING HOMING ATTITUDE & | TO, AP;ROACH
HEADING
LANDING
Horizontal | Vertical. | Heading
GAl mep read Air Data | Pressure Mog Com-~ | Comm/MNav Mag Compass | Comm/Nav R/T
;’gg= Altimeter | pass 90 channel VHF Al 90 Chonnel {LOC)
VOR, LOC
Cenesal g read Pressure Mag Com- | Comm/Nav VHF | Al, Mag Comm/Nav R/T
Aviation GA2 chorks Air Data | Altimeter | poss VOR/LOC,ADF | Compass 360 Channel
VOR MBR, ADF, LOC
VOR/DME Air Data Pressure Comm/Nav, VOR|Mag Compass | Comm/MNav R/T
GA3 map reed Doppler Altimeter | Compass [LOC, ADF ADI, 360 Channel MBR
Radar Alt. | mog/DG Vertical Gyro| ADF, DMELOC,
GS
Loron A/C INS{2), Pressure Comm/Nav Atfitude Comm/Nav Trons-|
Long celestial Air Data Altimeter | Compass |VHF R/T (VOR, |Reference ceiver, ILS (LOC,
cToL Houl map read Doppler Radar Mag/DG |LOC) ADF Unit GS) DME,MBR,
Jet VOR/DME Altimeter ADF
fq':ﬂf VOR/DME Air*Data " " " " ) "
Decca Hyper- Doppler Radar Mag Comm/Nav VHF | Vertical Gyrdl
Helicopter bolic Altimeter, | Compass  {R/T {VOR,LOC)
VOR:;T:E Air Data | Doppler ADF
VIOL mep Rader B
Tilt Wing/ VOR/DME Pressure  { ARU Comm/Nav VHF | Mag Compass | Comm,/Nav Trans-
Lift Fan map read Air Data | Altimeter | Mag R/T (VOR, LOC} [ Attitude ceiver, ILS (LOC,
Redar Compass ADF Reference GS),DME, MBR,
Altimeter Unit ADF
Turbo prop " Air Dota " g;focwm“ " " u
STOL
Turbo fan " Air Data - v, " " " "
map read INS{2), | INS,Radar| [NS, (VOR, LOC) IRU
58T MNAY SAT Air Data | Altimeter | Mag Comm/Nav R/T |Mag Compass | AILS,DME,1INS
VOR/DME Pressure Allf Compass
Loran C r
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1.5 GENERAL INFORMATION REQUIREMENTS

A summary of cackpit information needs is presented below.. These are discussed
more fully in Section 3, Vol 1l,and Appéndix B, Vol I1l. Consideration of this data and
its impact on communications and navigation management was necessary in the develop-
ment of the workload models. The tabulations appearing on Pages'1-21 and 1-22 describe one
set, Situation Information, which is of concern in the specification of a navigation system,

1. Aircraft State - Primary consideration is to know the basic elements of
information which affect the aircraft's ability to take off, fo cruise and to
land safely. These will include at least: minimum airspeed, aftitude, vertical
velocity, and fuel remaining.

2. Hazard Avoidance - To safely manage the aircraft’s flight path requires
knowledge of airfield runway situation, presence of high ground, presence of
turbulence, location of obstacles, and proximity to other aircraft.

3. Command Information ~ To efficiently and safely conirol the aircraft fl ight
path requires knowledge of steering error, error in expected time of arrival,
relationship to command speed, start of climb and descent points, and error

in vertical positions and rate,

4. Situation Information ~ To make valid judgements regarding future action
it is necessary fo know present frack, speed, altitude, vertica! velocity,
present fime, aircraft position, and any error in position. '

5. Systems Status - The pilot must be able to monitor and control operational
status of all subsystems of the navigation/communication/control system complex.

6. Environmental Situation - Significant flight path variables are influenced
by ambient temperature, wind direction and velocity, atmospheric pressure,
density altitude, and natural hazards {e.g., ice, restrictions to visibility and
turbulence).

7. Special Navigation Procedures - Air crew must have the capability fo cope
with a variety of special procedures involving computation, analysis and
judgement (e.g. alternate routing procedures, slant tracks, point of no return,
ADIZ boundaries, notices to airmen, control time maneuvers, efc. ).

8. Special Operational Procedures - These include the capabilify to comply

wifh special noise abafement procedures during fakeoff and climb out, sonic boom
minimization criteria, and speed and noise restrictions imposed during the approach
and landing phase,

1-20
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Q2. ATC-Related Control Information -

The conflict avoidance task requires

information about radius of turn, rate of closure, passenger 'g' limits, proximity to
other aireraft, intentions of aircraft approaching a conflict situation, terminal
situation at expected time of arrival, and- path siretching and speed control capabilities.

10, Communications = Navigation/ATC Related - The primary NAV-ATC related

communications capabilities of significance in the information set, relate primarily
to the ability to request, receive, revise, acknowledge, and evaluate a clearance.

11. Aeronautical Date ~ The air crew member has a responsibility to be familiar

with a wide range of aeronautical data which appear in the form of NOTAMS, advisories,
verbal instructions, and both permaneni and temporary postings on maps, charts and
approach charts,

TABLE XIV
INFORMATION NEED SUMMARY - NAVIGATION FUNCTIONS
Navigation Flight Fhase
Manogement Pilot Information Naesd
Function Terminal | Forovte Derived from Input Input
Review Met X X wind along track component G~A gomm, ~ wind direction, wind
Forecast wind eross track.componant speed, temperature, pressure, visibility
Review Current X X destred rack ground facility - range, baoring, mog
Track distance to go heading, flight plon
dasired track waypoint {wph} - wpt. ok, wph long,
distance fo go aircroft latf,, aircraft lang., mag. heading,
flight plan
Upduts X X track angle error traffic control veator - drift amgle, mag.
Stearing heading
wack angle sreer flight plon frack » ronge, beoring 1o
facilify, drift angle, mag. haading
rwack ongle error flight plan frack - wpt. lot., wpt, ong.,
gireraft lat,, aircraft long., drift angle,
mag. heading
Flight Path X X .eras hack distonce clapsed time, true airspeed, slong frack
Status Check ground speed wind, mog, heading, drift, distance #o go,
astimated tims of arrival pressure altitude, desired trock
altitude rate
altitude
Flight Plan X X distongce to 5o flight plan, throttle setting, pressure,
Status Check cross frack distance demiby, airspeed, wind along track, elapsed
astimated time of arrival time, fuel copacity
ground speed
altitude
fusl remaining
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TABLE XV
PILOT'S SITUATION INFORMATION REQUIREMENTS

COCKPIT INFORMATION ¢ WHEN PURPOSE JSINFO ;';ﬁ?:“_ on
g Re- | De- —}—, Aigorqft __Grouns
= AIRCRAFT| ATC  [quired sired |Aceu~|Fre— g =
o9 racy o M 2] ¢ S
- -’f El E g E‘ of Use é :3 ? ;‘; t—: E
GROUR & | %‘5:..3: 65“ _.,_.g_’g wl |w E”ggseé
o - = =
COMPCONENT ELEMENT :g._g gééggzg §é§§g§ §§§§. guhégiég
5,0 SITUATICN INFORMATION
5.1 AIRCRAFT TRACK
5. 1.1 Mognetic Track A ERERERES = % =|l=x|ololx]|w ofx|vfvrivix
5.1 2 True Track o x |x = |x x|v x| x x|x x xfx|v{x
5.1.3 Grid Track +l+]+ :+ + v +{+ + i+ + [+ v+ +
5.1.4 Steering Eror x |x |x |x [x x| x x[x x x |x fx
5,2 AIRCRAFT HEADING
5. 2.1 Mognetic Heading IR LI B ES RN x |x x x| x x oEx|v
5,2, 2 True Heading xflxlx|x|xfx]x|x x |x X x|x x x| x %3
5, 2.3 Grid Heading +|+i 4]+ ]|+ fr e ]+ A ¥ +| + ++ 1+ ]+ 9,3
5,2.4 Heoding Error x|x]x{x|x x| x g x| x g|x|x|x
5. 2. 5 Compass Deviatien glx|x|x]|g x X{x glt]x]x
5.2.6 Drift Angle xfxfx]|x|= * x| x alg x| x
5.2.7 Moy, Vanation i x|x]x|x]x X x|x x xix
5.3 AIRCRAFT SPEED
5 3.1 Iadicatad Air Spead x| xQx|x|x x xfx x x|x
3. 3. 2 Calibrated Air Speed x| x| x]xfx x x fx €: olxle :cﬂ
5.3.3 True Air Speed *|x|x x[x]xlx|x x{x * x| x x
5,3.4 Mach Number ofjofo ojelale o o| e o a a
5, 3.5 Ground Speed x|x|x x x |x x |x x [g x|gfleo
5.3.6 Error in Ground Speed x = % % x |= x {x x| x x
5.4 AIRCRAFT ALTITUDE
5.4, 1 Peessure Alt/ Flight Level x|xpx|xix xIx{x|x{x xIx x x x|g
5.4.2 True Alhitude x{x|x x |x x | x % g% x| x x x x |g
5.4, 3 Radar Altitude sle oo ° alo]e o oflo
5.4.4 Eror in Altirede’ x{x|xix}x xfx|x|x|x x |x x x|ofe
5.4, 5 Vertical Yelocity x|x|x]|x|x x| x x| x x| x x x x
5.4.6 Ervor in Vertical"Velocity cjo|o]e|e o ole ale clo|vi|e
5.5 TIME
5.5,1 Greenwich Mean Time x|xlxtx]x]x|x M x[x olx|s g x x x
5,5, 2 Estimated Time Amival (Depart} L B R N »® x |= x | = x| x *®
5. 5.3 Required Time Amival (Depart.) xixlxfx|x{x x x Ix x |x x
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TABLE XV (CONTINUED)
PILOT'S SITUATION INFORMATION REQUIREMENTS

- TREQRMATION
COCKAT INFORMATION WHEN PLRPOSE 1S INFO SOURCE ~ USE
_Rew | Dew Afreroft [ ko
= RIRCRAFT] ATC  lquiredaired [Acou-iFre- g -
g 3 Tocy Puensq 3t o 2l |w
o - gl &lo &
43 |8 g dl 2y 135S
z EEREE 3 . | 312 % = = £
GROUP & E q 18 et E ol 8| w| 55 gl el z]=
AREE RS R PR PREEEE RS EE
COMPONGNT ELEMENT HEEEEEEEHEBEEHEEEEE HRINENEE
5.5.4 Actwal Time Amival [Depart) x|xfx |x |x % x{x aixlg x| x x
%.5.% € Tiess En Route (Time 1o Gao} xixfxfaix x ofxig ®ix x
3,5,4 Eror In ETA xiwfxfain x oixig xix *
5.7 AIRCRART POSITION
5.7.1 Latitue/Longitude ojalelu|o]o]e]e [ ol o [ oo a
5.7.2 Roage/Beoring (W/R Facility} wimirfrixfx = wfx ainig ] % fx x
5.7_3 Croes<Tenck Ewror {(Distence to Go) xixixfuixjn x xfs atg xix o
§.7.4 Emor In Position x|mfx]x|x ® |9 x|x]x
5.7.35 Error an Positien on Glids Slope x|x x xfx x x [x
5.7.6 Error in Poshion on Locallzer xix a xix x x =
5.8 FUEL SITUATION
5,8, Fust Remaining x|xfxyex{z]x|x x|x]= x|x x x x
&, 8, 2 Fusl Finw xixfxixix xixix oixig S xiw
5.B. 3 Fuel Required xiwfuixdxfxix X 1% ix aixig xixligio

Moltiple and flexible approach paths,

terminal cres,

ground tasks,

Aceurate surveillance date for gil (FR ond VFR) Aircraft, in alt weather

conditions, in afl terminal areas must be supplied to the surveillance unit.

Multiple access routes, direct epproach and departure routes in the

Positive communicaFions control on voice or data link,
Refined gircraft position Increases cupacily cheaply.
Priority mixing of departure and arrivals is o necessary plonning function.

Incorporate outomaticn in processing the novigation data for the clerical
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1.6 PILOT WORKLOAD ANALYSIS METHODOLOGY

The paramount consideration of the NAVTRACS study effort - the overriding
criterion upon which the entire analysis was based - was the evaluation by the pilot
of how he is affected by the ATC system and his means of entry into that system, namely
his cockpit environment. Therefore, the focal point of this study was the analysis of
pilot workload. All of the sensitivity studies and ranking eriteria, as well as recomimendations
for future technology developmenis, were based on the quantifative effect that each
parameter might have upon this workload. 1t thus becomes essential fo describe the methodolog
vtilized in this study to evaluate pilot workload.

Figure 10 illustrates the overall approach taken which culminated in analysis of
the effects of varying navigation system technologies and varying levels of automation on
the degree of pilot workload, both qualitative and quantitative. All of the previously de-
fined elements in the Data Base are brought fogether, with the critical control fool being
the Event Sequence Diagram (ESD). ESDs for an IFR Flight Plan are illustrated in Figures
1Tthrough 19.

Event sequence diagrams relate mission events and pilot tasks with the postulated
Flight Plan Reference ATC concept. The diagram divides each flight profile into eight
phases: pre-flight, taxi, take off, climb out departure, enroute, arrival, approach and
land, relating on a time base, the fundamental pilot tasks of confrol and monitor of aircraft
systems, communication and navigation management. The detailed form of the tasks depends
upon the particular aircraft avionics fit, the communication, navigation and identification
subsystem, control display configuration, and operational procedures adopted by the crew
member--i.e., the system automation. Thus, in the analysis of any combination of naviga-
tion communication, aireraft control, and monitor equipments, the event sequence diagrams
can be utilized with the Flight Plan Reference ATC system.

Alrcraft . Aijrcraft Aireraft Aircraft
Avionics | [Contrel-Display Performance [~ Flight
Panel Profiles
ATC — Pilot Task Analysis Workloading
Event L .
- Sequence . Control/Sysfem * .}% Uhll-.lzahcm
Diagram Monitor - 1ime tine

. . NAV Mgmt
Aircraft &
gl J-J : . ATC Comm, Task i

| Pilot Synthesized Automation
Task Times

Figure 10.  Pilot Workload Analysis Methodology

1-24



PNSI=TR=69-0301~1

The VFR and IFR Event diagrams specify the mission sequence from pre-flight
briefing to taxi-in and system shutdown. The diagrams identify the navigation manage-
ment functions, communication management functions, and aircraft control and
monitor tasks for each flight phase. They also indicate cognizant fraffic coniro! and
surveillance units and show the surveillance technique employed, e.g., direct com-
munication, Airfield Surveillance Detection Equipment (ASDE), interrogation, etc.

The communication management events diagram fies together the traffic control and sur-
veillance structure by showing both air-fo-ground and ground-to-air communications.

The Event Sequence Diagrams are utilized in the pilot workload analysis in con-
junction with the aircraft flight profiles developed for each user class and mission. The
flight profiles provide the time base input to the ESD. The workload of the pilot (and
co-pilot) of VTOL, STOL, air carrier, and general aviation aircraft, operating with o
postulated set of aircraft avienics, area navigation systems, and approach and landing
sysfems, was exercised to determine the effects of different levels of system automation.

All of the analyses were performed within the frame of reference of the advanced Flight
- Path Reference/ATC system.

Pilot workload was computed in terms of percent utilization and total pilot execu-
tion time. During the NAVTRACS program, four essential Event Sequence Diagrams were
constructed: Navigation Management Event Sequence Diagrams, VFR Event Sequence Dia-
grams (GA1, GA2), IFR Event Sequence Diagrams (VTOL, STOL, SST, CTOL air carriers
and GA3), and All Weather Landing Event Sequence Diagrams. Only the diagrams for
the IFR case are presented in Volume 1; the remaining diagrams will be found in Appendix A,

Vol HI.

GA-1, GA-2
VFR
ESp | T Holding
Pattern
Contingency
Comm.
[ | |
IFR Pre-Flight Climb Qut/ Enroute | [ Term. Area __Approach/ L Taxi In
ESD Taxi | Departure || Enroute | Descent Descent Land !
|
vToL | Comm
SSTSCT)L : | A-G/G-A
cToL L _Pi_|_orl
GA-3 Fomotiors T MNav
unctions |
I Control and
| _Monitor

Figure 11, Organization of the Pilot/ATC Event Sequence Diagram
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2. REQUIRED FEATURES OF THE ATC SYSTEM
21 GENERAL -

The functions of the existing ATC system which will be carried into any advanced
configurafion are those of surveillance, control and advisory service. Each of these func—

tions has implications for design of the advanced airborne navigation and communication
subsystems.

The principal requirement is to satisfy the ATC agency that any aircraft-supplied
surveillance information meets the specified accuracy criteria, that the information will be
available whenever required, that any inadvertent or planned alterations to flight path are
immediately and automatically made known to the ground system, and that the required sur-
veillance information cannot be compromised by a blunder committed in the cockpit without,
at the same time, providing an alerting signal to the ground system.

Thus it is seen that a fundamental relationship must be preserved between aircraft
and control agency . . . the flow of traffic is regulated at the discretion of the controller,
subject fo pilot acceptance of instructions. The pilot inferfaces with the ATC system
through his acceptance of a clearance and subsequent compliance with pertinent IFR or
VFR procedures. He also accepts factically motivated steering commands, commands to
change communication channels, by modifying transponder identification codes as requested
and through his accepiance of changes in clearance.

Aircraft position is generated today through use of ground based redar; pilot inten-
tions are signified through use of pilof-initiated position reports and use of flight sirips
within the conirol agency. Advisory information is supplied to the aircraft as required or
requested. These advisories may include information about wraffic, weather, hazards fo
flight, end terninal area information of significance to the pilot.

The navigation/traffic control system general requirements are summarized in
Table XVII.

Commonality and Ground Use of Data

TABLE XVII Interface to ATC Surveillance Unit
ATC-RELATED Respond to Traffic Control Unit
NAVIGATION

FUNCTIONS Provide Holding Capacity

Provide Slant Tracks

Provide for Waypoint Vectoring

Automatic Reporting

Supplement Radar Surveillance Data per Flight Phase

Tactical Flight Control

2-1
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2.2  SEPARATION CRITERIA

Requirements on the advanced navigation and fraffic conirol system were generated

from an evaluation of criteria set forth by the FAA in the context of the forecast traffic load.

These requirements, expressed in ferms of cross—track and along-track separation in nautical
miles and altitude separation in feef, were translated into an accuracy specification by

applying a 1/10 ratio rule rather than the more typical 1/3 or 1/7 (30, 76) rules. The results

of this assessment are tabulated in Table XVIII,

TABLE XVili

NAVIGATION SYSTEM REQUIREMENT - SEPARATION CRITERIA
( STANDARD AND SURVEILLANCE INFORMATION NEEDS )

* Note: See List of Symbols and Nomenclature for a listing and

definition of these 3 ¢ values.

. Minimum
Approach Enraute . Departures fArrivats Holding] Summary
. E oL = LT
d u | =
¥ § 2 £ 8§ gt o . . £ -
w ™ = e~ = - [ =1 =g ow 2 5
§ 5 0 o=t N2 30 g 8% ¥ % § 2§s 1|2
g B = 3 — o § = o ot 2 g L £ ov > g B
Separation c &8 E % e E|lc 5 8§ F oz L8 35 §5 T 52 F4g *
- E c o 2 o < o ° e wb ¢ e, < c o
Factor < & 2 £ ~- oJE £ £ o 3 $!8%ToBoe vo3d § |og g a
2 s = & 5 "D = & T 8 31330885 F §22 9leSse| TATiCa
g B 0. . o|lag WV U K @ ] . ‘R gz 2 ZE Y JOE
SR - R A s |S458R8 58553 (208 o
= EEERS N - s 2 & H > o= < 2 SN N o .89 £ 2 h
EE g ] g S| EEZS oglisezess £5E8E e 2
= v = (7] E o 1 E= = = - g 8 5
m o < =2 T 2|2 2 3 5 8 2 mulﬁq‘qu’ ‘_Eggu‘: ue.uur'i
¢ At 3.8 0.5 12 1.2 0.8 08 03 1.0 05 05 03
GAl
o . 05 05 05 05 05 05 05] 05 0.5
GA2 CT visual
oy 50 100| 50 5 50
GA3 T AT 03 02 75 25 1.2 1.5 1.5 0.5 1.0 65 0.2
CTOL 7T 0050233 1.6 05 05 05 05 0505 05 05] 65 0.06
Jet
VIOL ¢ 40 40 50 1007 50 50 20
STOL
9 AT 03 02 30 25 1.2 15 L5 0.5 0.5 0.2
88T o T 0.06 033 L6 &0 05 05 0.5 05 05 05 0.5 0.06
LY 40 40 50 100| 50 50 40
L in nma, a7 in nmi, o h in ft,
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2.3  FLIGHT PLAN CONTRCL

A measure of system.performance was devised for use in the advanced ATC system
which relates aircroft progress with respect to an assigned flight profile fo credibility of
ETA, or ability to make good an assigned or required time of arrival (RTA). The traffic
control system employs aircraft.generated surveillance information or estimated time of
arrival {ETA) as a means o ascertain pilot intentions and controller-generated ETA to
validate navigation information and as a means to forecast potential conflict with respect
ta a future waypoint or navigational fix. A measure of system performance can be
generated through a comparison of airborne-derived surveillance data and ground-based
computer-processed flight plan data.

Errors In the sensed or calculated variables used by the airborne system to compute
ETA identify requirements on the system. By specifying the tolerance on ETA which will be
accepted by the postulated ATC system, navigation systemrequirements can be derived.
Table XIX summarizes the resulis of the evaluation performed in this study.

TABLE XIX
NAVIGATION SYSTEM REQUIREMENTS - FLIGHT PLAN CONTROL
USER REQUIREMENT *
USER
: AETA ) GCT o AT o A oy
| minutes nmi nmi deg. percent
H R
GAl, GA2 i 0.6 0.5 0.5 1.4 6.7
GA3, CTOL Jet § 0.33 0.5 1.1 0.8 2.2
VTOL, STOL, SST P
(Low altitude enroute) * |
GA3, CTOL Jet, . 0.33 0.5 2.3 0.8 . 2.2
VTOL, STOL | '
(High altitude enroute) l E
SST ! 0.33 1.6 4.4 0.15 1 0.8
;

*Alse for terminal area with Alt. < 10,000 ft

2.4  RADAR SURVEILLANCE

Any candidate airborne navigation system which is infended fo supply independent
surveillance information for purposes of traffic control must be at least as accurate as is
ground based radar. Table XX summarizes the performance capability of ground based systems.

2-3
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TABLE XX
NAVIGATION REQUIREMENT - RADAR SURVEILLANCE
Ground Unit Terminal Area Unit * Air Route Unit* .
" v " - Minimym
Taxi In, Taxi Cut, Departurg Air Route {Lo), Air Route, Stack S
To Departure Appr, Stack Unit, Final Appr. {continental) mmary
10 nmi | 20 nmi § 50 nmi 50 nmi | 100 nmi | 200 nmi
GAl, GA2 NA 0.35 0.70 1.8 1.8 3.6 7.2 0.35
GA3, CTOL 0.43% 0.35 0.70 1.8 1.8 3.6 7.2 0.35
5ST @1.4 nmi =
36 ff
Y.
VTOL 0.43% ] 935 0.70 1.8 1.8 3.6 7.2 0.35
“4 ft
STOL 0,43% 0.35 0.70 1.8 18 3.6 7.2 0.35
20 Ft . .

*All units in nmi

These requirements will subsequently be combined with those generated in Section
1.1, Navigation Accuracy Requirements from Jraffic Activity Forecasis,and with the area
navigation, approach and landing requirements generafed in Section 3,71, These are sum-
marized in Table XXV of Section 3.2.

2.5 COMMUNICATION SYSTEM REQUIREMENTS

A brief investigation was made of the communication system requirements based on
the traffic forecast and estimated system information requirements. A VHF or UHF carrier
was assumed as the fransmission link.

The data and voice links between aircraft and ground-based systems must be capable
of relaying all required messages whenever demanded by the ground system and/or according
to a specified schedule.

Although it was beyond the scope of this study to determine communication system
tradeoffs,several well-understood assumptions were employed. Binary coding was assumed,
current VHF modulation techniques and signal power were considered adequate for use in
the domestic airspace, frequency response of VHF modulation at 10 kHz was assumed to
provide an adequate bandwidth.

The analysis undertaken in the study is described in Appendix C, Volume IIl. Data
requirements and system capacity of both airborne and ground-based systems are summarized
in Tables XXI and XX1I respectively.
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TABLE XXl -
COMMUNICATION SYSTEM, STANDARD REPORT DATA REQUIREMENTS
Data Capacity Bi,ls"/Sec
Option | Words | Bits | Approach | Departure | Enroute-— |Enroute-
Low High
ssT 1 no|oes |
3 .4 3,.4 3 3
2 1 155 10 -'I_O 107-10 10 10
GA3-
1 H 162
CTOL- 3.4 3,4 3 3
VTOL- 2 1 152 i0”-10 107-10 10 10
STOL
GAl- [ 11 | 145
3,.5 3..5 3 ,.5
GA2 2 1 122 4% 107-107) 4x 10°-107| 4x107-10 -
TABLE XXII
COMMUNICATION SYSTEM, GROUND STORAGE REQUIREMENTS
Floating Point Air Carrier/GA3 GAl - GA2
Ground Store Low High Low High
16 Bit ) .
Data Words 550 | 4,100 6,720 48,100
Total K .
Bits 21 675 $70 7,000
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3. REQUIRED FEATURES OF THE AREA NAVIGATION, APPROACH AND LANDING
SYSTEMS

3.1 APPROACH AND LAND CRITERIA

Requirements on the navigation system can be generated from an evaluation of
approach and landing accuracy criteria. As a minimum,the navigation system must proviue
sufficient accuracy in knowledge of position and speed to permit the aircraft to capture
the localizer and glide-slope, or their equivalent, of the runway in use. The envelope of
suitable frajectories then defines the bounds of acceptable cross—track, along-track, alti-
tude and rate errors.

These requirements on the airborne system become significantly tighter if it must
meet landing system performance criteria as well. Table XXIll summarizes the 30 require~
ments on the system . . . the upper two rows describe the Approach case, the lower three
rows the All Weather Landing case.

TABLE XXIII
NAVIGATION REQUIREMENT - APPROACH AND LAND (All Weather)
Landing Taxi Approach
Cat i “Cat M "
<4 «
Garl a b a b [~ 2 =) 3 ]
GAl, GAZ? (not used in NA NA NA NA NA
less than 5 n mi RVR (IMC)
GA3 *q AT 260 160 120 30
*a eT 75 75 75 NA * 35
*a h 20 20 10 -
EN 1° 1° 10 1°
CTOL Jet** o AT 260 160 120 70 15 0
a 75 75 75 75 75 75
cT 0.1°]0.03°
o 20 20 10 o o Jo
GA ie ie 1° 1°
VTOL % AT 15
° e 25 25 25 25 25 25 15
LN - 0.03°
LN 1°
STOL 9 AT . 25
.6 50 50 50 0 | s0 |so | %
& "
h ° o o
oA | 0,1 ]003
' CTOL Jet & 55T ¢ AT 35
35
"1 75 75 75 75 75 75 0.|° s
, -
h ! .
4 A i 1
!
*All units in fr.

*o AT O A% hold for VTOL, STOL, CTOL Jet & S5T

3.1
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3.2 AREA NAVIGATION CRITERIA

The activities completed inSections tand 2 lead to the definition of a set of
navigation accuracy requirements, Six reloted sources of these requirements have been
combined using vector analysis: (1) the 1975 - 1985 Traffic Activity Forecasts, (2)
separation standards, (3} flight plan control limits, (4} all-weather and radar surveillance
criteria, (5) approach criteria and (6) landing criferia, The navigation accuracy constraint
was defined as o vector consisting of the 3ovalues of comconenfs‘a!ongf cross frack error,
altitude error, and heading error. Table XXIV presents a summary of the minimum 1975-1985
Horizontal Accuracy Requirements for the six classes of User aireraft, 1t will be noted that
the requirement varies with flight phase, All air sarrier user classes were defermined o
require a horizontal navigation capability of 0.5 nmi (30 throughout terminal area flight,
while the requirement for general aviation was determined to be 0.3 nmi for GAT and GA?2,

and 0.5 nmi for GAS.

3.3 " QUALITATIVE SUMMARY OF AREA NAVIGATION REQUIREMENTS

(1) Permit off-airways operation
(2) Provide path stretching and speed scheduling capability.

(3) Provide flexibility in selection of departure and approach paths through
use of paraliel and slant tracks.

(4) Desired system characteristics: independent of number of users, local
topography, multi-path effects, or atmospheric anomalies; frequency pro-
tected; LOS independent; time independent; real time solution; and map
referenced.
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TABLE XXIV
SUMMARY - MINIMUM HORIZONTAL ACCURACY REQUIREMENT
[N CONTROLLED AIRSPACE (1975-1985)

FLIGHT AIRCRAFT | e IFR AND VFR - FLIGHT\;’TAN REFERENCE
PHASE $ST CTOL JET V1oL STOL GA3 GA2 GAI1
TAXI 54 35t 15 ft 25 ft 35t NA NA
TAKE-OFF 354t 35ft 15 25 ft 351t NA NA
CLiMB-QUT 0.5 nmi 0.5rmi [ 0.5nmi | 0.5 nmi 0.5 nmi 0.3 nmi 0.3 nmi
ENROUTE - LOW 0.5 nmi 0.5 nmi 0.5 nmi 0.5 omi 0.5 nmi 0.5 nmi 0.5 nmi
ENROUTE - HIGH 1.6 nmi 0.5 nmi 0.5pmi | 0.5 omi 0.5 nmi NA NA
ARRIVAL 0.5 nmj 0.5 nmi 0.5 nmi 0.5 nmi 0.5 nmi 0.5 nmi 0.5 nmi
DESCENT 0.5 nmi 0.5 nmi 0.5 nmi 0.5 nmi 0.5 nmi 0.3 nmi i 0.3 nmi
APPROACH 360 ft 360 ft | 3601t 350 ft 360 ft 0.3 nmi 0.3 nmi
LAND - CATII . 75 ft 75§t 25 ft 50 ft 75 ft NA NA
LAND - CAT INIC 15 ft 15 ft 15 ft 15 ft 15 ft NA NA
TAXI 35 ft 35 ft 156|258 30 NA NA
HOLDING 0,12 nmi 0.12pmi] 0.12nmi| 0.12 nmi 0.12 nmi 0.12 nmi 0.12 nmi
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4. EVALUATION OF CANDIDATE NAVIGATION AIDS

The coniractor was asked to evaluate four condidate area navigation aids as to
their capability to supply position information fo the seven categories of Users operating
in the 1975 - 1985 domestic air space. '

4.1 DECCA, LORAN C AND NAVSAT

The four candidates, Decca, Loran C, NAV/SAT and hybrid radio-inertial, were
evaluated with respect to both the qualitative and quantitative criteria set out in Section 3.

4.2  OTHER CANDIDATE SYSTEMS

To provide a basis of comparison,as well as to make the evaluation more complete,
VOR/DME and Omega were also ¢onsidered. All of the Time Difference systems were
assumed to be capable of accepting a calibration signal, called differential time differ-
encing, as a means to minimize the effects of certain propogation anomalies. Preliminary
analysis indicates that the result of performing the calibration would be an increase in ac-
curacy sufficient fo meet the 3¢ horizontal accuracies required for approach. The VOR/
DME system was also evaluated in o PVOR/PDME configuration.

One of the major objectives of the NAVTRACS program was o recommend areas for
automation which could significantly reduce cockpit workload and possiblity of human error.
Prior to the workload/automation tradeoff analysis,the performance capabilifies of the
condidate navigafion systems were carefully evaluated. Appendix F, Volume I, presents
a complete review of the candidatle systems.

To summarize, eight basic navigation systems were considered, The initial list of
candidates included rho~theta, NAVSAT, and ground-based time difference (GBTD) systems.
The rho-theta systems were: ) )

e rho-theta (VPR/DME)

® rho-theta with course line computer

® precision rho-theta (PVOR/PDME)

® precision rho-theia with course line computer

The time difference systems considered were:

NAVSAT

VLF-CW (Omega)
LF-Pulsed (Loran C)
LF-CW (Decca)

LR BN BN
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.

4.3 THE OPERATIONAL REQUIREMENT

Table XXV summarizes the capability of each of the system configurations fo satisfy
the operational requirement, In the tabulation:

+ meets requirement
o marginally meets requirement

- does nof meet the requirement

Three systems - NAVSAT, LF/CW GBTD and LF-Pulsed GBTD ~ were found to completely

satisfy the performance requirements.

TABLE XXV
NAVIGATION REQUIREMENTS CHECKLIST
NAV SAT, RHO~THETA, AND GBTD

NAYV VOR/ PVOR/ DIFF
NAV SYSTEM NSYSTEM VOR/ | PVOR/ | DME PDME | NAV | NAV VLF/CW LF/Cw LF/PULSED
REQUIREMENT DME PDME CLC CLC SAT SAT
4 -
NON-SATURABLE - - + + o o + + .
MINIMIZE NAV FREQUENCY - - - - + + + s +
LOS INDEPENDENT - - - - + + + + &
AREA COVERAGE - - o o + + + + +
REAL TIME + + + ¥ o o * + +
ALL WEATHER + R + + + + o + +
MINIMAL NUMBER
GROUND STATIONS - - - - + + + o [
TIME INDEPENDENT + + + + + + o o +
FLEXIBLE TO ATC ROUTE
STRUCTURE/VECTOR + + . + + + + + + +
MAP REFERENCE + + + + ¥ + + + +
COMMON OUTPUT FORMAT  + + v | v + + + + .
GROWTH ORIENTED - - o | o + N o + +
ADAPTIVE FLIGHT PATH
CAPABILITY™ - - o o + + + ¥ +
GEMNERATE ATC
SURVEILLANCE DATA* o o o o - + + + + +
COMPATIBLE WITH INFO NEEDS* + + + + + 4 + + +
SATISFY ACCURACY CONSTRAINT - + - + + + ° + +

*Dependent upon onboard computer
**Dependent on data link message content
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4.4 ACCURACY REQUIREMENTS AND CAPABILITIES

Figure 20 summarizes the accuracy that is attainable with the candidate naviga-
tional aids.  The details of the supporting analysis are presented in Appendix F (Candidate
Nav Systems) of Volume I - Appendices. The accuracy is expressed as the 30 horizontal
component. The spread on the system errors is caused by varying mission geomeiry,
propagation conditions, conductivity conditions, or equipment specification. A 0,5 nmi (30 )
navigation accuracy requirement exists for all user aircraft operating in enroute congested
airspace and ferminal areas. It can be attained utilizing rho-theta, NAVSAT, and GBTD
systems. The 0.3 nmi (30) climb, descent, and approach navigation requirement is set for
general aviation users and can be achieved using precision rho-theta, NAVSAT, and GBTD.
The required area navigation accuracy for establishing a holding pattern is 0.12 nmi (3¢ ),
Precision approach accuracy for the air carrier user is 360 ft. Although precision rho-theta
and GBTD systems can marginally meet the holding pattem requirements, the precision
approach requirement can only be met with the NAVSAT system. GBTD cannot meet the
requirement. However, preliminary analysis indicates that the GBTD system cah’be modified
to reduce the system errors to an acceptable level. Differential NAVSAT and differential
GBTD, when integrated with an accurate velocity source,can also meet the CAT=(Ila) land-
ing requirement.

Based on the (1975-1985) operational requirement, GBTD (LF-CW, LF-Pulsed),
precision rho-theta, and NAVSAT systems are acceptable navigation aids for enroute and
terminal area flight. As approach aids, NAVSAT, differential NAVSAT, differential LF/CW
and differential LF/pulsed systems are candidates. Because it is at least marginally accep-
table,a rho-theta system was also evaluated as a part of the pilot workload analysis.
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3. CONFIGURE A CANDIDATE ATC SYSTEM

A model of an advanced navigation and air traffic control system was developed as
a means to evaluate automation benefits and new technology requirements. The system was
configured in anticipation of full acceptance of area navigation, data tink,and reduced depen-
dency on manual radar-controller surveillance procedures by the 1980's,

The system developed in this study is completely responsive to traffic activity fore-
casts, pilot workload criteria, ATC requirements and area navigation criteria set out in
earlier sections of this volume.

5.1 SYSTEM CONCEPT

The advanced ATC system incorporates,as automated system features, those functions
which are closely allied to present cockpit duties. It embodies a Flight Plan Reference con-
cept, a refrievable flight plan, a Limit Logic concept, an area navigation aid, a data link and
a capability for development of required surveillance dafa within the airborne system.

5.2  FLIGHT PLAN REFERENCE

A mandatory feature of the advanced traffic contro! system requires that all Users
of controlled airspace file flight plans,whether operating VFR or IFR, The result of using
this procedure Is that the ATC agency is fully advised of both the presence of all aircraft
in the controlled airspace and the intentions of all pilots. This allows the ATC to make
continuous evaluation of the situation, increase the use of strategic procedure, and
anticipate the need for tactical actions under conditions of reduced stress.

The concept also imposes a discipline on the pilot in the form of a requirement to go
where he has stated an intention fo go. Finally it provides the basis for the implementation
of a Limit Logic capability.

5.3  RETRIEVABLE FLIGHT PLAN

The airborne system is designed to maintain continuous operational cognizance of
the flight plan while the ground based traffic unit concurrently maintains a data file on each
flight. Either unit may call the flight plan for review or modification at will.

5.4  LIMIT LOGIC

The limit logic is comprised of variables which describe aircraft progress with respect
to an approved flight plan. When these variables are exceeded, the pilot is alerted.and con~
currently contact with the ground is initiated via data link, The variables are increments in
ETA, error in altitude, deviations in assigned speed or cross track distance and/or fuel remain-
ing. This capability is intended fo restrict the volume of required cross-talk between ground
system and airborne system to those occasions when a deviation is observed or when the ground
sysfem requires an update.

5~1
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5.5  OPERATIONAL CONSIDERATIONS

The system was designed to-allow ATC to institute flow control or to modify the
clearance in other ways through automatic insertion info the airborrie system of arbitrary
turning points designed to extend the-path length or to keep the aireraft within a more
favorable altitude block in order fo relieve congestion in the terminal area. In this
study, these points are called Vector Way Points (VWP) to distinguish them from the
flight plan way poinfs.

As long as the aircraft maintains assigned track and speed, that is, arrives on time
over required checkpoints, no communication with the ground is required. When the
aircraft passes over a mandafory reporting point the system automatically outputs
aircraft ident, waypoint designator and time,

Complete capability is maintained on the part of either controller or ground based
fraffic unit to detect any alterations in routing, altitude, speed,or combination thereof
initiated by the aircraft. )

5.5.1 Cockpit Oriented ATC Features

e Flight Plan Reference - Aircarrier and general aviation users file fl ight plans.
These are filed on both IFR and VFR flights. ‘Controlled VFR operations occur
only in controlled, congested airspace. VFR flights in uncongested regions
need not comply.

e Retrievable Flight Plan - The airborne system maintains cognizance of a stored
flight plan. Simultaneously, ATC automatically monitors the progress of each
flight with respect to the flight plan and the traffic flow. This curfails the
total volume of communications. '

o Limit Logic Concept - This concept implements the Flight Plan Reference. The
Limit Logic variables are increments in estimated time of arrival, assigned
altitude, forecasted speed, crosstrack distance, and fuel remaining. Exceeding
these limits alerts the pilot and the A-G-A communications,

e Area Navigation, Airborne Computer, and Data Link - Area navigation
permits parallel track, slant track, speed control, and volume navigation
operations. These subsystems perform the three functions of flight plan storage,
Limit Logic Computations, and navigation and guidance computations. The VHF
data link supplies the ATC surveillance information,

e Automated Ground System - This system is postulated to make effective use
of the unambiguous navigation surveillance information, fo.advance and stress
the role of the confroller as a decision maker.

5-2
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6. EVALUATION OF WORKLOAD AND SYSTEM AUTOMATION BENEFITS

The pilot workload analysis reported on in this section was the focal point of the
NAVTRACS study. To assess performance of the advanced navigation/air traffic control
system, the study requirement infers that the postulated system should ot least not increase
the workload of the pilot, as a minimum goal. Clearly any proposed system must be capable
of accommodating all user vehicles which are forecast to be operational during the period
of interest. Any areas of activity which appeared to cause an unreasonable increase in
workload became candidates for automation.

The workload analysis required development of assumptions about almost every
element of the future system: premises were required regarding organization of the future
ATC system, acceptable procedures, performance of the vehicles, and availability of avi-
onics equipment, Data was taken from NASA, USAF and FAA supported studies.

Equipment features were postulated from ARINC specifications, from documents supplied by
avionies manufacturers, and from discussions underfaken with professional pilots, navigators,
and general aviation pilots. Where present equipment did not provide for necessary control-
display operations (of future equipment), "straw man" panels and operational procedures
were created.

*
Figure 21 illusirates the methodology utilized in the workload analysis.

Aircraft Aircraft Aijreraft Aircraft
Avionies Control -Display Performance | | Flight
Panel Profiles
ATC — Pilot Task Analysig Workloading
Event Y Y

- Sequence . Conirol/Sysrem . %.. Uﬁ!.izaﬁon
Diagrom Monitor . Time Line
Aircraft & . NAV Mgmt

. . ATC Comm Task
Y

Crew

Pitot Synthesized Automation
Task Times

Figure 21. Pilot Workloading Analysis Methodology

* Note: Figure 10, Page 1-24, is repeated above for easy reference.
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6.1 DEVELOPMENT OF WORKLOAD MEASUREMENT CRITERIA

To understand the need for automation of navigation and communication functions
and equipment operation, it was necessary fo develop an appreciatfion of the tasks performed
today by aircrew personnel in managing their aircraft.

The workload methodology was based on four sources of information: synthesized
task times experimentally determined in pilot studies which specify pilof task time in performing
mechanical functions; results of a series of field frips in which aircrew personnel were care-~
fully questioned about the manner in which they performed their jobs; the refinement of certain
workload and pilot utilization estimators developed by personnel of this organization; and
data obtained from a series of simple, timed, paper and pencil tests utilizing a paper cock-
pit mockup. The subjects were licensed aircrew personnel, each of whom had significant ex-
perience with the tasks under investigation,

Two present-day aircraft, a four-engine CTOL |et transport and a single—engine GA2
aircraft, provided the baseline informafion. The pilot tasks in the CTOL jet were assumed to
be sufficiently like those of the sophisticated GA3 aircraft that an assessmeni of GA3 was not
made. Task times for GA2 aircraft were assumed to be sufficiently like those of GAlthat a
separate workload assessment was felt not to be necessary.

Operator tasks and task times for the VTOL and STOL aireraft were developed from
a review of NASA documents and similar literature. Workload for the SST aircraft was devel-
oped from an extrapolation of operational experience of PNSI personnel, review of ARINC
documents and airframe manufacturers' documents, and the resulfs of an on-going PNSI
study of Coricorde performance ufilizing an IBM 360-44 computer. In summary, pilot monifor
and control workload esfimates were prepared for four aircraft types (Tables D-VII, D=VIII,
D-1X, and D-X}; task times were estimated for the communications task (Tables D-V and D-VI);
and for twenty navigation-related tasks (Table D-1I1) . . . .. all tables will be found in
Volume I} of this report. )

The pilot workload analysis required a mode! of the human operator. Pilot perfor-
mance was evaluated for the aircraft control and monitor, navigation management,and
pilot/ATC communications tasks utilizing the rationale set out below. Experienced aircrew
personnel were utilized as subjects. The model incorporated an operator transfer function
devised to describe a motivated, well-frained operator performing relatively simple tasks such
as closed-loop tracking utilizing compensatory displays; recognition of the effect of human
response time on a desired or required action; execution time (as set out in standard texis); and
synthesized fask times.

The operator workload model was completed with two figures of merif, both quanti-
fied: task time and operator % utilization. Workloading was first assessed for operator-defined
task times. Subsequently, a figure of merit was devised based on % utilization of the opera-
tor's faculties. This figure of merit was computed from the equafion:

Task Utilization x 100

0, H H =
(1) % Utilization Total Utilization
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TABLE XXVI

NAVIGATION MANAGEMENT TASKS SUMMARY

Minimum Automation

Task Time, sec.

% Utilization

Navigation Management Event | Ave. Min, Pilot  Navigator
In Flight Weather Evaluaiion 794 395 26.6 37.33
Inertial Navigation System Management 597 238 32.6 45,71
Doppler/Computer System Management 819 | 492 27 .4 38.4
Loran A Manipulation 220 94 35.8 50.1
Loran C 265 255 26.3 36.8
Automatic Direction Finder 234 134 28.6 40.0
Fixing Radar 416 - | 244 31.7 44 .4
Weather Avoidance Radar 179 86" 27 .4 38.3
VOR/DME 245 139 26.5 37.1
CLC Management 194 117 23.9 33.5
Determination of Magnetic Course 146 72 33.4 47.5
Altitude Change Enroute 168 99 26.1 36.6
Monitoring Flight Plan Enroute

(Fuel Management) 455 170 39.3 55.0
Copying and Acknowledging ATC

Clearances {Oceanic) 124 59 28.6 40.0
Turbulence Penetration 17 ? 19.4 27.9
Reroute by ATC During Er.lroufe Phase 353 200 31.6 |1 44.2
Radar ldentification in Transition Zone 92 74 28.6 — 40.0
Altitude Change in Transition Zone 55 34 26.8 37.5
Navigation Management in Transition Zone | 745 466 34.4 48,2
*Navigation Management of MMD 73 73 28.6 40.0

*No track monitor function
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where Task Utilization = weighting factor per task )
Total Utilization = weighting factor for % utilization of the operator's
TOTAL faculties

b3
To compute average % utilization for a series.of tasks, the operator utilization must be
averaged over the complete task interval. Thue-

T
(2) Average % Utilization =l f U dt
T

o}

where T = the fotal period
U = task utilization factor in terms of percentage.

All task times and workload assessment reported in this study were based on care-
fully evaluated opinien of experienced aircrew members, Utilization of the private pilof in
the performance of comparable tasks was increased by a factor of one~-third to one~half, de-
pending upon an assumpfion regarding experience and proficiency of thepilot. The effect
on task fimes of inflight emergencies was not considered. The results of the methodology are
summarized in Tables XXVI and XXVII. Table XXVI describes task time and related operator
% vutilization associated with twenty navigation-related tasks. Table XXVII, one of a sef appear-
ing in Appendix D, presents a listing of the individual sub-tasks making up the navigation
event summarized in Table XXVI, Five fasks are described: inflight weather evaluation,
INS management, Doppler/computer system management, Loran A manipulation, and
Loran C (completed in Appendix D).

The careful quantification of each of the subtasks was later fitted to the aircraft
mission profiles and tied fo the Eveni Sequence Diagrom for each user aircraft, and the result-
ing information used to build a picture of total pilot workload,

The communication workload was developed in a similar way. Tables XXVIIl and
XiX present a complete breakdown of typical VFR and IFR communications events and workload
as a function of flight phase. Note that only 45 of the 118 individual transmissions experienced
in the IFR case are listed for illusirative purposes. . . . .the complete set will be found in
Appendix D,

In summary, the workload methodology, applied fo the navigation management tasks,
permitted assessment of the utilization of the operafor's manual, visual and aural faculties,
It explicitly evaluated the percent utilizafion of the operator in the performance of these
tasks., Implicitly considefed in evaluation of task times were such factors as: operator
proficiency, stress level, fatigue, task criticality, and task difficulty.

The fasks and related workload measurements were critiqued in depth by generdl
aviation, military, and air carrier pilots and navigators. The synthesized task times were
generated for particular man/machine functions during particular portions of the aircraft
flight phase. The evaluation assumed a trained, motivated, alert operator to be performing
the tasks. '
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TABLE XXVII

NAVIGATION MANAGEMENT TASKS - (DETAILED) - (PARTIAL)

Utilszation
Event Tosk JTime _Foctor Unlizetion
Event Task Time Factar
In Flight Weathar Evaluation  Check Time 1.2 3 e
Doopler/Comouter Syslem  Check distance settings 1.8 9
Chack o/ position re k3 Monogemeat (Cont'd)  Derormine foe i, i ) g
Make in flight weather obeervotion 10 3 o-theta, byperbalie)  8-180 84
Record 15-30 8 Flot. DR postieon 20 n
Make 1n flight weather Plos i - 20 W
measscements (temp, w/v) 1 8-60 3 Revise SEE (across trock esror} 30-60 n
Reeord 5’-\0 8 Determune olong track ervor 10-30 H
Report 8B40 - 2 Colculote coutse chenge 10-45 ¥
Get forecast {either previousty Inihiote course change 43 ‘g
abtained or by rodio) 30-300 8 Correlate hdg., drift, and track in
Modify forecast 0-120 N auto coupled mode 7.4-10 3
Modify ground speed if necessory 15 1 Resct dutance along track 43 .8 Update
Modify eta of aecessary &0 n Resst cross tradh indicotion 43 8
Modify fuel caleulators 40-120 n Reset required track, teouble shooy 43 8
Kecaleulate drift (general aviaton) 45 n Recycle breaken 42ca 8
Recalculote hdg (generel tion) 5-40 n Switch off ond on 11 g
Copy forecasts 60=-300 8 Check eto woy point 30-90 g
P Recond 2|
Max 1030 Ave 819 sec
Min 395 Maox. 1034
Piloi/Copilot 25.6% Min 492
Mawvigotor 37 3% Prlot/Copalat 27 4%
i G Mavigotor 38 4%
Unlizetion
Eveat Tosk Time _ Foetor _ |~ e - ——"
Inertick Navigotion System Switch on to skand by 11 8
Menogement Utshzotion
Alwgn mode, gyro compass, nav mode 22 8 Event Todh Time Focter
Progrom way potnt(s) 42 ca 8 Lot & Manipolapian — i "
FISVOR pEn 2 n Estimate DR position for fix 10-3¢ i
Determine external fix 8-180 1m* Predct relative signal strength and 2
Plot fix LOP*s ie VOR/DME, loron. sky ground wave mix for one chorn ST0-40 111
Record and check hme 3.2 n Masck polsst QTR
g:‘::’ﬂ!:: 2,‘:;;::?" eresptisuhy 20-30 s Reod time difference and record 4 2=10 8
Determine olong tack error 0-30 Deterire and opply sky wave gort 20 n
Determine across rock error 20-30 n :'E::“:J:' record time and doppler 8415 1
Datermine track angle error 15 11 & AGd ceons track 1f opplecable 0 5 DR pos.
b el i S 8 RALOR 0-30 1
Correlate mognehic heading with Ave ;:t::; -
plotform true heading 10-30 3 Mox s
Check eta way poant 30-90 111 Min 93.7
Renend RO Pilot/Copilot, 35 8%
Ave 430 sec Navigator 50 i%
Max 522 NS TNATU TR TE RS e L MR ENAT 4EE P EESCAUVEY e - o ]
Min 238 Utilization
Pudct/Coprlot 32 &% Eveat Task hime _Facler
Navigator 45.7 1% Laran € Switeh powee - ON 13 L4
“Feesent position plus sight wayporsts may be programmed sn ARING 561 INS Estimate DR position for @ fix 10-30 i1}
. Womup 300 o
s « . *Select chan 21 8
Uhlization *Select Loran C 21 7
Event I_a‘ﬂ;_ E."f. Foctor *Set bandwidth contral - nacrow z21 7
Doppler/Computer System Switch on 2.2 B “Set funciion swirch - M Yozt 7
Manogsment Test 240 7 *Set readout sweteh - A B 21 7
Stew ground speed ond dnift 4 7 *Select nmebase - 1 2.1 7
Set required course 10-30 8 Slew maoster pulse groups sodefs of scope 10 8
Set required distance 10-30 8 Set bandwidth contral = wide 21 7
Determine system mrocking errer (STE) 15 n Select hmebaie - 2 21 7
Offset computer for $TE 4.3 8 Align matter polse with gates 20 8
Check hdg 1.2 3 Select limebase ~ 3 z1 7
Check dnit 1.2 3 Align gate with hird cycleof fast pubse 20 8
Chack lrock angle seltings 18 3 Set function switch - A 2t 7
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TABLE XXVIII
TYPICAL VFR COMMUNICATIONS (A-G AND G-~A)

TYPICAL VER A=G AND G-A COMMUNICATIONS

~ TABLE V {cont'd)

System with

Presant

Selective Call System

System with Prasent
Tyoe Sclechwe Coll | Syew
Flight  Masoge of Actual Communicotion fWords T Mord 1
Phote No Comm oedds slme ords me
ec Sec
1 G'A ATS 50 438 50 B
2 AG Clevelond Geound Control 1his 13
Cesno November 8032 Bravo ¢ 0 1 78
3 Gr/a Movember 6032 Bravo Cleveland
Ground 0 [ 8 58
- 4 AG Ceswng 6032 Bravo VFR Detrost
8 Woyne 3 25 ? 65
a 5 G A MNovembee 6032 Brova cleared 1o
z N ranway 21 Telt vio taxi-ways Alpha
< ond Brovo  Contact Jower one=one=
z nince-point=threc when ready 20 138 26 177
><_< 6 A/G One-ane-niner-peint-three 5 39 5 39
= 7 A/G Detrost Ground this +3 Cesina 4032
Brave Would hike to go to General
Avigtign Terminal via 1axiwayy Alpha
ond Charlie  Held short iomway
Charhie for Baoumont 451 22 151 az 27
8 G/A Roger | L2 1 12
?  AG  Clecelond Tower this s Censna 4032
Brovo VFR Detrait ready to go H 39 15 w05
10 G/A November 6032 Brava cleared for
immediate loken Infain funway
heading  Contael departure control
sne-two-ihrec-pomni=ieven 15 05 2 14,4
n A/G One~two-three-pont-ieven 5 R4 5 219
|74 AG Clevelond Deportuee Contral this i3
. Cetioa 8032 Beove (vt off Runwoy
fwe-one, Mo tranipondes 7 52 18 124
13 GrA Movember $032 Brave climb to and
mantain three thousand, Turn right
heading two-teven-zero  Radar
¢ontact 14 98 0 138
k4 ASG Cessna 4032 Brave level at three
thousand 4 32 10 7.2
- 15 G/a Roger 1 12 1 'z
3 6 G/A  November 6032 Bravo 20 miles west
- of Tield + Rodar services lerminated,
by Feequency chonge approved Rawme
o normal navigatren 1} 98 20 138
o
17 A/G Roger, | 12 1 2
18-21 G/A November £032 Bravo trafhs Eleven
o' clock West bound 3 miles, Slow
movang W 43 [ 402
12-25 A Negahve conlacl, [ 45 [ 48
24-29 G/A Novembar 6032 Brevo troffic no
Gnger a factor 20 138 44 29,8

Type
Flight  Mesoge of Actual Cammunication Mordy Time  "Woids  Time
Phose Ne Comm Sec See
0 AG Clevelond Centee this s Cessna 6032
Bravo gne-fwp=six-goint=three 0 '] 15 Ws
3 G A November 6032 Brava Clevelond Conter ¢ 0 ] 58
32 A'G Ceuna $032 Brova VR Detroit Wayne
level at six thousand Five hundred
twenty males west of Cleveland
Hepkens  Heading hwouseven-zero
Request halfie advisaries 22 151 28 190
3 Gia MNovember 6032 Brave tura left -
heading hecding one-eight-zere
for rodor 1dendalicahion, 10 72 1) 1]
34 A/G One-cight-zero 3 25 3 2,5
35 G A November 4032 Brave Radar contaet 2 1.2 8 58
w ) G A November 6032 Bravo hwenty miles
= southeast of Detrait Woyne conlogt
o) h centrol two-thte
o point=seven, 14 7.8 20 e
Z
uw w7 AG One ~twomthre e=point=zven, 5 a9 5 3¢
35-40 GrA November $032 Bravo raffie Elaven
o' clock Wesbound fhree miles slow
meoving. 27 18,4 45 303
41-43 ALG Negahve contact 4 4,5 & 45
4dndl G/A Movember 4032 Bravo traffie no longes
o factor, 15 105 3 2.3
47 ATIS 50 36 50 336
48 AG Detroit Aparoach Coatrel shis s
Cessno 60){5 Bravo 0 Q 1 78
L) G/A November 6032 Brave Detroit approach
control [+] 9 65
z 50 AG Cenna 6032 Gravo twenty miles South-
> eost of field heading thrae=three=zers
= degre 25 level at ux~thousond-five
: kundied Landing 16 11 22 151
H | GA November 6032 Brovo tun right head-
g zero-yx=-zern degrees for idenhifi=
cahion ? &5 15 10.5
52 A/G Zero-nx-zero 3 25 3 25
53 G.A November 6032 Brovo Rodar
confaet  Retume navigahion, 4 32 10 7.2
54 G/A November 6032 Brave five miles
Southeast of lield  Contact tewar
- ane~one=miner-point-cne 12 85 18 124
; 55 A/G One-one =nmer-paial-ona 5 3 5 39
= 56-59 G/A November 6032 Brave troffic eleven
< oTclock Wesibound three miles stow
moving I 43 &0 402
40-63 ASG Negative contact 8 58 8 58
$4-47 G/A Movember §032 Bravo traffic ne
lenger o factor 0 128 44 ikl

HI=10E0-69-Y1~15Ng



TABLE XXIX
TYPICAL IFR COMMUNICATIONS (A-G AND G-A)

1
t ' 3
| ¢ U ! Syst h + P t ", } System with Present 4
TABLE VI (cont'd) ystem will Tesen T Vi rd ¥ o e .
! . Type ESelective Coll 1 Sysrem ‘ § Trmo ABLE VL feant'd) Zgploctwo Calt | _Spwem
Flight * Mesoge | of Actuct Communicalion FWords | Time Words ' Time Fhight HMcswge of Actual Communication Wards | Time Wards | Time
Phose ' No i Comm, See Soc Phote | Ne Comm i i Sec
] i
: ' 13 RIEE
[ s {A/G | Mow York Center Ihis 13 Cosino 6032 i G/A s Roger i 1
A p Bravo one-enc-runer-point-zero o to 16 112 &7 AIG :‘ Movember 6032 Bravo level ot niner . " iy
H
8 47 le/a | Movembor 6032 Brovo thus s New thousand a3
Z N York Conler  Change o code one = . z 70 G/A ' Roger i 13 3 L3
“ ? zclo-n;ner-z:rn Squeck uent Rodor " 79 2 151 ki 71 G/A l‘, MNovember 4032 Bravo contoct Detrart ]i
santaet, % 1 appreach contral one=two=six=point= N
: — = | fve-tve 0 |72 16t o2
48 I G/A | November 4032 Brave contect Now* 3 1 3 i ; i
¥ork canter ene -wo=threa-point = i ! £ 72 A'G 1 One=twossix=poni-five=five 6 ] 4b 6 46 !
i hva-tive 0172, e e S 737 |G/A | Navember 6032 Brovo traffic leven ;
49 A/G | One=two=threc=point-five - 46 ! 4 * o' clock west bound 3 miles slow
i i A;G Nm.- ; :' ree pa;n fwce fwcéo“ & 1 b & Bl 3% 1244 40 02 ¢
L ew York center this i i
: Brove Teval 1 Fiight-15eat gnge — . 7780 |A/G | Negatwe Contact i slise 1 el se
, s
eighi=zero over Salem ot fiftean 5 931-84 G A November 6032 Bravo troffic no i
estimate Bridgewater twenty=two ] Tonger o factor 20 1138 & 44 294 i
Litehfreld next, 18 125 29 197 o t {
E |
51 1 G/A | Roger 6032 rove 1o ) e | s 8  'A‘G ! Detrort ngproach contral this i Cesino i ,
52 AYG | Mew York center tus is Cessnn 6032 i H 1 6032 Brovo one-two-six-point-five- ! .
Bravp one =two-Iiree—poini=lrve -five, 0 0 o8 nz i | fuve Tevel oz miner thousand 4132 02 ks
—_— \
—~ 53 G/A ] November €032 Bravo  Sguack ident i } i3 G'A | Movember 4032 Bravo chenge code to i
2 Rodor contact, 4 32 ¢ w lr2 | zero=one=zerg=20r>  Squack ident )
t ! - 1 Rader Contact n 7y W ns
- 54 G/A MNovember 6032 Brovo contoct g 1
- Clleveland center one-two-six=point= ! z e G/A | Movember 6032 Brava enler @ holding i i
8 five=fve ¢ 65 15 0.5 % { potteen on the one-two=seven degree 3
o . { rodhal Salem VOR  Turns Right
z 55 A/G ] Ong=two=six-pornt-five-five ¥ 6 4b & 46 Montem niner=thousand 18 #12,5 : 24 16 4
56 A/G Clevelond center this Cessng 6032 i ' 88 AG Ceysna 6032 Bravo one=twa=ieven i
. | Brave ong=two-fix-pori-fivesfive & 4,5 ; 16 e . Jegree radiol, Salem VOR  Turns ! '
57 16 A | Movenbor 632 Bova Cleveland ! Right _Niner Hiousand L R 2 S A S U
i
Center, Change cade 1o zero=ong= as G'A Mavember 5032 Brave descend 1o ond™| i
seven-twe Squack ident, Rodar ’ mamnton seven thowand, Report pas- " '
contact nooe 1 |13 | ing cight thousand o7z st N3,
58 © G/A | Movember 6032 Srovo chonge 20 AG Cesino 6032 Brovo out of miner for E
H frequency ono=two-=seven-pont-nine= seven 51 3¢ 1" 79
i fivo 8 59 4 94
i o1 A G ! Cosin 6032 Bravo possing thru :
59 ¢ A/G | One=two-taven=pomt-mnc-five } eight thousend 4 4 32 wi 72
60 | A/G [ Clovelond Center this 1s Cessna 6032 92 G'A F Roger 1 13 R
Bravo one~hvo-seven-pamt-fave 0 0 16 12 3
93 A'G | Cewsns 6032 Brave level of teven
61 G’A [ MNovember 6032 Biavo Squack ident i Thousond 4 32 10 72
¥ Radar gonfact & ade ! 10 72 o4 G A R \ 13 ' \ 13
'
62 ! G/A | MNovember 6032 Bravo descent 1o and 4 i "
‘ maintain niaer thousand  Report H M G A i Novembor 6032 Brove descend to i
I leaving fourtcen and sixtecn housond § and maintein five thousand fect, '
Cuyrrent oltiveter threo=zero=point= ] ’:_e‘ ¢ Peport leaving six thousond Ton 79 17 ne
: zoro-gng B )23 24 164 8 %6 A’'G ' Cesna 6032 Brave out of seven four |} 1
: Izl £ ot
63 . AYG | Cosina 6032 Brave out of flight Tevel* i I o e : 2 a8 y 11 e
one-cight-zero Jar niner thaysand & LY 14 ! 11,2 z 97 A'G 1 Cesina 4032 Brovo eassing thru nix ) 3 26 ! g 65
8 G/A | Roger Vs b BE % 99 G'A  Roger R AT 12
65 A G | Cosno 6032 Bravo pasing theu four= i 9% A‘G ., Cesina 6032 Brave lavel at five i i
Teen thavsond feat 5 3¢ il 1 79 thousand i 4 i 32 . w72
6 . G'A | Reger a3 BT 100 G/A Roger [ T 13
' B
: &7 A G | Cetina 6037 Brovo passing throe 104 G A Navember 6032 Brovo descend to ond ¢ ¢
U twelve thousand feer 5 .39 1n ' 7e N 3 | maintain ihroe thousand  Report I l i
y 1 leaving fove thowsand  Execct !
* Alpha underlined wordt would be elimiacied # on autometed tystem ¥ { ¢lecronce runway two=one at zero- ; ' {
i ! L tovensthree-five 120 |38 2 3 178
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6.2 QUANTIFICATION OF WORKLOAD MEASUREMENTS BY MISSION

The objective of the workload analysis in the NAVTRACS program was fo determine
on a relative scale the iradeoff values of different system configurations. No absolute
measure of workload was sought. The pilot, copilot and crew were treated as essential sys=
tem components in the advanced navigation/iraffic control system. The essential tasks per-
formed by the crew included: -

(1) aircraft control and systems monitor function

(2)  navigation management

(8) communications.

It was determined that there is a relatively fixed level of work performed by the pilot
and/or copilot in conirolling and moniforing the flight path of the aircraft. Quantification of
this workload permitted the consiruction of a baseline of task times and pilot utilization as
a percentage of total capability or capacity to do work at any particular instant. On fop of
this nominal load was placed the percent utilization for the navigation management and com-
munication management functions. Figure 22 illustrates pilot workload for the GA2 user as
a function of the operating environment depicted in Figure 23. It is fo be emphasized that
the workload conclusions provide only relative figures of merit. Substantial simulation is
required to validate these numbers. The task-loading depicted in these illustrations per-
tains o the control and monitor functions only.- The results of integrating the complete pi-
fot workload for a VFR flight are shown in Table XXX. Similar summaries are presented in
Appendices D, G, and H for all user aircraft considered in this study.
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TABLE XXX

GA2 PILOT WORKLOAD
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6.3  SYSTEM-LEVELS OF AUTOMATION, NAVIGATION MANAGEMENT

A preliminary ground rule laid down at the outset of this study was the utifization
of the area navigation concept as part of the postulaited ATC system. In this regard, it is
evident that there are several different approaches one might take to implementation of sys-
tems on the flight deck. These approaches might be freated as different levels of automation
and complexity. As a part of the emphasis on pilot-related factors, the effect of automation
on the navigation and communication management functions and pilot workload were studied

in depth.

All of the workload studies were reloted fo a minimum quiomation baseline system
consisting of a simple course~line computer (CLC) operating in conjunction with VOR/DME.
In the case of the navigation funciion, the level of pilot workload is directly affected by
the type of navigation aids used, therefore various levels of automation were investigated
for both the rho-theta system (VOR/DME), typical ground based time difference sysiems
(GBTD) and NAVSAT.

" A summary of the levels of automation which were investigated is shown below.
Toble XXXI describes fourteen configurations of equipment and/or levels of automation postu-
fated for general aviation, GAl and GA2, aircraft, Workload assessments were complefed
for each configuration. Tables XXXIl and XXXIil describe the ten cenfigurations of
equipment evaluated for GA3 and the air carrier aircraft. All of the systems are briefly
described in Section 6, Volume Il,and discussed in detail in Appendices D, G, and H of Volume lil.

in general these systems provided the following navigation~related capabilities:

1) Use of full area navigation capability, including implemention of the Flight
Plan Reference System info o general purpose airborne computer. The incre-
mental effect of a moving map display was also evaluated but is not shown
on this summary. It was shown fo reduce workload by 10%.

2} The introduction of coded terminal waypoints into the area navigafion com-
puter, in order to relieve the high demands upon pilot attention in the fer-
minal phase of the flight,

3)  Automation of the flight plan insertion process, which can reduce workload
not only on the ground but in the air. [t should be noted that the system must
retain the capability to introduce or receive an amended clearance.

4)  Implementafion of the Limit Logic concept; that is the automatic process used
onboard the aircraft to continually compare éctual flight progress with the
approved {and stored) flight plan. Full utilization of Limit Lagic requires that
the Flight Plan waypoints and connecting flight paths be stored in the system
and aufomatically made available to the Limit Logic subroutine as'the aircraft
proceeds along track. ’

Table XXXIV iHlustrates the effects of the foregoing levels of automation on pilot exe-
cution time for a typical navigation kanagement task by flight phase. Figure 24 summarizes
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TABLE XXXi
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TABLE XXXH
GA3, AIRCARRIER AIRBORNE SYSTEM CONFIGURATIONS
CONTROL COMMUNL- | GROUND
NAVICATION DISPLAY COMPUTERS {CATIONS SYSTEM
g1y Bl 1B | ||
AIR CARRIER 12 5 3138 Wi §
AND GA3 g - & S| & |5=l == <
SYSTEMS - ogl 3| 8 & 2O |Z 8 2|5 e
oy o
LEVEL OF 2% Zlalal. g El1z 128 2 &
28zl 5 v B Z 1ZzV 21 & %
AUTOMATION | €2 3181% Elo 18515 x
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vl ® * x x *® o x x
v2 X X x® x x o | x X
v3 % x x x o | x x
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w7 x xH X X o § X x
v8 X X x o ! x LL »
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TABLE XXX
CANDIDATE SYSTEM USERS
Deomastic System vTOL/ GAZS
SYSTEM Route Structure Use VTOL Helicopter STOL CToL S8T
vl Short Haol x x x
v2 Short Haul x X
v3 Short Haut ~ Terminal
Area Altikudes % x x
vi Long Haul x X
v5 Short Haoul x b
vh Short Haul ~ Terminal
Area Alfitudes L x *®
v? Long Houl X x
vB Short/Long Houl X x x x %
v Short Haul x x x *®
viQ Short Houl* % x X
*Air Taxi
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the possible relative reduction in percentage of pilot execution time, or workload, from
use of the systems indicated for the entire flight.

-TABLE XXXV

PILOT EXECUTION TIME, NAVIGATION MANAGEMENT TASK

All units are seconds.,

Auvtomation L avel . Flight Phase

(cumulative Preflight {Climb & | Enroute [Terminal |Landing Total
and taxi |depart cruise  [& arrival |and taxi

Minimum area nay 70 210 1320 310 10 1920
CLC with VOR/DME

Full area nav, flight

: blan reference compurer 720 100 680 220 10 1830

VOR/ .

oME Code.:d terminal
vaypoinis 720 100 440 220 10 1690
- Automatic Flight Plan
Reference inserfion 80 100 440 220 10 1050
- Limit Logic function 80 100 110 220 10 720
Full area nav flight :
blan reference compurer 430 70 520 180 10 1210
# Coded terminal

G0 Lraypoints 30 | 70 430 {180 10 1120

NAV # Automatic Flight Plan .

SAT  Reference insertion A0 70 430 180 10 730
- Limit Logic function 40 70 100 180 10 400
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Percent pilot execution time - navigaftion management function

Minimum CLC

Full area nav, FPR computer

Full area nav, FPR computer
+ coded terminal waypoints

Full area nav, FPR computer
7 + coded terminal waypoints
+ avtomatic FPR insertion

Full area nav, FPR computer
+ coded terminal waypoints
+ automatic FPR insertion

L+ Limit Logic function

100 |-

75

*(

25 L

VOR/DME
VOR/DME
GBTD/NAVSAT
VOR/DME
GBTD/NAVSAT
VOR/DME
GBTD/NAVSAT
VOR/DME

GBTD/NS

* FPR: Flight Plan Reference

Figure 24 Cockpit Workload Reduction, Navigation (Through Navigation
Management Automation, Typical IFR Flight)
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6.4 SYSTEM LEVELS OF AUTOMATION, COMMUNICATION MANAGEMENT

Automation of the present voice communications link through use of a data link sys-
tem can result in a substantial reduction in the total communications task execution ime,
Complete discussion will be found in Section 6 (System Automation) of Volume ll-Technical,
and Appendix D {Pilot Workload Analysis) of Volume 11l - Appendices,of this report. The four
levels of automation contained in this analysis are:

B

2)

3)

4)

Automation of the sfandard position repori-utilizing the airborne derived sur~
veillance data generated by the area navigation computer, transmitted upon
demand or automatically at specified fix positions.

Automation of the ground-to-air {G-A) command and conirol instructions.
This function was assumed to be implemented by a direct input to the airborne
computer via data link from the ground complex and subsequently displayed
on a CRT or a teleprinter, :

Automation of the air-to-ground (A~G) acknowledgement of the previcus G-A
message, including the decision of the pilot to accept or reject the specific
command message.

Automation of the receipt of advisory information (cirfield, weather, troffic,
etc.) via data link, also to be displayed on either the CRT or teleprinter read~
out device,

Using the results of the pilot workload analyses, and using the current voice communi-
cation techniques as a baseline, the following table illustrates the cumulative effect during
various phases of flight of implementing the varying levels of automation on the total pilot
execution time devoted to communications, Figure 25 porirays the overall reductions in
percentage of pilot execution time, or workload, for the entire flight, A fypical IFR GA3/
CTOL flight was used as this illustrative example. Similar analyses are contained in the
basic report for GAl, GA2, and VTOL/STOL aircraft. (See Volumes Il and I11.)

TABLE XXXV
PILOT EXECUTION TIME (IN SECONDS PER FLIGHT PHASE) COMMUNICATION TASK
é‘::flzfjii“e)Le"ei Pre=flight cnnféif:?;jfe Terminal B Landing |
and taxi  {depart |cruise [arrival and taxi
Voice/manual 165 155 365 235 45 265
tauto, sid, position report 165 120 300 160 30 775
Hauto. A-G acknowledge 140 100 220 150 15 625
tauto. G-A command 130 50 38 120 10 345
+auto advisory 30 40 30 30 10 140
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— Voice/Manual

— Automated std. pos'n report

Automated sid. pos'n report
+ automated A-G acknowledge

Automated sid. pos'n report
—t automated A-G acknowiedge

+ automated G-~A command
Automated std, pos'n report
+ automated A~G acknowledge
+ automaied G-A command ;
\ +automated advisory /
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Figure 25, Cockpit Workload Reduction » Communication (Through
Communication Automation, Typical IFR CTOL Flight)
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7. SYSTEM RANKING

As a necessary element of this study; a relative ranking of the candidate navigation
systems was performed. Although.any ranking or-weighting criteria is, in some degree, arbi-
frary, nevertheless sufficient quantitative data was generated during the study to allow a
reasonable evaluation to be made. System Capacity Benefit and System Cost Benefit were
chosen as the two criteria to be used to provide a measure of the relative effectiveness of six
candidate navigation configurations—-navigation satellite (NAV SAT), ground based time
difference (LF-CW, VLF-CW, LF-pulsed) and precision rho-theta. The criteria rank the
area navigation systems in relative order of acceptability for integration with the Flight Plan
Reference System--the recommended ATC system,

The System Capacity ranking was generated by relating system accuracy and pilot
workload in the following manner: )
P; (baseline system)
P {(candidate systtem)

Rzlative Capacity Index - Cg =

where Py = A + (B+C)
and A = System 3 & accuracy

B = GA pilot communication and navigation management execution
time

C = Air carrier pilot communication and navigation management
execution fime

For this evaluation the Ps for the rho-theta system configuration was taken as the
baseline value.

Decreasing C implies that an improvement has been made in the cockpit environment
through automation; for example the pilot of the commercial aircraft is better able to comply
with shori-notice changes in some traffic control parameter, yet he is still able to perform
other required management tasks. in a similar way, decreasing B implies an improvement in
the general aviation pilot workload, the pilof becomes better able to cope with the advanced
traffic control system. Decreasing (improving) A implies the availability of more accurate
surveillance data and the potential for closer spacing of tracks. Table XXXV presenis the quan=-
tities A, B and C for each of the six systems, subsequently ranked in Table XXXVL

If the System Capacity index is further refined with a measure of ground system
station and maintenance costs, the following performance index is obtained:

_CR
S " Ter .
_ Cost {candidate system)
where Cop = Eosr {baseline system)
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As in the Capacity index, the baseline system used in this cost index is the tho-theta
system. The cost of each system was based on the overall cost of implementing the total number
of ground stations of each type required to give complete area coverage of the domestic U.S.
No attempt was made- to separate out the cost incurred to date for existing installations, Table
XXXVII presents the baseline cost data used in preparation of Table XXXVl which contains
the relative ranking of aids. Section 7 (System Benefit) of Volume }-Technical of this
report contains more detailed information on this subject.

Both ranking systems show that, for those systems which meet the 1975-1985 ared
navigation/traffic conirol operational requirement, the NAY SAT system offers the greatest
benefit, followed by Loran C, Decca and PYOR/PDME, in that order. The relative rankings
of these systems does not change with addition of the differential time difference capability
for use in meeting the landing aid criteria.

Volume Il (Technical} TABLE XXXVI
ecrion 6.3 AREA NAVIGATION SYSTEM PENALTY CRITERIA
**Section 5 (Figure 31)
***Section 6.3.1 (Figure 62) AX* BRw* Crens
****Section 6.3.2 (Figure 81)
System Accuracy CGeneral Aviation Pilot Air Carrier Pilot
nmi Comm, and Nav, Manage-~ Comm, and Nav,
CANDIDATE . ment Worklead Management Workload
SYSTEMS* Total Mission Execution Total Mission Execution
Time, seconds Time, seconds
Rho-theta (g13, v8) 1.3 4520 1510
Precision rho~theta {g14, v9) 0.5 33%0 895
GBTD-VLF/CW (912, v2) 6.6 e 705
GBTD-LF/CW (g12, v2) 0.5 3110 705
GBTD-LF/Pulsed (912, v2) 0.5 3110 705
NAV SAT (g9, v5) 0.1 3340 705
TABLE XXXVII
SYSTEM CAPACITY BENEFIT RANKING
System Type Example SB
NAYV SAT NAV SAT 19.3
LF GBTD-Pulsed Loran' C 4.1
LF GBTD-CW Decca 4.1
Rho-theta PVOR/PDME 3.7
*Rho-theta VOR/DME 1.0
*VLF GBTD-CW Omega 0.35
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TABLE XXXVI
ESTIMATES OF GROUND STATION AND MAINTENANCE COSTS

'Sysfem Type | Single Station | Ground Station | Ground | Estimatedy Total | C
Total Cost Yearly Main- Station | Number Cost R
fenance Cost Cost of Install -
ations
$x106 $x106 $x506 $><|O<5

VOR/BPME 0.23 0.03 0.2 1500 350 1
VLF GBTD-CW 2.3 0.3** 9.0 4 37.2]1 0.106
PVOR/PDME 0.23 0.03 0.2 1500 350 1
LF GBTD-CW 1.55 0.05 1.5 60 93 0,265
LF GBTD-

Pulsed 4.4 0.2 4.2 7 31 0.08
NAV SAT 106 _—— _— 1 106 0.3

**astimate

*for domestic airspace coverage; based on 75 x 105 nmi2,

and effective, high accuracy circular coverage as follows:

LF GBTD-LF ;

1.3 x 10° nmiZ2

LF GBTD-Pulsed : 11.3 x 10 nmi2

© TABLE XXXIX

COST-WEIGHTED SYSTEM RANKING

stfem TzEe
NAV SAT

LF GBTD-Pulsed

LF GBTD-CW
Rho~theta
*VLF GBTD-CW
*Rho-theia

Example

NAV SAT
Loran C

Decea

Omega
VOR/DME

PVOR/PDME

7-3

*Do not meet the
1975-1985 area
navigation/traffic
control operational
requirements.
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8. SUMMARY AND CONCLUSIONS
8.1  GENERAL

The purpose of this study was to supply the NASA with ‘insight to desirable opera-
tional characteristics of an advanced air traffic conirol system designed to accommodate the
expected general aviation and air carrier traffic forecast to be operational in the 1975 - 1985
fime period.

In this effort the point of view of the user of the system was to be the principal cri-
terion of acceptability. Forecast traffic densities for both the enroute and terminal air-
space were used to define required system capacity. A mix of user aircraft which included
three categories of general aviation airciaft and four categories of commercial carrier was
assumed . ‘

" Assumptions were made about the availability and performance of six candididate
navigation systems; Decca, Loran C. NAV SAT, PVOR/PDME and a hybrid radio=inertial
system. For completeness, Omega was also considered.

Because none of the systems mentioned above completely satisfied the requirements
set for the all-weather landing phase of flight, a highly accurate, modified version of each
of the Time-Difference Aids (Decca, Loran and NAV SAT) was postulated and evaluated.,

8.2 STUDY METHODOLOGY

A straw-man ATC system was configured cround the postulated air transportation
system requirements. A basic assumption carried throughout the entire sfudy was that all
aircraft forecast to be active in the 1975-1985 time frame had to be accommodated with
minimum delay, as near fo the direct and optimum flight path as could be achieved, and
with absolutely no compromise to safety. In addition, the system was to rely as much as
possible on the existing ATC siructure; that is, it should be evolutionary in nature,

Identification of the principal system performance requirements was determined
from an analysis of user aircraft, fraffic forecast, and missions as they affacted navigation,
communication, and pilot information requirements. Review of air crew comments and
recommendations regarding deficiencies of the existing system were combined with
system capacity requirements to establish the overall desired operational characteristics
and performance requirements.

In order to determine the effect on pilot workload of various system configurations,
a comprehensive mission and workload evaluation mode!, called Event Sequence Diagrams,
was developed for this study. The effect on pilot workload of various levels of automation
and candidate navigation system techhologies was performed

8-1
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Ground system implementation cost figures were also developed for the candidate
systems, as well as was an evaluation of the relative ability of the candidate systems to
meet the performance criteria, The sets of information were then subjected to carefu! analy-
sis, thereby permitting the nomination of a most promising candidate system along with a
relative ranking of all systems considered.

8.3 CONCLUSIONS

There were seven major conclusions arrived af as a result of this study:

)

(2

(3)

(4)

(5)

(6)

7)

In order to accommodate the number and varieties of aircraft anticipated to

be operational in the [975-1985 time period, all aircraft operaifing in controlled
airspace will be required to file a flight plan whether operating VFR or IFR.
Perhaps the major constraint on increasing system capacity is the navigation
and communication performance capabiliiies of the GA aircraft.

To reduce the requirements on the communication system, pilot, and ATC
confroller, a procedure which minimizes communications and the necessity
for radar flight following, i.e. the Flight Plan Reference with Limit Logic
concept (control -by-exception) recommended in this study should be adopted.,

In order to accommodate all the expected users of the system, a means should
be found fo provide unambiguous navigation, position, and surveillance in~
formation allowing parallel and slant track operation, i.e. implement a three
dimensional area navigation sysiem of high precision,

Automation of the communication lirk is required in order fo accommodate
all the traffic seeking to use the system. This automation will relieve

pilot and controller workload, facilitate the use of airborne-generated navi-
gation surveillance data, keep the surveillance data free of human error, and
enable the implementation of Limif Logic (control -by-exception) capability.

Significant improvements in the cockpit environment should be made in both
the air carrier and general aviation aireraft through reduction of workload.
The greatest need and also the greatest potential pay-off in terms of increased
system capacity is related fo the GA cockpit.

Acceptable navigation system candidates are NAVSAT, Decca, Loran C and
PVOR/PDME,

The most promising candidate system for both general aviation and air carrier
use is the NAVSAT system,
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9. RECOMMENDATIONS

It is clear from review of the major elements of this study that success in design of
a safe, economic and efficient air transport system which will accommodate all air carrier
and general aviation vehicles seeking to use the system will require considerable improve-
ments in accuracy of navigation and facility of communication, reduction in cockpit work-
load, increased awareness and advance notice of hazards fo flight, and significant increase
in flexibility in the ATC system.

These improvements must be made available to all levels of GA users, thereby neces~
sitating that the selected solutions be compatible with the financial capability of the GAT
-pilot. This user is characterized as having the least experience but the highest level of cockpit
workload. As a consequence considerchle research and development is recommended in the
area set out below. . . . . solutions should be sought which are aimed in particular at GA1 and
GA2 users.

Because of the potential that VIOL and STOL aircraft will have to relieve congestion
within the major ferminal areas and large hubs through utilization of small, relatively low
cost safellite airports and landing pads, large gains in system capacity can be realized from
enhancing their ability to utilize regions of the airspace not now required or contemplated
for use by CTOL jets, SST and GA aircraft. In summary then, it is recommended that NASA
concentrate its search for improved technologies in those areas which will result in the great-
est improvement in operational capability of GA1, GA2, VTOL and STOL aircraft.

The following general areas of reseaich would seem fo offer the earliest and most
significanf payoffs,

(1) Increase system capacity by supporfing development of a precise area naviga-
tion capability to include approach and land phase of flight capable and
acceptable of use by GAT and GA2 aircraft,

(2) Improve the communication environment through development of an automated
command, conirol and surveillance link, and a non-voice advisory information
system, -

(3)  Implement a cockpit workload reduction program which includes development of
simplified information displays, automated area navigation and surveillance aids
a low cost general purpose computer capable of accepting the recommended Flight
Plan Reference and Limit Logic and an automated communications link, A
pre-requisite is the development of algorithums permitting simulation and thus
validation of the estimated system capacity benefits,

(4)  Develop an «ir fransportation system evaluation tool which can.be used fo
relate aircrafi, missions, pilot and systems to an air traffic control environment

?-1
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(5)

for the purpose of validating the workload conclusions of this and other studies.
It should also provide the means to perform sensitivity analyses and tradeoff
studies. related fo system-levels of automation or variations in basic parameters
affecting system capacity.

Perform a series of operafions analysis studies. Use these to permit determination
of requirements and benefits related to ATC path stretching, speed scheduling,
standardization of area navigation procedures so that computer and I/O hard-
ware complexity can be reduced. Extend the sensitivity analysis on capacity
and cost benefits of candidate systems initiated in this study.



PNSI-TR-59-0301-|

APPENDIX A

STATEMENT OF WORK
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- -PRECEDING PAGE BLANK NOT FILMED
STATEMENT OF WORK
1. The objective of this procurement is to identify, from a pilot's viewpoint, desire~

able performance characteristics of an advanced navigation/traffic conirol system for
aircraft operating in a mixed V/STOL, jet, SST, general aviation environment, emphasiz-~
ing V/STOL aircraft, and to configure and evaluate promising candidate system concepts.

Statement of Work

Polhemus Associates, Inc. (PAl) will supply the necessary personnel, facilities, services,
and materials fo accomplish the following:

A.  ldentify the features of an air fraffic control system which are required in a mixed
V/STOL, jet, SST, general aviation environment. The contractor is encouraged fo define
the critical attributes of the system but should consider data requirements, accuracies,
sequencing, and other operational constraints, ldentify the features of an area navigation,
approach and landing system required for aircraft operating in the mixed ATC environment.
Study the applicability of high—quality navaids such as Decca, Loran C, NAV/SATS, in
conjunction with on~board radio inertial instruments as sources of accurate navigational
data for area, approach and landing for V/STOL and other aircraft and/or independent
sources of position/velocity data for ATC. Configure promising candidate navigation/
traffic control systems.

B. Perform pilot workload analyses for V/STOL, SST, jet, and general aviation classes
of aircraft in the conceptual navigation/traffic control environments configured in A,
Perform economic tradeoffs for both ground and aircraft installations. Select a most promis-
ing configuration in terms of cost and pilot workload and identify areas where a greater

degree of automation could improve the effectiveness of the navigation/traffic control system
significantly.

C.  Outline field experiments required to demonstrate critical attributes of the most
promising configuration, :



