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1.0 - PREFACE

1. 1 ADVANCED AIR TRAFFIC MANAGEMENT SYSTEM STUDY

. i ThTS report- is one of a series- produced by the-TRW-Planar group in

a Study'of.automat1qn applications for an Advanced Air Traffic Management :
Systeri. (RATMS), work performed for the Department of Transportation, Trans- |
portation Systems Center (DOT/TSC)-under contract number DOT-TSC-512. The

reports in. this series are:

Automation App11cat1ons in an Advanced Air Traff1c
Management System - Volume I, Summary. TRW Report
No. 22265-W008-RU-00, December 1973.

" This is a summary document, stating the background

and objectives of the study and describing the major
study results. It also contains a discussion of

the implications of the-results for an advanced air
traffic management system and a suggested strategy
for implementation of automation.

Automation Applications -in -an Advanced Air Traffic
Management System - Volume II,-Function Analysis of
Air Traffic Management. TRW Report No. 22265-W006-
RU-00, December 1973.

This volume provides an analysis and description of
air traffic management activities at three levels
of detail - functions, subfunctions, and tasks. A
total of 265 -tasks are identified and-described,
and the flow of information inputs and outputs
among the tasks is specified.

Automation Applications in an Advanced Air Traffic
Management System - Volume III, Methodology for
Man-Machine Task Allocatien. TRW Report No. 22265-

W007-RU-00, December 1973..

‘This volume contains a destriptioh:of man and machine
.performance capabilities and an explanation of the
methodology employed to aliocate tasks to human or

automated resources. It also presents recommended.

.allocations of tasks at five 1ncrementa1 1eVe1s of
rautomation. : . ,



team effort.
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e Automation Applications in an Advanced Air Traffic
Management System - Volume IV, Automation Reguire-
ments. TRW Report No. 22265-W009-RU-00, December
1973.

This volume is a presentation of automation reguire-
ments for an advanced air traffic management system

in terms of controller work force, computer resources,
contreller productivity, system manning, failure
effects, and control/display requirements. It also
includes a discussion of the application of the study
results to the design and development of AATMS.

e Automation Applications in an Advanced Air Traffic
Management System - Volume V, DELTA Simulation Model.
TRW Report No. 22265-W010-RU-00, December 1973.

This volume includes all documentation of the DELTA
(Determine Effective Levels of Task Automation) com-
puter simulation developed by TRW for use in the Auto-
mation Applications Study. The volume includes a user
manual, programmers manual, test case, and test case
results.

The results which have been documented in these volumes represent a

However, it is most appropriate to recognize the contributions

of the following individuals who were responsible for major elements of the

study:

Mr.

Mr.

Mr.
Mr.

R. Jones TRY "Volume II, Functional
© Analysis
L. Jenney The Planar Corp. Yolume III, Man-Machine
Allocation Methodology and
Volume IV, Failure Modes
and Displays
E. C. Barkley  TRW Volume V, DELTA Simulation
K. Willis Metis Corp. Volume V, Algorithm Develop-

ment
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1.2 PHASE C STUDY EFFORT

Phase C of the automation applications study was devoted to deline-
ation of system requirements arising from a chosen level of system auto-
mation. This was not a system design exercise in the classical sense.
Rather, the study was directed at specification of only those system char-
acteristics and requirements which were direct consequences of automation
jtself. Thus here, as in the earlier phases of the study, the objective
was to detail a generic system concept which would be independent of equip-
ment considerations and means of mechanization. This point about the
generic nature of the system description has been made several times in
preceding volumes of this report. At the risk of overemphasis, it must
again be sfated that the study was conducted in such a way that the eventua]
choice of system hardware wou1d have the smallest influence on the appli-
cability of study results. ’

The basic question posed in Phase C can be stated as follows. Given
a functional description of the system and a scheme of man-machine allo-
cation, what are the implications of a selected level of automation in terms
of resource requirements and operational characteristics? -The answer to

this question has several elements:
a. Manpower requirements
b. Data processing requirements
c. Productivity estimates
d. Failure modes requirements
e. Control and d1sp1ay requirements

These elements can be added up to produce an evaluation of the system ac-
cording to three basic criteria -- safety, effectiveness and cost.

Manpower and data process1ng requ1rements, of course, are direct con-
tributors to the cost of the system. Productivity is a measure‘of system
effectiveness, in that it is an expression of the amount of demand (number
of airspace users) that can be handled by given resource units. Failure
effects analysis is a way of getting at the level of safety which the sys-
tem can achieve and maintain in the face of equipment adversities. Analysis
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of failures can also provide a secondary measure of system effectiveness
in that it identifies circumstances where capacity or efficiency will be
unfavorably influenced by loss of resources. Control and display require-
ments help to define the operational character of the system by indicating
ways in which information must flow across the man-machine interface to
attain safe and effective operations. :

Thus, Phase € of the study was a series of exercises in derivation
and evaluation, the purpose of which was to develop quidelines for the de-
sign of an.advanced air traffic management system embodying a.high level
of automation.’ The basis for this work was the system functional descrip-
tion and man-machine allocations developed in Phases A and B. Collectively,
the products of study Phases A and B constituted definition of a theoretical
system.' To move the definifion one step closer to the realm of practicality,
it was necessary to add certain assumptions as to how the system might be
configured and deployed and as to the traffic demand which.might be placed
upon it. This was not an excursion into system design. The assumptions
were oh]y of the most general nature, and they were Timited to those fea-
tures of the system which had to be made specific in order to state des1gn
requ1rements realistically.

Figures 1.2-1 through 1.2-5 on the following pages illustrate the
approach employed in developing major end products in Phase C of the sfudy.
Each figure is a diagram of the work steps by which the results of previous
study phases were combined with assumptions about system configuration and
deployment in order to produce a set of design requirements. In the dfa-
grams, rectangles denote Phase A and B products which served as inputs to
Phase C. The circles stand for items which were assumed as givens, based’
on information supplied by DOT/TSC. Arrows indicate the combination and
sequence of elements making up the final products, which are represented
by triangles. The items not enclosed in any of the above symbols are in-
termediate products, which are shown to clarify the steps by which each
set of requirements was derived.
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1.3 PHASE C PRODUCTS

Collectively, the products of Phase C constitute a statement of re-
quirements for design of an advanced and highly automated air traffic man-
agement system. They represent a ‘generic automated system concept in which
safety and effectiveness (e.g., capacity with a given delay and demand) are
balanced against cost, expressed in terms of man and machine resources.
These three system parameters (safety, effecti&eness, and cost) can be
traded off in a variety of ways. In this case, the system concept is an
equation in which safety and effect1veness were held virtually constant
while cost was allowed to vary. That is, the concept is predicated on the
ability of the system to handle a given peak demand and to maintain a nearly
steady level of safety in both normal and degraded operating states. The
man and machine resources necessary to achieve these ends become the cost
variable of the system.

Thus, the system requirements set forth in this volume are a general
and partial blueprint for design -- general in the sense that the require-
ments apply to any of several projected hardware concepts, partial in the
sense that the requirements apply: on]y to those aspects of the system wh1ch
are impacted by the selected level of automation. It is 1ntended that
future system designers take these requirements not as a prescription’ for o
hardware but as a statement of what the hardware must do, whatever its
particular physical characteristics. The teader approaching this report
'looking for a specification of equipment and system architecture will be
disappointed. This level of specificity is not here, nor-was it intended
to be. On the other hand, those 1ookingffor a general answér to how auto-
mation can be applied in a future air traffic management system may find
this report a helpful guidepost.

The products of the final phase of this study are set out under
five major headings:

¢ Chapter 2 - General System Characteristics, which
includes descriptions of services, functional com-
ponents, operational concepts, facilities, manning
structure, and capacity to handle traffic demand.

s Chapter 3 - Controller Manpower and Data Processing
Requirements, which consist of the number of con-
troiler personnei by type and the computer capacity
(computational volume) required to operate the sys-
tem in a normal mode for a given demand level.
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o Chapter 4 - Controller Productivity, which contains
estimates of the number of aircraft that can be
handled by a controller at one time, differentiated
by type of facility and phase of flight.

e Chapter 5 - Failure Mode Requirements, which include
- identification and description of the impact of
equipment failure in terms of loss of service and
recommended strategies for reallocation of human and
. automated resources in response to equipment failures.

o Chapter 6 - Control and Display Réquirements, con-
sisting of identification and description of infor-
mation outputs from machine to man (display require-
ments) and instruction inputs from man to machine
(control requirements).

The report concludes with two chapters whose purpose is to reTaté the
study results to the area of research and development. Chapter 7 is a dis-
cussion of the implications of the study for matters such as allocation of
air-ground responsibility, computer architecture, personnel training and
selection, and cost analysis. Appendix B is a RDTAE plan, which prescribes
the critical RDT&E activities needed to carry the air traffic management

system design forward from the concept stage to an Operatfonal state.
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2.0 GENERAL SYSTEM CHARACTERISTICS

The first two phases of the study resulted in definition and descrip-
tion of an advanced air traffic management system in terms of generic func-
tions and tasks. While this definition was sufficient for the purposes of
man-machine allocation and identification of incremental automation levels,
it was too genera]lto permit a meaningful extrapolation of system resocurce
requirements. Therefore, as a first step in Phase C, it was necessary to
extend the definition of the system to incTude additionatl detail relating
to operational concept, facilities, and resource deployment.

This chapter is a description of the characteristics which emerged
fram this refinement of the system definition. In some cases, the char-
acteristics were derived by a process of inference and extrapolation from
the Phase B function analysis and task descriptions. In other cases, it
was necessary to make certain assumptions based on the system concept
characteristics supplied by DOT/TSC. In both cases, however, care was
taken not to push the process of definition too far. System characteristics
were stipulated only insofar as necessary to support the Phase C work of
specifying requirements and laying down guidelines for system design. This
conservative approach was consistent with the basic purpose of the study
which was not to design a system but to delineate design goals and man-
machine requirements arising from a high level of automation.

The general characteristics of such an advanced air traffic manage-
ment system that are of primary concern to automation are set forth under
six major headings in the sections which follow:

o Air Traffic Services

e Air Traffic Management Functions

e Operational Concepts

¢ Facilities

¢ Operator Positions, Tasks and Duties

e Capacity and Demand
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2.1 AIR TRAFFIC SERVICES

An air traffic system exists to provide services to airspace users.
The entire complex of men and machines which make up the system, regardless
of how it performs its work, can therefore be judged in terms of ‘the ser-
vices it renders. Thus, the ultimate measure of the system is its product,
not- its processes.

_ Early in the study a Ijst‘oflbasic‘ATC services was defined.* They
have been described earlier in this report (Volume I, Chapter 4, and Vo]umer
IT, Chapter 2) and will not be further elaborated here. A total of ten
basic services were identified as outputs of the air traffic system. They
are given below with a condensed paraphase of the definitions given in
earlier volumes. |

e Airport/Airspace Use Planning - strategic or 1dng-range

control service concerned with efficient airport and
airspace use.

o Flight Plan Conformance - strategic or long-range ser-
vice concerned with-implementation of airport/airspace *
use plans.

o Separation Assurance - short-term, safety-related ser-
vice concerned with conflict and collision prevention.

e Spacing Control - short-term service related to effi-
~c¢iency and invelving scheduling, sequencing, and
spacing of aircraft in the terminal area.

e Airborne, Landing, and. Ground Navigation - service
congerned with providing aircraft with the capability
to locate their position.

e Flight Advisory Services - information services pro-
vided during all flight phases to ass1st the pilot in
the conduct of flight.

o Information Services - services similar to the pre-
-ceding except -that-they are provided durTng ‘the pre-
flight planning phase.

*The definition of serv1ces used in this study stemmed from a cooperat1ve
effort by the TRW/Planar contractor team and representatives from the
MITRE Corporation, the FAA Office of Systems Engineering Management,
and the DOT Transportation Systems Center.
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¢ Record Services - services concerned with main-
taining the required historical record of oper-
ations and events.

e Ancillary Services - services related to assisting
and facilitating special, non-routine use of the
airspace and system faci]ities.

e Emergency Services - services provided in response
to aircraft and airborne equipment failures.

From the definitions offered briefly here and more extensively in
earlier volumes, it can be seen that the ten basic services can be differ-
entiated along at least three dimensions. First, it is possible to dis-
tinguish among the services in terms of their relationship to safety. For
example, separation assurance 1is clearly more important to safety of air-
spacer use than record services, Similarly, it is possible to differentiate
services with respect to their influence on capécity and efficiency. For
instance, airport/afrspace use planning services -have more to do with pro-
moting capacity and efficiency than do flight advisory services. A -third
dimension of services is their short-range or long-range nature. Some..
services have a strateQi; purpose; others are tactical.

These three dimensione are not wholly independent. Services per-
formed primarily for reasons of safety have an impact on system capacity
and efficiency of airspace use. Similarly, services which promote effi-
ciency or which affect capacity will, in the long run, influence the safety
of flight operations.. (Aceidents cause traffic jams, and traffic jams'
cauee accfdents.) In tne same'way, it is impossible to extricate strategy
and tactics cleanly from safety and capacity/efficiency. Generally, the
more long-range the servicé, the more it has to do with capacity and effi-
ciency. The short-range services tend to be more closely related to safety.
But again, the relationship is not monotonic. Consider the example of .
spacing control, which is a tactical service, yet it is performed primarily
to promote efficiency of runway use.

Despite these interrelationships, it is possible to order services
with respect to these three dimensions separately -- providing one is
willing to forego precise discriminations. Table 2.1-1 shows such a ranking,
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where the first positions indicate services having a strong relationship

with safety, capacity/efficiency, or strategic importance.

As cne pro-

gresses down the list, the relationship grows generally weaker.

TABLE 2.1-1 SERVICES IN RELATION TO SAFETY, CAPACITY/LFFICIENCY,

AND STRATEGIC IMPORTANCE

SAFETY

CAPACITY/EFFICIENCY

STRATEGIC IMPORTANCE

Separation Assurance
Emergency

Naviéation

Spacing Control

Flight Plan Conformance
Flight Advisories
Information

Airspace Use Planning
Ancillary

Records

Airspace Use Planning
Spacing Control

Flight Plan Conformance
Navigation

Information

Flignt Advisories
Separation Assurance
Ancillary

Emeréency

Records

Airspace Use P]annihgf
[nformation

Flight Plan Conformance
Navigation

Flight Advisories
Spacing Control
Separation Assurahce
Ancillary

Emergency

Records

Accepting these rankings with the understanding that there is some

uncertainty about the exact serial position of services along each dimen-

sion, it is possible to develop a composite ranking.

First, however, it

is necessary to make some assumptions about how the three separate dimen-

sions are to be used.
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Because of the overriding importance of safety in air traffic control,
the ranking of services in relation to safety should be given primacy.
However, as one progresses down the 1ist of safety-re]ated services, their
"relevance to safety begins to grow rather weak after the first five (Sep-
aration Assurance, Emergency, Navigation, Spacing Control, and Flight Plan
Conformance). The ranking according to capacity/efficiency can be brought
to bear here to help establish a position for the remaining services. Thus,
the position of the other five services is determined by the degree to
which they promote efficiency or influence system capacity -- resulting in
‘the order Airport/Airspace Use Planning, Information Services, Flight Ad-
visories, Ancillary, and Records. /

The dimension of strategic importance can be used to test the rankings
and make the order more precise. Safety is essentially a tactical matter;
and so the safety-related services should show an inverse relationship to
their position on the dimension of strategic importance. Examining the
uppermost services on the safety-related 1ist in Table 2,1-1, it can be
seen that they appear in an order which is the reverse of their order on
the Tist of strategic importance. The conly exception is Emergency Service
which comes after Separation Assurance on the safety Tist, when it should
come ahead of Separation Assurance according to its position in the
strategic-tactical domain. Aside from this minor anomaly, the predicted
relationship of safety and strategic importance holds true, viz. the ser-
vices more closely related to safety also tend to be the more tactical.

Capacity and efficiency are largely matters of effective planning
of airspace use. Since planning is more of a strategic than a tactical
exercise, it would be expected that the order of services with respect to
capacity/efficiency should correspond te the ranking according to strategic
importance, Comparison of these two listings in Table 2.1-1 shows that
such is the case. The higher a service stands with respect to capacity/
efficiency, the higher it also stands in strategic importance.

Combining the rankings along the three dimensions, according to the
general rules outlined abpvé, produces an ordering of air traffic services
in terms of what may be called "criticality". This listing is given in
Table 2.1-2. Criticality should be interpreted as a term denoting the
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overall importance of the service within the framework of system operations.
The primary value of the concept of service criticality is in its appli-
cation to assessment of failure effects, preseﬁted in Chapter 5 of this
volume. For now, however, criticality may be taken as a way of relating
system services to the criteria of safety and capacity/efficiency, which
have been established as the basic measures of the air traffic system. °

TABLE 2.1-2 AIR TRAFFIC SERVICE CRITICALITY

SAFETY-RELATED SERVICES - HIGH CRITICALITY
. ﬁeparafion Assurance
® Spacing Control ‘ .
e Airborne, Landing, and Ground Naviggkion

e Emergency

CAPACITY/EFFICIENCY-RELATED SERVICES - MEDIUM CRITICALITY
e Flight Plan Conformance
e Airport/Airspace Use Planning
o Flight Advisory

e Information

SUPPORTING SERVICES - LOW CRITICALITY
¢ Ancillary

e Record

Note in Table 2.1-2 that the ten ajr traffic services have been grouped
under three major categories: Safety-related Services, Capacity/Efficiency-
related Services, and Supporting Services, Because of the uncertainties
inherent in the ranking process, undue importance should not be attached to
the position of services within each category. However, the re1afionship
between categories is significant.
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The first two categories are self-explanatory and derive directly
from the method of analysis described abqvé. Théncategﬁry,of Supporting
. Services was created to set ancillary services and record services in
proper perspective. It will be observed that boﬁh services fall at the
" bottom of the rankings according to safety and capacity/efficiency shown
earlier in Table 1.2-1. This suggests that they have a .very weak rela- .
tionship to either aspect of system operation and that they are the least
critical of ATC services. 'Still, it is important that these services be
performed -- an¢illary services in the interest of allowing freedom of
airspace use, and record services for the purpose of accountability. Set-
ting these services aside in a special catégory seemed justified on two
grounds. . First, they are clearly less important to fundamental ATC oper-
ations than the other services. Second, becauselthey have the least in-
fluence on efther safety or capacity/efficiency, they could be dispensed
with if the system were forced to restrict its operations due to failure
of some of its resources. This latter.point will have particular impor-
tance in the subsequent analysis of fai]ure.effeCts-presented'in Chaﬁter-s.
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2.2 AIR TRAFFIC MANAGEMENT FUNCTIONS

The outputs, or products, of ‘an air traffic system are services to
airspace users. Functions are the processes by which these services are
rendered. Functions embrace all the activities by men and machines in
receiving and processing data, in making decisions, and in implementing
actions necessary to provide the ten user services enumerated in the pre-

vious section.

Air traffic system funcfions'Were éxtehsivé1y ana1yzed‘in Phases ‘A
and B of this study, which resulted in a definition and description of
system activities to the task level of detail.” Volume II of this réport
contains the results of the function and task analysis, including detailed
diagrams which articulate the flow of information‘inputs'and outputs within
the functional network. ,

A total of seventeen generic functions were isolated and defined.. By
title and identifying number, they were:
- 1. Provide Flight P]anning Information

2. Control Traffic Flow

3. Prepare Flight Plan.

4, Process Flight Plan

5. Issue C]earanées and Clearance Changes

6. Monitor Aircraft Progresé

7. Maintain Conformance with Flight Plan

8. Assure Separation of Aircraft

9. Control Spacing of Aircraft

10, Provide Airborne, Landing and Ground Navigation
Capability P ‘ :

11. Provide Aircraft Guidance
12. Issue Flight Advisor& and Instructions

13. Handoff
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14, Maintain System Records
15, Provide Ancillary and Special Services
16. Provide Emergency Services

17. Maintain System Capability and Status Information

Functions may be related to services by matching the outputs of
functions to the services which they facilitate or implement. Generally,
a function can be related to a service in any of the following ways:

e A function produces information outputs needed
to provide the service.

¢ A function produces decisigns directly associated
with the service.

e A function produces actions by which the service
is directly implemented.
The relationship of functions to services is illustrated in Table 2.2-1,
which shows a crossplot of the seventeen generic functions with the ten
basic services. The nature of the relationship is shown in each cell by
the entries I, D, and A, which stand for Information, Decision, and Action
as defined above.

In the preceding secticn, services were categorized by their rela-
tionship to the safety and capacity/efficiency of the system, and an over-
all hierarchy of service criticality was developed. Since services can be
related to functions, the concept of criticality can be transferred to
functions through the function-service matrix shown in Table 2.2-1. Thus,
it is possible to describe functions by the way in which they contribute
to the three classes of services: Safety-re1ated services, capacity/
efficiency-related services, and supporting services. Further, the hier-
archical relationship among classes of services can be extended to functions
to provide an indication of functional .importance, i.e., the degree to which
a function promotes the ends of safety or capacity/efficiency.

Table 2.2-2 shows a categorization of functions in relation to classes
of service, The shaded cells indicate functions producing decisions or
actions which are required to perform a service of a given class. That is,
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OF FUNCTIONS TO SERVICES

SERVICES

FUNCTIONS
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the function produces a decision or an action whose immediate and direct
result is a service to airspace users. That is the same function-service
relationship as that dencted by D or A in Table 2.2-1 above.

Functions may also have an indirect relationship to services. They
may produce information which constitutes an input used by another function
as the basis for decisions or actions. An asterisk (*) is used in Table
2.2-2 to denote this kind of function-service relationship. The asterisk
is also used to indicate a second kind of indirect relationship. This is
"the case where Function A produces-a decision or an action which flows to
Function B, where it forms the basis for a subsequent decision or action,
resulting in Service X. Thus, the decision or action of Function B has a
direct relationship to Service X, while the decision or action of Function
A has an indirect relationship te Service X. In Table 2.2-2, therefore,
the shaded cells denote functions with direct and immediate decision-action
relationships to classes of service. The cells marked with an asterisk
denote functions which have a secondary relationship to classes of service
EecaUse they produce'either information or intermediate decisions and
actions.

While Table 2.2-2 represents function-service relationships at only
the most general Tevel, it does serve to show a hierarchy of functional
importance. It is possible to distinguish those functions having direct
or indirect importance for the safety of the system. Likewise, the rela-
tionship of funetions to system capacity and efficiency are made clear.

For the moment, this will suffice to describe the general operational ‘char-
aotenistfcs'of the system. In Cnapter 5, this line of keasoning will be
extended to produce definitions of fail-operational and fail-soft and to'
describe the specific effects of failure of functional components. At
that time the concepts of functional importance and service criticd]ity
outlined here will be brought to bear in specifying man-machine requirements
in response “to functional component fa11ure and in deta1]1ng operat1ons 1n
degraded system states ‘ ‘ ' Dok
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TABLE 2.2-2 FUNCTIONAL IMPORTANCE IN RELATION TO CLASS OF SERVICE

SERVICE
CRITICALITY

FUNCTION

t. Provide Flight Planning Information %
2. Control Traffic Flow * %
3. Prepare Flight Plan *

4. Process Flight Plan * f///ﬁ *

5. Issue Clearances and Clearance Changes

6. Monitor Aircraft Progress ;//% k| ox
7. Maintain Conformance with Flight Plan * % *
8. Assure Separation of Aircraft Vé L
9. Control Spacing of Aircraft @;///

10. Provide Airborne, Landing and Ground Navigation Capability % ﬁ

11, Provide Aircraft Guidance / *
12. Issue Flight Advisory and Instructions * *
13. Handoff %y//éé
14. Maintain System Records 7
15. Provide Ancillary and Special Services ol ///
16. Provide Emergency Services 7//‘ * o ox
17. Maintain System Capability and Status Information i I

*

class of service.

Cirect decision/action relation of function to class of service
Information or indirect decision/action relation of function to
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2.3 CONCEPTS OF OPERATION

The network of advanced air traffic management system functions des-
cribed in this report embodies fouf‘major concepts of operation. They are:

¢ Strategic and Tactical Planning
o Tactical and Strategic Safety -
o Management by Exception .

[ Centra1ization“

To some extent, these concegts may be considered as givens, in the sense
that they stem from preliminary AATMS design studies performed by cther
contractors and set down as a baseline by DOT/TSC. However, these concepts
also derive in part from thé more. general notion of a highly automated sys-
tem of air traffic management. In particular, the concept of "management
by exception" reflects a scheme of man-machine task allocation whereby men
participate in rectifying unusual situations while machines deal with rou-
tine activities. Thus, the operational concepts outlined here grow both
from externally postulated system features and from the analyses of generic
functions and automation levels carried cut in the study. Hence, the modes
of operation may be taken as general features of any air traffic management
system, that is, any system characterized by extensive automation of its
internal processes and dedicated to regﬁ]ation and management of traffic
rather than just ground-based control of aircraft.

2.3.1 Strategic and Tactical Planning

The system achieves maximum and efficient use of its capacity through
a series of strategic and tactical planning activities. The most strategic,
or long-range, of these activities is flow control (Function 2), whose pur-
pose is to estimate capacity and demand and to draw up a general plan for
balancing demand against capacity throughout the national airspace. The
plan is embodied in flow control directives,.which set limits on arrivals
and departures in terminal éirspace and on use of heavily travelled portions
of the en route system, if need be. Flow control may be exercised up to
several hours in advance of actual operations.
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o If‘is clear that, if flow control is to be effective, the system
must have two features. First, there must be advanced and somewhat detailed
information about the planned use of the airspace. Users must make their
intent known in advance of the actual flight. Second, flow control depends
upon extensive and detailed information about current and predicted oper-
ational conditions -- notably weather, capacity, and runway availability.
Both features imply that there must be a large, flexible, and frequently
up-dated body of capacity and demand data available within the system. In
fact, the success of the strategic planning process can be said to rest
upon the degree of the system's awareness about its current and predicted
state and the anticipated traffic load.

The first steps toward implementation of the strategic plan for man-
agement of traffic flow are the processes of flight plan preparation and -
approval (Functions 3 andv4). These activities are Tess strategic than
flow control, in the sense that they deal with individual flights not over-
all traffic; and they are not as long-range -- although they still occur
in advance of the flight itself. Flight plan preparation is & pilot res-
ponsibility, and it results in a statement of proposed use of the airspace.
The companion process of the air traffic system is flight plan processing
and approval (Function 4), whose result is an accepted flight plan, con-
stituting a form of "contract" for airspace use and its attendant services,

Again, it is evident that the flight planning and approval processes
are heavily dependent upon the system data base. Flight planning requires
information about weather, routes, terminal availability, anticipated
traffic, rules, procedures, and so on -- a1l contained in Function 17 and
provided through the agency of Function 1 (Provide Flight Planning Infor-
mation). Function 4 (Process Flight Plan) uses this same information to
determine the acceptability of the proposed flight plan and to make appr’ci;'L
priate provisions for system services to support the conduct of the flight.

An important feature of the approya],process is the review of the
proposed flfght against other flight plans to assure that there is no con-
flict of intenticns. Thus, in order to be accepted, each flight must not
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interfere with the planned use of the airspace by other aircraft. This
feature of system operations is known as conflict prevention through
ptanning. A "conflict-free" flight plan simply means that the plan is
mutually consistent with all other plans and that, insofar as the plan

is a forecast of the actual flight, if will neither interfere with other
ajrcraft nor be interfered with by them. . This freedom from conflict is
implicit in the acceptance and approval of the flight plan by the system,
which in effect guarantees the aircraft a reserved block of airspace over

time.

Implementation of the plan begins with the flight itself which, from
the standpoint of the ground-based system, is controlled by the clearance
and flight plan conformance monitoring processes (Functions 5 and 7);
These pfpcesses represent the beginning of the tactical domain. Of the
two, the clearance function is more long-range in that it may extend
approval to continue for the entire duration of the flight. Alternatively,
¢learance may be given for only one segment of the flight at a time.
Flight plan conformance monitoring is more short-range, locking ahead from
the present for a period of perhaps 10-15 minutes. These processes are
tactical in that ‘they deal not just with short-range plans and intentions
but also with actual flight data (present position, track history, and
short-term extrapolatijons).

The final process for assuring efficient airspace use is spacing
control (Function 9), which embraces all the activities necessary to ar-
range aircraft in a precise sequence for takeoff or landing or for passage
through any "gate" en route. The process is both medium-term (10-15 min-
utes) and short-term (3-5 minutes}. In its medium-term aspects, the pro-
cess is sometimes called tactical flow control because it involves tactical
adjustments and modifications of the strategic flow control plan. Depar-
tures and arrivals allotted to major 10-15 minute time blocks by strategic
flow control are refined and interleaved by Function 9 to produce a runway
arrival-departure schedule and a short-term metering of traffic flow. This
schedule, in turn, is further refined by the purely tactical activities of
sequencing and'spacing, which results in the individual aircraft being ar-
ranged in a precise seguence for runway use, with the proper time and dis-

tance separation.
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Thus, the strategic and tactical.p1anning for gfficiency of airﬁpace
use and the implementation of these plans are accomplished by series of
functions, covering a spectrum of Tong- to very short-term. The individual
processes may be visualized as a group of concentric shells, each serving to
implement or refine the outcome of its predecessors. Figure 2.3-1 depicts
the mutually supporting nature of strategic and tactical planning functions..
At the core is the most strategic and Tong-range process, flow control.
Moving outward from this core, the processes become more tactical, and they
operate for a shorter and shorter term, Each process serves to backstop and
refine the preceding cne and to carry the implementation of traffic planning
one step forward. The outermost shell is purely tactical and represents the
culmination of the traffic plan in an orderly sequence of arrivals and de-
partures at the runway.

SPACING CONTROL

FLIGHT PLAN
CONFORMANCE MONITORING

CLEARANCE

FLIGHT PLANNING
AND APPROVAL

FLOW
CONTROL

LONG-RANGE

STRATEGIC

TACTICAL SHORT-RANGE

FIGURE 2.3-1 STRATEGIC AND‘TA‘CTICAL-ELANNING PROCESSES -
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2.3.2 Tactical and Strategic Safety

The processes assuring the safety of airspace use may also be vis-
ualized as concentric shells. However, in this case, the progression,is
reversed -- going from tactical and short-range at the center to strategic
and long-range at the outer perimeter. This arrangement of safety-related
functions is shown in Figure 2.3-2.

FLOW CONTROL

FLIGHT PLANNING
AND APPROVAL

FLIGHT PLAN
CONFORMANCE MONITORIN

SPACING CONTROL

SEPARATION
ASSURANCE

TACTICAL SHORT-RANGE

STRATEGIC LONG-RANGE

FIGURE 2.3-2 TACTICAL AND STRATEGIC SAFETY PROCESSES
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At the heart of the system is the process of separation assurance
(Function 8). It consists of two interlocking sets of activities., The
first is conflict prediction, which looks ahead for a short time span (say,
3-5 minutes) and resolves any situation where aircraft are predicted to be
in conflict. Conflict prediction is anticipatory in nature; its purpose
is to prevent conflicts from occurring by foreseeing them and taking cor-
rective action before they do. Despite these precautions, conflicts may
still occur. Thus, the second and innermost part of the separation assur-
ance is conflict detection and resolution, which acts as a final safeguard
to the inviolability of the airspace about each aircraft. This process is
tactical, very short-range, and entirely reactive. It comes into play
only when other processes have failed to maintain separation between air-
craft, and it operates only insofar as necessary to direct aircraft to a
safe distance apart.

Arranged around this inner core of separation assurance are other
protective processes, which transition from tactical to strategic and from
short range to long range as they progress outward. In order these pro-
cesses are:

8 Spacing Control (Function 9), which -- through
tactical means -- maintains aircraft in an
orderly sequence at a safe distance;

¢ Flight Plan Conformance Monitoring (Function 7),
which watches to assure that aircraft stay on
their intended paths;

# Clearance (Function 5), whose purpose is to
exercise control over the implementation of
the flight plan;

e Flight Planning and Approval (Functions 3 and 4),
which produce flight plans that are free of con-
flict in intent and compatible with other traffic,
weather, and operational conditions;

e Flow Control (Function 2), which provides an over-
all balance. of demand and capacity to eliminate
potential congestion.
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Thus, safety of airspace use is assured by a layering of system func-
tions which operate both ' strategically and tactically to maintain the in-
tegrity of a moving volume of airspace about each aircraft. At the stra-
tegic end conflicts to plans are precluded, insofar as possible, by flow
planning and by an approval process which makes a far-reaching check among
flights for compatibility of intentions. In the intermediate strategic-
tactical range the clearance and flight plan conformance monitoring func-
tions act as modulators to assure the continued compatibility of flight
plans while flights are in progress, with a feedback provided to flight
planning itself, so that conflict-free revision af flight plans can be
made as necessary. In the tact1ca1 rea]m, spacing control acts to predict
and resolve potential conf11cts by estab]1sh1ng an individual order of
precedence for arriving and depart1ng a1rcraft in terminal areas, where
flights converge and the poss1b111ty for conflict increases. In cases
where all these preventive measures are not adequate, there is the addi-
tional safeguard of conflict pred1ct1on, which forms part of the separation
assurance function. The other aspect of separation assurance is conflict
detection and resolution, which acts as the ultimate shield for the air-
craft 

Since the processes which promote efficiency éf ajrspace use also
come into play in assuring safety of flight, it can be seen that strategy
and tactics have a reciprocai Eg]ationship in air traffic management.
Insofar as capacity and efficiency are concerned, the system operates from
strategic plans to tactical 1mp1ementat1on through a sequence of functions
which progressively ”f1ne tune" the planned flow of traffic. In the area
of safety, the sequence is reversed. The system starts at the purely tac-
tical level Withuseparation assurance and then wraps around this core suc-
cessive layers of more and more strategic functions, each for the purpose
of regularizing traffic and making it more orderiy, thereby precluding
the need for tactica]lintervention. The temporal and strategic-tactical
relationships of system functions in relation to safety and efficiency are
jllustrated and compared in Figure 2.3-3.
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STRATEGIC

{\ ‘ HOURS, DAYS FLOW CONTROL ]
T HOURS J FLIGHT PLANNING = .

HOURS CLEARANCE S %
E MINUTES (15) FLIGHT PLAN CONFORMANCE E
3| MIN. (10-15 & 3-5) SPACING CONTROL =
] SECONDS SEPARATION ASSU-RANCE‘ SRS

TACTICAL C LRy
- FIGURE 2.3-3 SYSTEM FUNCTIONS IN RELATION TO SAFETY AND EFFICIENCY

2.3.3 Management by Excepticn

The design emphasis on strategic planning and anticipatory actions
is intended to reduce to a practical minimum the need for tactical inter-
vention and reactive measures. In theory at least, an aircraft with an
approved flight plan should be able to proceed from the departure gate to
its destination without intervention by the ground-based system, so long
as the agreed-upon plan.of flight is actually maintained. This is the
implication of the "contract” between the user.and the system, as embodied
in the approved flight plan.

In practice, howéve?, this theoretical ideal will not be uniformly
realized. Weather may interfere. The aircraft may not be able to keep
up with its intended time-position profile through the airspace. Naviga-
tional errors may accur. Operational conditions may change. Traffic may
build up in an unexpected way. Human errors can happen. In any of these

. circumstances, the air traffic management system will have to respond
througn the appropriate tombination‘df,strategit and tactical measures to
correct the imbalances and to reestablish a smooth and orderly traffic
flow. )
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This s the essence of management by exception. The resources of
the system are called upon to intervene.only when the established plan is
not working cut., The normal course of events demands a minimum of tactical
and. reactive interchange with the aircraft. When the abnormal‘occurs, the
proportion of tactical response rises in the short term, but then subsides
as the more strategic and long-range functions act to restore balance. In-
effect, the advanced air traffic.management system is a self compensating
system. It plans its work so as to reguire a minimum of tactical effort.
When circumstances force the system to work harder tactically, it compen-
sates by making an additional strategic effort, whose result is to elim-
inate the need for tactical activity.and to reestablish the original Tevel

or effort.

"1t could be argued that the abnormal or crisis mode is actua11y the
prevailing state of affairs in a system which is SO'hfgh1y dependent on
weather. Meteorological conditions are always -changing, and the weather
is always below minima scmewhere in:the systém. Thus, it might be con-
cluded that the only way for the system to work as intended would be to
have total control of weather. This' is an intriguing Tine of reasoning,
but it misses the point.. Weather is not an adversary to be mastered, but
a disruptive phenomenon that must be dealt with, Hence, the true design
goal of the system is not to control weather but to foresee and plan for
its effects. In fact, this.is how the present system tries to operate,
albeit somewhat imperfeétly. This same spirit of coping with the effects
of weather phenomena is.ref1ect§d in the advanced system design, with auto-
mation providing addgd,flexibilityﬂand speed of response in actions ranging
from helping individual aircraft avoid bad weather to restoring traffic
flow when whole terminals have .been forced to.suspend operaticns. Manage-
ment by exception is thus a concept that .applies equally to unusual situ-
ations arising from environmental factors and to those originating in..
traffic demand. .

2.3.4 Centralization

The ability to make comprehénsiVe and detailed plans and the capacity
to retain flexibility in the face of changing environmental and operational
conditions demands a large and dynamic data base. Incoming information
about present and future events must be correlated in multiple ways, acted
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upon promptly, and then distributed to all affected parties. Thus, the
operational concept and the recommended level of automation advanced here
suggest strongly that the system must have an unparalleled degree of aware-
ness about its capability and status. This is true not only for stra-
tegic functions, where the information must flow inward and upward to be
aggregated and abstracted, but also for tactical activities where infor-
mation must move in the opposite direction and be recombined as particular
data packages for individual recipients.

This is an enormous data processing task. For the simple reasons of
efficiency and economy, the resources to carry out this data processing

will have to be centralized to the extent possible. For the more strategic

functions, centralization seems to be the only practical course. In fact,
the preéent system is already moving in this direction in the area of cen-
tralized flow control and airport reservations, For tactical functions,
the case is more compTicated.

As a whole, tactical functions demand the preponderance of data pro-
cessing capacity. (This point is supported in Chapter 3, which contains
an analysis of data processing requirements.) This suggests that the pay-
off of centralization would be highestrin the tactical functions. However,
tactical activities by their nature tend to be widely distributed throUghQI
out the physical locations of the system. Further, because tactical acti-
vities are strongly related to safety features of the system, it might not
be wise to centralize these functions and run the risk of having all eggs
in one basket in the event of automated resource failure. Thus, tactical
functions pose a dilemma. Faor efficiency and economy, they should be cen-
tralized. For operational and safety reasons, they should be distributed
throughout the ground-based system.

The AATMS concept offers a compromise. The data base for tactical
functions, insofar as it consists of generalized information, is centrally
collected and managed. Specialized and particular data needed to support
tactical decisions and actions on site, are collected and managed locally
(or, in some'cases, regionally for subsgduent distribution locally). The
allocation of data processing to central or distributed facilities i§ not
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a strict either-or matter. There is extensive data sharing, but not redun-
dant processing, between central, regional, and Tocal sites and among Tocal
sites with overlapping or contiguous jurisdictions. In effect, this allows
sites to "know" what others are doing and to take these factors into ac-
count for local operations. Because the data base s widely shared, sites
{or jurisdictions) with similar capabilities can back each other up in

case of failure or temporary overload.

A more detailed examination of centralization is beyond the scope of
this report. Neither is it necessary for the purpose here, which is to
outline operational concepts only to the extent needed for understanding
of automation-related requirements presented in subsequent chapters. The
reader who wishes to pursue the topic will find extensive treatment in four
documents which describe the AATMS design concept (Boeing, 1972; Autonetics,
1972; Rockwell, 1973; DOT/TSC, 1973).
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2.4 FACILITIES o

As an operational system, AATMS will be deployed in facilities with
specific functional and jurisdictional responsibilities. The function:
analysis carried out in this study was performed without reference to
facilities, apart from the genéral presuppositions that the system woild
have en route and terminal control jurisdictions and that users would have
access to the system for information and flight plan filing through some
network of flight service stations. For the purpose of describing the
system at the functional level, these assumptions were entirely adequate.
In fact, the absence of detailed assimptions about the number and type of
facilities served to advantage because it helped assure the applicability
of the function analysis to any physical conf1gurat1on that might be
selected for the system.

In Phase C, however, it was necessary to have a specific facility -
cbnfiQUfation as a basis for deriving man and machine resource requirements.
As a minimum, the description of facilities had to include the type and
number of installations in which the system would ‘be dep]oyed‘aﬁd‘the gen-
eral responsibilities of each. As part of the overall AATMS prdgram, DOT/
TSC had earlier prepared a description of a nominal facility configuration
(DOT/TSC 1973). This documentation was reviewed, and the essential de-
tails were extracted to form a work1ng definition of system facilities.
Thus, with respect to the automat1on app11cat1ons study, the fac111ty con-
figuration was not a dérived prodUCt but a g1ven drawn from the work of
other contractors and DOT/TSC o

2.4.1 Air Traffic Management Fac111t1es

The advanced air traffic management system is made up of the following
fac111t1es, with responsibilities as.shown:

1. Continental Control Center (CCC), located in the central
region of the United States, has the following functions:

_ o Performs the national flow control functions
¢ Coordinates with the National Flight Service Center.
(NFSC) to acquire the weather data needed for
national flow planning

® Serves as a backup to either Regional Control Center
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Regional Control Centers (RCC), two centers located in
the eastern and western U. S., perform the following
function:

¢ Provide en route traffic management services for
domestic en route traffic

¢ Provide traffic advisories and perform handoff
coordination for traffic in the adjacent oceanic
region ‘

e Serve as a backup to the Transition/Hub Centers
and Airport Control Centers to which they are
connected

¢ Coordinate with their respective Regional Flight
Service Stations to obtain weather data as required
for regional-level air traffic management

‘Transition/Hub Centers (THC), twenty geographically
distributed centers, perform the following functions
in their respective areas of jurisdiction:

s Conduct terminal area operations for secondary
terminals with unmanned towers

e Manage the transition of aircraft control assign-
ments between the associated Regional Control
Center and secondary terminals with unmanned
towers

e Manage the traffic within the largest major hubs
but outside of airport control zones (e.g., pro-
vides services similar to those of today's Common
IFR Room for the New York City Hub area)

e Coordinate with their respective Hub Flight Service
Stations to obtain weather data as required

Airport Control Centers.(ACC) are of three types:
e Primary Terminals - 133
e Secondary Terminals (manned towers) - 359

e Secondary Terminals (unmanned towers) - 227
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Primary terminals and secondary terminals with manned towers manage the
traffic within their respective airport control zones, providing all re-
quired services for aircraft in the approach, landing, taxi, takeoff, and
departure phases of flight. . Services for aircraft at secondary terminals
with unmanned towers are provided by Trans1t10n/Hub Centers as descr1bed

above. .

Figure 2.4-1 is a schematic representation of the air traffic manage-
ment facilities configuration. The figure also shows flight services facil-
ities and the points of interface with air traffic management facilities.

A description of flight service installations is provided on the following

page.

2.4.2 Flight Service Facilities*"

The configuration of flight service facilities closely parallels that
of air traffic management facilities, in that it censists of nat1ona1, re-
gional, and Tocal components that are collocated with their air traffic
management counterparts. The f11ght serv1ce facilities and the1r respec-
tive functions are enumerated be]ow

1. National Flight Service Center (NFSC), collocated with the
CCC, performs the following functions:

® Contains the national central processing facility and
data base (including weather information, Notices to
Airmen, and Pilot Reports)

o Provides weather data as required by the Continental
Control Center and the Western and Eastern Regicnal
Flight Service Centers

¢ Serves as a backup for the two Regional F3Cs

2. Regional Flight Service Centers, collocated with either
theilr associated RCCs or with THCs, have the f0110w1ng

-functions:

¢ Route weather data to the1r assoc1ated Reg1ona1
Control Centers

e Serve as Hub FSSs in their local areas
e Serve as backups for other Hub. FSSs, described baicw

*The AATMS 717ght service station configuration described herein was
developed by DOT/TSC and is based on the DOT study entitled A Proposal
for the Future of Flight Service Stations, Volume I-IV, dated Dec. 1972.
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Hub Flight Service Stations, of which there are eighteen,
perform the following functions:

e Provide weather data to primary and secondary
airports in their area

e Process flight plans and distribute flight plan
data to other system components and facilities

e Support approximately 175 remote FSS self-service
terminals by providing flight planning and infor-
mation services ' '

Self-Service FSS Terminals, consisting of approximately
3500 unmanned units located at airports or other sites
convenient for users, will:

e Process pilot-entered requests for weather and
flight planning data

& Provide plain language displays of pilot requested
weather and flight planning data

8 Receive pilot-filed flight plans
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2.5 .OPERATOR POSITIONS, TASKS, AND DUTIES .

The air traffic management system will be manned by personnel with '
various specialities and responsibilities, which will be reflections of
their functional assignments. Thus, the controller positions were de-
fined in this study in terms of groupings of the 17 functions derived in
this study. In the present system, there -are three basic controller jobs,:
or "options", which are subdivided into "positions". The three options:
are identified in terms of the type of facility where the controller
works: en route, terminal, and FSS, Positions, on the other hand, are <
defined in terms which are a mixture of functional assignment (e.g.,
clearance delivery, radar controller, or handoff) and work site (e.g.,
tower cab). The controller designations used in this study preserve the
concepts of opt1on and pos¢t1on, but a11 are def1ned in purer functional
terms. S

2.5.1 Functional Assignmenté

~ The basic personnel structure of AATMS consists of three opt1ons,
of which two are further d1v1ded 1nt0 two positions each:

I. Data Management Option
A, Data Base Officer
B. F1iéh£1nfqrma£i§n Services Officer
I1. Operations Planning Option
A. Flight Plans Offiéer
B. 'F]ow Control Officer.

III. Flight Surveillance and Control Option

Each opticn and position is assigned respon51b111ty for one or more
gener1c air traffic management functions.. A1l functional assignments are
unique, i.e., each function is assigned as a whole to one, and only one,
position. Table 2.5-1 shows the allocation of functions to positions.
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TABLE 2.5-1 ALLOCATION OF FUNCTIONS TO POSITIONS

POSITION

FUNCTIONAL ASSIGIMENT

IA

Data Base Officer

14.
17.

Maintain System Records

Maintain System Capability and
Status Information

1B

Fiight Information
Services Officer

12.

. Provide Flight Planning Infor-

mation

Provide Flight Advisory and
Instructions

1IA

Flight Plans Officer

. Process Flight Plan
15.

Provide Ancillary and Spec1a1
Services

118

Flow Control Officer

. Control Traffic Flow

111

Flight Surveiliance
and Control

13.
16.

. Issue Clearances and Clearance

Changes

. Monitor Aircraft Progress

. Maintain Conformance W1th

Flight Plan

. Assure Separation of Aircraft
. Control Spacing of Aircraft

1.

Provide Aircraft Guidance
Handoff

Provide Emergency Services
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Figure 2.5-1 presents a related view of the system by depicting the general
lines of functional flow among positions.

It will be noted that a total of only fifteen functions have been
allotted to positions. The two unassigned functions are 3, Prepare Flight
Plan and 10, Provide Airborne, Landing, and Ground Navigation Capability.
Function 3 was not included as a controller responsibility because this
activity is performed by pilots and so imposes no workload on system per-
sonnel. Function 10 is somewhat similar, Function 10 consists of those
means by which the system provides signals that are used onboard the air-
craft to determine positicon. Controllers do not have a direct involvement
in this function‘today, except for providing emergency navigation service
for lost or disoriented aircraft. The trend in navigational eguipment is
to make it Tess dependent on human operation. This trend seems likely to
continue, so that by the time AATMS is scheduled to become 6perationa1,
there is scant probability that anything more than exceptional controller
involvement will be called for. A second reason for omitting Function 10
from the 1ist of controller responsibilities is that navigation pertains
more to sensors and effectors than to internal air traffic management pro-
cesses. Since only the latter domain is of concern in this study, Function
10 is outside the scope of interest.

2.5.2 Duties and Responsibilities

A more detailed view of each position can be obtained by examining
the subfunctions and tasks which make up each function. Tabulations of
specific duties and responsibilities associated with the functional assign-
ments for each position are presented beginning on page 2.5-5.

2.5.3 Position Assignments by Facility

The duties and responsibilities of controller positions are defined
in purely functional terms. Since facilities can also be described by the
functions they perform, it is possible to specify the general staffing
pattern for AATMS installations. . Table 2.5-2 shows the relationship of
positions, functions and facilities.
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POSITION TA - DATA BASE OFFICER

Duties and Responsibilities

» Maintain current and forecast weather information
(Function 17)

s Maintain operational data base cancerning rules,
procedures, airspace structure, routes, airspace
restrictions, and hazards to flight (Function 17)

e Maintain operational data base concerning the capa-
bility and status of the communication-navigation
system and of ground facilities (Function 17)

8 Maintain operational records and statistics
(Function 14)

e Prepare operational and statistical reports
{Function 14)

POSITION IB - FLIGHT INFORMATION SERVICES OFFICER

Duties and Responsibilities

¢ Provide flight planning information and related
information services (Function 1)}

® PFProvide inflight advisories and instructions
{Function 12}

e Disseminate hazardous weather advisories
- (Function 12} '
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POSITION IIA - FLIGHT PLANS OFFICER

Duties and Responsibilities

Review and approve flight p]ans (Function 4)

Modify or assist p1]ot in modifying flight plans
(Function 4)

Assign responsibility for control of flight and
assign communication channels (Function 4)

Review and approve requests for special and
ancillary services . (Funct1on 15)

.Initiate action to provide special or ancillary
service and mon1tor progress of service
(Function 15)

POSITION IIB - FLOW CONTROL OFFICER

Dut1es and Respons1b111t1es

Determine the cépacity of individual terminals
" and jurisdictions and assess the effects of en-
vironmental and operational factors {Function 2)

Estimate demand at individual terminals and
jurisdictions {Function 2)

‘Resolve bapacity overload situations (Function 2)

Issue f]ow control d1rect1ves and guidelines
{Function 2)
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POSITION III - FLIGHT SURVEILLANCE AND CONTROL

Duties and Responsibilities

Compile and issue clearances (Function 5)

Monitor flight progress and predict future positions
and ETAs of aircraft (Funct1on 6)

s

Monitor aircraft capability and status (Function 6)

Detect Tong-term conf11cts among flight plans and
propose flight plan ‘revisions (Function 7)

Determine current deviations and predict future
deviations from flight plan (Function 7)

Resolve flight plan deviations and propose flight
plan modifications as required (Function 7)

Predict and resolve conflicts and assure minimum
separation (Function 8)

Maintain arrival/departure échedu?e for runway or
terminal (Function 9)

Sequence and space arrivals and departures (Function 9)
Provide guidance to aircraft as required (Function 11)

Assure continuity of surveillance and control through
giving and receiving handoffs (Function 13)

Detect and assess emergencies and provide appropriate
assistance to aircraft in emergencies (Function 16)
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TABLE 2.5-2 POSITION AND FUNCTION ASSIGNMENTS.BYkFACILITY

FACILITY

ASSIGNED

Center

I11

POSITIONS FUNCTIONS
Continental Control 11B 2. Control Traffic Flow
Center. and National
Flight Service IA 14. Maintain System Records
Center 117, Maintain System Capability
and Status Information
Regional Control 111 5. Issue Clearances and Clear-
Center . ance Changes ‘
6. ‘Monitor Aircraft Progress
*7. Maintain Conformance with
Flight Plan o
8. Assure Separation of Aircraft
9. Control Spacing of Aircraft
11. Provide ‘Aircraft Guidance
13. Handoff
16. Provide Emergency Service;
Hub Flight Service . 18 1. Provide Flight Planning
Station (including - Information
| Regional Flight 121 . C
. . Issue Flight Advisories and
 Service Center) " Instructions
ITA 4. Process Flight Plan
‘ 15. Provide Ancillary and Special
Services
Primary Terminal II1 | same as Regional Control Center
Secondary Terminal Il -Same as Regional Control Center
(manned tower) .
Transition/Hub

:Sémé as Regional Control Center
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2.6 CAPACITY AND DEMAND

Capacity refers generaIIy:to“the volume of the system and its ability
to accommodate users of airspace and terminal facilities. Demand is the
number of users requesting accommodation. Thus, in simplest terms, capa-
city is the ab111ty to hand]e demand

Capacity is 1nf]uenced by many factors, notab]y the number of air-
ports, runway characteristics, availability of term1naj gates, route struc-
ture, navigation and surveiilahcefsystem'acburacy, aircraft separation
requirements, and the ubiquitous effects of weather. To the extent that
any of these can be controlled or compensated for by the system designer,
capacity can be increased to suit any postulated level of demand. In fact,
the ultimate’ goal in ‘the design of the operat1ona1 AATMS compiex will be
to compensate for physical’ factors in such a way that the required capa-
city can be attained.

Despite their obvious importance for “the eventual design of the sys-
‘tem, none of the above considerations was germane'to the‘goaTs of the auto-
mation applications study because they lie in the domain of sensors and
effectors, in the physical characteristics of the system or in the intrac-
tability of the environment. The automat1on applications study was fo-
cussed on determining the man and machine resources needed to carry out
the internal processes of the system. The approach here involved the as-
sumption.that external physical resources were not a 1imiting factor and
that design solutions would be found to enlarge the capacity of sensors,
effectors, and facilities as dictated by demand, Therefore, the proposition
examined’in this study can be stated'aer"Fo? any given demand, and assuming
no contraining physical factors, whatvquantity and proportion of man and
machine resources will be needed to conduct air traffic management oper-
ations? In this sense, it can be said that man and machine resource re-
qu1rements were driven by demand ‘The VariabTe in the equation was the
level of automat1on, with values assumed for capac1ty and demand. Thus,
the equatlon to be solved was for the resources required to hand]e a given
demand. '
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Demand can be described in a number of ways. The size of fhe aviation
fleet and the number of operations annually or monthly are pbssib]e expres-
sions, but they would not be suitable for the present case. -What is . needed
18 an indication of the maximum workload (demand for services) that may be
imposed on the system over some relatively brief period of time. The sta-
tistic which comes closest to expressing this is the peak instantaneous
airbérne count (peak IAC), which 15 an-estimate of the greatest humber of .
aircraft in flight throughout the continental United States at any cne time,

Projections of the peak IAC for -the 1995 time period were available
from three sources. ATCAC (1969) estimated a peak IAC of 54,400 (4,600 air
carrier, 46,300 general aviation, and 3,500 military). More recent inves-
tigations indicate, however, that the ATCAC‘figures may be as much as 50%
toc high.  An analysis by DOT/TSC (1973) scaled the peak IAC down to about
37,000 (5,331 air carrier + 30,828 general aviation + 863 military = 37,022)
for a 1995 nominal demand case. The DOT/TSC calculation was based on the
growth record of particular airports and the historical increase of demand
for air transportation services between and within major cities. A study
by MITRE (1973} reported essentially the same 1995 peak IAC projection as
DOT/TSC. MITRE drew on data from {1) en route estimates developed by Auto-
netics ‘and used in an analysis by R. Dixon Speas, (2) a detailed "snapshot”
of the Los Angeles Basin developed by MITRE, and (3) an analysis of terminal
area traff1c for all hubs in CONUS, ' ’

The demand figures used in this study were based on the DOT/TSC 'and
MITRE est1mates, with an adjustment for the number of VFR general av1at1on
aircraft in uncontrolled terminal airspace. These aircraft, because they
are uncontrolled, do not impose a demand for services on the air traffic
management system. Hence, they had to be factdfed'OUt of the demand pool
used to calculate man and machine resource requirements. DOT/TSC and MITRE
estimated that the number of such aircraft would be approximately 3,300.
Therefore, the general aviation portion of the traffic mix was reduced from
30,828 to 27 528. This. produced a peak IAC of 5,331 air carr1er 27,528
genera1 av1at1on, and. 863 mi]itary -- or a total of 33,722. For s1mp11c1ty
- of ca1cu1at1on, the total was rounded off t0:33,750, -with the components
increased’ proport1onate1y ‘ ‘ ’
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For the purpose of calculating resource requirements, it was necessary
to make certain assumptions about the distribution of the demand across en
route and terminal portions of the system. First, the average length of a
flight was assumed to be two hours, of which 20 minutes would be spent in
the departure terminal area, 80 minutes en route and in transition to and
from terminal areas, and 20 minutes in the arrival terminal area. Applying
these proportions to the peak IAC yielded an instantaneous count of 22,500
aircraft of all types in the en route part of the system and 11,250 in ter-
minal areas (5,625 arriving and 5,625 departing). Within terminal areas,
it was further assumed that 50% of the aircraft would be in the control
zone of one of the 133 primary airports and 50% would be in the control
zone of one of the 586 secondary airports. It was 1ogica1‘to assume a dis-
tribution of this sort for terminals since it would place almost four and
one-half times as many aircraft in primary terminals as in secondary ter-
minals -- a ratio which is in general accord with available data on airport
operations.

Finally, for simp1if1cation, two assumptions were made about the homo-
geneity of demand distribution. First, it was stipulated that the propor-
tion of air carrier, general aviation, and military aircraft was uniform
throughout the airspace. Second, it was assumed that demand variations
within either primary or secondary terminal areas could be disregarded.
Thus, each primary terminal was considered to have an equal share of the
demand; and each secondary terminal likewise, Table 2.6-1 below shows
the peak IAC estimate used in this study and fts distribution across the
system.

TABLE 2.6-1 DISTRIBUTION OF PEAK INSTANTANEOUS AIRBORNE COUNT - 1995

' PRIMARY SECONDARY
FLEET TYPE EN ROUTE TERMINALS TERMINALS
Air Carrier 3,555 8990 890
General Aviation | 18,367 4,592 4,592
Military 578 143 143
Total 22,500 5,625 5,625
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3.0 MANPOWER AND DATA PROCESSING REQUIREMENTS

3.1 OBJECTIVE AND APPROACH

One of the principal goals of the automation applications study was
to determine the appropriate level of automation for an advanced air
traffic management system. For the purposes of the study, the term "appro-
priate" meant that the aggregation of performances allocated to men and
machines on a task level would present a cohesive and meaningful role for
the human operator at the system level, with a similarly reasonable epis-

temology for machines.

To serve this purpose, a method was devised to associate manpower
and machine requirements with the five incremental Tevels of automation
which had been defined for the generic AATMS system. (They are described
in Volume III of this report). A preliminary choice was made by examining
the machine and manpower requirements for each theoretical increment and
then selecting the one conforming most closely to the given 1imits. Next,
this generally acceptable specification of rescurce requirements was re-
viewed in light of task logic, task interrelationships, and automation
indices. The results, when all final adjustments were complete, was the
automation level of choice -- a recommended allocation of 256* applicable
AATMS generic tasks to either human or automated performance means.

Once the recommended automation level had been selected, it was pos-
sible to derive, from the undistributed manpower requirements associated
with the recommended level, a set of staffing requirements for AATMS facil-
ities. Thus, the pool of human resource requirements necessary to meet
the specified demand was converted to numbers of men per facility per shift,

*Because Function 3 (Prepare Flight Plan) is performed not by the ground-
based system but by the pilot, it was excluded from these considerations.
Pilots are assisted in flight planning in Function 1 (Flight Plan Prepar-
ation); review of flight plans is done in Function 4 {Flight Plan Pro-
cessing).
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3.2 METHOD

3.2.17 Summary of Procedure

Deriving the recommended automation level required both qualitative
and quantitatiye data about each of the 256 app]icab]e AATMS tasks. Qual-
itative data consisting of fa§k'descriht16n§, the inputs required to per-
form the tasks, the outputs produced in each task, and the logi¢ whereby
tasks aré interrelated had been produced earlier in the project. (These
data are documented in Volume II of this report.) The qualitative state-
ments about each task were.used in two ways. They provided the basis for
deriving the nature and number of the tasks induced at each autamation
level by the requirement for man-machine resource units to interact. They
also served as an aid to .carrying out the refinement from a gereraily
acceptable level of automation to the final level of choice.

Some quantitative task data had aTso been derived earlier in the
project, in the form of automation indices for the AATMS tasks. (Automa-
tion indices are discussed in Volume III of this report.) These data were
used to define the five theoretical increments of system automation-from
which initial resource computations were made. '

Making resource tompUtations'requifea additioha] quantitative task
data, of three types*: ' S ,

1. How often a task is performed (task frequency)

2. How'1ong itltakes_a man to do the task (manual perfor-
mance times)

3. How many machine instructions are required to perform
the task (instruction counts). ,

With this additicnal information in‘hand, the total human and machine re-
sources for a particular automation Jlevel could be computed. In-general,
‘the computation proceeded: as follows:

1. Manual task performance time multiplied by task frequency

gives total humah . operdator man-hours required, which can
be translated into system staffing estimates,

2. Number of machine instructions multiplied by task fre- |
quency gives total instruction execution rates required,
which can be used: as’ a rough index of computer size. ’

*These data were also utilized in the DELTA Simulation Model (See
Appendix C).
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3.2.2 Task Types

Task frequencies, task times, and instruction count estimates were
required for each of two task types} For purposes of this discussion, the
two types are termed "fundamental" and "induced". A fundamental task is
any of the 256 generic system tasks which must be carried out to perform a
system function, such as "determine requirement for issuence of NOTAM" or
“inform pilot of out-of-tolerance deviation from flight plan.” These tasks
represent the fundamental processes whereby the system performs the functions
necessary to meet the needs of its users,

The system logic is made up of fundamental tasks Tinked together in
patterns or networks. Each task receives inputs from other parts of the net-
work, performs its particular step or process, and passes the output to other
tasks. At a given automation level, some number of the tasks in a network
are allocated to machines and some to human operators. A human operator,
~ then, mayﬂreceive inputs from the machine, carry out his task manually, and
pass the result to a machine. For example, he may be alerted to the presence
of hazardous weather in the path of an aircraft by the machine, his task
being to decide whether to re-route the aircraft, or to keep the same route
but change the assigned altitude. Having made the decision, the human oper-
ator passes the result to a machine. ("Vector this aircraft in that direc-
tion.")

Thus, the effect of choosing a particular automation level, that is,
allocating some fundamental tasks to machines and others to men, is to in-
duce a requirement for machines to present information to men and conversely
for men to communicate data or instructions to machines. It can be seen that
in theory, if the system were either wholly manual or wholly automated there
would be no induced task requirements. But at each stage between, both men
and machines are present as system performers, and at every specified appor-
ticnment of men and machines in the system, certain induced tasks are created.

The condition of necessity, therefore, in deriving the resource require-
ment associated with a particular automation level was that all applicable
fundamental tasks be allocated either to men or ﬁachines. The condition of
sufficiency was that all induced tasks must be enumerated through study of
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the system task networks, and the machine resources necessary to generate dis-
plays and receive control instructions and the man hours necessary to read dis-
plays and set controls be included in the ‘resource requirements tcotals. The
derivation of task performance frequencies, task performance times, and ma-
chine instruction counts was thus addresséd both to fundamental and to in-
duced tasks in automation level resource requirements computations,

3. 2 3 Task Performance Frequency Est1mat1on

It w111 be reca11ed that the frequency of perform1ng a2 given task is
common to deriving both manpower and machine rescurce requirements. That
is, frequency multiplied by manual performance times gives manpower, fre-
quency multiplied by instructions gives computer size. To carry out the
resource requ1rement computat1ons requ1red prepar1ng an estimate of the fre-
quency at which each of the 256 app11cab1e generic tasks would be performed,
g1ven the system concept and at the ant1c1pated ‘demand Tevel. Knowing the
frequency of performance of a g1ven fundamenta1 task also defined Lae fre-
quency of performance for any assoc1ated 1nduced tasks, since there is a
correspendence between the rate at which manual tasks are performed and the
rate at which information is exchanged between machine and man in the course

of their performance.

Frequency estimation was done By a team of three specialists with ex-
perience in human factors, systems analysis, and ajr traffic control. The
method of estimation was:

1. Each team member 1ndependent1y estTmated frequencies for
all tasks.

2. The estimates were then tompared, on an interval scale.
AT1 .cases of agreement were accepted. Cases where two
estimates agreed and the third differed by only one
interval were resolved by accepting the two agree1ng
est1mates and reJect1ng the other

3, Cases in wh1ch any one est1mate d1ffered from the others
" by more than one interval, or in which all three esti-
mates disagreed, were set aside.

4. All cases of disagreement were resclved by conference,
until agreement was reached on performance frequencies
for all 256 tasks.
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Wherever possible, estimates were made using the "flight" as a unit. In
other words, estimates for as many tasks as possible were expressed as,

"so many times per flight.” This unit of expression has the advantage of
direct relationship to demand. It was, in fact, possible to use "per flight"
expressions for 149 of the 256 generic tasks, or 58 percent. The nature of
the remaining 107 tasks required different units of expression. For example,
there is no Togical way to estimate the frequency of weather observations on
a per flight basis. Therefore, a unit linked to the system facilities was
used. The frequency of weather cbservation is thus given as so many times
pefb“tqrminal hour." Similar expressions were used to link performance fre-
quency to the physical or jurisdictional parts of the system. Finally, the
calendar was used, so that the frequency of certain tasks (such as report
preparation) is given as so many times per month.

A detailed tabulation of the freguencies and appropriate units for
each.task is given at the end of this section. (Table 3,2-3, page 3.2-16).

-3.2,4 Manual Task Performance Time Estimation

Given the frequency of performance, it was also necessary to ascribe
a performance time to each manual task in order to form manpower requirements
estimates. Deriving manual performance times was.done as follows:

1. Internal estimation, using the team approach and procedures
1like those employed in freguency estimation

2. External derivatioﬁ, by finding correspondence with actual
time measurements in air traffic control systems
&
3. External derivation, by finding analogies between actual
tasks and AATMS tasks and using the cbserved time as the
AATMS estimate. '

Early in the project, an estimate of the manual time required to .per-
form each AATMS task was made. Three specialists formed independent esti-
mates, selecting each from a given time range set: (in seconds) 1-2, 2-4,
4-8, 8-15, 15-30, 30-60, 60-120, 120-240, and so on. As was done with task
frequencies, procedures for checking estimates for agreement and resolving
instances where agreement was lacking were established and followed. In
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this manner, one source of data consisting of performance time estimates
for all of the 256 AATMS. tasks was built up. '

In the meantime, the research 11ferature was reviewed and other data
sources such‘as the FAA Natibnal Avﬁatioh Facilities Experimental Center
(NAFEC) were queried in a'search er empir{cé1 data on manual taék perfor-
mande timés in aif tfaffic'céhtroi: uSeQerglwappropriate sources were found;
é discussion of each data source follows.

Davis and Wallace (1961) studied the-effects of Positive Control on
air traffic controllers. Controllers at three en route centers were ob=
served for a total of 32 hours. The study method involved supplementing the
tape ‘recordings of controller/aircraft communications that are routinely made
as system records by using-a device called a kymograph, which drives a-paper
tape at a constant speed. The observer, with his kymograph, was stationed
in such a way that he could see what thé subject controller did, and hear
what he said., Whenever the controller ‘performed a manual activity or was
involved in a communication that would not be recorded on the magnetic tape,
the observer recorded it by suitably marking the kymograph paper tape. The
observer marked the tape to indicate the beginning of an activity, recorded
a code symbol representing the activity on the tape, and made ahother mark
showing when the activity ended. -The frequency of performance and the
amount of time required to perform each.activity were determined by analyzing
the marked kymograph tapes.

In a later study, Davis et al. (1963) used the same data collection
method to determine how the work performed by air traffic contro]]erslis af-
fected by differences in sector characteristics. A total of 112 hours of ob-
servation took piace. ,A]thoughithe}study was done using simulated aircraft,
the data were considered suffjcienply'accurgte for incorporation in the task
time source data pool. . U

A third published data source was a project designed to measure the
effect on controller workload produted by the introduction of NAS Stage A
into the ARTCC at Jacksonvilie (NAFEC, 1870). The data gathering method was
identical to the Davis studies.. NAFEC carried out a similar NAS A effects
analysis at the New York.- ARTCC. At the time of preparation of this report,
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the study had not yet been formally published, but the results were made
available on an informal basis by NAFEC, and were incorporated with the
other source data.

Just a5 the effects of fntroducing NAS Stage A into the en route en-
vironment were studied, so also were studies made of the introduction of
ARTS into terminals. In a published study (NAFEC, 1370) the workload effects
of ARTS II on controllers at the Knoxville terminal were evaluated., Again,
the data collection techniques were Tike those used by Davis.

Two ‘unpublished studies of the introduction of ARTS III at Boston and
Houston were the source of further data, under the same kind of arrangement
made to obtain the unpublished NAS Stage A &n route study results. The data
pool formed by aggregating all these study results contained two kinds of
times: those recorded for activities, and those recorded for communications,
Of the communications data, that collected in the NAFEC studies was the pri-
mary source of times, because the data collection and analysis techniqdes
were superior to those used in the earlier work§, where communications times
were used as secondary sources. The manual activity times were ail treated
equally as sources, since all had been derived us1ng the same observat1on,
recording, and analysis methods.

Two other studies were found to contain task time data that could be
used. As a part of their development of engineering staffing standards, the
Staffing Standards Branch of the FAA Office of Management Services conducted
a study of activities of personnel at Flight Service Stations. Although the

final publication of the standard had not been made at the time of the study,

the source data were made avaflable ta.the study team for use in the task
times data pool. Although kymographs were not used in the staffing standard
study, the method was similar to the other task time studies in that direct
observation of activity was carried out and activity categories noted, from
which times per activity were derived. In a separate study of flight service
station weather briefing content, Holland (1973) had also collected acti-
vity times. These were used along with the'FAA data in the activity times
source pool, o

IJ’
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!

The pool of data thus accumulated was used in two ways. First, it
was tﬁe source of manual task performance times for all generic AATMS tasks
which either matched actual tasks or correéponded by analogy to actual tasks.
Segond, the source data were used'as a chéck on the accuracy of the internally-
generated task time estimates.  The paragréphs that follow describe these pro-

cedures.

Because the AATMS system descriptionlis a geheric one (i.e., not Tinked
to specific hardware or to a sﬁeciffcbdperating'concept), there was little
expectation that a given AATMS tasks would correspond precisely with a given
task in any actual ATC system. AATMS tasks could, however, be related to
specific systems tasks by1ana1ogy FSF éxémp]é, in the AATMS handoff func;
tion there is a task ent1t1ed "Determ1ne Ava11ab111ty of ‘Appreopriate (Com-
munications) Channe?s ! The.t1t1e 1mp11es that to do the task manually, the
person performing it must somehow find out what channels are available to
the aircraft, what channels are available in the next jurisdiction of the
ground syétem, and find in these twotarrdys some matching channel for com-
munication. In the data pooT there was an observed, timed task called
“Coordinates Frequency Chéngé Qith Radar Controller." While this task is
not precisely like "Determine Availability of Appropriate Channels,” it Eaﬁ
be seen that it is ana]ogous in the sense that a similar manual activity is
implied. '

Analogies Tike the one described were found either in single task times
or in combinations of times for many of the 256 generic tasks. A few exact
matches were found. In all, times from the pool of empirical data were asso-
c1ated in th1s manner to ]12 of the 256 gener1c tasks.

i H

The t1mes for the rema1n1ng tasks were drawn from the pool of 1nterna1
estimates produced ear119r S1nce the est1mat1ng team had prepared times
for all AATMS tgsks, and times were available for many of the same tasks from
the empirical data pool, the two data sets were compared as a rough check on
the validity of "the internal estimates. In most cases, it was found that
the estimates either agreed with observed qata or were no more than one esti-
mating interval Femovedkfrom the dbgerved times. This close match gaVe'some
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confidence in the unsupported estimates which were ultimately used as man-
ual performance times for 144 generic tasks.*

The table given at the end of this section (Table 3.2-3} includes
identification of the source of each task time, that is, whether the time
matched an observed time (M), was inferred by analogy (A), or was drawn
from the pool of estimates (E). '

It will be recalled that whenever information or instructions must
be passed between man and machine, induced tasks are created. For any given
automation level, the number and nature of these induced requirements for
interaction between man and machine can be derived by study of the system
logic and the allocation of tasks. From the point of view of the human °
operator, induced tasks add performance time to most manual tasks he does,
since he must take time to receive information from the machine, and to
communicate his action to the machine after his task is completed. These
added times were characterized as "read display" (induced task for machine-
to-man linkages) and "enter data" (1nduéed task for man-to-machine linkages).

There is also a third kind of induced task, which occurs whenever one
human operator receives information from or gives information to another
human operator. This task was termed “coordinate". The number of “coordi-
nate" induced tasks at a given automation level can be determined in the
same way as for the other induced tasks.

To ascribe times to the induced tasks, the source data were searched
. in a manner similar to that described for fundamental tasks to find obser-
vatjons of tasks matching or analogous to "read display", "enter data,” or
"coordinate". Times were assigned; and, at appropriate automation Tevels,
the induced task times were added as required by the number and kind of in-
duced tasks present. (See Table 3.2-3, page 3.2-16.) |

*The reader will note that as system automation increases, the total
human resource requirement becomes maore dependent on the times of the
few manual tasks remaining, and on the time required to perform in-
duced tasks, that is, to interact with machines,

73
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3.2.5 Computer Instruction Requirements for Automated Tasks

The‘manua1 actiQities of the air traffic control system have been
studied extensively, with the result being a reasonably large body of
empirical data from which human resource performance requirements could
be estimated. However, there is at present no corresponding history for
computer requirements in an automated air traffic system. Therefore, com-
puter size requirements had to be developed by engineering estimation. The
procedure was to have computer science spec1a11sts form an estimate of the
number of FORTRAN statements that wou]d be required for pregramming a given
fundamental AATMS task and then convert ‘the estimates into the form of num-
ber of machine language instructions. Estimates were made for all 256 AATMS
tasks and used for that portiqn of the tasks automated at the various auto-
mation levels investigated. B '

Just as induced manua] tasks require addmtnona] human resources, so
also do induced tasks affect machines.  Whenever an induced "read display"
or "enter data" task exists on the hum;n operator side at a given automation
Tevel, there is also a "create display” or "receive data" task on the ma-
chine side. The effect on machine réquireménts is that an instruction capa-
bility must be provided to create each display, and in the same way an in-
struction capability must be providéd to receive each entry. For purposes
of the study, it was estimated that creating a display would require 1500
machine instructions and receiviﬁg an entry would require 500. These counts
were added at man- mach1ne 1nterface po1nts in the computation of resource
requirements for certain of the automat1on Tevels investigated in the study.

Machine instruction count requirements estimates are included in the
consolidated data tables given at the end of this section.

3.2.6 Method of‘Computation,

The computation method is illustrated below in stepwise fashion,
using algebraic notation. Important numerical results are presented in
Section 3.3. (Note that Step 7.is performed once, while Step 1 through
6 and Step 8 are performed for each automation Tevel.)
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STEP 1 - Compute total man time for demand stimulated tasks, in
man-hours per hour (TMD): ’

T

K lag2 i My
Dy
where K = number of hours per second

MD

IAC = instantanecus count of airborne aircraft

fy; = frequency of performance of task i, times per
flight

Mi = median performance time of manual task i,
including induced tasks, in seconds

DA = average flight duration, in hours

STEP 2 - Compute total man time for terminal time stimulated tasks,
in man-hours per hour (TMT):

Tyr = K Np 2 fpy M;

number of terminals

where N.

f5 = frequency of performance of task i, times per
terminal hour

STEP 3 - Compute total man time for fac{1ity time stimulated tasks,
in man hours per hour (TMF):

Tip = KNp 22 fpy My

nhumber of facilities

= frequency of performance of task i, times per
facility-hour

where NF
frs

STEP 4 - Compute total man time for jurisdiction time stimulated
tasks, in man hours per hour (TMJ):

Tyg = KNy 2 g 1,

where NJ
f

number of jurisdictions

frequency of performance of task i, times per

Ji jurisdiction-hour
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STEP 5 - Compute total man time for per month time stimulated tasks,
in man hours per hour (TMM):' o

Ty = K K Kp 2 fyg My

where K] = number of months per day
K, = number of days per hour
fMi = frequency of performance of task i, times per

month

STEP 6 - Compute number of total operating perscnnel, uncalibrated
Poy): | |
Pou = FTup * Ty * e * Ty * Tw)

‘where F = shift/leave/traing factor (a multiplier which
converts busy shift manning to full time oper-
ation manning)

+ 7

STEP_7 - Compute calibration factor (C). This is done by performing
STEPS 1 through 6 using 1872, rather than 1995 values for demand .
Tevé] and number of terminals, facilities and jurisdictions. For
purposes of computation, the 1972 system is assumed to be wholly
manual. Before this is done, intermediate steps are required to
account for the fact that essentially all flights in 1995 will be
receiving.ATM services, in contrast with a smaller fraction of total
flights in 1972.

STEP 7.1 ~ Perform STEP 1 using 1972 data. Obtain TMD'

STEP 7.2 - Compute adjustment faétorA(A) for 1,. which accounts
for the difference in the fraction of controlled flights in 1972:

_ number of IFR flights (1972)
total number of flights (1972)

A

STEP 7.3 - Adjust value obtained in STEP 7.1 to obtain Ty, {adjusted).
Assume that VFR flights in 1972 receive 10 percent of the demand-
stimulated control effort that IFR flights receive:

TMD {adjusted) =‘IAC[ATMD'+ (1-A).1 TMD]
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STEP 7.4 - Perform STEPS 2 through 5 using 1972 data. Perform STEP 6
using results of STEPS 2 through 5 and result of STEP 7.3. Obtain

POU (1972).

STEP 7.5 - Compute calibration factor (C):
actual personnel (1972)

C =

POU (1972)
STEP B - Compute calibrated operating position personnel (Pg) for
AATMS:
PO = C POU

The computation metheod for data processing requirements is i)lustrated
below in a stepwise fashion which is very similar to the method used far
manpower requirements in the above., Algebraic hotation is also used, and
important numerical results are presented in Table 3.3-1, along with the
manpower reguirements.

STEP 1 - Compute instruction execution rate for demand stimulated
tasks (RD) in thousands of instructions per second (KIPS):
_Kac 2 fpi 1
D
Dy

where I. = number of instructions for automated task i, including
induced task instructions, in thousands of instructions

R

STEP 2 - Compute instruction execution rate for terminal time
stimulated tasks, in KIPS (RT):

Ry = Kl 2 fpy 4
STEP 3 - Compute instruction execution rate for facility time
stimulated tasks, in KIPS (RF):

Re = K N 2.y 4
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STEP 4 - Compute instruction execution rate for jurisdiction time
stimulated tasks, in KIPS (RJ):

Ry = KNy 2 gy
STEP & - Compute instruction execution rate for per month time
stimulated task, in KIPS (RM):

Ry = K Ky K2 gy I
" STEP 6 - Compute total calibrated data processing requirements (R)

in thousands of instructions per second (KIPS):

R =C(] *Cp+ Gyt C3) (RD * Ryt R+ Ry RM)
where 61 = adjustment factor for data management systems
programs . o ‘ ,
C2 = adjustment factor for executive programs

C3 adjustment factor for support programs

Table 3.2-1 shows the values of the constants used in the computa-
tions along with their sources.

3.2.7 Consaolidated Data Tabulations

For the reader's convenience, the freguencies, task times, and in-
struction counts for each fundamental and induced task have been consol-
idated in a single table. It will be noted that manual task times are
given as a range rather than as a'§1ng]e figure. For task times derived
from empirical data, this range is from the first to third quartile of
the distribution of timed observations. For estimated task times the
range is the low and high points of the estimating interval.

A range of task times was used so as to take into account the vari-
ability of human perfbrmahce‘and to indicate the nature of the distribu-
tion. ThHe midpoint of the distribution (‘the median) is also given. The
net effect recognizes that there is for a given manual task a shart per-
formance time that very few operators go below, and that on the other hand
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CONSTANT VALUE SQURCE
K 2.77 x 107% -
]
Ky 30 --
]
Ky 27 -~
Iy (1972) 15,000 TSC
Iy (1995) 33,750 T5C
DA 2 TRW Estimate
Ny (1972) 346 TSC
N- (1995) 719 TSC
N (1972) 367 TSC
N (1995) 515 TSC
Ny (1972) 1542 o
Ny (1995) 2623 o
F 3.5 SRI
No. of IFR Flights 7™M | ATCAC (1968)
Total Flights 24M ATCAC (1968)
c .598 TRW Calculation
C, 0.1 ATCAC
C, 1.0 ATCAC
C, 0.02 ATCAC

*Nj (1972) - Assumed four jurisdictions per primary terminal (41
" primaries-TSC) and two per secondary terminal (305 secondaries-TSC)
and 768 en route jurisdictions.

**N; (1995) - Assumed five jurisdictions per primary terminal (133
primaries-TSC) three per secondary terminal (586 secondaries-TSC)
and 200 en route jurisdictions.

TABLE 3.2-1 CONSTANTS USED IN COMPUTATIONS
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some operators in some circumstances need a long time to accomplish a task.
When the DELTA model is. run, it will select one of two distributions formed
from the time ranges. The first distribution extends from the median to
the first quartile, and the second from the median to the third quartile.
The mode1 will then sample from the chosen d1str1but1on to 0bta1n the man-

ual task time requ1red

Table 3.2-2 below gives the manual times derived for each type of in-
duced task for use in the resource requirements computations.

FIRST THIRD

quarTiLe | MEDIAN 1 quarTILE
READ DISPLAY 4.67 8.13 10.33
ENTER DATA | 4.80 | 5.62 , |  7.15
COORDINATE | 6.67 1017 18.67

TABLE 3.2-2 [INDUCED TASK TIMES, (SECONDS)

Table 3.2-3, beginning on the next page, is a consolidation of task
performance frequency requirements, task time ranges in seconds, task time
data sources (M = match, A = anaTogy, E = est1mate), and .instruction require-
ments in units of 1000 for each of the 256 fundamental tasks. These are the
values used in the computations described previously and discussed in the
next section.
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3.3 - INCREMENTAL AUTOMATION AND RESOURCE REQUIREMENTS

The first quantitative analysis of AATMS resource requirements was to
generate total manpower and machine resource estimates for each of the
theoretical increments of automation derived earlier in the study and dis-
cussed in Volume III of this report. The purpose of this initial calcula-
tion was, it will be recalled, to find a general approximation of the auto-
mation level at which estimated resource requirements fell within the pre-

viously established limits for manpower and machines.

The man and machine resource requirements for the five theoretical
automation increments were computed using the data and procedures discussed
in the previous section. The results are given below in Table 3.3-1.

e M N
| TOTAL [ GENERIC | INDUCED| TOTAL | GENERIC | INDUCED
I 413510%4  * * 21589 * %
11 134377 * * 25376 | 19755 | 5621
111 22279 8427 | 13852 | 23469 | 22514 955
IV 10370 4338 | 6032 | 24375 | 23896 479
v 0 0 0 25502 | 25502 0

*Not computed separéte]y
**Inflated by 150,000 men required to perform
Subfunction 14.2 (Systems Record)

TABLE 3.3-1 MAN/MACHINE RESOURCE REQUIREMENTS BY AUTOMATION LEVEL

The tabulation includes total units of manpower required, (a manpower
unit is total. man-hours per‘éfght hour shift divided by eight) and total
data processing volume reqguired (a KIP is one thousand instructions per
second). Where appropriate, subtotals were made in which fundamental gén-
eric tasks are discriminated from induced tasks. It will be noted from the
table that as automation increases in'the theoretical Tevels compared, the
system manpbwer reguirement -is corresponding]y»reduced. For example, a
theOretica]fautomation level of Iﬁ'reduces the manpower required byahaif,
as ;omparedlto the next 1owéf level, level III. In genéra], this decrease
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in human resource requirement associatéd with higher system automation
levels conformed to expectations. However,.on the data‘prqcessing side,
the estimates do not show a correspbnding monotonic increase in data pro-
cessing requirements.  As can be seen in Table 3.3-1, there is a sharp
increase in data processing requirements from level I'to level II, a de-
crease from II to III, a small increase from III to Iv, énd another small
increase from IV to V. This result, it appears, stems from the reduction
of induced tasks. As more and more fundamental gengric tasks are allocated
to machines, there are fewer and fewer requirements for interaction between
man and machines. Inspection of the "induced task" column in the table
will illustrate the point. The reduction in induced task data processing:
requirements tends to offset the additional data processing requirement to
perform -fundamental tasks as the automation level increases.

The:first approximation of resource requiements indicated that the
desired level of automation lay somewhere between levels III and IV. The
next step was to study that area of automation, to derive a final recom-
mended level. That activity is discussed in the section that follows.
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3.4 RECOMMENDED AUTOMATION LEVEL .

The additional study of the automation ‘level took into account two
factors not incorporated in the ‘Automation Index method for ranking tasks.
The first factor stemmed from-a-1imitation in the construction of the mea-
suring'inetrument. While ‘good confidence could be placed in the ranking
position given to most generic tasks, statistical uncertainties of one kind
or another were associated with some task indices. The second factor de-
rived from the nature of the measurement itself.  Insofar as allocation to
man or machine depends primarily on the performance capabilities criteria
used to rank tasks, the Automation Index was extremely useful as a system-_
atic approach to making engineering judgements. 'But, once an approximation
of the appropr1ate level of automation had been reached, the task alloca-
tions were examined in the light of additional Judgemental criteria. For
example, although the rat1ng data provided a clear indication as to the
relative automatability of a single task considered in isolation, no simi-
larly clear attribution could necessarily be asscciated with the chains of
tasks which appear in most complex systems, These chains, or clusters, of
tasks are roughly analogous to various series and series/parai]e] electrical
networks. The effect of the Jogical network linkage among the tasks in a
cluster is such that when one task in a cluster is performed,lal] are per-.
formed. The task clusters present in AATMS had to be taken into account in
order to recognize the need for‘continuity of performance means in zhains
of performance where time is a factor, and in order to keep the incidence
of reduced tasks to a practical value. '

In addition to accounting for cluster effects, rules were formulated
and applied to embrace the nature'an& similarity of tasks according to para-
meters beyond those used in task performance capability description, to
identify unusua1 task performance frequency requ1rements, and to take unusua]
data system programm1ng comp]ex1ty 1nto account These ru1es were used as
tests in each case where a quest1on ex1sted about a task allocation. The net
effect of the add1t1ona1 study was that a f1naI recommended automation level
for the system was der1ved -- a comp1ete a]]ocat1on of the 256 app11cab1e
generic tasks either to man or mach1ne, and r complete catalog of the nature
and number of the induced tasks associated with the final allocation.
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¢+ _.-The paragraphs. that follow detai],thetpfocedure§‘that'ge;eﬂqapﬁied

ogtqto.produce.the,system,autqmation'leye],recohmended for AATMS, ..

3.4.1 Rules and Application of Rules .

- Forty- eight'of the 256 generic tasks had some degree of statistical
uncerta1nty associated w1th their automat1on Jndices. (The stat1st1ca]
1aspects of the automat10n 1ndex method are described 1n Vo]ume III of th1s
Ireport ) wh11e all task a]locat1ons were reviewed in the f1na1 study of
.the automat1on Tevel, “the pr1mary focus of the work was 1n the quest1onab1e
Vtasks Thus the maJor port10n of the final a11ocat10n of tasks came from '

the automat1on 1ndex with the rema1n1ng a]]ocat1on recommendat1ons based
on app11cat1ons of the rules formulated for the purpose, The start1ng f
point was the Tist of allocations of tasks e1ther to man-or machine that ’
rconst1tuted automation level. I1I; the rules and the1r app11cat1ons were as

1

fo?]ows ‘ » B Ll et e

Rule 1 - A1l of Function 16, Provide Emergency Services, was -made "
manual. The impact of this rule on the total system manpower .re-
quirement is negligible because of the extremely low frequency of
performance of the tasks within the function, i.e., there are not
very many emergencies as compared to the total number of flights.
Also, because of the nature of the tasks, the data system software
compTex1ty associated with automation appeared to be inordinate ‘
in comparison with the small savings in human resources that might
be gained. (Thus the final automation level recommended excludes
Function 16 from automation on the basis described, and also ex-
cludes Function 15, Provide Ancillary and Special Services from
automation on the basis of the Automation Index. All other func-
tions ?ave some degree of automation at the recommended automation:
level.

Rule 2 - Ignore statistical uncertainties after one interval of
automation levels. If a questionable task lay in automation Tevel
I, it fell more than one increment of automation from the level

IIT starting point. The assumption was made that while it may not
be certain that the questionable task actually lies in automation
level [, it is highly certain that it lies somewhere below auto-
mation level IV. Therefore, the statistical uncertainties asso-
ciated with those tasks (there were 10 tasks jnvolved) were 1gnored.

Rule 3 - Task cTusters must either be automated or manual, but not
.mixtures. Thus, if one task in a two-task cluster was automated

at level IIT, the other was automated as well. There are fifty °

clusters in AATMS each made up of two or more tasks. The task
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.numbers in each.cluster are given in Table 3.4-1 on the next
‘pdge. It was ‘decided that the elimination of induced tasks
obtained by applying the.cluster rule took precedence over the
aUtomation index; when the rule was applied 13 tasks ‘which were
“‘cluster members 'were allocated to automated performance. means.
)"Ru]e 4% Contaihs three cr1ter1a for studynng quest1onab]e task
s+i-alloéations. They weres o -

s Task Similarity - Aﬁé'dthéf‘tSSRS, similar to the qﬁésff‘
4 tionable task in terms.of the kind of work done as-well:
~.as performance capabilities, automated or manual?

~# Task Frequency -iWhat is-the.required frequency of per-
- formance for the questionable task? Consider automation
of the task if the freqléncy is high; consider keep1ng
-the task manual-if its frequency is Tow.

‘s Data System Software - What degrees of difficulty and

complexity:would be invelved in creating algorithms
. for task executions by automated means?

o3, 4 2 Recommended Task A]]ocat1ons

Table 3.4-2, wh1ch beg1ns on page 3. 4 5 presents the resu]ts of the
automation, level’ I1I refinement process. The task number whether the task
is automated or manual as a result of the refinement process, and the level
at which the task is designated to be automated by the automation index aré
contained.in the left most section of the table. A mark in one of the five
co1umns of the center section of .the table indicates the reason for allo-
cating a task to man or mach1ne The dec1s1on ‘to automate is based e1ther
cn the automat1on‘1ndex or ongﬁof;tﬁg four “ru]es“ mentioned prev1ous1y.
The rightmost section of the table indicates cases where there is statis-
tical uncertéinty in thé'automation index. The statistical problem can be
gither lack of consensus or ]ack of cons1stency or both. (See Volume III
for a more’ deta11ed d1scuss1on of the stat15t1cs of the automation 1nd1ces )

[
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TABLE 3.4-1 TASK CLUSTERS
1.2 1 5.3.0 | 7.3.0 111 12.2.1 18230 [17.2 +
1.1.3 1 5.3.2 | 7.3.2 |11.1.2 |12.2.2 |14.3.2
17.3 *
5.3.3 3 14.3.4
1.2.2. n.2.1 112.3.1 '
]4!3[5 17.4*
1.3.0 | 6.1.2 [ 8.1.3 [11.3.3 [12.3.2 [, . .
6.1.3 | 8.1.4 [11.4.1 {12.3.3 -
2.1.2 8.1.5 12.3.4 [15.2.]
2.1.3 1| gt.6 1122 15.2.2 |17.6 *
2.0.0 | 6.3.2 | g4 5 (123 1330 |,
2.1.5 | 6.3.3 1.3.0 (13,03 |15, [17.7 %
9.1 * [11.4.2
22,1 | 6.4.2 13.2.2 |19:%:5 117 g +
2.2.3 | 6.4.3 | 9.3.1|11.2.4 |13.2.3 |15:2:6
2.2.4 9.3.2 [11.3.2 16.2.1 17.9.1
| 4.4 13.3.1 [16:2.1 47, 9.2
2.2.5 11.4.3 16.2.2
6.4.5 | 9.4.1 13.3.2 [16:2:2 47 9.3
2.3.2 9.4.2 [11.5.1 16.2.5
A 5.2 |14:1.3 16.2.6 [17.9.5
a6 9.5.1 |44 5.5 |14.1.4 [16.2.9 [17.9.6
i 9.5.2
111703 g e 3 lia1 g 1420 17,12
val 7ha | g s e (1622 17,00
14.2.3
7.2.1 1 956 12.1.5 |14.2.4 {1777
7.2.2 | 9.5.7 [12.1.7 |14.2.5 |17-1-8
*A11 tasks within the Subfunction ‘form a cluster
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: AUTOMATION DECISION STATISTICAL
. RATIONALE PROBLEM
y R § | .
i Q ;é? E? oot/ S 22/ F [ro /oS
¥ ) &5 ) s5 [$3/)58) 55 /85 8855 )55
S & LKy LR/ & o [ Ky S§[$s/ €5
R ) §Y 55 )50 /s5 /55 £S5 )75 ) 38
4 g S S

5.3.1 A 11 @

5.3.2 A ' 3 o

5. A o [ )

6.1.1 } A I e

6.1.2 A I ®

6.1.3 A 111 °

6.1.4 M v o Py

6.1.5 1 M v | e

6.2.1 A 11 | e

6.2.2 | A 11 | e

6.3.1 A 11 | e

6.3.2 A I ®

6.3.3 A 1 | e

6.4.11 A I1 o

6.4,2 A 11 o ,

6.4.3 A 11 ) [ e

6.4.4 A 111 )

6.4.5 A 1V )

6.4.6 A I11 o

6.4.7 | A | 111 | @

71,1 M- v | e

7.1.2 A 1) e

7.1.3 ‘A 111 | @

7.1.4 A I | @

7.1.5 Al 1T @

NG00 T ey VNN S & § S USSP S

TABLE 3.4-2 RECOMMENDED AUTOMATION LEVEL (cont'd)
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STATISTICAL
PROBLEM

AUTOMATION DECISION
RATIONALE

II

II

"1V

ITI

11

I1

111
II

11

Iv

111

11

Il
1T

NOT RATEL

A

7.2.2
7.3.1

7.3.2
7.3.3
7.4.1

7.4.2

7.4.3
7.4.4

8.1

.
.2

8.1

8.1.3

8.1.4
8.1

.5
.6
g

8.1

8.1

8.1.8
C 8.1

.9

8.2.1

8.2.2
8.2.3
8.2.4
8.2.5

9.1.1

9.1

.2

9.1.3
§.2.1

TABLE 3.4-2 RECOMMENDED AUTOMATION LEVEL {cont'd)
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AUTOMATION DECISION STATISTICAL
RATIONALE PROBLEM
I
G - ) A
s | Sy /8 /8 /s3/8. |58/ 5 [ss ] 58
5§ )88 ) S8 /SS/EF ) cw /£ 8518585
SR )8V (8550 /55 57/ €575 35
T
12.1.1 M IV ®
12.1.2 M v ® | @
12.1.3 A 111 ®
12.1.4 A 11 ®
12.1.5 M 1V ®
12.1.6 A v ® ®
12.1.7 M '} ® ®
12.2.1 A II ®
12.2.2 A 111 ¢
12.2.3 A 111 ®
12.2.4 A 111 ®
12.2.5 A 111 ®
12.2.6 A 111 ®
12.2.7 M 1V )
12.3.1 A 111 ®
12.3.2 A 1I ® _
12.3.3 A v o o
12.3.4 A v @
13.1.1 A v ®
13.1.2 A 111 ®
13.1.3 A 111 ®
13.1.4 M v ®
13.1.5 A 11 @
13.2.1 M IV ® ®
13.2.2 A 1v ®
13.2.3 |- A 111 @ [ )

TABLE 3.4-2 lRECOMMENDED AUTOMATION LEVEL (cont'd)
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AUTOMATION DECISION STATISTICAL
RATIONALE PROBLEM
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14.1.5 M 111 @ @
14.2.1 A I11 ®
14.2.2 A 11 ®
14.2.3 A I1 o
14.2.4 A II ®
14.2.5 A I ® @
14.3.7 A II1 ®
14.3.2 A 111 ®
14.3.3 M v [ )
14.3.4 A 111 o
14.3.5 A I1 ®
14.3.6 A 11 ® o
15.1.1 M v o
15.1.2 M v @
15.2.1 M IV ®
15.2.2 M v ¢
15.2.3 M v @
15.2.4 M IV ®
15.2.5 M v ®
15.2.6 M v o
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AUTOMATION DECISION STATISTICAL
RATIONALE PROBLEM
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16.2.5 M 111 @
16.2.6 M 11 @®
16.2.7 M 111 ®
16.2.8 M v ® ®
16.2.9 M 111 ®
16.2.70 M- IV (3 &
17.1.1 M 1V &
17.1.2 M IV
17.1.3 M v C
17.1.4 M v O
17.1.5 M IV O
17.1.6 A IV O O
17.1.7 A IV O
17.1.8 A I O
17.2.1 A 111 O
17.2.2 A I O
17.2.3 A 111 O
17.2.4 A IV )
17.2.5 A 111 O '
17.2.6 A I O O

TABLE 3,4-2 RECOMMENDED AUTOMATION LEVEL (cont'd)
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AUTOMATION DECISION STATISTICAL
RATIONALE PROBLEM
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217.7.3 A 111 ®
117.7.4 A 111 [y
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3.4.3 Recommended Automation Level Man/Machine Resource Reguirements

At the recommended automation level, the system is 70 percent auto-
mated: 1t consists of 77 manual and 170 automated tasks. By comparison
a system with NAS/ARTS would be about 15% automated. Functions 15 and 16
(Ancillary and Special Services and Emergency Services) are entirely man-
ual, while Functions 8 and 11 {Separation Assurance and Guidance) are
entirely automated. The remaining functions range From 17 percent auto-
mated (Function 4, Flight Plan Processing) to 88 percent automated (Fdnc-
tion 6, Monitor Aircraft Progress). Figure 3.4-1 is a schematic repre-
sentation of the functional automation at Tevel III, level IV, and the
recommended automation level. In the.following paragraphs, the fecdm-
mended automation level is briefly discussed in terms of the five oper-
ating positions.'

In the active control functions, (5, 6, 7, &, 9, 11, 13 and 16} which
- és a group make up the Flight Surveillance and Control position, most of
the tasks which have remained manual have a common element. They are con-
cerned not with proceésing "bysiness as usual", but jnvolve exceptiona]
situations. For example, every task in Emergency Seryfces is manua1; sim-
ilarly, Task 5.1.3, Determine Pilot Intentions Following Missed Apbroach,
is manual. |

Functions 14 and 17, which form the Data Base position, contain nine
mahual taské from a total of 75 tasks. The manual tasks of the Data Base
position consist almost entirely of making weather observations and bre- )
paring operational reports.

The manual tasks of the Flight Information Services position (Func-
tion 1 and 12) are ten out of a total of 26 tasks. Eight of these ten man-
ual tasks involve verbal transactions with the pilot -- receiving an infor-
mation request, compi]ingra response to a request, or verbally responding
to a request.

In the Flight Plans position, which performs Functions 4 and 15
(Flight Plan Processing and Special and Ancillary Services), 27 of 31 tasks
are manual. Special and Ancillary Services contains no automated tasks,
as mentioned previously. The automated tasks in the Flight Plan Proceésing
function are computational in nature or involve long repetitive procedures,
for example, Probe for Conflicts Among Flight Plans and Compute ETOV's/ETA

are automated tasks.
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The Flow Control position is concerned solely with Function 2, Con-
trol Traffic Flow. Of the 15 tasks in this function, six are manual. The
six manual tasks form Subfunction 2.1, Determine System Capacity. The de-
termination of demand (Subfunction 2.2) and the resolution of situations
in which demand exceeds capacity (Subfunction 2.3) are entirely automated.

The performance of the 77 manual tasks at the recommended automation
level required a manpower total of 9317. The number does not include an
adjustment for the fact that people are available in integral numbers only
(if the workload at a particular airport requires 0.4 of a person on site,
an entire person must be assigned) nor does it include supervisory, manage-
ment or support and maintenance persohne]. These deployment adjustments
are treated in the following section which deals with system manning.
Similarly, manpower numbers do not reflect the men required if a manual
rather than automated backup for failure were to be elected. Thus the com-
puted requirement -provides a "lumped" measure of how much work is involved
in controlling aircraft. The following discussion concerns the components
of the "lumped" manpower requirement. '

- The manpower requirements of the recommended automation 1éve1‘are
presented in Table 3.4-3 by function and in Table 3.4-4 by position. The
first column of the tables 1ists either the function or the position. The
two tables are identical with respect to the remaining five columns. The
second columns show the total manpower requirement in number of people.
The third columns show the number of people that would be required if
there were only the generic tasks to be performed, i.e., no induced tasks.
The fourth, fifth, and sixth columns show the required number of people
to perform the induced tasks: read display, coordinate, and enter data,
respectively.

The most striking result from these tables is that induced tasks
account for 60 percent of the workload. The induced tasks of two functions,
4 and 13, account for 77 percent of the total of induced tasks. Another
interesting result is that the Flight Surveillance and Control position,
which corresponds more closely than the other four positions to the current
air traffic controller in duties and responsibilities, accounts for only
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30 percent of the workforce. This is because of the high level of auto-
mation in the "active control" functions which make up the Flight Surveil-

lance and Control positien.

The performance of thé 179 automated tasks in the recommended auto-
mation level requires a machine instruction execution rate of 23377 KIPS
{thousands of instructions per second). This number was derived by per-
forming the computations described in Section 3.2.6.

The data processing requirements of the recommended automation level
are presented in Table 3.4-5 by function and in Table 3.4-6 by position.
The first column of the table lists either the function or the position.
The two tables are identical with respect to the remaining four columns.
The second columns show the total data processing requirement in KIPS. The
third columns show the number of KIPS that would be required if there were
only the generic tasks to be performed. The fourth and fifth columns show
the data processing requirement associated with the induced tasks.,

In contrast with the manpower reguirements, the number of KIPS asso-
ciated with induced tasks form a small part of the total data processing
requirement, only 1.5 percent. This result is probably a reflection of the
relative ease with which a computer can drive a display or accept data. A
noteworthy result shown in Table 3.4-6 is that the Flight Surveillance and
Control position accounts for 92 percent of the total data brocessing re-
gquirement, while this same position accounts for only 30 percent of the
manpower requirement, The highly automated nature of this position, and
the fact that many of the automated tasks have high frequencies of perfor-
mance and/or require a large number of méchine instructions to execute them,
accounts for this result..

It will be noted in Table 3.4-5 that two functions, 15 and 16, which
are totally manual, have a quantity (albeit small) of KIPS associated with
'them. The reason for this is that the KIPS due to "create display" or
"accept data" induced tasks have been associated with the manual tasks which
must accept the input diép]ayed or must output the data required.
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3.5 SYSTEM MANNING REQUIREMENTS

After determining the "lumped" or undistributed resources required
to service the given demand at the recommended system automation level, the
next step in AATMS regquirements analysis was to convert the aggregates to
numbers of men per shift. This was done by distributing the resources
among the various manned facilities envisioned for the system. Again the
totals are consistent with use of automated backup for failure. Because
machine resource requirements were the subject of further study, they are
treated separately in Chapter 5 of this volume. This section, as the
title implies, is concerned with system manpcwer.

3.5.1 AATMS Facilities and Operating Positions

It will be recalled that the types and numbers of AATMS facilities
were among the data items supplied to the study team by DOT/TSC. Five
facility types are included in the system geography:

s 133 primary airports

® 586 secondary airports (of which 227 are unmanned)
e .20 transition hub centers (THC)

e 2 regional control centers (RCC) -

e a continental control center (CCC)

The five AATMS operating positions were allocated to the facility
types as follows: The terminal portion of the system was composed of flight
surveillance and control operators (Position III) at the 133 primary air-
ports, the 359 manned secondaries, and the 20 THC's. (The 20 THC's are
responsible for the 227 unmanned secondary airports.) Position III oper-
ators were also placed at the twe RCC's, in order to man the en route por-
tion of the system. Flight information services and flight planning posi-
tions (Positions IB and IIA) were located at the THC's. The data base’
position, IA, and the flow control position, IIB, were céntra]]y located
at the CCC.

3.5.2 Assumptions

A beak instantaneous airborne count of 33,750 aircraft had been given
as the AATMS demand figure. In Chapter 2 of this volume, the distribution
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of these aircraft in the system airspace was described. The assumptions
about demand distribution also apply to workload distribution among system
facilities, and so were used in system staffing calculations. The appli-
cable assumptions were the fo]1owing:
e The number of control actions in terminal airspace in
comparison with en route airspace is the ratioc of 7 to

3. Therefore, the overall distribution of activity is
70 percent at terminals, 30 percent en route.

® Primary airports are more active than secondaries. Half
the total terminal workload occurs at the 133 pr1mar1es,
the other half at the 586 secondary airports.

¢ The system demand was assumed to be uniform throughout
the system airspace. Therefore, each RCC has an equal
portion of the en route workload, and each terminal
facility an equal share of the primary or secondary
terminal workload.

e The undistributed manpower figures contain no provision
for relief, leave, administrative coordination between
operator and supervisor, or functional management (over-
seeing of machine resources). To approximate the effects

- of these requirements, manpower figures were increased
by one third, a factor termed the "busy" factor.

e Facilities staffed by operators require supervisors.
Each facility was allocated ten percent of its operator
complement as a supervisor staff.

3.5.3 Procedure

The derivation of site manning results was based upon the undistributed
manpower requirements for each of the five positions, and on fhe information
and assumptions presented in the precedﬁng paragraphs. The following para-
graphs detail the procedure used to derive manning for each facility by
operator position.

The Data Base position (IA) will be located at one ‘site only, the CCC,
The raw total IA manpower was 237. Removing the 3.5 shift factor leaves
67.7 (=68) on-duty personnel. Application of the "busy" factor results in
90.7 (=91) on-duty personnel.
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The Flight Information Services position (IB) will be located at the
20 THC's. The raw total IB staff was 1751, which converts to 500.3 (=501)
on-duty personne]{ Application of the "busy" factor results in 668 people.
Distributing these 668 equally among the 20 THC's results in 33.4 (=34)
per THC.

The Flight Plans position (IIA) will also be located at the 20 THC's,
The raw total IIA staff was 4443, which converts to 1269.4 (=1270) on-duty
personnel. Application of the "busy" factor results in 1693.3 (31694)
people. Distributing these 1694 equally among the 20 THC's results in 84.7
(=85) per THC.

The Flow Control position (IIB) will be Jocated only at the CCC. The
raw total IIB staff was 60, which converts to 17.1 {=18) on-duty personnel.
Application of the "busy" factor results in 24 personnel.

The Flight Surveillance and Control position (III) will be located at
four different kinds of sites: (1) the 133 primary airports, (2) the 359
manned secondary airports, (3) the 20 THC's (to handle the work associated
with the 227 unmanned secondary airports), and (4) the two RCC's (to handle
en route traffic). The raw total was 2827 position III personnel, which
converts to 807.7 (=808) on-duty personnel. Application of the "busy" factor
results in 1077.3 (=1078) people. I[f the distribution of workload is 70
percent at terminals and 30 percent en route, then the on-duty personnel
should be distributed in the same manner: 754.6 (=755) at terminals and
323.4 (=324) en route.

The en route personnel were distributed equally to the two RCC's. Be-
cause each RCC will be responsible for ten "sectors" {each of which is made
up of ten jurisdictions), the total en route workforce was distributed to
20 "sites" which were considered to be different physical places for manning
purposes, This resulted in 16.2 (=17) operators per en route "sector". To
provide for the handling of emergencies, and in order to have two men per
jurisdiction in normal operations, three supernumeraries were added for a
total of 20 operators per en route "sector". '
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Distributing the terminal workforce of 755 equally between primary
and secondary airports resulted in 377.5 (=378) people to handle the 133
primaries and 378 people to handle the 586 secondaries. The manning at
each primary was 378 = 133, or 2.8 (=3) people. Again, in order to provide
for emergencies, one supernumerary was added for a total on-duty staff of
four controllers per primary airport. ‘

Unmanned secondary airporis make 227 of the 586 total number of sec-
ondaries. Of the 378 people required to handle secondary airports, %%% of
these, 146.4 (=147) will be distributed equally among the 20 THC's to handle
the unmanned secondaries. This results in 7.4 (=8) per THC. One supernum-
erary was added for a total of nine contrellers per THC.

Manned secondary airports make up 359 of the 586 total number of sec-
ondaries. Of the 378 people required to handle secondary airports, %%% of
these, 231,6 (%232) were distributed equally among the 359 manned secon-
daries. This results in 0.65 {=1) per manned secondary. One supernumerary
was added for a total of two controllers per manned secondary airport.

Table 3.5-1 presents the results discussed above, along with the total
staffing requirement, which includes the ten percent addition to account for
supervisory positions. The first column of the table lists the five AATMS
sites and the second column lists the number of each type of site. The
third column lists the type of position which will man the site. The posi-
tion types and titles are given below for reference:

IA Data Base Officer

IB_ ’ Flight Information Services Officer
IIA - Flight Plans Officer

I1B * Flow Control Officer
111 Flight Surveillance and Control Officer

The fourth column of the table, titled REQUIRED SHIFT SIZE, shows the num-
ber of people required on site full time to perform the duties associated
with the position. The next column accounts for the non-existence of frac-
tional numbers of pecple and for supernumeraries, if any. The column titled
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TOTAL gives the total workforce required to provide the recommended shift
size. The numbers in this colume are derived by multiplying the number of
sites by the recommended shift size, and that result multiplied by the 3.5
shift factor. In the case of the RCC, 20 was used in lieu of number of
sites because there are a total of 20 "sectors", each of which was consid-
ered an independent "site" for manning purposes. The column labeled SUPELR-
VISORY lists the number of personnel who would be involved in the direct
supervision of the controller force. A ten percent factor was assumed.

The right-most column presents the sum of the controller workforce plus
supervisory personnel.

3.5.4 Workforce Comparisons: 1972, 1982, 1995

A primary objective in the study of automation applications in traffic
control was to explore the possibilities of avéiding some of the system
costs associated with labor. A means to aid in making judgements about the
degree of economy that is indicated at the recommended automation level in
AATMS is to compare staff sizes with earlier systems. Again the manpower
is consistent with a system having primarily automated failure backup. It
must be kept in mind that this is an incomp1éte comparison (for example,
cost savings associated with a smaller workforce must be set against R&D
and F&E costs for the automated system) and that the data involved, except
for 1972 historical data, are estimates.

Table 3.5-2 is a comparison of staff size and composition for 1972,
1982, and 1995, The data for ﬁhe 1972 and 1982 staff were drawn from the
National Airspace Ten-Year Plan for 1973-1983 (FAA, 13972); the 1995 data
is the AATMS staffing data presented earlier. All salary costs were sup-
plied by DOT/TSC. Several changes contribute to the smailer 1995 staff
size given in Table 3.5-2, all of which arise from or are related to auto-
mation.  First is the higher level of automation proposed for 1995, in which
more of the total system work is done by machines, so fewer people are re-
quired. Second is the degree of centralization permitted by automation, for
example the envisioned unmanned secondary airports planned for AATMS. Third
is the alteration of operator job‘design; in AATMS many tasks now done at
active control positions are reassigned to other optionsl The general level

(™
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of system automation in AATMS, the high Tevel in certain active control
functions, and the reallocation of tasks combine to produce a large shift
in the workforce makeup: from about 80% in active control in the 1972-
1982 staff to about 40% in AATMS.

In this chapter, the system manning requirements for AATMS were set
forth. In the next chapter, the operator productivity associated with the
AATMS staff will be discussed.

()
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4.0 CONTROLLER PRODUCTIVITY

4.1 INTRODUCTION

The concept of productivity, i.e., the ratio of products to the hum—
ber of people involved in production, is not a new one. It has been in use
almost since the beginning of the industrial revolution as a measure of
human efficiency in getting a job done. The concept is a relatively simple
one if the products can be specifically defined and the pecple involved in
their production easily identified. Productivity is relevant and meaningful
if, for example, one is discussing the output of an automobile production
Tine with regard to the number of pecple working on the T1ine. Finished
automobiles are a specifically defined product, and workers on the produc-
tion line are easily identified.

Productivity becomes harder to define and apply as a measure of human
efficiency when the product is not a physical item. Such is the case in
air traffic control, where the product is an intangible -- service to air-
space users, ' It is difficult to define a quantum of service, and even more
difficult to measure the amount of service a user receives. The concept of
productivity in air traffic control is further clouded when those delivering
the service are not directly involved but act remotely through an automated
agency. Their role becomes more like that of supervisors responsible for
automobile production than that of production line workers.

The apprbach adopted in this study follows that which has traditionally
been taken in measuring air traffic controller productivity. It involves
posing the question in an inverted form. Thus, instead of asking how much 7
service a user receives, the question is put as how many users receive ser-
vice. Since it is considerably easier to count recipients than to measure
the product received, the matter of productivity is at least placed on a
more practical, although somewhat vaguer, footing. Hence, the unit of ser-
vice used in this study is defined as all that is done to or for one aircraft
as it moves from origin to destination, or through some selected part of this
journey. Aside from practicality, this definition also has the advantage of
allowing the findings here to be compared directly with other studies of con-
troller productivity. For example, this definition is equivalent to that em-
ployed by MITRE (1971), where productivity is stated to be "demand serviced
per controller".
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As the MITRE definition suggests, productivity is a ratio of recip-
jents (demand) to those providing the service (controllers). In AATMS the
identification of those providing the service must be modified because of
the high level of automation. The AATMS operator will no longer be directly
involved with the routine actions required to provide most services. These
tasks will be performed by machines. Man's role will be to supervise and
manage the machines which perform routine operations. He will take direct
action only in exceptional situations or in ¢ircumstances where a highly
individualized form of service is required. Thus, the agency for "all that
is done to or for one aircraft" is not just the human operator but the man-
machine resource team acting in concert. To speak of productivity with re-
gard to AATMS involves, therefore, accepting &n expanded definition of both
"product" and "worker". The relationship, however, remains the traditional
one, whereby productivity is expressed as the product/worker ratio. For
convenience of expression, this ratio will be referred to as "controller
productivity", but it should be borne in mind that the "controller" is a
partnership of man and machine.

[
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4.2 PROCEDURE

Of the five operating positions envisioned for AATMS, only Position
II1 (Flight Surveillance and Control) has a sufficient degree of involve-
ment with individual aircraft to warrant examination of productivity. The
other positions deal either with aircraft as aggregates (traffic), or they
act in a support capacity to provide information to the flight surveillance
and control positions. Thus, productivity estimates were calculated only
for Position III.

For the purpose of computation, a number of simplifying assumptions
were made about the distribution of demand across the various types of
facilities. They were:

1. The duration of all flights is two hours.

2. An aircraft is under control of the departure terminal.
for 20 minutes, the en route portion of the system for
80 minutes, and the arrival terminal for 20 minutes.

3. The number of control actions in terminal airspace in
comparison with en route airspace is in the ratio of
7 to 3 (i.e., there are 2.33 more actions per aircraft
per gnit time in terminal areas than in en route sec-
tors).

4, Of the ajrcraft in terminal areas, one-half are at
primary terminals; and one-half are at secondary
terminals.

5. Aircraft at secondary terminals are distributed be-
tween manned and unmanned facilities in proportion to
the number of such facilities (i.e., for every 359
aircraft at manned secondary terminals there are 227
aircraft at unmanned secondary terminals).

6. The distribution of traffic among terminal facilities
of any one type is homogeneous (e.g., each primary
terminal has 1/133 of the total primary terminal
traffic).
The number of operators on duty at each facility was that derived in
the analysis of system manning requirements, (See Chapter 3, Section 3.5.)
A1l operators at a given facility were assumed to be equally engaged. Fur-

ther, all aircraft were assumed to present an equal demand for service. To
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put it another way, no distinction was made for different classes of air-
craft (commercial, military, general aviation) or for different degrees of
control (IFR vs. VFR, PCA vs. IPC, etc.). Thus, the productivity estimates
calculated here represent the simple ratic of the number of aircraft pre-
sent within the jurisdiction of a_faci]ity to the number of operators on
duty.

a

™,



Page 4.3-1

4,3 RESULTS

Operators in the Flight Surveillance and Control Position are located
at four different types of AATMS facilities: Regional Control Centers (en
route traffic), Primary Terminals, Manned Secondary Terminals, and Transi-
tion Hub Centers {for unmannad secondary terminals). As a result, four
separate estimates of productivity were derived. Figure 4.3-1 illustrates
the method of computation and the fractional distribution of demand across
facilities.

In Figure 4,3-1 it can be seen that for an instantaneous airborne
count of 33,750 aircraft, 22,500 will be en route and 11,250 will be in
terminal areas (Assumption 2, above). Since thére are 200 en route con-
trollers per shift at each RCC (400 in all), this results in an en route
productivity figure of 56.3 aircraft per controller.

Of the 11,250 ajrcraft in terminal areas, half {5625) will be at pri-
mary terminals (Assumption 4, above). With a total of 532 controllers on
duty at all primary terminals (4 per site x 133 primary terminals), this
yields a productivity estimate of 10.6 aircraft per controller.

The remaining 5625 aircraft of the instantaneous airborne count are
distributed between manned and unmanned secondary terminals in proportion .
to the number of each type of facility. In other words, since there are
359 manned and 227 unmanned secondary terminals,

359
1359 + 2277 * 9625

3446 aircraft at manned secondary terminals
and

359237227 x 5625 = 2179 aircraft at unmanned secondary terminals

With 718 controllers on duty at manned secondary terminals (2 per site x 359
manned secondary terminals), the productivity is 4.8 aircraft per controller.
Traffic at unmanned secondary terminals is handled through centralized faciT-
ities (Transition Hub Centers), of which there are 20. The shift size per
THC is 8 (160 operators on duty in all), yielding a productivity figure of
13.6 aircraft per controller.
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33750
INSTANTANEOUS
AIRBORNE COUNT

22500 AIRCRAFT 11250 AIRCRAFT
EN ROUTE AT TERMINALS

400 ON-DUTY OPERATORS
56.3 AIRCRAFT/OPERATOR

5625 AIRCRAFT

p Y
5625 AIRCRAFT ?ERM?PIJ%E

AT SECONDARY

TERMINALS '
5

532 ON-DUTY QOPERATORS
10.6 AIRCRAFT/OPERATOR

3446 AIRCRAFT
AT MANNED
SECONDARIES

¥

2179 AIRCRAFT
AT UNMANNED
SECONDARIES

N ]

160 ON-DUTY OPERATORS
13.6 AIRCRAFT/OPERATOR

718 ON-DUTY OPERATORS
4.8 AIRCRAFT/QPERATOR

FIGURE 4.3-1 OPERATOR PRODUCTIVITY
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The results of the individual productivity calculations are summarized

beTow.
TABLF 4.3-1 SUMMARY OF PRODUCTIVITY ESTIMATES

NUMBER OF NUMBER OF PRODUCTIVITY

CONTROLLERS AIRCRAFT IN (ATRCRAFT

SITE ON SITE . PER .

DUTY AREA CONTROLLER)
En Route 400 22500 56.3
Primary Terminals 532 5625 10.6
Manned Secondary Terminals 718 3446 4.8
Unmanned Secondary Terminals 160 2179 13.6

The most prominent result is the large difference in productivity
between en route and terminal controllers, There are several factors which
account for this: centralization, demand distribution, staffing consider-
ations, and workload.

In comparison with terminals, the RCC is a highly centralized facility.
Because of its concentration of man and machine resources, the RCC tends to
be much more efficient than terminals due to the distributed location of
terminals. It is not surprising, therefore, that the productivity of
controllers in a centralized setting is greater than that of controllers
at dispersed sites dealing with small fractfons of the traffic volume.

This same effect shows up in a smaller way in productivity differences
between controllers at manned and unmanned secondary terminals. The THC
stands midway in centralization between the RCC and the manned terminal,
and controllers at the THC show a corresponding intermediate level of
productivity.
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Another aspect of centralization which affects productivity is the
size of the RCC itself. An appreciation of the size and the concentration
of the RCC can be gained by considering that all en route traffic in CONUS
would be handled by one of two facilities, each consisting of 100 sectors.
Since the entire national en route airspace would be divided into only 200
sectors {as compared to about 550 -in today's system), the average sector
<ize in AATMS would be almost three times larger than now. The size of
terminal area control zones in AATMS would, by contrast, remain about the
same as today's. Thus, dn]y part of the difference between en route and
terminal productivity is attributable to the greater efficiency of the more
centralized RCC. There is also an absolute increase of en route producti-
yity due to the larger sector size of the RCC as compared to the present
ARTCC sector.

Centralization and size are not the only factors influencing en route
controller productivity. The distributicn of demand between en route and
terminal facilities also plays a part. It will be recalled that one assump-
tion used in calculating productivity was that twolthirds of each flight,
and hence two-thirds of the peak instantaneous airborne count, was in the
en route portion of the system. Since productivity is the ratio of demand
to operators, productivity is directly influenced by the number of aircraft
assumed to be present in each jurisdiction. To some extent then, the
greater productivity estimated for en route controllers is an artifact of
the method of computation. The direct influence of demand on productivity
also shows up in the difference between primary and secondary terminals.
Primary terminals have a greater share of the traffic, and the productivity
of controllers at these facilities is proportionately higher than that of
controllers at the low-volume secondary airports.

Staffing considerations also affect productivity. Operators were
assigned to sites in integral numbers. Thus, where 16.2 operators were
needed to man a ten-sector subdivision of the RCC, 17 (plus 3 supernumeraries
for relief) were assigned. Three men and a relief were assigned to primary
terminals where 2.84 were needed, and so on. "Rounding up" the staff size
and providing relief operators on shift had differential effects depending
on the size of the facility. The RCC has a low degree of overstaffing
(162 needed vs. 200 assigned, or 23.5% overstaffing). A primary terminal

3]
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has 40.8% excess staffing; a manned secondary terminal slightly over 200%;
and a THC the Towest of all, 21.6%. Generally speaking, the proportion

of excess staff varies inversely as the size of the facility. The net
effect was to lower the productivity estimates for operators at the smaller
and more decentralized sites. The impact is greatest at manned secondary
terminals, where productivity is estimated to be only 4.8 aircraft per con-
troller,

If staffing were factored out of -the productivity computation, a more
even pattern of aircraft-to-controller ratios would result. Thus, if one
were to divide demand per site not by the number of operators on duty but
by. the manpower required to handle the traffic,‘the results for the four

faci1itjes would be:

Adjusted
Productivity Productivity
RCC 56.3 69.4
Primary Terminal TO.G 14.9
Manned Secondary Terminal 4.8 14.8
THC 13.6 14,7

This suggests that all terminal operators have essentially equal Ebtentia]
productivity, which is vitiated in the operational setting by staffing con-
siderations. However, the adjusted productivity figure is a highly theore-
tical value based on fractional manpower working without relief, and so does
not represent a particularly valuable or realistic index of the work which
the AATMS operator can be expected to perform. '

A‘fina1 factor which affects productivity is workload. One assump-
tion used in calculating both staff size and productivity was that aircraft
in terminal areas require more control actions than those en route. The
factor of differential workload was estimated to be 2.33 (i.e., 7 control
actions for each arriving or departing aircraft vs. 3 for each aircraft en
route). The workload factor was included as a recognition of the increased
amount of attention required by merging and interleaving traffic around
airports as compared to the more orderly flowing traffic en route. If the
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basic productivity figures for controllers are adjusted to account for the »
amount of work (i.e., frequency and amount of service) called for in the

terminal traffic situation, there is a much smaller difference between

terminal and en route contro]]erst This adjustment, which may be termed

the workload-compensated productivity index, gives the results shown in

Table 4.3-2.

TABLE 4.3-2 WORKLOAD-COMPENSATED PRODUCTIVITY ESTIMATES

RIRCRAFT PER CONTROLLER
' , BASIC WORKLOAD
CONTROLLER TYPE PRODUCTIVITY COMPENSATIQON*
7
En Route (RCC) 56.3 56.3
Primary Terminal 10.6 - 24.7 .
Manned Secondary 4.8 11.2
Terminal -
Unmanned Secondary 13.6 31.7
Terminal (THC) :

*Workload. compensation factor = 2.33 for terminals

&





