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PREFACE

Over the past years the Stanford Research Institute (SRI) has de-

e

veloped evaluation methodologies and successive versions of computer

models that were used as tools in air traffic control productivity

it

analyses performed for the FAA,

were documented in various SRI reports, the evaiuation tools themselves

R — -
W Ty

and their associated backgrounds and utilities heretofore have nct beer
documented and published as an intxgrated whole. Under this project, I
piven the opportunity to e:amine the models and their applica- ‘

tions in order to revise and consolidate those features that deemed to
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L: desirable for both current and future applicacions and to produce a

document that would assist the users in the utilizations of these tools.
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EXECUTIVE SUMMARY

Introduction

This report is a description of the evaluation methodologies that
have been used by SRI in air traffic control (ATC) productivity analyses
performed for the FAA, The models and techniques involved in these
analyses have been successively modified and refined over the past yeers.
More recently, under a contract awarded by the Transportation Systems
Center, SKI was given the opportunity to examine the models and their
applications in order to consolidate and improve those features that
are considered to be desirable for both current and future applications.
The purpose of this report is to document the major application areas
and the analysis method used with an integrated approach in order to

assist the FAA in the use of these tools.

The techniques of modeling have long been an important tool to
engineers, scientists, and operational analysts. The basic motivation
for using models in air traffic control productivity analysis is the
search for more knowledge about current systems and to predict the be-
havior of future systems. Examples of such applications are: (1) the
modeling of increased (or decreased) traffic demand of an existing
system; (2) the testing of a modified sector organization; (3) the
evaluation of a new congestion-relief strategy that has yet to be
proven prior to actual field implementation; and (4) the evaluation
of the impact of proposed future automation packages. The models
described here include the Relative Capacity Estimating Process (RECEP),
vhich relates controller workload to sector traffic capacities, and
the Air Traffic Flow (ATF) network simulation model, which assesses

traffic capacity and delay in a multisector environment.

xiii




Relative Capacity Estimating Process (RECEP)

1.¢ RECEP modeling apprnach estimates the traffic-handling capa-

[

bilities of an individual sector by encoding, as a set of discrete events,
the controller work associated with the sector's operational require-
ments. RECEP models are mathematica: representation of the routine,
surveillance, and conflict-processing workload components of a sector
team. Routine work tasks involve air/ground (A/G) voice communications;
flight data processing (FDP) and radar data processing (RDP) manual

data entry/display operations; flight-strip data processing, intersector
interphone voice communications; and intrasector direct (face-to-face)
voice communications. Surveillance work is visual cbservation of radar-
derived aircraft situation data on a plan view display (PVD). The sur-
veillance workload time increases in direct proportion to sector flight
time; therefore, surveillance work is sensitive to the geographic size
of a sector as well as the traffic flow rate. Conflict processing

work (for potential crossing and overtake conflicts) includes potential-
conflict recognition, assessment, and resolution decision making and
A/G voice communications. The conflict-workload weightings calculated
for one sector would differ from those of another, depending on the
complexity of each sector's route structure. The workload weighting

is derived by using a potential of four separate equator's modeling

a variety of aircraft crossing and merging situations (level-level,

level-transitional, transitional-transitional, and overtazke).

A sector RECEP model is an additive reconstruction of the above
three workload components measured in time-based units (e.g., man-
minutes of work) which include minimum task performance and are associated
with the sectors® control operations. The advantages of using minimum
performance times are: (1) to avoid the necessity of a detailed and
extremely difficult accounting of overlapping task situations, and

(2) that the minimum performance time is more likely to be invariant
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over time and location; therefore, it is a much more reliable measure

than average or actual times.

RECEP is used to estimate the traffic capacities of individual

sectors under alternative operating modes. The capacity estimates

correspond to baseline and proposed system operations, as well as fea-
sible sector manning strategies (i.e., one-man, or two-man sector teams).
RECEP is also used as the basis for first-order estimation of the

capacity effects of sector splitting.
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As a resuit of various ATC-related data collection exercises, SRI
has developed a data collection/reduction procedure for NAS Stage A

2quipped enroute facilities that is based on the following data sources:

=4

e Video tape recordings of PVDs.

e Audio (including video tape sound track) recordings of A/G
and intcrphone communications.

e Manual recordings of observed controllier physical actions.

-~
o~
[ ]

NAS Stage A data analysis and reduction tool (DART) computer
printout records of R and D position FDP/RDP operations.

A Ll " m
g e R B

- s

o Flight strips, used and marked-on by the controller.

It is important to note that a significant portion of the work

performed by che controller involves routine tasks. For this reason,
a special data reduction process is developed. This process requires

that data measurements be assembled into a format that facilitates cross-

reference of theobserved activities and permits a reconstruction, in

e g

part, of the routine control events. The information on operational

ot i

1
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procedures obtained during the controller interviews, along with the

it

o 4

data observations, is essential to identify the control requircments

L

that are in the logical reconstruction of routine events. The RECEP
data base update and model verification are required periodically to

maintain its validity as a reliable measuring and predicting tool. A
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number of procedures are suggested in this report to accomplish this

. task.
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Air Traffic Flow Model (ATF)

ATF is a computerized network simulation of multisector air
traffic route flows in which the air route network is partitioned
into control sectors. That is, the route network is represented by a
connected series of route segments (arcs), where each segment represents
a directed flow of aircraft through one sector. Every sector contains
a set of route segments,'each of which is connected at either end
to route segments of adjacent sectors; the first ond las. route seg-
ments connect to sector boundaries that include terminals. For the
purpose of proper accounting, when two or more separate route segments
are merged into or demerged from a single route within a sector, these
route segments are defined as separate routes. The connected route
segments enable ATF to trace, over time, aggregate traffic €lows from
sector to sector, and thereby represent multisector traffic activity
withcut actually tracking individual aircraft trajectories (an attribute

that reduces calculation requirements and computer run costs).

Because the route segments are partitioned irnto sestors, the
number of aircraft on each route segment during some small time incre-
ment (e.g., one-minute) provides a convenient medns to calculate
readily the number of aircraft through each sector. These dataz, togethar
with RECEP-based sector workload capacity relationships, are used in
ATF to determine the degree of traffic saturation of each szector team.
The ATF model operation loads traffic onto the multisector netwatk,
moves traffic from sector to sector at successive time increments,
and searches for sector team traffic saturation conditicnz. When
imminent saturation situations are found, an ATF congestion-reiief
algorici.a selectively delays aircraft in order to resolve the traffic
congestion conditions. In essence, the congestion-relief aigorithm dis-
tributes workload to upstream sectors to prevent a downstream sector

team work overload. ATF traces the propoagation of traffic congestion

xvi

=

3

e S

-

WA PO PRSI A AR s SV "y VDR BN i bt R AP0 Wt oAb Gt AV e B 30 RN 1081 8 a0 b i

I
)

4 b LA o N W N P M b e

S lhmwmhku



A

s

and delays through the network over time and calculates aircreft

average delay statissics. In additfon; the number of aifrcraft and

the individual sector workload values are also recorded.

ATF has hnen used to estimate the average aircraft deisy experienced
duriny some time interval of interest (e.g., 2-hour, 3-hour, or 3-hour
intervals as may be chosen by the analysts) ir a seleq}ed mulitisector
environment for a range of traffic-loading projections. The multisector
enviroament is defined by specifying the route network structure and
control operation, baseline or propozed. The control operation is
represented by the RECEP-baged workload-capacity relationships determined
for each feasible combinatior of baseline or proposed system, sector
manning strategy, and sectorization configuration, For the purpose of
productivity analysis, we determine and compare the average aircraft

delays corresponding to the various control operations while hclding

tiie rouZe structure fixed.

The types of input data may be classified into the following
groups:

s Network composition (sectors, routes, and arcs)
o Traffic flow parameters

s Sector worklosd maximr~

¢ Sector workload coefficients

s Congestion-relief strategy.

Cutput from the model is printed as often as each time increment
or st any other frequency degired, The amount of informstion displayed

at each print cycle can also be controlled,

The three parametars that could be used for analysis of an ATC
airspace are average delay per aircraft, traffic capacity, and controller
workiocd. These thrse elemenis arc dependent upon each other. Given

two of the elements, the third can be calculated.

xvii
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Model Applications

RECEP and ATF are designed to allow modification and flexibility
to their design structure, and thereby enable their application to
various areas of study. The RECEP event task times and frequencies
may be used to represent various operational requirements and strategies;
ATF parameters may be used to represent alternative sectorizsation and
routing structures. The possible areas of application for RECEP/ATF

include, but are not restricted necessarily to:

» Evaluation of automation packages

e Evaluation of operations and procedures
e Evaluation of ATC manpower allocation

e Testing of productivity measures

s Energy-consumption evaluation.

To date, RECEP/ATF has been applied explicitly to the first avea
of study listed--evaluation of automation packages. However, this
application has used techniques that could be extended to the other
areas of study. The last section (Section VI) of this report gives
an example of RECEP/ATF application in Productivity Analysis. A
hypothetical automation package that includes Randoff Augmentaticn and
Sector Conflict Probe automation items is used to exemplify the RECEP

analyses technique and to illustrate the means by which ATF is used to

develop productivity measures,

Other Related Measures and Midels

Three other related measures and models are surveyed to develop
a comparison with the RECEP/ATF methods. They are: (1) Workpace and
Work Activity Measures, WP/WA; (2) Voice Channel Utilization, VCU; and

(3) Index of Orderliness, 1.0.
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The mejor dif¥erences between RECEP and WP/WA (the WP/WA ix not
a multiscctor network model; therefore a comparison cannot be made
with ATF) are: (1) the trestment of poteutial-confiict workload;

(2) standard time vs. actual time; and (3) data resclution. The cor-

respondance elements of WP/WA and RECEP can only be don: on an aggregzative

basis.
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The VCU simulation could be compared with ATF only on a sector-by-

sector basis. The most reasonable output available for direct com-

0 0y b ot o B

parison would be aircraft load using time-series representations. Another
method that may be investigated i3 to assume that VCU constituted all
of the workload at :ach sector., This method would require a comparison

of VCU average t.nwe and frequency products against total RECEP workload

estimates. Houever, because VCU 1is an indirect measure of workload

and may not refl.:ct all controller activity, such a compsrison may at

best only indicate proportionality between ihe results.

The index of orderliness might be & useful tool to p:iovide an
astimate .»f potential-conflict events as mcdeled “n RECE?., This would
have two bouefits. The first is that it would provide substzntiating
evidence regarding the validity of RECEP conflict count, and the secoud
is that it might provide a less complex method for estimating pctential
conflict frequencies. Cne can hypothesize that there may be a correla-
tion between the Index and the nus‘:i: S £ cccurrences of ajrcraf:i pairs
within a cylindrical volume of radius aud beight, centert¢d ou one of

the aircraft. If this is assumed to be true, then the Couaflict Alert

option ir the DART printout provides a mcans for a rough equivalence

between the two techniques,

xix/xx
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1. INTRODUCTION

1.1 SIMULATION MODEL IN GENEPAL

1.1.1 Definition of Simulasfon Models

The technique of simulation has long been an important tool
to engineers, scientists, znd ozerational analysts. In a broad sense,
simulation includes physical replication of real operational objects
in scale models, for example, to simulate airplane flight with scale
mot21ls of airplanes in a wind tunrei, to simulate space vehicle control
with a ground-based trainsr., With the advent of electronic digital
computels, simulation has taken on a new dimension which encompasses
a broad spectrum of appli-ations inrluding econometric models, military
war games, corporate-pianning wodels, freceway simulation, hospital simu-
lation, etc, The types ¢f users range from engincers and scientists
to business planners, operational managers, psy:holoyists, and admin-
istrators. In the context of this report, simulaticn models counote
digital computer simulatior, A definition can be stated as follows:

A computer-simulation model is a procedural-logical-

mathematical representation of s real-world system

programmed for digital computers within which experi-
ments can be conducted over specific periods of time.

1.1.2 Utility of Simulation Mrdels

The basic motivation for using sinulation in air traffic
control (ATC) productivity anealysis is the search for more knowledge
about current systems and to predict the behs~vior of future systeuws.
1t may be either impossible, unsafe, or impractical, or toc costly to

observe a proposed process in a real-world enviroument. For example,
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it would be impossible to perform field experiments on a future automa-

tion system when the systein is not even installed and no substitution

can be made, It would also be impractical and very costly to test a x

scL of resectorization plaiuis at a center which would involve procedural

and manpower changes,

Simulation may be used when the complexity of the system in

question is beyond analytical or mathematical approaches. A typical

example {s a traffic nctwork where there are sequential queues and

multiple servers. The air traffic operation of an Air Traffic Control

terminal or center generally is in this categorv.

The utility of a simulation model in air traffic control can

be generally summarized as follows:

e ‘To use simulation as a preliminary test to try out new
procedures, operating priorities, etc.,, before actual
field experimentation.

¢ To use simulation as an evaluation tool for comparing
the merits of several competing system proposals under
constrained resources.

[~

e Simulation can be regarded as a "drafting board" for
systems design. The rapid response from a computer
simulation can lead to design improvements within a
short period.

e Simulation studies often enable the practitioner to
understand and gain insight of the current system, for
example, the interrelationship among system parameters
or the sensitivity of variable values.

e Simulation can be used as a training tool for opera-
tional managers, planners, and policy makers to utilize
quantitative and dynamic analysis as a tool for decisiom
making.
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%2{?; 1.1.3 Types of Simulation Models %
’égfi Although there are many ways to classify simulati~- models, . V%
%fk) for the purpose of this report we choose to group models by . _ technique §
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vith which the simulation "clock time" is being advanced. Clock time
is a computer software-maintained timing mechanism which "drives™ the
simulation from one time point to the next. The clock time simulates
the real-world time units (e.g., seconds, minutes, hours, days) as may
be defined by the user. Eack time the simulation is advanced by an
increment of time the computer would update the ''state” of the system
by performing the necessary logical, computational, and housekeeping
functions called for by the model software. There are two- general
types of methods for simulation-time progression: (1) fixed-time

increment, and (2) variable-time increment.

The fixed-time fncrement method is also ruferred to as "uniforz-
rime-step"” or "synchronoi." method. As the names imply, the state of
the simuiation system is examined and updated a: cvery A% which is a
fixed-time interval predefined by the simulation user. The variable-
time increment method is also known as "event step,” or “aswvachronous”
method which sugzests that the advan: ement of simulrcion ciock time is
determined by the amount of time necessary to cause th: next most imminent
event to occur. After the event and its related system components have
been updated, the clock time is again advanced by another variable time
increment (if the simulation continues). 7The determination of which
method to use in the design of a simulation model would depend on the
nature of the system. Generally spesking, the synchronous method is
advantagecus for a system where there are a large number of state variables
to update, and the asynchronous method is favored wherec the average
event lenpth is great (p. 126, 127, Ref. 1), The Stanford Research
Instivute (SR1) Alr Traffic Flow (ATF) model is a synchronous model

in which the simulation progresses in uniform time steps.

The ATF model is also a ""flow rate" model insvead ;€ an
"aircraft-following'" model. There are three primary reasons for the

zelection of a '"rate" model:
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¢ The potential size of the geographical area (in terms
of centers, sectors, and routes) that the model was
designed to serve, &nd the potential quantity of air- N
craft that could be present in the network at one time
would render an aircraft-following model uneconomical

and infeasible to operate.
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¢ The main purzose of the ATF simulation is the analysis
of ATC productivity and capncity., The input parameters
governing these measures are flow-rate oriented (e.g.,
RECEP, Workpace and Work Activity, Voice Channel Utiliza-

tion).

e A "rate'" model has the advantage of mapping multivariate
entities (aircraft identification, velocity, itinerary,
times, etc.) into a single parameter: flow rate. From
an analyst point of view, the manipulation of the mocdel
control variables is made easy by only having to scale
the flow rate or its associated variables rather than
developing aircraft inventory lists.

The selection of the synchronous-time progression for the ATF

model is based mainly on the aircraft flow behavior. The air traffic

flow rate tends to form a high-density stream rather than sparcely s
placed events, therefore, it is more aligned with a synchronous model

than an event-step mocel,

DA AL A R e . i
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1.2 THE NEED FOR MODELING I AIR TRAFFIC CONTROL PRODUCTIVITY
ANALYSIS
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1.2.1 Advantages of Using Models Vs. Actual System Experiments

It is a commonly heid belief that actual system experiments

are supzrior to computer modeling because the former method is more

realistic, therefore, more reliable. This belief may be true to a
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certain exteut, i.e., actual system experiments are desirable as long
as they are economically and operationally feasible. There are situa-

tion: in which an assumed ATC system cannot be satisfactorily reproduced




; *
in a current operational environment.  Examples are:

that yet has to be produced must be evaluated.

(1) The system

to be modeled has a much higher traffic volume than t.. cu.rent operation;
(2) The safety of = new operation has not been verified; (3) A different

sector organization is to be tested; or (i) A future automation package

In these cases it is

desirable to model a (future) system in question with computer simula-
tion. Although these systems can be simulated in real time it is often
much less expensive and nuicker to perform them in fast time provided
that the controller's 1ole can be adequately modeled. The Air Traffic
Flow model is designed with this purpose in mind. The advantage of
usiug the ATF model rather than real-world system expariments is sum-

marized in the following two situations:

¢ To project from one current system to another--Examples
of tnis would be the modeling of increased (or decreased)
traffic demand on an existing system {to scale up or
down); the testing of z modified sector organization; or
the evaluation of a new congestion-relief strategy that
has yet to be proven prior to actual field implementation.

e To project from current system to future systen--This
situation mainly applies to the evaluation of future
automation propcsals, for example, automatic data handling,
conflict probe, and control-by-exception, etc. These
studies wouid vequire some changes in sector workload
weighting computations as well as traffic-demand param-
eters. The SRI studies performed at Los Angeles and
Atlanta Centers 2, 3 are primarily of this type.

Real-time simulation with active participation by air traffic controllers

can sometimes be used to model ATC functions that are not currently
installed. They are usually performed in the FAA by the National

Aviation Facility Experimental Center (NAFEC) at the Digital Sim:la-
tion Facility (DSF) or the Terminal Automation Test Facility (TATF).
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1.2.2 MHistory and Background

The work described here addresses (he methodologies to analyze
enroute air rraffic contrsl operations. Although alternative models of
control operztions are described, the majority of this work is based on
models of sector control team workload requirements. The models include
the Relative Capacity Estimating Prucess (RECEP), which relates control-
ler workload to sector traffic capacities, and the Air Traffic Flow
network-simulation model, which assess traffic capacity and delay in a
multisecror environment. Both models were developed previously by SRI

for the FAA.Z™?

RECEP was initially developed as part of an SRI effort di-
rected to assessing the capacity implications of controller judgmental
factors and decision processes for several levels of automation.** %" *
This initzal RECEP formulation cunsisted of two parts. The first part
relates quantitative statements of sector physical configurations,
traffic flows and mixes, to an automation application as it bears on
control decision-making and to the frequencies of occurrence of various
types of ATC events (e.g., crossing conflicts, overtakes, aititude con-
flicts, priority decisions). The second part of RECEP attaches a
"decision-making time" tc each such ATC event, based on the =infmum
values measured for these times. The advantages of using minimum per-
formance times are: (1) to avoid the necessity of a detailed and
extremely difficult accounting of overlapping task situations, and (2)
thut the minimum perfurmance time is more likely to be invariant over
time and location, therefore, is a much more reliable measure than
average or actual times, RECEP then compares aggregate decision-making
time requirements to a threshold representing time available to generate
relative capacity estimates for alternaztive automation specifications.
The values and parametexs that define the frequency-of-occurrence re-

lationships and decision-making times were determined using a measurement
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technique developed by SRI that includes observation of sector operatioms,

followed by structured controller interviews using a video playback of

the observed sector operations.

Subsequent SRI study efforts addressed specific automation

elements of the FAA's Upgraded Third Generation (UG3RD) ATC program,

which required a finer description of controller activities than that :

of the initial RECEP formulation.®' '’ Therefore, a revised RECEP

model was developed that differentiated individual task activities so h

that the impact of esth automation proposal on contrrlier operations

could be assessed. The revised RECEP model is described in detail in

Section IV of this report.

The ATF model was developed in parallel with the RECEP re- )
vision and was designed to assess the impact of automation on a multi- '
sector environment, ATF is a computerized device to translate the

RECEP capacity estimates for individual sectors into multisector traffic

constraints. The model assesses the degree to which sector traffic
flow rates are constrained by individual sector capacities and estimates

aircraft delay for the multisector environment,

The initial RECEP technique was applied to some 16 sectors
in enroute and terminal facilities. Four enroute sectors--first one
at the Oakland Air Route Traffic Control Center (ARTCC), and then three
at the Chicago ARTCC--were modeled prior to implenmentation of the Na-
tional Aviation System (NAS) Stage A system, Twelve terminal sectors--
four each at the Oakland Bay, Washington National, and Boston Logan
Terminal Rada- Approach Control (TRACON)~-were modeled subsequently as

hutomated Radar l>rminal System (ARTS) III operatives. The revised

A R L I

RECEP model was developed and applied to four enroute sectors at the

W ol

Los Angeles ARTCC, and later applied to seven enroute sectors at

the Atlanta ARTCC.2*”
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In all cases, the resulting RECEP sector capacity estimates
were consistent with those made by the facility personnel as well as
with the Busy Day Reports. Although these results may not be considered
a formal validation of the RECEP model, they do indicate it to be a

reasonable representation of control operations.

The ATF model was applied to two selected multisector regions,
one at the Los Angeles ARTCC and the other at the Atlanta ARTCC. Both
model applications used the RECEP-analyzed sectors as a basis for study
although additional sectors were included, The ATF network model,
which is relatively new and not previously used as extensively as RECEP,

has not been subject to formal validation.

Since these applications of the Air Traffic Flow model, the
model has been modified in some minor respects. These changes have
been primarily for convenience. Newer cutput has not significantly
changed from the older model. Throughout the remainder of this discus-

sion we will describe the newer ATF model and the revised RECEP.

1.2.3 Application Areas

RECEP and ATF were developed specifically as tools to evaluate
the impact of automation on ATC operations. SRI's past use of the

models was to measure the traffic-handling capabilities of varivus auto-

mation alternatives and to compare manning requirements at various traffic

projections. This technique enabled the quantification of the produc-

tivity of alternative ATC systems.

Although ATF/RECEP was designed to evaluate postulated future
operations, the models may be used to analyze more near-term aspects
of ATC system planning. Such applications include the analyses of opera-
tional and pro:edural options for the current system and resectorization

alternatives., These areas of interest relate to the adjustments being
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made by facility personnel to keep their operations consistent with

changes in traffic demand. The emphasis here is on the use of RECEP

to describe changes to control procedures; it does not relate to the

hardware/software alternations associated with automation,
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2. SUMMARY DESCRIPTION OF RECEP AND THE AIR TRAFFIC FLOW MODEL

2.1 THE RELATIVE CAPACITY ESTIMATING PROCESS (RECEP) SUMMARY

The RECEP modeling approach estimates the traffic handling capa-
bilities of an individual sector by encoding the controller work associ-
ated with the sector's operational requirements. RECEP models are
mathematical representations of the routine, surveillance, and conflict
procegsing workload requirements of a sector team. Routine work tasks
include air/ground (A/G) voice communications, flight data processing
(FDP) and radar dat: processing (RDP) manual data entry/display opera-

tions, flight-strip data processing, intersector interphone voice com-

munications,  and intrasector direct (face-~to-fave) voice communications.

Surveillance work is visual observation of radar-derived aircraft situ-

| . ation data on a plan view display (PVD). Conflict processing work in-

cludes potential conflict recognition, zssessment, and resolution

decision making and A/G voice co.anications.

A sector RECEP model is an additive recorstruction of the workload
requirements, measurad in time-based units (e.g., man-minutes of work
which include minimum task performance and are associated with the
sector's control operations. The routine, surveillance, and conflict
processing workload requirements are formulated as functions of traffic

- flow rate and sector transit time. The aggregate work times (e.g., man-

m' 2 of work per hour) resulting from various rates of traffic flow (e.g.,

K]
iy
; aircraft per hour) through a sector are compared with a prespecified
- workload limit to obtain sector team traffic flow capacity estimates.
- RECEP is used to estimate the traffic capacities of individual
‘ii sectors under alternative operating modes. The capacity estimates
Z:} correspond to baseline and enhanced system operations, as well as
iy dd 11
Loy
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feasible sector manning strategies (i.e, one-man, two-man, or three-
man sector teams). RECEP is also used as the basis for first-order
estimation of the capacity effects of sector splitting. The capability
to model alternative sector manning strategies and sectorization de-
signs (based on sector splitting) enables us to quantify staffing al-

ternatives for each system and is important for productivity analysis.

2.1.1 Baseline System Modeling

The RECEP wodels of baseline system sector team operations
are constructed using field observations and related data collections.
These models represent the current controller workload requirements
(i.e., routine, surveillance, and conflict processing) associated with
the current manning charscteristics of each sector under analysis;
therefore, these models describe sector team traffic capacities under

current operating conditions.

To allow for baseline system staffirg increases in response
to future traffic increases, we adjust the workload structure of the
current baseline system RECEP models to represent realistic sector

team manning alternatives (e.;., expand from two-man to three-man

teams) and resectorizations (e.g., split one sector into two sectors
and provide additional controllers). The procedure enables restructur-
ing in detail of the controller tasks described in the baseline RECEP

models.

Modeling sector splits is less refined because route restructur-
ing effects ci: secior workload requirements are not known and must be
judgmentally determined. Therefore, 2 rough approximation is obtained
of the workload and capacity relatfonships associated with the distribu-
tion of workload among the sectors formed by splitting. A first-order
sector splitting model developed by SRI’ takes into consideration the

reallocation of conflict processing work and the additional routine )

work introduced by new sector boundaries, This model was used to study

12




Los Angeles Center sector splits. In subsequent productivity analysis

E

Eé work for the Atlanta Center, we have used the Los Angeles Center results
%é . as analogies from which we estimated the percentage increrse in traffic
g% capacities resulting from splitting sectors, A more deti.fled descrip-
= > tion 12 given in Section VI-A,

%1 The KECEP models of current operations, alternative sector

é— manning strategies, and resectorizations obtain traffic capacity esti-
Eg mates for each baseline sector for each operating configuration, This
é% set of RECEP models therefore describes the sector capacity effects

§? resulting from sector staffing changes for the baseline system.

zi 2.1.2 Eunhancement Systems Modeling

%é He follow the same procedure as that for the baseline system
3 to define KECEP models for enhanced sector operations postulated under
?: alternative manning and sectorization options. We first construct

,éj ; . RECEP workload requirements for each sector using a sector manning

i strategy analogous o the current one, We construct the workload

'; - requirements by adjusting the baseline system's routine and conflict

i processing tasks to conform to an enhancement of automation's operating
é; ) characteristics, (Surveillance adjustments could also be made if

‘?i= appropriate aithough we have found that the measured values have not
}E; changed from those in past analysis work)., These adjustments encode

';‘; the assumptions we make as to how an enhancement item would be impie- %

- mented in an operational control environment., We then proceed, as

described for the baseline case, to model realistic sector manning

strategies and resectorization alternatives. The resulting RECEP models

obtain sector capacities correspnonding to the alternative sector staffing

levels for each enhanced system under evaluation.
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2.2 THE AIR TRAFFIC FLOW MODEL (ATF)

ATF is a computerized network simulation of multisector air traffic
route flows fu which the route network is partitioned into control
sectors. That is, the route network is represented by a connected
series of route segments (arcs), where each segment represents a directed
flow of aircraft through one sector., Each sector contains a set of
route segments each of which is connected at eigher end to route segments
of adjacent sectors; the first and last route segments connect to sector
boundaries. In the event that two or more separate route segments are
merged into or demerged from a single route within a sector, for the
purpuse of proper accounting, these route segments are defined as sep-
arate routes, The connected route scgments enables ATF to trace, over

time, aggregate traffic flows from sector to sector, and thereby repre-

sent multisector traffic activity without actually tracking individual
aircraft trajectories (an attribute that reduces calculation requirements

and computer run costs).

Because the route segments are partitioned into sectors, the number
of alrcraft on each route segment during some small time increment
(e.g, one-minute) provides a convenient means to calculate readily the
number of aircraft through each sector. These data, together with
RECEP-based sector workload capacity relationships, are used on ATF
to determine the degree of traffic saturation of each sector team. The
ATF model operation loads traffic onto the multisector network, moves

traffic from sector to sector at successive time increments, and searches

for sector team traffic saturation conditions. When imminent saturation
situations are found, an ATF load-balancing algorithm selectively delays
aircraft to resolve the traffic congestion conditions. In essence,

the load-balancing algorithm distributes workload to upstream sectors

to prevent a downstream sector team work overload. ATF traces the

propagation of traffic congestion and delays through the network

14
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overtime and calculates aircraft average delay statistics. In additicm,

the number of aircraft and the workload values are also recorded.

We use #TF to estimate the average aircraft delay experienced
during some i.ime interval of interest (e.g., 2-hour, 3-hour, or 8-hour
intervals as may be chosen by the analysts) in a selected multisector
environment for a range of traffic-loading przjections. The wultisectoz
<anvironment is defined by specifying the rout2 network structure and
control operation, baseline or enhanced. The control operation is rep-
resented by the RECEP-based workload-capacity relaticnships det: rmined
for each feasitiles combination of baseline or enhanced system, sector
manning strategy, and sectorization configuration. For the purpose
of productivity aralysis, we determine and compare the average aircraft
delays corresponding to the various control operations while holding
the route structure fixed. The procedure isolates the delay effects

of automation implementation from those effects relating to route structure.

2.3 RELATIONSHIP BETWEE!N RECEP AND ATF

Although RECEP and ATF are two separate systems, their joint use
has often given the impression that they must go together, or that RECEP
is an integral part of ATF. It can be viewed that RECEP is an external
input process to AT when they are used jointly in a multisector AiC
productivity analysis. However, RECEP can also be used as a stand-alone
system when single-sector workload and capacity are of primary interest.
Also, the ATF model may be used independently of RETEP if other means
are available to gencerate workload coefficicnts and sector-capacity

inputs.

In general, tho input parameters that RECEP supplies to the ATF
model are the workload coefficients that are results of routine-events,

surveillance, and pctential conflict-events workload estimates, and

15




surveillance, and potential conflict-events workload sstimares, and

the sector capacity estimates., The rest of the ATF input parsneters,

such as aircraft flow rates along routes, route structure, and congestion- )

relief schemes, are not parts of RECE?,
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3. OTHER RELATED MEASURES AND MODELS

3.1 WORKPACE AND WORK ACTIVITY MEASURES

3.1.1 Description of Workpace and Work Activity

Work activity (WA) measurement is a technique used by the FAA
to perform on-site observation of controllers manual workload as it is
divided into over 25 basic indicators (see Table 1 for more details).
The observation is usually recorded at S-minute i~tervals at selected
sectors and centers over a specified period (e.g., one or two hours).
In addition to the controller's basic workload activ‘ties, the ssmpling
also includes the following traffic-loading parameters:

o Peak Aircraft--The highest number of aircraft under the

sector's jurisdiction at any one time within the observa-
tion interval.

e Sector Flight Time--The average time (in minutes) that
an aircraft would be under the jurisdiction of a

sector.

o Aircraft Handled--The equivalent number of aircraft
handled during the observation interval obtained by
dividing the afrcraft minutes by Sector Flight Time,

Independent of WA measurement is a rating function--Work pace
(WP)--that is an interger function ranging in seven values from "very
light" to ‘'very heavy" (sece Table 2 for more details). A single-digit
rating is given by a peer observer for each 5-minute observation interval
to describe the intensity of the workload imposed upon the controller as

a result of traffic volume and complexity.

The result of these observations (both WA and WP) are kept

on computer magnetic tapes; therefore, historical data can be accessed

17
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TABLE 1

ENROUTE/TERMINAL WORK ACTIVITY CODES

Enroute Terminal
Code Code Workload Indicator Activity }
i AC 130 Altitude Control Radio
AV 13 Altitude Verification Radio
i sC 140 Speed Control Radio
sV 161 Speed Verification Radio
vC 100 Vector for Control Radio
| oC 100 Other Control Radio
; AD 400 Advisory Radio
{ B -- Beacon Radio
HO GHF&RHF Handoff Outside ARTCC Interphone
HI GHS&RHS Handoff Inside ARICC Interphone
! co CF Coordination Outside ARTCC Interpione
C1 CS,CCL, INT Coordination Inside ARTCC Interphone
IC INT Issue Clearances Interphone
VH GHALRHM Verbal Handoff Verbal
vo CC, CsM Verbal Coordination Outside Sector Verbal
VR CR Verbal Coordination With "R" Man Verbal
;L CH Verbal Coordination With "H" Man Verval
! (Manual Only)
. vD CFD Verbal Coordination With D" Man Verbal
Q QL,RGH,KRH,DU,KG | C.U.E. Entries Manual
FS FS Flight Strip Activity Manual
‘ S8 -~ Shrimp Boat Activity (manual system only)| Manual
AE AE Adjust Equipment Manual
l DL w Data Lookup, Charts, Maps, ctc. Manual
f HS - Hand Signsl Visual
SY s * Standby Standby

18
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‘TABLE 2

WORKPACE DEFINITIONS

Very Lizht Workload (VL). A "VL" rating should be assigned when

the Workpace level is sc low that relatively little attention has
to be paid to the position of operation., Minimal exertion is re-
quired,

Light Workload (L). An "L" rating should be assigned when the Work-
pace is such that more than minimal exertion is required, but the
complexity of situations is such to only engage the controller's
complete atteantion periodically. There are no complex control situ-
ations,

Average Workload (A). An "A" should be assigned when the situation
complexity requires almost full-time attention of the coantroller.
The workload is cvenly distributed and places no unusual demani
upon the controller. This pace could be maintained up to an 8-hour
period with nommal relief.

- Gradient. A- should be assigned when significantly less than
full attentiveness is required at the position; the demands placed
upon the controller are slightly less than one could expect at
average. Infrequent periods of iractivity occur.

4 Gradient. A+ should be assigned when the demands are slightly
greater than A. Rare pericds of inactivity, full attentiveness to
the position is required. A controller could be expected te work
at this pace up tc six hours with normal relief.

Heav ’ Workload (H). An "H" rating should e assigned when the com-
plexity and exertion required to cope with the situation necessitate
ravid decisions; therc is constant operational activit,;. Demands
placed upon the controller exceed those of a normal pace. A con-
troller could be cxpected to securely deal with this level of work
for up to 3 hours.

Very Heavy (VH). A "VH" should be assigned when there is continuous,
laborious activity; superiur exertion is required and the rapidity
of response znd thinking processes are critical, There are delays
in acknoviedging demands placed upon the position. A controller
would be "pushed" te maintain this pace for 1 hcur.
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to perform "before-and-after" comparisons of parameter changes. The
format of the tape record is given in Appendix A, An automatic maximum
hourly WP search program has been developed by the Tranzportation 5ys-
tems Center that can rapidly search and identify from the WA/WP tapes
those time periods and sectors that have experienced maximum workload.
Detailed printout is also given by this program for analysis purposes.

See Appendix B for more details.

3.1.2 Compariron of Data Elements Between RECEP and Work Activity

Because the development of RECEP and WP/WP techniques were
independent of each other, their data elements, data classification
schemes, data resolutions, and field test techniques are understandably
different. However, there are enough similarities between the two tech-
niques that would warrant a closer examination for constructing an
approximating function. Each technique involves s two-dimensional

classification scheme:

WA RECEP
Row Elements: Workload Indicator Control Events
Column Elements: Activities Control Tasks

The RECEP classification matrix contains approximately 90 nonzero
entries, whereas, WA matrix contains approximately 33 nonzero entries.
Because of the difference in their methods of classification and aggre-
gation, the memberships of the two systems do not have a one-to-one
match. In fact, because the number of nonzero entries has a three-to-
one ratio, the mapping function is essentially many-to-one (from RECEP
to WA). Although a precise mapping function may be difficult to es-
tablish because the definitions and resclutions of the data elements

are not always compatible between the two systems, an attempt is made in

Appendix C to show some equivalence relationships. To understand the full

implications of Appendix C, the reader is advised to also read Sectiom 1IV.

Description of the Relative Capacity Estimating Process.
20
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It would appear from Appendix C that the correspondence be-
tween elements of RECEP and WA are aggregated and with much overlapping,

The only possible agreement between the two systemgs would seem to be

in the column totals and grand totals. The following is a list of

column titles of the two systems that roughly correspond to each other:

RECEP WA
1. A/G Communication 1. Ai=/Ground/Air
2. YDP/RDP Operation 2, ‘.anual-Keypack
3. Interphone Coe ication 3. Interphone
4, Flight Strip i socessing 4. Manual-Flight Strip Activity
5. Direct Voice Communication 5. Verbal (or Oral)

3.1.3 Major Differences Between RECEP and Work Activity Measures

bl b

This section gives a description of the differeaces between
RECEP and work activity measures in three major categories--the develop-

ment of the conflict measures; standard tim:s vs. actual times; and

data resolution.

3.1.3.1 The Development of Conflict Event Workload Measyres

Although the radio transmission activities relating to

contiict resolution, sequuncing, and in-trail spacing (VC) are monitored 3
by the WA technique, there are no procedures in the WA/WP technique :

with which to measure decision-making times imposed by potential con-

*
flict and overtake events. It is to be noted, however, that conflict

and overtake resolution workload of a sector is implied in the WP rating

cven though the independent variables (i.e., conflict routiag parameters)

are not axplicitly oeasured,

*The portion of air/ground communication attributed te potential coaflict
workload is relatively small; therefore, in a first-order approximation
the lack of conflict procedures in WA/WP will not significantly affect
the gross agrcement on the two measures in routine workloads.

21




A procedure based on a RECEP-WA/WP combination may be

feasible in which the routine-event workload would be measured with WA
technique but RECEP would still be required to compute conflict-event

workload weightings.

3.1.3.2 Standard Times Vs. Actual Times

Perhaps one of the major differences in the RECEP and WA
techniques 1s the concept of ''standard time” (used by RECEP) vs. "actual
i time" (used by WA). The primary design purpose of RECEP is for pre-
dicting controllers' future productivity due to assumed changes rather
than evaluating current performance; therefore, the minimum times de- H |
veloped for RECEP are intended to be invariant over time end location. ;
It has been recognized that human performance time on a given task
usually varies between individuals and even within the same individual.
Unless this variance is minimized, task performance time is not an

effective tool for comparing different existing systems or predicting

. e n

the effect of future automation. For this reason, the “asic RECEP
workload measures (task times) are defined as "minimum times" which
imply that the ATC tasks are described by a set of irreducible numbers
and that the only time these numbers may be modified is when the opera-

tional characteristics of the tasks are changed.

Cn the other hand, the WA/WP technique is designed for
comparing "before-and-after" effects of system changes pertinent to
- controllers' productivity, The task time measures are based on actual
“ times as recorded during field observation over a sampled period.

’% This method is especially effective when the before-and-after study

is conducted for the same center with the same group of controllers.
Because ATF/RECEP has been used in the past mainly for forecasting
future productivity changes due to automation and the WA technique has

been primarily used for measuring the actual productivity increase (or *

22
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decrease) after the automation is installed, WA/WP can be effectively

employed as a tool to verify the predictability of the ATF/RECEP model.
This verificatior. would be most effective 1if minimum rather than average
task times were used in the computation of aggregate WA time-frequency
task totals, Thesc totals could then be compared on a column-by-column

basis with the RECEP routine wcrkload values.

3.1.3.3 Data Resolution of Event/Task Elements

Because the design purpose of RECEP is the ability to
compare various configurations of enhancement packages under the NAS
Stage A environment, the cont-ol-event and control-task catz2gories are
designed to reflect the most elementary building blocks to describe
controllers' actions. Consequently, the elements in a RECEP minimum-
time data matrix can be considered as workload "primitives" which are
sensitive to the effect of enhancements to controllers tasks, These
primitives are then used to construct sets of controllers’' measures
peculiar to a given automation operation., It is for this reason that
the RECEP data base has been used for a wide range of enhancement
packages with practically no change to its basic matrix structure from

one site to another.

3,2 VOICE CHANNEL UTILIZATION (VCU)
3.2.1 Introduction

This work is described as a simulation model for ATC com-
munications based upon voice-recording data gathered over the New York

Center, The research was conducted by Princeton University and

is reported in four \clumes:

Volume 1: Contains extensive dictionaries and catalogs
of the air/ground communication message
clements,®
23
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Volume 2: Describes initial statistical analyses and early
simulations of single sectors.’

Volume 3: Describes the construction, validation, and initial
exercises of the General Purpose System Simulation
(GPSS) model of controller workload which is based
on air/ground communications channel loading.10 .

Volume 4: Reports the simulation model for the New York air
traffic control communications, the validation of
the model, and the extension of the model to other
air/ground communications at the Houston ARTCC,!

TGRS o g T
A

ol o

3.2.2 General Model Description

S T AT

In general, the Princeton Model is structured as given in

Figure 1. It has been shown by the designers to be an adequate simula-

S

tion of VCU and aircraft loading operations for specific New York sec-

AT W

tors which were modeled. In addition, preliminary findings reported
in Volume 4 indicate that the model is valid for communications simula-

9 tion of generalized sector types.

7 The model requires the following input parameters:
. p, the aircraft arrival rate.

p and k, the parameters of the number of intercommunication
gaps per aircraft distribution,

‘Mv‘pw;«‘«‘ nhiEk

o and A, the parameters of the transmission length distribu-
tion,

iy
1“" aw .

a, and a;, the parameters relating the CT length with the

-t number of CT per uircraft.

- The output of the model can be categorized as follows:
L

{;g 2 e Aircraft loading, n,;

Z s

f{’ . ¢ Channel utilization, Ct;

T

o Number of aircraft in queue waiting to communicate, Qc'

Each of the above sector responses can be represented by a

time series:

24
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#
e For ni, the second-order autoregressive model

n=u+ @ -p+ $,(n, _, - K +a

where ¢; and ¢, are parameters, a, ~ N(0, 02) and u

is the expected value of ng.

e For CU (denoted by C.), the first-order autoregressive

model#

25
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#The symbols @ and @2, ¢I* and o;* denote amplitudes of a Box-Jenkins
second order autoregressive model; the syabol ¢f also denotes the am-
plitude of the first-order autoregressive model,!}
N(o, 02) is a standard expression in statistics which means the random
variable a, is normally distributed with mean 0 and variance o2,

The notation ag ~
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*
Ct =0 + ¢1(Ct'1 -8) + bt

*
where ¢1 is a paramet.r, bt ~ N(O0, o%) and 8 is the

expected level of C,.

e For Q, (after a negative exponential transformation, de-
noted by a.), the second-order autoregressive model¥

*k
q =w+9 (q.

*ek *k 2
where ¢) and ¢, are parameters, e, ~ N(O, Oxy) and w

1

is the mean level of q,-

3.2.3 Comparison Betwee.. VCU and ATF/RECEP

The following list shows the general comparison between the

two simulation models by giving descriptions of how each model handles a

common set of identified model elements:

Model Elements

ATF/RECEP

%k
-w)+ 9, (g, -w) te

3 M, A 0 it 1 3 1 O 0000 OO0 0 I Y RV B a0 4 e L e b

VCu

Network representation

Traffic flow
representation

Capacity/workload
measure

Approximated using
geographic sector,
route, and arc
representation.

Air.raft arrival
rate,

Minimum time and
event frequency
measurements for
individual sectors
and capacity
estimates for each
sector based upon
fieid measurements.

Jok dok
#The symbols ¢ and ©2, ¢ and @7 denote amplitudes of a Box-Jenkins

second order autoregressive model; the symbol 6{ also denotes the am-

plitude of the first-order au“oregressive model.’’ The notation a ~

N(O, 02) is a standard expression in statistics which means the random
variable a, is normally distributed with mean 0 and variance o,

20

Proposed but not
presently implemented
or documented

b ] S e a1 i A o

E
B

Aircraft arrival rate.

VCU provides a linear
"workload" function up
to 85% utilization,
which is defined as
capacity.
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Model Elements

ATF/RECEP

vCu

Multisector mecasures

Flow control schemes

Sensitivity to auto-
mation configuration

Cumulative aircraft
delay, Aircraft
load, Controller
workload,

Two possible schemes
presently in use.

Reflected through
RECEP event fre-
quency and time
calculation adjust-

No system measure.
Sector measure of:
Afrcraft load

Voice Channel Utiliza-

tion
Quecue delays.

Not applicable.

Any automation which

affected voice communi-

cations in some way
could probably be re-

ment. flected in VCU chrough
the message-content

dictionary.

It can be seen from the above comparison that the VCU

simulation could be compared with ATF output only on a sector-by-sector

basis., The most reasonable output available for direct comparisom

would be aircraft load, A comparison of these two system measures

would recuire thr ATF to provide sector-by-sector time series output,

It would be most convenient to have the model calculate the parameters
required to construct an autoregressive approximation of the ATF output.12
These could then be compared with the VCU output for the same time

period, Another method that may be investigated would be to assume
that VCU constituted all of the workload at each sector. This method
would require a comparison of VCU average time and frequency products
with total RECEP workload estimates, However, because VCU is an in-
direct mecasure of workload and may not reflect all controller activity,
such a comparison may, at best, only indicate proportionality between

the results,
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3.3 INDEX OF ORDERLINESS

R G

The Index of Orderliness is a system performance measure originally

et el e

developed as a supplement to more standard performance measures during

Shie Tl

cost/benefit studies conducted at the National Aviation Facilities

ko

AR ke

Experimental Center.!® The index was designed to have the following

i

attributes:

T o

"Derived from objective results of the test ...

e
[ ]

ot QG

e Correlates with other factors which independently reflect
safety, capacity, and workload.

T T e T
ol

; e Statistically manageable ...

i b, e

7 ¢ Have operational meaning ...

¢ Free of manipulation by test subjects.”

w:, i DR

5 The remainder of this section contains a brief definition of the

o
it

Index of Orderliness, a description of the filtering and formulations

VR
Ca
Skt

for the Index as given by Halverson, and finally a proposal for compar-

AT

ing the measure to RECEP conflict-modeling results.

e A il D
i gkt

3.3.1 A Brief Definition

The calculation of an Index of Orderliness for any airspace

R T
ons i b

involves the representation of the closest point of approach of all

aircraft pairs under control (a conflict prediction) in an aggregate

W RO By A

. . measurement (a threat-weighting formula). The closest point of approach

% for a pair of aircraft is defined as the expected r.ss distance (in

R

* the horizontal plane) of the pair at some future time, The miss dis-

Ll

tance depends upon several factors including the relative velocity of
the pair, altitude separation, accelerations (including turn rates)

and the intent of each pilot. For computational ease, acceleration

is handled through approximations of the accelerating aircraft's

true airspeed and heading., Altitude separation is accounted for through
filtering and is also included in some of the threat-weighting formulas.

Pilot intent is not included.

28
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3.3.2 Filtering and Weighting Formulas

The number of calculations of closest point of approach for

all aircraft in an airspace at frequent intervals can be large.

Thus,
three coarse filters are applied prior to calculation of closest point

of approach and another filter is applied to all computed closest points
of approach prior to inclusion in weighting formulas.

The first three filters inhibit computation:

(1) if the
difference in altitude is greater than a specific minimum; (2) if

the altitude separation is opening; (3) if the distance between aircraft
is greater than a minimum; and (4) {f the time to closest point of

approach (at maximum possible closing rate) is greater than a mir _um,

The final filter operates on the distance, altitude, and times

to closest point of approach and excludes those not meeting minimum
standards.

The special circumstances presented by airports are also

taken into account by this filter.

Several weighting formulas for the index have been proposed.

The Transportation Systems Center (TSC) Cambridge, Massachusetts, ex-
plored the following six formulations:

e T,/60
51 2 .

M + 0,01

1.
=Z:(TM +5) M +0.01) °
60

-2 -
By

(TM + 5) (nz + 0.01) (Dz + 50)
60 100
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where

M = predicted closest point of approach in the horizontal
plane (miles).

Dz = predicted altitude separation (feet).

T, = time to closest point of approach (seconds).

M
AT = problem time--mstrix entry time,

The results of the analysis by TSC of these formulations are susmarized

in the Halverson paper.13

3.3.3 A Possible Comparison

It has been proposed that the Index of Orderliness might be a
useful tool to provide an estimate of potential conflict events as
modeled in RECEP., This would have two benefits. The first is that
it would provide substantiating evidence regarding the validity of RECEP
conflict counts, and the second is that it might provide a less-complex

method for estimating potential conflict frequencies,

The first step in making the comparison is to obtain an
approximation of the closest point of approach calculations. If one
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inspects the formulations for the index given previously it can be
seen that all contain a texm d%. Thus the foorulations are inversely
proportional to the area of a circle with radius M. This can be (as
suggested by Halverson) envisioned as a hazard area of radius M about
an aircraft, Altitude separation terms are implied through filtering
but are only included in some of the formulations. One can, thus,
hypothesize that there may be a correlation between the Index and the
number of occurrences of aircraft pairs being within a cylindrical
volume of radius M and height Dz, centered on one of the aircraft, 1f
this is assumed to be true, then the Conflict Alert option in the

data a2nalyses and reduction tool (DART) printout provides a means for

a rough comparison.

This Conflict Alert option can provide a count of all occur-
rences of aircraft approaching within a cylindrical volume of specific
size about each aircraft, Although this approach does not account for
the difference in hcading and speed between the pair of aircraft, it
appears to be the most viable in terms of using existing tocls to esti-
mate potential conflict frequency without the rigor of RECEP conflict

modeling, or calculating closest points of approach.

The procedure for experimenting with this tool would be as
follows: Select four to six sectors in a test airspace fir RECEP
modeling, For the same time period collect SAR tape information, Make
several runs with different Conflict Alert sizes, The frequencics re-
sulting from these runs would then be compared on a one-to-one basis
with the RECEP predictions to determine which distance and altitude
limits best approximated the RECEP formulation, Ideally, the Conflict

Alert distance and altitudes would be the same for all sectors studied.

Some of tha assumptions made to conduct the experiment may
cause problems. The first pitfall is that although RECEP accounts

for the pilot's intent during the conflict modeling, the Index of
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Orderliness 3nd .*~ Zonflict Alert counts do not, To further complicate

the problem, the Co>+ lict Alert proximity count does not account for
heading or speed of z. pair in proximity. The result is that two
sectors with very different RECEP conflict workloads could have exactly
the same Index of Orderliness and conflict frequencies. The use of
Conflict Alert to estimate conflict workload will require considerable
care and attention to the operational characteristics of the sector.

It is possible that procedures to handle different types of sectors

can be developed,
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4. DESCRIPITON OF THE RELATIVE CAPACITY ESTIMATING PROCESS

A RECEP model describes the workload requirements of a sector team
based ~n cbserved controller activities and is, therefore, calibrated
according to the operational characteristics of the observed or baseline
ATC system, In this section we discuss the calibration of RECEP for
baseline NAS Sctage A enroute operations, although, except for tower
activities, the calibration would also apply to terminal (TRACON) oper-

ations,

4.1 BACKCROUND

RECEP models of sclected sectors were constructed using Los Angeles
Center and Atianta Center observations., The basic model structure was
developed as part of the Los Angelez Center study effort, which found
that a sector's traffic handling capability could be constrained by
various members of the control tesm depending on which controller
reached his workioad threshold first. To account for the situation, a
team workload and a radar (R) controller workload model formulation was
developed for each sector to represent two-man team cperations. This
team includes an R controller and a data (D) controller, and was the
standard manning strategy used to operate a sector during the observa-

tion sessious,

The team model was based on empirical datea obtained from the
observations and calibrated against each sector's capacity as reported
by controllers. The team x1del represents the combined work require-
ment of the R and D controllers. Although this team model was useful
for analyzing observed sector operations at the Los Angeles Center,
the mode by itself was found to be deficient in its capability to model
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alternative operations (i.e¢., threc-man teams, scctor splitting, and
enhancement systems) vhere the R controller, instead of the D controller,
performs the dominant portion of the team work, Therefore, the R-controller
model was developed as a check of the team modei to assure that the K
controller alone would not first be overiecaded with work., The models

were constructed such that the team mode!l determined sector capacity

if the D controller is work saturated and cannot accept wore work from

the R controller; the R controller mode! determined sector capacity if

this controller is work overluaded. Therefore, both modeéis woutld he

needed tu evaluate the capacity of a singie secior, although only one

may be critical.

The team and R-contcoller sacior modeling approach was used also
as part of the Atlanta Center study and proved to be an appropriate means

to evaluate sector operations,

4.2 DESCRIPTION

The team model developed during the Los Angeles case study is based
on data measurements of observed routine and «ontlict processing activities,
and is used to estimate sector te = workioad tirse devoted to these
activities as a function o: traffic flow rate. Sector team workload time,
HT, measured in man-min/hr, is caiculited ustay an additive acdel of
work components:

W_ = [k N+ (k. +% ) N1/eD .
T H 2 '

s

where
5§ is the number of aircraft’hr through the sector.

k. is the tea. routine workload wei.hling, measured in man-soc/
aircrafe

L ———
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v k, is tae sum of workload weightings from three equations representing
-g“ three categories of crossing conflict: level/level, level/transitional,
- and transitfonal/rransitionsl,
] E_:
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k, is the crossing conflict workload weighting measured in
(man-sec/hr)/(atrcraft/hr)2.

k. is the overtaking conflict workload weighting measurcd in
(man-sec/hr)/ (aircraft/nr)2.

60 is che factor to convert man-sec/hr of work to man-min/hr.

The corresponding R controller model is constructed by allocating
portions of the team's routine work and all the conflict processing
work to the R controller and introducing R controller suyrveillasnce work.
The surveillance work could not be measured adequately by means of
direct obscrvation, and, therefore, i: not included in the team workload
model. However, because PVD surveillance is an important R controller
responsibility, assumptions r:garding surveillance work were developed
from controller interviews. R controller workload time, H‘, measured

in man-min/hr, (s calculated using the additive model of work components:

ey ¥ . 2
W = ik, N4cr XN+ {k2 + k3) N'}1/60 ’

wherce

*

N, kz, and k_ are described as above for the team model.

k. is the R coniroller routine workload veighting messured in
man-sec/aircrafe,

¢ is the surveillance workicad constant measured in san-sec/
aircraft-ain,

- t’ is the average sector flight time, mcasured in min.

il
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The importance of the workload component structure of the team and
R contrs _ler modele is the capability to distinguish the control werrk
requirements of different sectors in a manner that is sensitive to each
sector's operational characteristics., Sector routine workload time
(klN or kiN) increases in direct proportion to the trraffic flow rate
but varies from one sector to another depending on the pattern of traffic
flow through each sector as well as each sector's procedural rules. For
example, the routine workload weighting (k1 or k{) for an arrival sector

(where vectoring instructions are frequent) would differ from that of a

high enroute sector (where vectoring is not as frequent).

The surveillance workload time (ctsN) increases in direct proportion
to sector flight time; therefore, surveillance work is sensitive to the
geographic size of a sector as well as the traffic flow rate, The flight
time parameter (ts) distinguishes the surveillance work requirements of
different sectors because the same surveillance workload constant (c)

applies to each sector. The product, cts, is considered to be the sur-

veillance workload weighting measured in man-sec/atrcraft.

Relative to processing of potential crossing and overtaking con-
flicts, workload times (kzN2 and k}Nz) increase with the square of the
traffic flow rate. The conflict workload weightings (k2 and k3) cal-
culated for one sector would differ from those of another, depending
on the complexity ol each sector's route structure and its procedural
rules. In particular., the derivations of the conflict wo-kload weightings

can model a variety of aircraft crossing and merging situacions (e.g.,

level/level, level/climb, climb/climb, lev:1/descent).

Workluad is used to define the craffic capacity of a sector under
the assumption that the number of aircraft that can be handled through
a sector during anv given time is limited by controller or control team
capability to perform required communication, data maintenance, and

decision making. Observations of sec‘or operatiens Iindicate that there
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is a maximum total time that a controller or control team can spend per-
forming contr.’' tasks. During the Los Angeles Center case study, cali-
bration of the two-man sector team workload model using interviewed
controllers' estimates of sector capacities found that 66 man-min/hr of
team routine and conflict work corresponded to reported capacities
measured in aircraft/hr. Using the calibrated Los Angeles Center sector
capacities, the R controller workload threshold was determined to be 48
man-min/hr. These workload thresholds--66 man-min/hr for the two-man
sector team and 48 man-min/hr for the R controller--were used subsequently

to estimate sector capacities for the Atlanta Center,

We note that the calibrated team model is '"descriptive” in nature
and, the same as regression analysis, empirically relates observed data
(controller activities) to an outcuome (sector capacity). The R controller
model is an attempt to develop a "causative" model of controller behavior
by accounting for all' the work associated with this position. It was,
therefore, necessary to include inferentially derived (from controller
interviews) surveillance workload, which is not based on observed data.

A similar attempt to derive a causative model for the D controller was
not successful because we could not determine with certainty his sur-
veillance requirements which were complicated by D controller require-
ments to respond to R controller, PVD, computer readout device (CRD),

and FDP activities).

In the following paragraphs, the derivation of the team and R-

controller workload weightings and capacity calibration are reviewed.

4.2.1 Routine Work

The routine workload time (kIN or kiN) represents the
ordinarily occurring control events required to clear aircraft through
the sector; it is generated in some form by every flight, Field data
collected at the Los Angeles Center for each sector were used vo identify
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the team routine control events, specify the set of tasks required to
effect each event, determine task performance times (minimum times),

and measure the frequency of occurrence of each event by sector.

Each routine event was incliled in one of the following

AL L (1

functional categories:

¢ Control jurisdiction transfer
¢ Traffic structuring

¢ Pilot request

s Pointout

e General intersector coordination

¢ General system operation.

The control jurisdiction transfer is the collection of control
events required to hand off an aircraft from one sector to another.
Traffic structuring refers to the procedural-based, decision-making
process of guiding aircraft through a sector. Pilot requests result
in real-time flight modifications, adding work. Pointouts arc actions
required by a sector team to retain control of aiicraft briefly in or
near another's airspace, General intersector courdination includes those
informational transfers that are performed to keep cognizant of multi-
sector traffic movement, but are not part of handoff, traffic structuring,
pilot request, or pointout activities. General system operation refers

to the remaining activities not included in the above categories, activities

hek |

such as equipment operation and flight data maintenance,

These routine events provided an adequate basis for a first-

order calibration of sector team workload limitations on traffic capacity,

L

but they lacked sufficient operational detail to support subsequent

g mee

productivity evaluations of potential design modifications to ATC system
equipment, For this purpose, routine events were described on the basis

of identifiable controller tasks. Fach routine event was defined to
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consist of a single task or a sequence of tasks that must be performed

to complete the event. The tasks that were identified are:

e A/G radio communication
e FDP/RDP operztion

e Flight strip processing
¢ Interphone communication

o Direct (face-to-face) voice communication.

A routine control event represents the operational consequence
of a specific task or tasks set. For example, one control event routinely
vequired for control jurisdiction transfer is handoff acceptance. This
event requires the controller to periorm manual FDP/RDP operations and
flight-strip processing tasks., On the other hand, an altitude instruc-
tion event issued by the controller as part of the traffic structuring

function might entail only the A/G communication task.

Resuits of field experiments enabled the specification of
individual task times and the frequency of occurrence of each event by
sector for the observed team operation, These data were used to cal-

*
culate the routine workload weighting, k , for the team model:

1’

kltzz ri tij ’
1 3

*The summation process requires that the minimum performance times of
all the "control tasks” (interphonz communications, FDP/RDP operations,
flicht strip processing, etc., indexed by j) be first summed under
each "control event type" (indexed by i); then the total event minimum
performance time is multiplied by the frequency of the event.
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r, 1s the frequency of occurrence of type i routine events
measured in events/aircraft.

t,, is the minimum performance time required for all type }j
i} .
team tasks included in the routine event i, measured in
man-sec/event.
A subset of the team routine tasks was allocated to the R
controller to model his routine work during intense traffic activities,
The allocations were based on observations of R-controller actions and

interviews with controllers, and obtained the routine workload weighting,

] K’

3 v for the R controller model by sector:

1 /
SO I
1

where
E : ti, i, and j are as defined for the team model,
is the minimum performance time required for all type j

R-controller tasks included in routine event i, measured
in man-sec/event,

cI
1]

4.2,2 Surveillance Work

-4

= . Surveillance workload time (ccsN) is the time spent scanning
the PVD, Past data collection efforts were not able to measure in the
field the number of times a controller looks at the PVD or the duration

of each look. Instead, assumptions are formulated regarding surveil-

pem e o

lance frequency and time duration; the following assumptions are de-

veloped from interviews with controllers and reflect their perceptions,

»
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To maintain a mental picture of traffic movement, the R con-
trofler In Iikely to look at an aircraft's data display once every
minste, 1 to 1.5 sec/look being sufficient time to identify aircraft and
to recognize o1 recall situations. The assumptions--1.25 man-sec/look
and 1 look/aircraft-min--set the surveillance workload constant (c)
equal to 1,25 man-sec/aircraft-min., The corresponding surveillance

workload weighting is 1.25 t man-gsec/aircraft,

4.2.3 Conflict Processing Work

For potential crossing and overtaking conflict processing,
the workload times (I:ZN2 and k3NZ) represent the time spent (including
communications and decision making) to maintain separation assurance.
Aircraft conflict situations arise when there is a prospective violation
of the minimum separation allowable between aircraft. Because prevention
of such situations requires corrective action in advance, conflict
avoidance by the controller necessitates a rather well-developed capa-
bility to perceive potential conflict--to mentally project flight trajec-
tories. The R controller activities are detection, assessment, and

resolution of potential conflicts,

To estimate the conflict processing workload weightings
(k2 and k3), w* use the duration of each conflict processing event and

its frequency of occurrence:

where

te and t, are the minimum performance times required for
crossing and overtaking conflict processing, measured
in man-sec/conflict.
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e, and e, are conflict event frequency factors that measure

the rates of occurrence of crossing and overtaking con-
flict events, measured in (conflicts/hr)/(aircraft/hr)2,
The conflict processing times (tc, to) are determined by
estimating and summing the minimum times typically needed for the detec-
tioi: assessment, and resolution, tasks. These task times are based on
field observation of control activity and subsequent interviews of
controllers using videotape playback of the observed situation to

review controller actions.

The hourly conflict-frequency factors (ec, eo) determine the
number of conflicts/hr (eCN2 and eoNZ) for any hourly traffic flow rate,
N, and represent the total number of conflicts that may be occurring at
one or more conflict points in the sector, These factors are calibrated
for sach sector through the use of mathematical models that determine
the expected frequency of occurrxence of each conflict type at each
selected location or along each selected route, The models define
conflict frequencies as functions of aircraft speeds, route intersection
angle, route lengths, and minimum separation requirements as pcrceived
by controllers, These relationships are formulated as the summation of
the probability of pairwise conflicts between aircraft, The models
and their use for calculating frequency factors are described in

Appendix D,

4.2.4 WYorkload and Capacity Calibration

The observed work activity data (i.e., exclusive of the fin-
ferentially derived surveillance workload) and reported sector capacity
data were used to calibrate a workload threshold for the two-man team
model for four sectors of the Los Angeles Center. A workload threshold
for the R-controller model was then identified using the workload and

traffic capacity relationships of the team model.
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4.2.4.1 ‘Team Model Cullbration

To establish empirically the relationship between sector
team workload and traffic capacity, extensive interviews with controllers
addressed the maximum sustainable traffic flow rates in each sector.

The controller estimates (which take into consideration historical peak

activity levels) of the four sector traffic capacities werve:

o 40-45 aircraft/hr for sectors 19/20
e 45-50 aircraft/hr for sector 18
e 45-50 aircraft/hr for sector 7

e 50-55 aircraft/hr for sector 36,

The sector capacity estimates were compared against
sector workload calculated using the team model as shown in Figure 2,
The midpoint of each capacity range (indicated by parentheses) cor-
responds closely to 66 man-min/hr of calculated team workload; this
value--66 man-mm/hr--was defined to be the two-man team workload threshold.
The hourly traffic rates corresponding directly to this threshold
{indicated by the dotted lines) were used as point estimates of each
sector's capacity. These model-estimated capacities are 43, 48, 46, and
52 aircraft/hour for sectors 19/20, 18, 7, and 36, respectively; all

fail within the capacity range estimated by controllers.

4.2.4.2 R-Controller Workload Calibration

To ascertain the R-controller total workload correspond-
ing to thec sector traffic capacities, the R-controller model was used
to calculate workload at the capacity flow rates as summarized in

Tabie 3,

Although the team workload corresponding to the sector
traffic capacities is 66 man-min/hr, the R-controller total workload

varies from 45 to 51 man-min/hr. These data imply that R controllers
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of different sectors are not working at equal levels of effort under

4

traffic capacity conditions. Assuming each R controller is responsible

e g
*

for the same types of duties, regardless of sector, and that these

*

duties are as defined by the workload allocation formulations, one finds
the Sector 36 R controller is devoting more man-minutes of cffort to

his capacity traffic than are the others, Los Angeles Center personnel

. .

s ovny ’ M‘w—p-:
4

indicated that Sector 36 {s the "hardest'" sector to work,

.o
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TABLE 3

RADAR-CONTROLLER WORKLOAD CALIBRATION

§::::::;2 Workload (man-min/hr) Workload

Sector (aircraft/}Surveil- Intensity

Routine]Conflict|{Total] Factort

hr) lance

Low arrival (19/20) 43 8 3 6 48 0.80
Low departure (18) 48 9 30 6 45 0.75
Low enroute (7) 46 1) 28 9 48 0.80
Low transition (36) 52 13 27 11 51 0.85

*
Estimated capacity corresponds to a workload threshold of 66 men-min/hr.

'»
Workload intensity factor is based on a maximum R-controller availability
of 60 man-min/hrx.

The average R-controller workload at capacity for the
four sectors is 48 man-uin/hr. The significance of this value to the
R controller can be examined using the concept of workload intensity.
The total time available to the R controller to perform work is 60 man-
ain/hr, and the proportion of this hour actually consumed in measurable
work is called the worklcad intensity factor; these are listed in
Table 3. 1f the arrival pattern of control events for the R controller
over a long period of time (e.g., one hour) is suitably random, an
analogy to the traffic intensity factor of standard single-server queueing
modeling can be made. It has been shown that, as the intensity factor
approaches a magnitude of the order of 0.80, the queueing system nears
instability. This isplies that, if over a long time period the R con-
troller is working under too high a workload intensity factor, he is
in danger of suddenly receiving a surge of traffic over a short time
period (e.g., 5-10 min) that he cannot handle. In controller terminology,

such a surge would cause the R controller to "go under.”
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At capacity, the R controllers of Sectors 19/20, 7, and
36 are working under workload intensity factors equal to or greater

than 0.80 (48 man-min/hr); in Sector 18 the factor is 0.75. Although

the Sector 18 R controller may be able to accept additional work over
the long term, the additional work could not be accepted by the sector
team as & wvhole, The sector is already operating at {ts traffic capacity
rate, Therefoie, the sector team workload threshold of 66 man-min is

constraining the capacity of Sector 18,

At capacity, Sectors 19/20 and 7 are experiencinz R-
controller workloads of 48 men-min (the maximum team workload allowable),
but the Sector 36 controller experiences & 51 man-min (0.85 intensity)
workload. Despite the anomaly of Sector 36, it appears that 48 san-min
is a reasonable estimate of R-controller workload threshold. Therefore,
this threshold value was used as a check to ensure that overzll sector

teamvork does not overload the R position,

4.3 DATA COLLECTION AND REDUCTION

As a result of various ATC-related data collection exercises,*””

SRI has developed a data collection/reduction procedure for NAS Stage A

equipped enroute facilities that is based on the following data sources:

e Video tape recordings of PVDs.

e Audio (including video tape sound track) recordings of
A/G and interphone communications.

e Manual recordings of observed controller physical actions,

e NAS Stage A data analysis and reduction tool computer print-
out records of R and D position FDP/RDP operations.

s Flight strips, used and marked-on by controller,

These data are collected during a one-hour observation of a selected
sector's control activities. Each observation session is followed by

s one-hour structured interview of the sector's controllers. The

46

ll|m




Rl it

Tpeewn P

r

rrevar ’ g -

¥

L )

L f

” »

H
!
u
Lok
t

alt

fnterviewer uses video tape playback during examination and discussion
ol the operat lanal ntiateplen, procedureon, and teclmlgquen erployed by

the controllers,

As part of the data-reduction process, data measurements are
assembled into a format that facilitatec cross-reference of the
observed activities and permits a reconstruction, in part, of the
routine control events. The information on operational procedures
obtained during the controller interviews, along with the data observa-
tions, is essential vo identify the control requirements that are in the

logical reconstruction of routine events.

4.3.1 Team Routine Work Measurement

We used this procedure to collect data from four sectors at
the Los Angeles Center’ during the 5-day period 24-28 June 1974, The
center was then using the NAS Stage A3d.2 system, including FDP and
RDP capabilities, Becau-» the data collection sessions at the Los
Angeles Center were conducted dur/ng moderate-to-heavy traffic activity,
we assume that these routine events are representative of control
requirements during capacity conditims (during which nonessential

activities are minimized),

Also, as part of the Los Angeles Center effort, we made
stopwatch measurements of observed controller manual activities (FDP/
RDP operations, flight-strip processing) and recorded snd observed
oral communications (A/G radio and interphone communications snd direct-
voice communication). For each identified task, we selected a "reasonable"
minimum task performance time from the data measurements to represer.t
task work requirecments during capacity conditions. In determining
minisum performance times, we considered only those observed or recorded
actjvities that we judged to be performed completely (satisfied infor-
mation transact .on or message-content requirements) and with efficiency
(wvithout delay, interruption, or extraneous information),
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We conducted a similar data collection effort for seven
sectors at the Atlfnta Center during the 5-day period 15-19 Decemb:r
1975. The center was using the NAS Stage A3d.2 System, including
FDP acd RDP capabilities. Two airline strikes were in effect during
data collection, and traffic activity was moderate. Despite the absence
of heavy traffic loadings, the data collected and reconstructed sub-
stantiated the btasic routine control event structure resulting from the
Los Angeles Center effort and indicated the need for some minor modifica-
tions., A reatricted effort o spot-check the task performance times

also supported the Los Angeles Center data.

In the following paragraphs, we review the data collection
results and describe the routine control events for the Atlanta Center

data collection effort.

4.3.1,1 Team Routine-Event Frequency Measurements

The data sources that were reduced in detail for Atlanta
Center were the sudio recordings and the DART computer printouts,
Flight strips were also collected, but not individuslly studied in de-
tail., Although observations of controller actions were made, manual
task activities and performmce times were not recorded systematically.
Because of vur previous ios Angeles data collection effort, we could
ascertain routine events using the audio tapes and DART printouts.
Flight strips and video tape recordings, which included A/G communica-
tions on the sound track, were used to develop data for the conflict
modeling procedures; the video tapes were also used to structure and
guide our controller interviews. More details are containsd in Appen-
dix E,

We conducted a one-hour data collection session for each
of the seven selected sectors. During each hour, the R-position A/G
and the D-position interphone oral communications were simultaneously
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recorded by separate audio tape recorders. The A/G and interphone
recording tapes were manually transcribed by writing the message and

the afrcraft {dentity. Experienced data snalysts, by a process of
listening and replaying the avdio tape, prepared handwritten transcrip-
tions oi the recorded voice messages. The transcriptions included the
message content, aircraft identify and speaker (i.e, pilot or comtroller).
Then, by means of carefully scanning and scarching the hard copy transcrip-
tions, the analysts categorized and groupil ine communications according
to message content and tabulated the number of ezch type of message
transaction (i.e., altitude, heading, and speed instructiom).

This process resulted in the tabulation of A/C comsmunica-
tions {s showm {n Tat'e 4. A similar tabulation of interphone commmi-
catfons is shown in Table 5; however, this tabulstion recuired some
cross-referencing with A/G data to identify the eveat if a questiom
existed. (For example, vefcrence to the A/G transcriptions for a par-
ticular aircraft would determine vhether an interphone commmication oa
altitude clearance was a traffic-structuring or a pilot-request event,)
We note that to collect on-site the appropriate A/G and interphone
commmications data, it is necessary to use simultanecusly two differeat
audio recording units, with each plugged into the Center's own recording

system,

DART computer printout recozds of R and D positioa FDP/
RDP data entry and display-related operations were obtained from Atlantcs
Center data systems persomnel in accordance with the print optioa re-
quesied by the survey team. This option should include a record of the
R, D, and A position dats entries and the CRD dats displayed to them;
aircraft tracking data is not required. This DART uption essentially is
a transcription of FDP/RDP operations perforwed by each coutroller durimg
the data observation session and contains coded data describing the
wmessage content of each data entry or display, as we'l as the identity of
the aircraft fnvolved,
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Each DART record collected at the Atlanta Center cor-
responded to about a 1.25-hour period overlapping the l-hour data col-
lection, The DART transcriptions were manueslly scanned and searched,

and a record was prepared of the FDP/RDP operations (e.g., handoff
acceptance, altitude amendment, and data block/leader line offset)
performed for each aircraft identified. An operation could be identified
from the DART printout by the quick-« ‘tion key and data format. This
process resulted in the tabulation of the FDP/RDP operations shown by
sector in Table 6. Again, cross-referencing with the A/G or interphone
data was sometimes required to identify events. (For example, reference
to A/G transcriptions for a particular aircraft would determine whether
a flight data altitude amendment was a traffic structuring or a pilot

request event.)

These three tables were then mutually cross-referenced to
construct the routine control event tabulation shown by sector in Table 7,
This construction required us to make logical interpretations of event
characteristics based on judgment and the average hourly flow rate; the
latter is the average of a sector's aircraft exits and entries, as cal-
culated in Table 4, For example, the number of handoff acceptance,
initial pilot call-in, and frequency change instruction events is assumed
to be equal to the hourly traffic flow rate; the number of automatic
handoff initiations is equal to the algebraic difference between the
numbers of handoff acceptance and manual handoff init{ation events,
The entries in Table 7 were divided by the average hourly flow rate

to obtain the team routine event frequencies shown in Table 8,

Because of an audio tape malfunction, no interphone data
were obtained for Sector 37. In Table 8, we substituted the interphomne
frequencies of Sector 42 for those of Sector 37 betause both are transi-
tion sectors. Because manual task activity observations were not re-

corded, no data were obtained for flight strip sequencing/removal and

52
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. TABLE 7
NUMBER OF ROUTINE CONTROL EVENTS, CURRENT NAS STAGE A, ATLANTA CENTER

) Ocrurrences par Sector
nigh Deporture Arvivel Low Lav
Routine Comntrol Eveat Laroute | Tremestion Departure | Arrivel Tramsition | Arrivel | tarevts
{38) an (38) 141) ) (48) (§23)
Sorth : Ninch
Allstoons Croseville P! tore Nercress . Leater Commetce " e
t Y 0 e
3 Control jurisdiction transfer i
3 Hondol! acceptonce % E3) 16 1? 20 12 1
3 Flight dats updste o n 14 [} [} o o
L Intersector coordimation [] . 2 ? [] L3 10
2 Bew £15ght scrip preperstion [ ] [} (-] ) 2 '
z Uandot! fnitiation-ewtomatic L] 4 ¢ H L] ] H
Monus) initistien-silgnt 18 19 114 12 12 * 1 ]
L Intersrctor cootdination 0 . ] 1 0 H .
3 Traffic seructuring
1 initisl ptlet call-in 2% 3 16 17 20 12 11
Flighe dacts altitude tnoert [} [} ] [} ] 2 1
Altitude tustructios 23 3% 19 25 i 13 1
Flight 4ot altitude anendnont ¢ 2 0 15 2 (] F
Intersectes cootdination [] . 1 ) b] ) 3
Neading lascrwction 12 15 1) 14 ¢ H S
Tlight dacs route amndment [ 3 0 [} -] 1 1
Intersector coordination [ . 1 1 [ ] 1
Speed instruction ] ] [ 17 3 [ ] ]
latersecter coordiaation 0 . (] 2 2 0 0
Altimster setting tastruction [} [} 3 16 0 3 2
fonvey assigaasat {setruction ] ] ] 1] ] [} ]
Pilot sltitude report 3 7 & 14 s S H
Tiighe dats altitude tnsert [} [ [] [ ] < [
Pilot heading report ) S [ ] 7 } [ ] 7
filet speed report 1] [} [} & § [} i
Tretfic sdvisery 16 | & ] 1 1 1 3 1
Teanopondar code Bssigaasnt 0 0 3 3 ] 1 2
Flight dats code smendment [ -] [ ] ] [ 4
Miscellaneous A/C cowtdimation [} o Q 1] ] 1 1
frequancy change $astrwction % n 16 1Y 0 12 1n
Iatersector coordination H . ¢ & -] [ [}
Pilet coquent
Altitwie vevidton F] [} [} 3 1 2 1
Titent dota slttitwie smentrent 1 3 L] 3 1 6 n
Intersector coordination 1 . [} H ¢ [ [
foute/mwediag reviston 3 [ ] [] H ] L)
Tlight dota route smendwant 1 1] ° o -] o ]
Intersector cootdination [ . [ ] 3 0 0
Speed revision [} o [} ] ] [} ¢
Cleovance delivery [} o -] a [ ] ] 1
Miscelianeous pllot reques: [} ] ] f+ a9 ] [}
Peintout
Polutout sccopionce 0 3 1 ] 1 ) [}
Dote Slock evpprassion -] 3 ] [} 1 ] ]
Peintout intttation 1 H 7 3 3 ] H
Cangral intersactor covrdinstion
Contrel inptruction appfovsel 2 . 4 4 [ 3 r 3
Plonaing sdvisery 2 . 2 & H 4 [ ]
Atrcraft otatus advisery 3 L 2 3 2 1 1]
Control juriséiction adviscry ] . 3 3 1 2 H
Clearance dolivery 0 d o [} [} } 1
Flight dara update [ 0 9 0 [ [ 2
y - meme an —— e e —
Caneral systom s erstive
Fitpht dats coticate uplate 7, ll' n. N lb' i' n'
Dets wlock/lesder line offeet 1, 26 . 16 )l. 0. t.
Cats Biock fercing/remevel » st 1 23 [ 1 s
Misiellonacws dots vervice [ N 1 -] H 3 1 4
Fiight strip sequencing/renrva’ L L] . * L4 . L4
Lavipnent af iustueat ! e i . . ° L . 4
.b-u hat ahtaired 4t Atisnta Conter,
.
hunhor of ocrutrences judped t - S Aonrepresentative of copacity comditions.
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TABLE 8
4 ROUTINE ZVENT FREQUENCY ESTIMATES
: ATLANTA CENTER, TWO-MAN SECTOR OPERATIONS
3 SYSTEM 1A--NAS STAGE A BASE
Bveut Froquency por Secter (event/strersft)
3 Svent
Mintoun
3 Nigh [Deperture Arvivel tow Low
Routine Comtrol Lvest ln;:::-n Zarevte |Tremsities Departure [Asrival Teonsition |Arrival | Bacowte
(moa-sec/event} (386) an (38) (41) (42) (L)) (s?)
! Allstosas |Creseville .'::::' . Hetcroes Lentler Commsrce m:u
Control jurisdiction transfer
Hondof [ acceptance 3 1.00 1.00 1.00 1.0 3.00 1.00 1.00
i Fitght date update 3 [ ] -] -] [ ] [ ] [ ] i
= Intereector coordination 13 o Ld 0.1y 0.12 0 0.3 0.9
3 Mew (iight strip preperstion 10 [} [ ) ] ° .17 0.0%
: Haadof! inictation-sutomstic ] 0.2% .17 [} on 0.40 0.2% 0.18
Menusl tnitistion-etlent ! 3 0.7% 0.8) 1.00 0.71 0.40 [ B 1) 0.82
Intersector coordingtion ' 1) ° - .19 0.0 [} 0.3 0.%%
Tralftic stevccuring
tattisl pilot cadl-tn | s 1.00 1.00 1.00 1.00 1.90 1.0 | 100
Flignt date sltitde tneert ) & [} [} [ ] [} e.17 0.0%
Aititude tmetructton ' [} 1.04 1.48 t.1y 1.7 1.9% 1.00 1.00
Pliant dats altitude amwndmgat 1 3 9 .0 o 0.08 0.10 . .18
Interesr toar ronrdination ! 11 [ ] 0.2% 0.06 e.18 .23 .23 .
L Aseding tnatrutiom i ! 0.3 | 0.6 Rt .0 0.30 0.2 | 0.
t Piiaht 48t firite enendeent } 16 0.17 0.13 ] [ ] ° 8.08 0.0
i Intaras: 1.t snordingt fon ' 1 [} [ 0.0 .06 [ ] ® e.00
i reed Lnatras tien H [} [ o 1.00 .23 ¢ [
: Interoe t.r (Lordingt lue u 0 0.100 ° .12 e.10 [} [ ]
! Altimeter setting indtruction 4 o 0.2% .0 [ e.2% e.18
| kewvay easizraent tnstruction 3 0 . 0 ° 'Y . 0
i Pijot altitude report ? 0.13 0.3 8.2% 0.02 .0 9.82 Q.48
Fiight data sltitude insert I [} ° [} [} ® [
Filot hesding repare 7 0.8 .. L] 0.4] 9.1% ..87 [ X Y
Pilct speed repert 7 [} o ] 0.2% .10 ° .00
. Trafftc advisory [} 0.67 [ B} [} 0.5 . % 0.37 (X}
Transponder code aselgmment & [ [ o.19 . 8 [ 0.06 0.13
Flight dats code b [} L] L} e [} [} 0.18
Miscellonrous A/C coordisstion 3 [ ] [} [} [ ] .08 (X}
Fraquenry chanmpe Instruition i S 1.00 1.00 1.00 1.00 1.00 1.0 1.08
Iatets. tor roordination ] 10 0.04 o0 0 . 0 ° )
Psiot request
Altitude reviston [} 0.8 0.1 [ e.26 9.0% 0.17 6.9
Flight dats sititude smwndmant 3 0.0 .13 ] e.18 [ X ) [] [
Iatersector cootdinattion 1n 0.04 [ 4 e .0 [ [} [
Route/headling revision 10 0.9 ) 0 ] 0.0% o [
' Flight dats route ssesdeent 10 .08 [} [ [} [ [ ] [
§ Iatersactar coordination 1% ° 0.0% [ [ (X [ .
: Spred reviston ] [ ] Q [ ] [ ] [ ] [ ]
H Cleseance Selivery P4 [} ] o ] [ ] 0.0
P fiecellanesu: pilet requast [ ] [} [] [} [} ! [} [} °
- == == 2 4
Palateat '
Prtateut scceptance 1% [ 0.13 0.06 [} 0.0% .00 )
Sare Mitrh suppression ] [ 9.13 -} [ ] .. [} []
‘ Fiior ot Inltiatiom 20 0.04 .00 own e.18 0.13% [} 0.8
- B o —— = p——
: reveral tutecad =t ranrdinatim H
Trt el Ingt e Ll appeinal 1 (X 0.0 0.9 9.3 0.% 58 | e i
FTiennteg advieary s .6 .10 0.1 .24 3.19 8.3 ¢
Az 21t atelee edrisnty 13 [ N ) e.l00 0.1} 638 9.10 o o8 [ B3}
- ' torrent Yurtedi-tion edvigury 32 .13 o. 0 .19 $.29 [ X .} e.17 [ 1}
N tiearanve delivery ] [ ] o [ [J [J .8 [ 1]
Fitpht €ats wpdate 3 ] ] [} L ] [ ] [ ] 0.8
i . (VU .
enscal svsted oprration '
Fitant dara satimste update [y o.M 0.48 108 0.9 .70 0.% 1.18
: Gats Mlech/lvader Line offsec 2 0.50' | 0.50° 0.30' 9.%0°" 6.5 0% | 6.5
- Tera Mord torcing/remcral i ) 1.00' | 1.00° 1.00° 1.00% 1.00* 1.00' | 1.00° ‘
= i Wie ellansous data errvice i ) 0.1% (X3 [ .12 s.13, (X . % .
E 3 Fiight etriy seguen ing:tenoval £ ? 3.00! .00 3.00! 3.0 3.007 1.t | s.00'
; ? - Tiwipmwnt 3Mjustmont i ] o tof o.10' o.10' e.10' 0.1 e o so'J .
¥ :i H - . _ e e — 1 ——— '
h ' irdtrares valer eetinetad, asevesd identical to Secter &1 of the Ltlsnts Comter.
) Ticdtcoten value sotimated, Sased sa 4ats previcusly collected st the Lo Angelies Conter and oo Atlante Contar ebiervetions. ;
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equipment adjustment, Also, the number of events observed at some
sectors for data block/leader line offset and data block forcing/removal
appeared too large to be representative of capacity or heavy traffic
conditions. This conclusion is based on a small sample of observations
at Atlanta in that the frequency of such event d* ‘nishes during short
traffic surges. For each of these four events we assigned eveat fre-
quencies (Table 8) that were adjusted in accordance with the Los Angeles

Center data.

The audio tapes of A/G and interphone communications and
the DART transcription obtained during the field experiment will provide
sufficient data to estimate the frequencies of the great majority of
the routine control events. However, for completeness, some additional
data should be collected. For example, the number of hand-written
flight strips (i.e., those not printed by the FDP printer) obtains the
number of new flight strip events performed for pon-ups. These data
could also be obtained by on-site observations of control team activities,
as could the number of flight-strip scquencing/removal and equipment

adjustment events,

4.3.1.2 Team Routine-Event Minimum Performance Time Measurements

Stopwatch measurements of observed and recorded minimum
task performance times are summarized in Table 9. The set of routine
control evente shown are actually fdentified or finalized upon comple-
tion of the off-site reduction effort, which includes determining event
frequencies. Note that this set is based on field experiments conducted
at the Atlanta and Los Angeles Centers and essentially is a description
of those events performed during our data collection sessions. There-
fore, it is possibie that "new" events might be observed if the experi-

ments were to be repeated at some other site, necessitating estimation

S G gl
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TABLE 9

ROUTINE EVENT MINIMUM PERFORMANCE TIME ESTIMATES
TWO~MAN SECTOR OPERATION
SYSTEM 1A--NAS STAGE A BASE

T

] tHiotmow Tesk Perfc-mance Time" Mintrom
Rout ine Lontrol Lvent Uescription . Event
(nen-sec/task) Perfors-
shce
Flighe | Inter- | Direct | Time
E Event 8asic Event and c‘,ﬁ“_ '::::i" S;:l.p Ml Voice |(mom-sec/
function 1 ~—-_S:x??x—t-:ﬁ::‘- Event eation stion cm" mcltlu . ‘; event)
Zuntrol Hando!f acceptarnce 2 1 3
wurisdictinn Flight data update 3 3
= cransfer Intersector coordination 7 [ 13
3 New {iight strip preparstion 10 10
Mandof{ initiation-sutomatic 1 1
1 Manual fnitsation-silent 3 3
e me o lntEreector coordination ? ] 1)
Iraffic Infictal pilot call-in [} 1 S
styucturing Flight dats altitude imsert 3 1 [}
Altitule fnstruction 4 2 [
Flight data sititude ssendsent 3 3
Interse tor cuardinstion $ 6 1t
Maediug instructionm ) . ?
Fiight dats asendsent 10 10
E Intersector coordinstion b) ¢ 13
Speed tnstruction 5 2 ?
Intersector coordinstion b) ¢ 1t
Altimeter settiag ifustructiom ) 1 [3
3 Runway assignment instructiom 3 3
Pilot altitude report b 2 7
Flight date sltitude fasert 3 3
Pilot hesding report S ?
Pilot speed report 5 2 H
Traffic advisory & 'y
Transponder code assigmment 4 6
Flight data code anendsesnt 3 2 $
3 . Miscellaneous A/C coordination b] $
Frequency change {netruction L i 5
E totersector coordination L [ 10
filot Altfcude revision [ 2 ]
request Ylight dats altitude smendnent 3 3
Intersectrar coordinstion S (4 1
Poute/heading revieton L] 2 10
: Flizght data route ssendment 10 10
Intersactor coordination & ] 14
¢ Speed revision 3 ? [}
Clearance deltvery 20 3 H 2%
: Wiscell pilot request [ ] L}
- Potntout Pointout scceptence 7 s 13
Py Dats block suppression 3 3
Pointout inftiatiom 3 2 ? [ ] 20
* Cenaral Contrel instruction approvsl b 6 11
- intersector § Planaing advisocy s ¢ 1
coordination | Afrcraft status advisory 5 ¢ 11
Control jurisdiction sdvisory 6 L] 12
. Clearance delivery 2 20 [ n
- Fiight data update 3 3
P c——- S
= jene. a2l Flight data estimate update 1 3 )
. systes Data biock/lsader 1ine offset 2 2
- loperat ton Data bl.- forcing/resovel 3 3
Misce'lanecus dacs service 3 b4
& Flizht strip sequencing/resovsl 2 2
} fQuipaent adjustment 3 3
!
*
f; Task perf~rmanc: 1= cstimates afe basrd on dats collectad st the Los Angeles Center,
¥ .
E k . Indicated valu. 15 4 vis thy erascred direct volce communicetion time duration,
«
&
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of their minimum performance times. For this reason, and for the sake
of confiming the previcusly estimated event pcrformance times, we
§ suggest that subsequent field experiments should include at least a

program to check the minimum times required by the various tasks.

3 On-site task performance time measurements need not be
an elaborate program because many of the measurements can be made after
completion of the field experiment and after all events have been iden-
tified. All A/G and interphone voice communication message times can

be obtained from the sudfo or videc tape records 1sing a stopwatch.

The remaining tasks, those that can be observed only at the facilicy,
have been found to fall into a limited number of performance-time groups.

FDP/RDP operations may take 1, Z, 3 or 10 seconds respectively when a

single-key operation is required (i.,e., to clear the CRD), when function-
key and aircraft identification operations are required (f.e., aczept
handoff), when function-key, aircraft identification, and limited-data
entry operations are required (e.g., flight data altitude amendment),

or vhen function-key, ACID and extended-data entry operations are re-

quired (e.g., flight data route ammendment),

Flight-strip processing was found to require i second

to confirm data printed on the strip (e.g., manually "check-off" an

3 altitude entry), 2 seconds to update numcric data cn an active strip
{ (e.g., write & new altitude clearance) or sequence or remove a strip,

3 seconds to update flight data estima’cs on a proposal strip (e.g.,

copy CRD-displayed altitude revision), or 10 seconds to prepare a new

strip or revise a routing.

O

.
*

Direct voice communications, which are face-to-face con-
versations between an R and a D controller, were found to take at least
3 seconds, but may take 4 seconds if discussions of routings are i{n-

volved, (These task times are doubled in Table 9 to account for the

K
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time both controllers spend in a direct-voice communication with each

other,)

The event performance times are obtained in Table 9 by
summing the contributing task minimum performance times. Although this
process is part of the off-site data reduction and not directly included
in on-site field experimentation, it is advisable to develop a knowledge
or "feeling" for the task composition of each event during the dats
observations, This knowledge will assist the analyst to comprehend and
estimate the impact of postulated automations and controller task re-

quirements,

4.3.1.3 Team Routine Control Event Summary

The following discussion provides an overview of the
routine control events we associated with enroute sector operations.
These events, which are listed in Table 10 snd 11 were developed from
our data observations and controller interviews to define control ac-
tivities as logical representations of operational requiraments.

Table 10 includes a brief summsry of the controller activities associated

with each event and parallels this discussion.

Control Jurigdiction Trangfer--A handoff between two

sectors transfers authority over an aircraft and full access to the
aircraft's computer data file from one tesm to the other (direct contrs:
is effected when the aircraft crew switches onto the receiving sector's
A/G radio frequency). A silent handoff (i.e,, a procedure not routinely
requiring intersector interphone communication) is initisted either
automatically by the NAS Stage A computerized operations or manually

by a sector team using FDP/RDP keyboard or trackball operatioms, or
both, Either handoff initistion mode caused a blinking “H" and the
receiving sector's identity numbers (e.g,, "H-36") from the afvcraft's
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data block to appear on the PVDs of both the ini.iating and receiving
sectors, Handoff acceptance is performed manually using FDP/RDP opera-
tions and caus.s the flashing "H" to be replaced by the letter "0", which
is ratained for zbout one minute on both PVDs., The receiving sector
team macually marks the letter "R" (for radar contact) on its flight
strip for that aircraft, and the initiating sector tcam marks a circle

around its '"R",

Handoffs between NAS Stage A sectors and non-NAS Stage A
or ron-~ARTS 111 facilitics cannot be performed silcently and require
interphone communications to transfer control jurisdiction. The NAS
Stage A sector also performs FDP/RDP keyboard and trackball operation
to initiste or drop computerized radar tracking. 1his activity is
normally accompanied by an-udditional il™ operation to input flight data

updating information (e.g., departure message, altitude clearance).

Intersector coordinations sometimes accompany silent
handoffs when standard control procedures are not stricclv followed
(¢c.ge, as a result cf conflict-avoidance i{nstruccfons)., Intersector
coordinations generate intrasector cousultation between R and I con-
trollcrs to confim information transfers. iIn cases of 3n unexpected
ajrcraft pop-ap, a paper flight strip for the aircraft is manually pre-

pared by the D controller,

Traffic Strvcturing--These events include the procedural-

based activities routinely required to process an afrcraft through »
sector, The traffic structuring basic events are all fnftiated by A/G
communications and gencrally fnclude some manual data updating or ve-
cordin;; task. Each A/G commmunicatien fask catails negotiation or con-
firmation bectween pilot and controlleyr. The firsy traffic structuring
event for an afrcraft is the pl.ot's inftiatl flight identity and altitude

rcport «all-in, which is matually "checked” on the flight strip. If the
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aircraft is not equipped with automatic altitude reporting (Mode C)
equipment, the reported altitude is manually entered into the FDP data
file by keyl:ioard operation and marked on the flight strip., Altitude,
heading, and speed instruc-tions and pilot reports ire manually recorded
on flight strips. When altitude clearances do not conform to current
flight plans or when a reported altitude is not from a Mode C-equipped
aircraft, the FDP flight plan data file is amended cr thc PVD altitude
display is corrected hy manual keyboard insertion. Interphone co-
ordinati-.:s initiated by a sector team are generally requests to adjacent
sector teams to approve and coniiv: cne issuance of nonstandard traffic-
ctructuring instructions. Altimeter setting and runway assignment in-
structions are routinely issued by low-altitude sectors to assist
climbing and descending aircraft. TIraffic advisories describing proxi-
mate traffic, transponder code corrections, and miscellaneous A/G
coordinations (e.- . radio-failure assistance) are performed as needed.

A controller-to-pilot instruction to change radio frequency to that of lg
the rext sector culminates the traffic-structuring activity for an
aircraft; it is manually recorded on the aircraft's flight strip at the E
Los Angeles Center by marking a second circle around the "R" and at

the Atlanta Center by marking a cross-line through tk “check.” (The
frequency-change instruction is immediately preceded by formal hand-
off initiation and accep:iance of control jurisdiction by the two sector

teams, )

Pilct Request--Task requirements generated hy pilot

requests to revise altitvde, rovte, lLicading, or speed clearances are

essentially similar to those of traffic structuring except that they
are initiated by an aircraft crew, All are initiated by A/G communica-
tions and, except for miscellancous requests such as navigation assis-

tance or weather infommation, entail flight-strip processing., FDP/RDP-

based data amendments or intersector coordinations are performed as
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required., In some low sectors, clearance deliveries to approve flight
plan routing are issued directly to pilots (rather than a terminal
facility), by means of A/G communication. Such clearance deliveries
require FDP/RDP operations to update the £ligh” progress data in the
computer file (e.g., departure message, altitwle clearance), and flight-
strip marking to record the issuance of the clearance delivery (any
additional flight strip or FDP data revisions that may be required

are assumed to occur simultaneously with the A/G communication).

Pointout--Pointout actions are required by a sector team
to retain control of aircraft briefly in or near another's airspace,
A pointout initiation entails RDP keyboard operations to force an air-
craft's alphanumeric data block onto an adjacent sector team's PVD and
flight strip marking., Because the sector team receiving the forced
data block normally has no flight strip pertaining to the aircraft in
question, interphone communications are needed to¢ transmit relevant
flight information. The receiving sector may also display pertinent
FDP data on its D-position CRD, although this normally occurs during
the intersector coordination. The receiving sector, by means of manual

RDP, keyboard/trackball operations may suppress the forced data block

display as desired,

General Intersector Cooidination--These events include
those informational transfers that are performed by sector teams to
maintain mutual cognizance of multisector traffic movement and that are
not part of handoff, traffic structuring, pilot request, or pointout.
General interasector coordination events almost entirely entail telephone
and direct voice communications. Control instruction approvals are
issued in reaponse to cther sector teams' traffic instruction and pilot-
request activities. Planning, aircraft status, and control jurisdiction

advisories are used to clarify general procediral and individual aircraft
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situations, Clearance deliveries are negotiations with airport towers

to approve flight routings if silent-departure procedures are not estab-
lished and include manual flight strip marking to indicate issuance

of the clearance, FDP/RDP keyboard operations are necessary for updating
flight-progress files (e.g., departure message, altitude clearance) if

the tower is not FDP equipped.

General System Operation--In this category are those

activities not included in the above descriptions, such as equipment
1 operation and data maintenance. General system operation events are

entirely performed by FDP/RDP operation and flight-strip processing.

Flight-plan update messages (e.g., altitude, route, or beacon code re-
vision; expected position fix time arrival; airport departure confirma-
tion) from incoming flights displayed on the D-controller's CRD by the
FDP system are manually copied onto the appropriate proposal flight
strips, Using keyboard/trackball operations, the R controller selec-
tively modifies the PVD by offsetting or reorienting alphanumeric data
blocks to alleviate display clutter and forcing or removing data block
displays. (An aircraft's data block .s retained on the PVD of a sector
team initiating a handoff for a 5-minute period after thc handoff has
been accepted and is manually forced back onto the PVD as required.)
Miscelianeous data services involving FDP system ~perations include
reyuests for weather and altimeter data displays and flight-st 1p print-
ing, removal ¢f flight plans from the data file and display, removal

. or modification of PVD cabular listings of inbound, departing, or holding
aircraft, and CRD listings of beacon code selections (which define the
eligibility of radar target displays) and altitude limits (which define
the altitude range over which the PVD displays automatic altitude re-
ports for untracked or intruding aircraft). Arranging and removing the
flight strips on the flight progress board is performed by the D con-

troller; the R controller is responsible for A/G radio frequency and

RDP (e.g., map and range selectiom) adiustments,
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4.3.1,6 Los Angeles Center Versus Atlanta Center Data

Some differences exist between the routine events
observed at the Atlanta and the Los Angeles centers, First, automatic
handoff initiation events were observed at Atlanta, but not at Los
Angeles, Second, flight data altitude amendments for traffic structuring
"heading instructions” were ovserved at Atlanta, but not at Los Angeles.
Third, the flight data code amendment was performed, as required, in
support of the traffic-stiucturing transponder code assignment event at
Atlanta; at Los Angeles it was assumed to be an integral part of the
transponder code revision event. Fourth, clearance delivery was issued
directly to pilots as part of pilot requests at Atlanta; at Los Angeles,
clearance delivery was observed to be issued only to towers as parf
of general intersector coordination. Both types of clearance deliveries
were observed at Atlanta, Fifth, the flight data update event was per-
formed, as required, in support ¢f the clearance delivery to towers at
Atlanta; at Los Angeles it was assumed to be an integral part of the

clearance " :livery event,

These differences are reflected in the routine event

structures shown in Table 9 of this report and in Table 1 of Reference 7

(or 2).

We also note that some events observed at Los Angeles
t were not observed at Atlanta. These include: the flight d~ta update
| performed on an as-required bas!s to support handoff acceptance, the
traffic-structuring runway assignment instruction event, and the miscel-

lancous pilot request evert., To maintain the generality of our routine

‘

i
-,

cvent descriptions, we chose to nclude these events in our event struc-

-

turc in Table 9 and to assign ther a zero frequency-of-occurrence in

Table 8 of this report,
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4.3.2 R-Controller Routine Work Allocation

Based on observations and controller interviews at both the
Los Angeles and Atlanta Centers, we concluded that during busy periods
the R controller concentrates on the traffic in his sector, primarily
occupying himself with basic traffic structuring, pilot requests, and
equipment oferation., As a result, he performs all A/G communications
as well as tasks associated with active flight strips (including all
traffic structuring and pilot request flight-strip processing), various

RDP-related actions, and his half of direct-voice communications.

To represent the R-controller's routine work, we allocated
portions of the team routine tasks (defined in Table 5), and obtained
the R-controller tasks as shown in Table 11 for the Atlanta Center.,
These allocations are not intended to be inflexible or firm descriptions
of all the specified tasks that must be performed by the R controller,
but show the work that typically may be expected to be performed by the
R controller during capacity conditions. We note, for example, that
task trade-offs between the R and D controllers may occur and are not
accounted Jor in Table 11, For example, the R controller may perfomm
some manual handoff cr a few voice interphone communications tasks if
time permits, and the D contrcller may perform some of the FDP/RDP
operation and flight-strip processing tasks nominally observed to be
performed by the R controller, However, in all circumstances, the R
controller is expected to perform all the A/C communications tasks and

the D controller performs most of the interphone communications tasks.

4.3.3 Ek-Controller Surveillance Work Calculation

Surveilianr2 workload based on the assumption of 1,25 man-sec/
aircrafi-min for PVD scanning work is as shown in Table 12 for the

Atlanta Center sectors, The average transit times were assumed to be
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TABLE 12

R*CONTROLLER SURVEILLANCE WORKLOAD WEIGHTING, BY SECTOR
ATLANTA CENTER, TWO-MAN SECTOR OPERATION
SYSTEM 1A--NAS STAGE A BASE

Alrcraft Average Surveillance
Sector Transit Time Workload Weighting*
(min) (man-sec/aircraft)

iigh enroute (36) 20 25
Departure transition (37) 21 26.25
Departure (38) 12 15
Arrival (41) 19 23.75
Arrival transition (42) 18 22.5
Low arrival (46) 21 26.25
Low enroute (52) 14 17.5

*
Based on 1,25 man-sec/sircraft-min,

the average time aircraft were tuned into the sector's A/G radio fre-
quency. Comparison of these times, as measured from the Los Angeles
Center audio tapes againsc the average sector times reported by the
facility in the Busy Day Annual Report (1973), found little difference
between the data sources, The times shown in Table 12 were obtained

from the Atlanta Center's Busy Day Annual Report (1975).

As an alternate, the average transit time may be based on
the time between 2:ircraft handoff accepta'.ce and initiation and obtained
from DART printout data. But, because the time a controller spends on

an aircraft is closely related to the time he spends “talking" to the

69

ot

i




pilot, the average time or frequency is considered to be a more meaning-

ful measure of the surveillance-time requirement.

4.3.4 Potential Conflict Work Measurement

As in the casc of routine worl'»~ad modeling, the two essential
paramcters pertaining to potential conflict workioad modeling are:
(1) conflict-event minimum performance times, and (2) conflict-event
frequencies. We discuss separately data collection requirements of

each as follows,

4.3.4.1 Conflict-Event Minimum Performance Times

Two basic types of potential conflict events of interest
have been identified: crossing and overtaking conflicts, In both
cases the component tasks are dectection-and-assessment and resolution.
Buring a field experiment conducted at the los Angeles Center, SRI
spent consid:rablc time in controller interviews, using video tape
playbacks of PVD displays, to ascertain the minimum times required for
these two tasks. This required identifying a conflict event and then
reviewing with the controller the actions required to recognize the

possibility of a conflict and the reasons and methods by which he re-

solved the sitnation, Typically, the controller had difficulty in
identifving cxactly how much time he devoted to the conflict situation,
but we usually were able, with sufficicent video tar playback, to
estimate the times at which he became first awarc of the potential con-
flict, when he had sufficient information to determine resolution actions,
and when the appropriate directives were issued (by means of A/G com-
munication) and performed, This information enabled us to make estimates
of the task times, although it involved considerable viceo tape review

dyring the off-site data reduction,

0




Spot checks of the task times were carried out during
the Atlanta Center ficld experiment by briefly reviewing a few potential
conflict situations during controller interviews. These spot checks,
in our judgment, indicated that, except for some minor modifications,
the Los Angeles Center task times were applicable to the Atlanta Center
operations, The minor modification reduced the detection-and-assessment
task for overtaking conflicts at the Atlanta Center by 10 seconds because
this facility was operating with ground-speed display while the Los Angeles
Center was not during our data observations. The ground-speed display
obviates the need for certain A/G speed reports. The resulting conflict-

event performarce times are summarized -. Table 13.

TABLE 13

CONFLICT EVENT PERFORMANCE TIME ESTIMATES
ATLANTA CENTER, TWO-MAN SECTOR OPERATION
SYSTEM 1A--NAS STAGE A BASE

Minisum Task .

iy Minimm Eren

Conflict Event Performance
Time

Detection
and Asses ¢ Resolution (man—-sec/event)

Crossing 20 40 60
Overtaking 20 20 &0

!
{
i
| }i

*
Based on data :ollected at the Los Angeles Center and observations of
Atlanta Center operatiouns.

To determine whether confli:zt-event task time adjustments
are necessary for subscquent RECEP uodelings, we feel that future field
experiments at least should spot check task times, Furthermore, given

the somewhat inferential nature of conflict event task time "measurement"
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as described above, we believe that, for the best interest of modeling
accuracy, intensive examination of conflict-event times should be carried
out wherever possible, However, because controller interview-based

task assessment is g very time-consuming process if carried out on a
large scale, due consideration should be given to the field experiment

cosis involved,

4.3.4.2 Potential Conflict-Event Frequencies

We have used as part of the Los Angeles and Atlanta case
studies mathematical relationships for estimating the number of poten-
tial crossing and overtaking conflicts in a sector: these are described
in Appendix D, The mathematical relationships relate frequency of
potential conflicts at a conflict-point-to-aircraft flow rates, the
separation minima, and sector geometries. In using these relationships,
we found fairly closc correlation between the calculated frequencies
ani the number of potential conflict situations reported by intervi-'=d
controllers, For cxample, for a l-hour data collection session during
vhich three conflicts werce identified, the conflic® equations calculated
3.7 conflicts/hour. Although this is not a formal validation of the
conflict frequency calculations, their use in subsequent field experi-

ments may be obtafined as described following.

Impor_ant informatfon regarding potential conflict situa-
tion control pruccdures is obtainable during controller intervicws with
p.ayback of the PVD vidco tapes., Controllers will identify actual con-
flict points that command their attention. These conflict points are

¥

those that have not been "procedurallized” out of existence (e.g.,
tunneling routes to ensure altitude separation) and require controller
interverntion to resolve pairwise conflicts between afrcraft, Further-
more, the countrollers could provide useful fnsights, based on their

experisnce, regarding the relative intensitics of crossing and overtaking
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conflicts at dJdiffercnt potnts and rcasons for conflict situations that
may not be obvious to the obscrver (e.g., speed differentials and unique
noise-abatement procedures), The controller interviews should also
clarify questions regarding the in-trail separation procedures applied
at varfous locations., For example, controllers may be observed to
maintain 1in actual practice 10 nmi separations in enroute airspaces,

but use 5 nmi at boundaries with terminal facilities.

This kind of background information {3 most useful for

developing a perspective on the appropriate applicationg of the mathematical-

conflict models; however, additional cmpirical data are needed to support
the modeling approach., In accordance with past SRI practice, we rec-
ommend the use of aircraft ground-speed displays as recorded on video
tape to estimate the speed classes along each route. Maps obtained

from the Center are useful for measuring intersection angles and route
lengths, Also, the route flow rates may be determined from the video
tape recordings or or, as we have done for data-reduction convenience, by
inspection of flight-strip data, Further details describing data col-
lection are given in Appendix E, This field experiment procedure was
used at the Atlanta Center to develcy the potential conflict-event

frequencies shown in Table 14,

4,3.5 Sector Traffic Capacity Estimation

The workload thresholds defined during the Los Angeles Center
case study--66 man-min/hr for the two-man sector team and 48 man-min/hr
for the R controller--were used to estimate capacities for seven sectors
observed at the Atlanta Center, The team and R-controller models wvere
simultaneously applied to each sector to determine which one (team or
R controller) constrains sector capacity. The workload weightings
determined for the team and R controller models are summarized in
Tabie 15 for each sector; these weightings are basea on the data presented
in Tables 8, 9, and 11 through 14,
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TABLE 14

ESTIMATED FREQUENCY OF CONFLICT EVENTS PER SECTOR
ATLANTA CENTER, TWO-MAN SECTOR OPERATION
SYSTEM 1A--NAS STAGE A BASE

Conflict Event Frequency Factor

Sector [(confllcts/hr)/(aircraft/hr)zl

Crossing Overtaking |
High enroute (36) 4.8 x 107 0.9 x 1073
Departure transition (37) 4.4 x 1073 0.5 x 1073
Departure (38) 0 0.7 x 1073
Arrival (41) 2.7 x 1073 6.4 X 1073
Arrival transition (42) 3.5 X 1073 5.8 X 1072
Low arrival (46) 6.6 X 107 0.7 x 1073
Low enroute (52) 5.3 X 1073 4.3 x 1073

The capacity estimation procedure was to calculate the workload
for successive S-aircraft/hour increments in traffic flow and to inter-
polate the sector traffic capacity corresponding to the critical work-
load tnceshold, (One alternative capacity estimation procedure would
be to ~lo® workload time versus the hourly number of aircraft through
the sector. The traffic capacity of the sector could then be determined
by graphicaliv finding the number of atrcraft/hour corresponding to the
specified upper limit on workload time, Another alternative would be

to solve for the quadratic cquations (listed in Section IV-B) for N.

The resulting point estimates of sector capacities obtained

by both mod:ls arc shown in Table 16, Sectors 36, 37, 138, 41, 42, and
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TABLE

Wﬂ\
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1

SECTOR TEAFFIC CAPACITY ESTIMATES
SYSTEM 1A--NAS STAGE A BASE

Sector anéizg {siﬁ*&fii&:i

Sector “Controller _ SRI E&:ﬁﬁé Model

Estimate* | g.p reant R Controller?

m mtg €3§§ 7 40-45 57 42%

-
g

Departure tramsiction (37} 35-40

%

Departure (38) 45-50 50

g

50
Arrival (41) 30-35 38

Arrival traasition (42} 35-40 s 378

]
W

Low arrival (&6) 30-35 &0

Low enroute (52) 30-35 33

b

igtrﬁiizr estimates of sector capacities obtained during interviews at
Atlanta Center.

i?ﬁ: tvo-man team capacity {s that hourly tratiic rate that generates
66 man-min/hr of team routine and comflict work.

The R controlier capacity is that hourly traffic rate that generates
éﬁ man-min/hr of K controller rostise, surveillance, and conflict vork.

46 are constrained by the R-controller workload that results with ca-
pacity estimates of 42, 38, 50, 30, 37 snd 15 aircrafr/hour, respectively.
Sector 52 iz constraised by the tess uorklcad that results with 3 ca-
pacity estimate of 33 aircraft/hour.

For comparisos, we also show in Table 1€ the sector capacities
estisated by Atlanta C

interviews durisg our

L)

(L3
L

1

our sorklead
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review of our capacity estimates, sn Aiianta Center sugervisory staff
member evinced general agresmunt. Hewever, he conjectured that our
capacity point eztixmsves for Sectors 36 and 38 may be slightly high by

a few aircraft/hour, while the estimate for Secter 41 may be low by

about five aircraft/hour. Because the use of these estimates was to
provide a baseline for relative productivity of enhanced systems, these
small capacity differences would not measurably affect subsequent compari-

53N8.

4.3.6 Alternative Sector Manning Strategpy Analysis

To demonstrate the application of the RECEP methodology to the
analyses of operations that could not be observed, let us examine the
modeling of three-man sector teams for the Atlanta Center seci-rs. The
three-man teas includes an R controller, D controller, and a tracker (T)

controller,

Three-man sector teams were not in operation during our scheduyled
data collection periods; modeling of their task activities was based on
controller intervicws and observations without data collection of three-
man operations. Contrclilers reported that this mgnning strategy requires
the T zuntroller to work closely with the R controller, and the U controller
operates in a less-reactive role. The T controller performs the time-
critical FDP/RDP manual operations in reactjom to R-contreller actions
and assists in flight-stirip processing. The D contrellgr perforas =ich
of the interphone communications and the less traffic-reactive FDP/RDP
manual operations (e.g., flight data estimate updating) and flight-strip
processing (e.g., sequencing/removal). We pote that, at the Atlant:
Center, the T controller is physically situsted between two adjacent
sector consoles so that he can use both sectors' FDP/RDP keyboards to
manually initiate and accept handoffs between the wo sectors, However,

in this so-called "half-man™ operation, his primary fuaction duriag busy

1




periods is to directly support only one of the two R controllers, thus
1 effectively being integrated into the control operations of one sector
E cean.

é Because the R-T control operation is similar in structure

to the R-D team operation of the two-man sector manning strategy, the
66 man-min/hr workload limit was assumed to apply to the R-T team. The
3 corresponding R-T team routine event performance times are shown in
Table 17. Tasks performed by the D controller were not included in
this model formulation as his workload would not constrain traffic

capacity,

The 48 »an-min/hr workload limit was applied to the R controller,
R-corcroller task allocations are similar to those described for the
two-man operation except for transfer of some traffic srruciuring flight-

strip processing and FDP/RDP operations to the T controller. We assumed

that the T controller will take over the flight-strip processing associ-
ated with the altitude instruction and transponder code assignment events

3 (in conjunction with the FDP/RDP manual tasks required for these events),

as well as the FDP/RDP manual operations for puintout acceptance-data
block suppression and data block/lcader line offset events (which par-

allel his handoff activities).

3 Conflict processing and surveillance work would be the same

as those described for two-man sector operations., Routine-event fre-

-y

quencies wonld be as shown in Table 8, and workload weightings may be

- calculated in the same way as that for the R and D operations.

Sector traffic capacity is the traffic flow rate that gencrates

the quantity of work correspondin; to the two-man R-T controller team

I RA T T

(66 man-min/hr) or R controller (48 man-min/hr) workload threshold,
whichever is critical. Under three-man sector operations, the capacities

of Sectors 136, 37, 138, 41, 42, 46, and 52 are 44, 42, 55, 32, 40, 17,

L TN
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TABLE 17

R-T TEAM ROUTINE EVENT MINIMUM PERFORMANCE TIME ESTIMATES
ATLANTA CENTER, THREE-MAN SFCTOR OPERATION
SYSTEM 1B-~NAS 3TAGE A BASE

=
-
. I e e et e = ——— ————— - 5
Hintmum Task Pecformance Tioe' Mininua ‘ =
' Kout1 i Controi Fvent Description (man-sec/task) 'E:;::.. t:
. S . —_ ance =
Flight | Inter- | Direct | Time* 3
AfC =
. Event Baslc Event and Co-/unl- 'g:i:j.” S;::: ’m:‘- "““1- (1;::§I ;
t Function Supplemental Event cation ation | " ¢
[ . e cessi cation | esging'
Control Mandoff acceptance 2 1 3 ;
jurisdicticn Flight data update 3 3 E
!tramfcr Intersector coordination 0(1) 6(1)) |
New flight strip preparation 0(10) 0(10) g
Handoff initiation-sutomatic i H
‘ Manual init{ation-stilent 3 ] :
Intersector coordination 7 6 13 =
(Tratfic Initial pilot call-in 4 1 H 2
jsttucturing Flight data altitude insert 3 1 a E
Altitude instruction & 2 L] E
Flight data altitude amendment 3 3 g
Intersector coordination as) [ o1 3
Heading instruction 5 2 7 =
Flight data asendsent 10 10 |
Intersector coordiaation 0(s) 6 6(11) =
Speed fnstruction b) 2 7 2
Intersector coordinstion 0(5) [ 6(11) ;g
Altimeter setting fnstructiom 3 1 4 e
Runvay assiznasent fmetruction 3} 3 =
Pilot altitude report b3 2 ? . 2
Flight data altitude insert 3 3 E
Pilot hesding report 5 2 ? . 2
Pilot speed report S 2 ? tog
Tralfic advisory N s ;3
Transponder code assignment 4 L : %
Flight date code amendwent 3 ? 5 :
Niscellaneous A/C coordinstion S > = 3
Frequency change fnstruction 4 1 5
Intersector coordinacion 0(4) ¢ 6(10) :
Pilot Altitude revision 6 2 8 :
request, Flight data sltitwie ameadaent 3 3
Intersector coordination 0(5) 6 6(11)
Route/2esding revision 8 2 10
Flight data route amendment 10 10
Intersector coordinacion 0(6) 8 8(16)
Speed revision 6 2 L
Clearance deiivery 20 3 2 25 .
Miscellaneous pilot raquest 8 4
Pointout Pointout acceptance o 3 ansy
Data hlock suppression 3 )
: Pointout infttation ) 2 ? n b
eneral Conttol t{nstructiun appravel 0(% 6 «Q1)
inteenectnr | Plaoning advisory 21" [ e(ll) =
Wordinating { Alrcraft status advisory (%) 6 (1) E
H Cuntrol jurisdiction advisory Ne) [ (1) 3
i Clearance delivery C(n 02M © (20
V Flight dats update 0(3) o |
> e e . N 3
!r..-neul Flighe datas estimate update o} oy 0(s) -
lsysten Data block/lcader line offset 2 1 s 3
fuperation Data hluck forcing/removal 3 3 ;3
Misce! lanecus dats service 3} ) )
Flight strip sequencing/cemoval (133} o) Pg
| Chuipment adjustment ) 1 b D3
-2
Kovised System 1A porinmance times are indicated in parentheses.
tndicated value s dontle thy acasared ditect vofce communication time dusatiom.
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37 aircraft/hr, respectively. In each case, the R controller (48 man-

min/hr), limits capacity.

4.4 RECEP/ATF INTERFACE

RECEP estimates the traffic capacity of individual sectors, and
ATF cstimates aircraft delays for a multisector environment. The ATF
model identifies situations in which individual sectors are about to be
overloaded and delays aircraft in other sectors to prevent overloadings.
The interface between RECEP and ATF is effected by transforming RECEP
capacity estimates into certain ATF-modeling parameters; these parameters
define overloading situations and are determined using the input data

needed to begin an ATF formulation.

ATF uses three parameters (sector workload threshold and two work-
load coefficients), to assess sector traffic-handiing capabilities, All
can be obtained directly by the RECEP technique. The sector workload
threshold is 66 or 48 man-min/hr depending upor which model establishes
capacity. The first workload coefficient is the sum of the linear con-
stant terms in the RECEP model being used ai.l the second coefficient is
the sum of the constants associated with the quadratic terms. Multiply-
ing the workload coefficients respectively by the number of aircraft and
number of aircraft squared in the sector during a specific time increment
(e.g., l-min) obtains the total sector workload for that time increment.
ATF constrains sector (arc) entries (o assure that the total sector
workload during che time increment does not exceed the workload threshold.
This prevents the occurrence of workload surges of magnitudes exceeding
the average long-term workload limit specified by the threshold valce.
That is, the greatest rate at which a sector team is allowed to work is
66 man-min/hr for any l-min increment (during which 1.1 man-min of
hourly work are expended), and the R controller is limited to a work

rate of 48 man-min/hr during any !-min increment,

H0)
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The workload coefficients are calculated so that an aircraft's
cumulative workload contribution is distributed over its expe:ted un-
delayed sector transit time. However, ATF allocates workload by delaying
sfrcraft in upstream sectors. Additional work involved in delaying
actions (e.g., vectoring, speed restrictions) is induced on the upstream
sector team, This induced work has not been accounted for in the cal-
culation of the workload coefficient. Becuuse of the natural implemen-
tation of plaanning control by fn-traii restrictions, it may be assumed
that induced delay work corresponds to an additional amount of "normal"
(i.e., routine conflict and surveillance) work. Therefore, the workload
coefficient also could respresent the totel workload contribution of an
aircraft while it is being delayed. This approach was used to model

multisector operations for the Los Angeles Center and Atlanta Center.

4. RECEP DATA BASE UPDATE AND MODEL VERIF1CATION

The RECEP data base update and model verification are required
perivdically to maintain its validity as a reliable measuring and

predicting tool.

4.5.1 RECEP Data Base lpdate

Although the RECEP data bases that have been used for the
Los Angeles study’ and the Atlanta -..tudya are adequate for the two
centers and it is also possible that the task minimum times of che
current data bascs may te equaily applicable to other centers as w:ll,
it is nevertheless desirable to pevform a two- or three-day field test
at the same sites ('quick look") to recalibrate the routine and conflict

workload estimates prior to the application of RECEP to a new center,
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4.5.2 Model Verification

The purpose of this test is to compare RECEF estimates with
some other field measures estimating workload and traffic capacities
(e.g., peer observetions of workpace, voice channel utilization, air-

craft pioximity weighting) to verify the realism of the RECEP technique.

The verification will probably involve two stages. The first
one is an initial comparison between the RECEP workload/aircraft loading
function for each sector and the workpace/aircraft loading functions (as
measured in the field)., In the event the two functions do not coincide,
then a second stage wouid be necessary that involves a recalibration of
the RECEP estimates to be more closely aligned with field measures.

Some detailed approaches on RECEP data base updats and model verification
have been suggested by TSC* and are described in Appendix G. However,

this procedure has not been tested; therefore, its effectiveness is not

known at this time.

The update and verification procedures are primarily for
repetition routine-event workloads. For conflict-event workloads a direct
conparison may not be feauible; it is, however, possible to compare

sectors with «<imilar conflict ~omplexities and volumes.

*
In connection with this requivement ‘the Transpartation Systems Center
has developed a software methodology for rapid scanning the workpace and
Work Activity tapes to produce tue followirg information:

To select those sectors and time intervals that have
experienced maximum traffic load as way be spacified by the
input search parsameters.

To compute the Work Activity actual task times (e.g., for
interphone communication, RDP/RDP operations, and flight
strip rrocessing) in order to compare these tiwmes with
RECEP estimates. A description of this meth:.dology is
given in Appeudix P,
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5. DESCRIPTION OF THE AIR TRAFFIC FLOW MODEL

it i

5.1 MODEL CVERVIEW

The ATF model °is a "flow-model” in which individual aircraft are
agpregated in terms of flow rates along routes. The flow rates avxe used

to define a unifoim distribution of arrival times at the route origins

oot i I‘MHMW N

according to a Poisson process. The route arrival times for each air-
craft (or group of aircraft) in turn define expected aircraft counts

*
along cach urc as described below. b

Variable Name

Real World Quantity (1f applicable)
Network iefinition
Sectors
; Arcs ij
Routes k
Arc transit tises Tij
Aircraft arrival rates for route k for the time rk(T)
period T (e.g., 20 min)
Scctor workload approximation ULn(n)
(a function of the number of airczraft, n, sector m)
Sector workload maximum for each sector W
max,m
Congestion-re cief strategy B3orC

For each route (made up of arcs connecting node i t£o node ;) the

2 uniformly distributed arrival rate rk(r) defincs an arrival distribution
n VPottions of this discussion have veen abstracted frca Wong, Peter J.,
P et al., "SRI's Afr *vaffic Flow Model,” Paper presented at zhe 1976

- Suamcr Computer Si:ulatisn Conference, July 1976 (Proceedinie as ye:

-~ utspublished).
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aij(t) for the £f1irst and successive arcs on the route., An .2xpected
departure distribution is also calculated according to the equation:

gty St b ot v K

Wl

dij(t + Tij) = aij(t)

where,

aij(c) = arrivals on arc for time t,

dij(t) = depurtures on arc for cime t,

tij = arc transit time,

This departurc "schedule" is modified as explained below by the
load-balancing algorithms, For cach time increment, At, and time, t,
the program calculates the number of aircraft on the arc, as follows
t) =
()ai

vy - d1 (t) + n, (t-At) .

3 j i i

The ATF model is characterized by two parts. The first is an
accounting system to translate arrival rates into sircraft counts and
calculate expected and actual instantaneous counts of aircraft on each
arc and in each sector. Thce second part monitors and alters the expected
flows at each At according to two congestion-relief schemes., Afrcraft
flovis ate altered whenever a sector bhecame overworked., A secondary cause
for delay can be ¢xcess aircraft (over an input maximum) on the route.

Let n be the nvaber of afrcraft in a sector at time t defined as follows:

n= (c) v

i ool o G

nij

™

&ll arcs in seccor
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Then for each scctor:

) 2
wLu«,n) = kAn + k'n

*
where kA and l% ar. constents whivh are calculated using KECEP,

The congesticn-relief logic is applied wheneve. a sector wculd be-

come congested if the expected flows calculated for the present simula-

tion time were allowed, The congestion-relief schemes treat each sector

differently depending upon whether it is congested or uncongested, as

defined below.

A scctor is defined as congested if:

m.n(n) > Hm'- .

wm - is defined as sector worklcad capacity according to RECEP, A
»
sector is in the uncongested state §f its workload is such that ai.craft

e —

can be delayed from leaving the sector without its workload beirg

sreater than the maximum, The most congested sector is defined to be

the congested scctor that has the greatest workload’. Similariy, the

lcast conyested sector is defined to be thc uncongested sector that nas

tuc least workload, Once sector stutus is established for the present

*
As discussed in Sections IV-A&D, kA and kn are;
{1) For team RECEP model

‘v._‘\ﬂkl

:s*kz+k3

(2) For the R-concroller REC*P wmo 2]

,
kA kl + ct'

k'-rk,,;-ﬁ'as
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system time, t, the exprcted flows are readjusted through the mechanism
of "delaying" aircraf: from entering congested sectors, There are two

strategies presentiy available for imposing this delay.

The first strategy, B, can be titled "Route Delay Priority Based
on Instantezaeo.s Loading.” The rationale for the basic structure of
this schieme i{s a» follows., For each fixed-time increment, At, we pick
the most congested sector to try to relieve congestion., We off-load
ajrcraft to the neipghboring s:ctors that feed the congested sector with
the most net activity, beginning with the sector that feeds the most
net activity, Net activity is defined as gross entries from the feeding
sector minus gross depariures to the feeding sector. We do this until
the congested sector is relieved. If, based upon net activity, we cannot
find a feeding sector where aircraft can be delayed without causing con-
gestion, we pick a new feeder sector with the most feeding traffic
(gross entries). Traffic is dels ed in this sector up to the number of
afrcraft that are expected to fee¢ the feeder. We repeat the process
unti{i the congestsd sector ir reli~ved. Once the most congested scctor
is processed we repcat the operatior for the next most congested sector,
This algorithm tends to push congestion along the major routes to the

boundary of the center.

The second strategy, C, is Jescribed as a "Present Route Friority."
The rationale for this scheme is straightforward. The priority list
of routes on vwhich delays should be distributed in the event congestion
occurs is set heforchauu in accordance with the actual procedures ‘ixed
at the erroute or terminal site being modeled, 1In this scheme we pick
the most congested sector and scarch the route priority list for the
highest priority route passing through the sector. Delay is assigned
to the sector upstrcam on this route. We continue the route search
until congestion is relicved or therc arc no wmore toutes on the priority

Hist, The whole operation is repeated for the next wost congested

36
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sector until all congestion is relieved. Priorities are assigned to

imitate the procedures in actual use for flow management in the center,

Scheme C is the preferred congestion-relief strategy for present
operations. However, because of the possibility of assigning route
priorities wrong ic should be applied with care. Problems can occur if
two adjoining sectors are both congested and the preset route priovities
are such that the two congesied sectors delay traffic back and forth.

In most cases, only one of two routes passing through adjoining sectors
in opposite directions should be assigned a delay priority. In all

cases thus far studied, the above situation has not been encountered.

A secondary cause of delay which is independent of the congestion-
relief strategy results from an excess of aircraft on the route over a
preset maximum. This type of dela; is imposed at the route origin
whenever an expected entry would cause the count of aircraft on the
route to exceed the maximum., .Sn example of a possible area for applica-

tion of this featurc is provided in the next sectfon,

The primary functional output from the ATF model is amovnt of de-
lay. Delay, for the purposes of the model, is defined as an additional
wait of one time increment due to individual seccor saturation or excess
aircraft on the route. The number of delays multiplied by the time
increment, At, is excess transit time. Excess transit time is time in
cxcess of inputed arc transit times (rij). System delay is the average
of the delays for all aircraft within the system (including those de-
laycd on the boundary) for the perfod of operatfon. The traffic load
is also outputed in terms of number of sircraft in various parts of the
nctwork (i.c., entering/exiting each route, sector, and arc). A third
output is finstantancous sector workload. All output is g ‘'inted accord-
fng to the print frequency specified at input. The frecuency is ex-

presscd in time increments per print cycle.
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The air traffic flow model is thus a model that provides thc analyst

with several estimates of the performance of a multiscctor enviromment

based upon sector workload capacity and traffic loads,

The ATF model is written in FORTRAN 1V language and currently con-
tains approximately 1,000 statements. Based on recent experience, an
average case (10 sectors with 500 aircraft for a 9-hour op+ ..ation) takes
about 20 to 30 seconds central processor time on SR1's CDC 6400 computer
system, Altogether (program plus data arrays) approxinstely 50,000
octal core locations are required. This requirement is based on a
potential aetwork of up to 40 sectors and 60 route: :long with their

corresponding traffic flows at capacity.

The model is designed to run on batch-processing mode. However,
a remote job-submission and termination procedure, .:.uding some iimited
on-line terminal input and output capab:lities is available, The
beginnings of some interactive design features have also been incorporated

in the ccde.

5.2 ASSUMPTIONS AND LIMITATIONS

The basic assumption made in formulating the Air Traffic Flow
Model is that average fl-w rates, rather than independent ajrcraft
following calculations, are sufficient for capacit, estimates. This
simnlifying assumption dictates much of the remaindc. of the medel de-
sign. Individual flight paths can be aggregated into routec representa-
tions because the sector entry and exit times for the afircraft {not
their position within each sector) are the variables of interest, It
is assumed that all aircraft in s particular sector have the same transit
time. Each arc zlong a route is assigned ¢ transit time at input and
all aivcraft traasit the arc in the assigned time., The arrival rate
for individuai aircraft at the origin of each route is specificd in
terms of a flow rate., Actual arrival tizes for the specified period

i 0 S, ot A
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are randomly generated according to a Poisson procs:s. Two or more
aircraft vhich crrive in the same time {ncrement ar: treated as a set
for computational purposes. Thus computer run ti- : depends relatively
little upon the number of aircraft unless congest .on relief is require

Congestion relief {s applied to balance traffic loads vhenever a
sector {s congested. A secondary csuse for delay can be excess air-
craft in a route above a maximum (specifled as a program fnput). The
capacity of a scctor is defined to be constant according to the value
calculated using RECEP. Therce are no provisions for allowing a sector
workload to exceced the constant capacity for short periods. The program
will print out warnings and stop processing (depending upon the run
optior) wvhenever certain delay maxima are exceeded, These maxima, which
are set at run time, are maximum delay at all route origins, maximum
delay in all sectors, and maximum average aircraft delay. Individual

routes and sectors are compared to the maximum one by one.

We have said that by definition one delay is counted each time an
aircraft is res*rained. We =ake the following sdditional definftions
in terms of the program output. Cumulative Afrcraft Delay count is the
total delay count for all afrcraft in the system, fuicluding those trying
to cnter and delayed at origin. Average Afircraft Delay is the cumulative
delay divided by the mumber of aireraft which nuve entered. To obtain
the system delay (as used to compare differes! sutomation systems) wve
run the ATF model to completion without using the maximum delay-stopping
option., The Average Aircraft Delay figure becowes the total delays
divided by the total aircraft to enter (vhere ro additional afrcraft are
vaiting to enter). If the time increment is ¢=i minute, the figure
is in minutes. System delay is this figure 'ainus the traffic and delays
generated during an initial system loading perfod am! final unloading
pecriod as described below.
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At the start of a simulation run there is no traffic in the network.
The initial traffic load results from running the system for some load-
ing period prior to the portion of time actually used for analysis,
For example, in past applications the model has been run for nine hours
of simulation input. The effects of the first hour of traffic have to
be factored out of the output statistics for purposes of analysis. Also

the system delay figure is calculated after all input traffic has becen

allowed to enter.

For some applications, the above procedure may not be completely
satisfactory. It might be desirable to factor out the effects of delay
at origins automatically and before all origin delays have entered,

To Jo this, the present output should be modified., The average aircraft
delay figure must become the cumulative delay divided by the number of
aircraft that have entered plus the number waiting to enter but delayed
at the origin, When the model is run until there are no aircraft

waiting to enter, the present average aircraft delay and the above figure

will be equal,

The limitations in application of the Air Traffic Flow model can be
considered in light of the above assumptions. First, because there is
only one arc transit time, if an airspace with a large mix of aircraft
velocities and trajectories is being modeled the results must be used
carefully, Statisticul distribucions for arc transit times could be
implemented ~athar easily, however, if this becomes important. It would
be done by sampling a distribution whenever aircraft arc exit times are
stored in the code. In controlled airspace, velocities of all aircraft
on a route in a sector tend to be the same, This minor limitation is
also overcome to some extent because RECEP conflict models are sensitive
to variabilities in traffic and thus enter ATF calculations through the
scctor capacity estimate, A second limitation to the ATF application is

the lack of re-routing capability, (That is, the congestion relief
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sch-~as do not ra-route aircraft.,) If extensive delays are being en-

countered in some part of the system it is not possible at the present

0 g

time Lo divert aircraft to a less congested area, SRI has used the

methods described here to model the enroute environment. Application
to a TRACON airspace requires the definition of an interface to the
tower, It is believed that the tower constraints may be represented
by an adjustment of the boundary flow rates in accordance. with gate

schedules, runway taxi conditions, runway restrictions, etc.

A G a8 PR T

5.3 MODEL COMPONENTS

This section contains a description of the conventions used in the
ATF model on a designer's level, It is intended to provide a user some
insight into the model logic and thus help him avoid possible pitfalls

in the use of the tool.

As stated previously, the model calculates an expected flow and

il AT i T O A T S o, W G B

congestion status for each sector at each time increment. Afrcraft are

delayed from this expected movement if congestion exists. The system

tables are updated based upon the results of the delay actions,
The remainder of this section will deal with:
o The internal table structure and its relation to the
abstract network and traffic movement,
o The traffi~ generation logic,
¢ Expected traffic movement calculations.

e Conditions causing the imposition of delay and the delay
strategies available.

R S st e L N a0 123

Lk

The abstract Air Traffic Flow network has been described theoretically

A

as a s:ries of nodes, arcs, routes, and tectors., A node is defined to
be the point where an arc begins or terminates at a sector boundary,

Thus, if we define an arc in terms of its origin, transit, and destination
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sectors we implicitly define the nodes, The ATF model employs this
logic to eliminate the need to input and store a node lsit. Routes are

defined as a series of arcs beginning and ending at the airspace boundaries.

At et ek i

For example, when an enroute area is being modeled, the boundaries con-
sist of terminal and enroute sectors outside the multisector area of
interest, The arcs must be connected, That is, if arcs 1 and 2 make

up a route, arc 1 must end in the sector that arc 2 transits and arc 2
must begin in the sector that arc 1 transits, Because there are no

nodes internal to a sactor, the logic requires that merging and diverging
of routes be treated as completely separate routes within each sector.
For example, if two paths 1 and 2 merge (or diverge) within a sector

into (or from) path 3, it must start (or end) at the sector boundary.

A voute is unidirectional to simplify the logic. If bidirectional
traffic is encountered (obviously with altitude separation) then two
routes must be defined. Each arc on the route is assigned a transit

time in the same units as the time increment,

For each sector, workload maximum and constants assigned at input
must be maintained., Finally, the traffic flow at the origin of each
route is required. The flow is used to calculate specific aircraft
(or group of aircraft) arrival times as described later. The expected
exit times for each aircraft (or group), as described in Section V-A

(Model Overview) is also calculated and stored,

The above logic defines a requirement for four kinds of tables:
arc tables, route tables, sector tables, and traffic tables, These S
tables contain the network structure information described above and :
all system status information. To provide for the use of dynamic run
time memory allocation, three of these tables are contained in a single
internal array called LINK, They are the arc table, route table, and :
expected aircraft exit time table, in that order. Other arrays used :

as pointers are maintained along with thesc tables. The scctor
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information is stored in a saries of arrays because three of the variables

(WHM, KA’ KB) are real while sector counts and delay counts are integer

values,

Traffic flows are defined for specific contiguous time periods.
For example, if five aircraft are to arrive on route 1 from the start
of the simulation until the cnd of 60 time increments (say 60 minutes
if time i{s in minutes), then the next set of arrivals might be defined
for time 61 through 120,

The actual arrival times for each of these flow periods are generated
according to a Poisson process. For example, if we had a flow of five
aircraft within 60 time increments, a pseudorandom uniform distribution
is sampled five times and actual arrival times for the five aircraft

are calculated from the sample values,

To assure that arrival distributions for lower traffic level are

w
L B ol e et o e A A S A

contained (explicitly) in higher traffic distributions the random-
number generator is seeded with a particular start value., For example,

suppose for traffic level 1 there were four aircraft arriving on route

G o i A et A

number 11. The pseudorandom number generator would be seeded and then

sampled four times for route 11, If the same route had eight arrivals

for traffic level 2, we would start with the same seed, Thus, we

obtain the four original arrival times plus the four new times for

i et

the total of eight aircraft,

Expected traffic movements for each arc are maintained as arc
exit times for each aircraft (or group) in the traffic movement table,
At cach time increment all delayed and any expected undelayed asircraft

arc allowed to move. The movement table is not updated at this time

E
3
g
3

because if it were, and delay is imposed, movements would have to be
updated to reflect the delay, Instead the program logic waits until the

nexi time increment to store sovement times and counts for all aircraft
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that were not delayed, Any delayeu aircraft are counted as part of

the delay queue,

Sector loads in terms of number of expected aircraft and workload
are calculated next and stored in gsector tables. Sector workload and
its relation to capacity are the primary cause for delay. A secondary
causc can be the number of aircraft allowed on a route., Thesc two types

of delay have been discussed previously.

A secondary cause for delay, as previously described, can be an
excess (over a preset maximum) of aircraft on a route, Suppose for
example, that a terminal area is being modeled. The general avaiation
traffic is minimum so no sector is overworked. The physical airspace
and procedures along the primary arrival route, however, restricts the
number of aircraft that can be handled. The program will delay aircraft
at the origin to avoid allowing an unrealistic number of aircraft on ihe
route, If this type of delay is not desired, the input maximum for cach

voutc should be sct to some high number.

This scction has provided a description of the logic behind the
ATF model, Specifically the logic for network formulation and related
program internal table structure have been discussed. Traffic gemeration
logic, expected movement calculations, sector loading and workload cal-
culations have been covered. Two conditions causing the imposition of
delay were discussed as well as the choice of congestion relief stratcgies

available for imposition of delay under sector-overload conditions.

5.4 TINPUT AND OUTPUT SPECIFICATIONS

The input and output information for the ATF model are covered in
this section, The discussion i{s intended to provide the analyst with

an understanding of the real-world correspondence with each daLa element.
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The .ypes of input data may be ciassified into the Zollowing

groups:

o Network composition (szctors, routes, and arcs)
o Traffic flow purameters

¢ Sector workload maximum

e Sector workload coefficients

¢ Congestion-reiief strategy.

The following sections will give descriptions on each of the above

input groups with particular mention of the relationship between the

parameters and the source of field data from which the computer input is
developed,

5.4.1 Input

$.4.1.1 Network Compcsition and Traific Flow .

In the previous section we described the logic incorporated

for inputing network structure., We saw that we use implied nodes for
input to the model. We also explained the unidirectional nature of each ,
logical route and the conmnectivity requiraments for arcs comprising the
route, Here we will provide an example and details as to how a real-
world airspace can be abstracted, Figure 3 shows a multisector study
area for the Atlanta Enroute Air irsffic Control Center., This figure
and a large portion of this section have been abgtracted from an as
yet unpublished study conducted by SRI 1n 1375, They are included in
full here for the reader's convenience., The fixes shown on the figure

arc identiffcd as follows:

e ATL Atlantas

s AND Anderson

o BNA Nashvilie

e CRA Chattanoogs

95




T o T R R R e UGS ey e TR U O R SO T R I i T
! P il

V3NV AONLS HOLDISILTINKW HIANID VINVIULY € I8N0l

=2 RN T - s

MRS AIRUNLG o mm e

OF ‘6€ 'S8T OI30g A0 ([ O1NG, {
i 10198 WAD Ty 0INg, Uy al ARPUNOG  JOIIDE Sewmmmm

A

€9 TV 'y $I01S 1300 yy 20105
OF ‘SC ‘ST 'LE $)01308 140 9C 01208
rI0)D08 IO

96

te e : - * . T I L& AR ..W. 3 F o
’ . 4 a. i L w i N
TR , \ gl D i B énj. oy e ;,‘J\!& . Aha'd
i Gl e 00 i ok s et e R ol LUt e iy a2 i pi gk Bl i bl R . i 15



Hinch Mountain

Norc cons
Pulaski
Rome
Toccoa

AREZZE

Knoxville,

The Atlanta Center is comprised of 41 sectors, Of these
the nine sectors selected for study control primarily airline arrival,

departure, and cruise traffic north of the Atlanta airport.

ATF Multigector Model Styucture

The primary :vrival and departure airline traffic
routings within th: Atlanta Cente: are configured in a radial pattern
(four arrival and four departure corridors) with the Atlantz airxport
as the focus, The study avea wodeled by ATF included the two arrival
corridors from the northeasr and northwest and the northbound departure
corridor. The nine sectors in this study area are:

e Sector 36 (Allatonaa, ALU)--high enroute

reaffic, FL330 and above.

e Sectun 27 (Crossville, CSV)-~-departure
trarsition traffic, FL240-FL310.

e Sector 38 (Morth Departure, WDEP)~-departure
traffic, FL120-FL230,

e Sector 39 (Caattanooga, CHA)--arrival
transition traffic, surface to FL270,

e Sector 40 (Dallas, 9DP)--arrival traffic,
FL120-£1.270,

e Sector 41 (Morcross, OCR)--arrival traffic,
FL120-FL230.

e Sector 42 (Lanier, 2LI)--arrival transition
traffic, FL240-FL310.
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o Sectoxr 43 (Puiasri, BiK)--arrival transition
traffic, FL23CG-FL310,

e Sector 44 (Baden-Blue Ridge, BAUBU)--high
enroute traffic, FL330 and above,
With reference to Flgure 3, Sectors 19 and 40 arec
in the northwest arrival corridor; Sectors 41, 42, and 43 are in the
northeast arrival corridor, and Sectors 3 and 38 arc in thc northbhound

departure corridor. The sectors overlap in zach corridor to form step-

wise configurations that handle climbing nd deoscending traffic transition-

ing in and out of the Atlanta TRACON. Sectors 36 ard 44 overlay tha
other :ectors (ai noted in Figure 4) and handle primarily cruising over-

flights and some :ransitioning aircrafc.

Acrivals into Atlant: Center from directly north
generally enter Sector 42 at FL310 or ! -wer, begin descent immediately,
and continue the descent in Sector 41 until they are handad off to the
Atlanta TRAC'N ncar OCF at FL120, The srrivals from the east over PSK
in Sector 43 or Sector 44 arc somewhat kigher and do not begin descoant
until approaching the borcer of Sector 42. They are merged with the
arrivals from the north in Sector 41 and handed off to the Atlants
TRACON near OCR at FL120, Arrivals along the two routes from the north-
west enter Sector 40 at FL2'0 and descend to FL120 just south of RMG,
vhere they are handed off to the Atlanta TRACON,

Departures to the north diverge in Sector 38 gnd
proceed over HCH and TYS in Sector 39, Departing traffic generally
crosses the center boundaries between FL240 and FL31O.

Three major cruise rouces through the arca were
wodeled, One is a two-directional east/west route through Sectors 37,
42, and 43 in the FL240 to FL310 range, and through the overlying
Sectors 36 and 45 at FL330 and above. Primary fixes along the route
are CHA, TYS, and PSK. Also in the high airspace at FL3I30 and above
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are two generally nor'h/south routes, The first crosses Sector 36 and
passes ov-r the Atlanta airport (ATL). and the other crosses Sectors 36

and 44 and passes over TYS and AND,

A large number of small volume routes were also in
the area modeled, but are not showu in Figure 3, and include the arrival
and departure routes into and out of thc¢ Chattanoogas airport. Military
activity makes up about 10% of the total traffic and conforms reasonably
well to the routes followed by civil aircraft. Had this not been the
casc we could have included routes or pse: 30 routes for this traffic.

A pseudo route would be a route completely enclosed by a sector, The
transit »iwe for this route would be the average time a military flight

would be in the sector. A p-:eudsroute is thus a route made up of a

single arc which begins and ends at the area boundary and carries mili-
tary traffic.

Sector a:d Route Metwork Representation

The szctorization and routing structure shown in
Figure 3 is abstracted for input to the ATF network model, as shown
schematically in Figure &4, ATF arc number identities are indicated.
Becausc the high sectors ovcrlasp lower ones in s stepwise arrangement,
we juxtaposed, in Figure 4, the sector achematic presentations to diagram
the route network., The overlapping of sectors can be observed to some
extent if the figure is folded along the dashed lines like an accordian,
The lower sectors should be folded up first. The two high sectors--36

and 44 (at the top of Figure 4)--overlay Sectors 37, 39, 42, and 43;
these latter four in tumm overlap the low airspace sectors--38, 40, and
41, Diagrasmatic comnectors (circled) were included in Figure 4 to
facilitate mental piecing (by superimposing connectors) of the juxtaposed

sectors,
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In the conversion from the actual configuratior to
the schematic, the only important properties (for ATF modeling) of an
arc are the ctransit time, the origin sector, the destination sector,
and the sector including the arc. Therefore, if two or more arc:
originate at the same sector, end at the same sector, and are included
in the same sector, they may be combined into one arc whenever transit
times are equal.

As mentioned cariier, some of the actual routes

have two-directional traffic while others have only one-directional

flow, For two-directional routes, two logical (ATF) routes were defined

e M A

to represent the actual rrute, Consequently, in the schematic, each

arc shown rcpresents one-dimensional traffic flow. This representation 3

results in a system of nine sectors, 26 routes (or origin-destination %

pairs), and 42 arcs. _g

It can be seen from the previous discussion that j gé

= . establishing routes for the Air Traffic Flow model is of primary impor- %
{ tance in setting up the sector, route, and arc description. The follow- g
ing procedures were used to arrive at the description represented in %
Figure 4,
The fir-T step is to gain an operational understand-
ing of the airspace being modeled, We have found that interviews are %
T useful in establishing the primary routes. This information is then g
used to help structure the routes from flight strips (collected ut _%
. the center) after the visit., The procedure described here is used to :
g obtain arrival counts at route origins as well as definiug route structure. :
_‘i ; Only routes with substantial trafffc cver the day or shift being simu- ;Ei
%’ K lated arc included as logical rouces. Tra7fic not conforming to these §
’ routes is counted as part of traffic on & route most nearly approximating b
i, i the flight plan. The number of routes is Gependent upon the traffic
ﬁ : patterns and the level of detail required by the smalyst. Theorotically
't ‘ - 101 i
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there could be one route for each aircraft but this would be impractical. 3

Thus, the number of routes is determined through subjective judgment

during the flight-strip reduction. The procedures for flight-strip

reduction are not rigid. A suggested approach is given below to pro- 3

vide insight into the information that should 'e sought during the on-
site interviews:

1. Sort strips by aircraft identification,

Exclude any urmarked strips.

2. Sort by civil aviati.a and military flights
or any other combination of traffic classes
with different predicted growth character-
istics.

3. Sort by time periods (2C-min to l-hr periods
have been found to be reasonable),

Pt L g

4. List route identification based upon inter-
views with Center personnel.

5. Tally aircraft entries by time period and
route, (Sector-to-sector progression of
. the flight {s the most importent factor
{ in assigning aircraft to routecs).

6. Establish new routes for any reasonablc num-
ber of aircraft which do not fit well into
the rovtes established in Step &,

Another data reduction procedure sorts aircraft by route after Step 2.
This procedurc starts with the primary route being cstablished as in

Step 4 (eliminating Step 3). We have no preference for either proccdure.

The end result of this procedure fs a route-and-arc
structure representing the model area and a count of arrivals at route

origins,

Sl oo e ey

5.4.1.2 Traffic Flow Parsseters
The elements of this input type are:
arc transit times {7”}, for all 1,}
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aircraft arrival rates {rk(l‘)}, for ail routes k, and time T.

The arc transit time is calculated at the average aircraft velocity for
afrcraft in the sector. These transit times can also be derivec fros
information obtained from System Analysis and Recording (SAR) tracking
in the field. Please sec Appendix G for further informatiom,

The other input parameter is thc rate of aircraft geners-
tion at the origination node, rk(‘r), for each route during each time
period, The general approach for obtaining the traffic count is to
obtain a basic count first. The basfc count is coded and used as input
to the model. The ATF model is then run for at least one run without

congestion adjustment to evaluate traffic loads by sector.

Hourly sector traffic cen be compsred to the Busy-Day
Reports from the center being modeled. For example, assume the model
shows the following relationship for aircraft hrndled: ~

Jusy Day

ATY Output Ets
Sector 1 20 20
Sector 2 32 30
Sector 3 35 36

The analyst should search for the routes crossirg Sector 1 amd reduce
flows on those routes. The model can be run again a7d the same compari-

son made,

If future operations are to be evaluated, traffic must
be scalcd to future forecast levels., The method that has been used at
SR1 has been to deterministically scale the traffic losd by route. This
has been done manually in ore case. VUe also have a2 small preprocessor

program which will scale specific types of traffic. This program called
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ADD is writter. in Fortran and ic designed to take the base case traffic
load by route and provide an incrementally scaled traffic file for input

into the ATF model,

The overall goal of scaling trafiic is to gradually in-
crease traffic throughout the center until its capacity valus fs reached,
It is desirable for purposes of delay comparisons to have higher volume
traffic include the characteristic pattern present in the basic count,
Thus, if Route 2 is loaded with a basic count of 20 aircraft per flow
period (e.g., 20 minutes), it is desirable to have those 20 aircraft

plus Route 2's proportion of the additional traffic,

The scaling mechods used by SRI have not affected the
distribution of traffic, For example, the scaled traffic levels for
Atlanta contain the same relative proportion of traffic on each route
that is found in the base-case traffic, It is possible that actual
future traffic may be heavier on routes from the west into Atlanta,
However, we had no basis for estimating changes in distribution in fore-

cast traffic levels and so none were made.

5.4.1,3 Sector Capacity and Workload Coefficients

RECEP constants corresponding to the particular automation
being evaluated should be estimated. This is done by adjusting the event
times according to the cstimated enhancement's design goals (see Section
VI, Example of RECEP/ATF Application in Productivity Analysis), Con-
stants may also be adjusted to reflect sector reconfiguration or other
proposed changes to the airspace, The new constants are used as the
input by sector for the ATF model. Each change in a sector constant is
followed by a new ATF run. The results are evaluated in the manner

described in Se~tion VI,
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5.4.1.4 Congestion-Relief Strategies

Two congestion-relief strategies have been used in the

Air Traffic Flow model. They were described in the Section V-A (Model
Overview). It is possible that as procedures change, different congestion-
relief schemes will bccome necessary. This should become apparent to

the analyst as he looks at the flow control being modeled.

5.4.2 QOutput
Output from the model is printed as often as each time incre-
ment or at any other frequency desired, The amount of information dis-

played at each print cycle can also be controlled.

The three parameters that could be used for analysis of an
ATC airspace are avei.ge delay per aircraft, traffic capacity, and
controller workload., These three elements are dependent upon each other.

Given two of the elements, the third can then be calculated,

The remainder of this section descrinses the ATF output item

by item., Those items which are obvious are not covered. There are four
basic status displays as shown in Table 18. Items are defined as

follows:

e Sector Status

Workload = Kl N + K282 at the particular time, ¢, é

PILN
over-all time steps
# time steps

S

Avg. Work = for each sector, k.

Sector count = N at the particular time for each sector,

Sector entries = number of afircraft entering sector a:
the particular time,

Sector exits = number of aircraft leaving sector at the
particular time,
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Sector delays = count of the number of aircraft delayed
in the sector at the particular time.

Origin delays = count of the number of aircraft delayed
at the boundary of the entire multisector
sector area under consideration at the
particular time,

:%
3
H
:g
£

e Arc Status

Arc count =
Arc entries = See above definition for sector status,

Arc exits =

LI B

Cumulative arc delay = Total count of the number of delays
on any arc up to the particular time,

e Route Status

Cumulative route entrie. = number of aircraft to enter
each route not counting any ]
delayed at the origin, 3

Cumulative route delay = count of the number of delays
all along the route and at the

origin.

T

Average route delay = cumulative route delay divided by 1
cumulative route entries. 3

e Aircraft Status

Aircraft count = number of aircraft presently in the
system,

Aircraft entries = aircraft entering at the particular
time increment.

Aircraft exists = aircraft exiting the system at the
particular time increment.

Cumulative aircraft delay = count of the number of delays
in the systcm.

Cumulative aircraft entries = cumt:lative aircraft to enter
the system not counting those
delayed at the origin.

Average aircraft delay = cumulative aircraft delay divided
by cumulative aircraft entries.

There arc two procedures for stopping the Air Traffic Flow

model. The first is to terminate the afircraft arrivals with an input
107




card with FINI on it. The second method is the result of the ontional

delay termination procedure. Using this option, if one of the delay
maxima is exceeded, the program will stop., In both cases the program
will first zero out all undelayed aircraft scheduled to enter in the
future and continue to run until all aircraft in origin delay queues

have entered. The program then prints system status and hourly summaries

(up to 24 hours) and stops if there is no new input,

5.5 MODEL APPLICATIONS

RECEP and ATF are designed to allow modification and flexibility
to their design structure and, thereby, enable their application to
various areas of study. The RECEP event task times and frequencies
may be used to rcepresent various operational requirements and strategies,
and ATF parameters may be used to represent alternative sectorization
and routing structures. The possible arcas of application for RECEP/ATF

include, but are not restricted necessarily to:

e Evaluation of automation packages,

e Evaluation of operations and procedures,
o Evaluation of ATC manpower allocatiom,

o Testing of productivity measures,

¢ Energy consumption evaluation,

To date, RECEP/ATF has been applied explicitly to the first area
of study listed--evaluation of automation packages., However, this
application has usced techniques that could be extended to the other
areas of study, In the remainder of this section, we briefly review
automation package evaluation and address the broader implications for
RECEP/ATF application,
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bebel Evaluatlon of Automstlon Packapes

Various UG3RD enroute ATC automation concepts currently are

under examination, RECEP/ATF has been used by SRI to postulate the

operational impact of these sutomation alternatives and to assess their

productivity implications relative to facility staffing requirements.

These analyses are in various stages of preparation and are under review

by the Office of Aviation Policy of the PAA; analyses documentation

will be forthcoming upon final approval of the results, However, a brief

review of the methodology used will provide some insight into the applica-

tions of RECEP/ATF as a tool for cxamining the fcasibility of postulated

automation concepts.

The systems were cxamined in scquence under the assumption

that each automation feature is added to the previous system, The auto-

mation featurecs, added consecutively to the NAS Stage A Base (System 1)

are:

Automated data handling (System 2),

e Automated local flow concrol (System 3).

e Sector conflict probe (System 4).

e Area navigation, RNAV (System 5).

e Discrete Address Beacon System (DABS) data link
(System 6).

e DABS intermittent positive control, IPC,

5.5.1.1 Automated Data Handling (System 2)

Lttt RGP e

b b

This first add-on to System 1 includes the implewenta-
tion at sector positions of an electronic tabular flight Jdata display,
and RDP/FDP refinements. The tabular dispiay is an electronic flight
data presentation designed to replace paper flight strips and attendant
manual activitics and would effectively automate some controller msnual
and verbal tasks associated with intersector control procedures and
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flight data distribution. The RDP/FDP refinements are minor system
modifications that would facilitate equipment operation.

5.5.1.2 Automated Local Flow Control (System 3)

This feature, which we assume is added on to System 2, is
designed to maximize sector capacity utilization by smoothing out traffic
pcaking situations.” It would control traffic flow on routes by means
of an on-line computerized traffic planning process that regulates
workload surges in accordance with the traffic-handling capabilities
of a multisector environment, It impacts on enroute operations by re-
distributing traffic peaks and workload surges on the air traffic route

network.

5.5.1.3 Sector Conflict Probe (System &)

This fcature, which we assume is added on to System 3,
alerts controllers of potential conf!icts and recommends resolution
actions. To provide an operationally realistic time prediction horizon
at a low false-alarm rate, we assume this feature will be used when
azircraft first enter a sector. Because A/G communications are required
to transmit conflict resolution instructions, workload reductions affect

only conflict detection and assessment tasks.

5.5.1.4 RNAV (System 5)

This fcature, which wc assumc is addced on to System 4,
incorporates navigation avionics that could bc used in enroutc opcrations
to achieve closely spaced, multilane traffic routes. Overtaking con-
flict processing would be eliminated by placing successive aircraft

on closely spaced parallcl routes.
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5.5.1.5 DAHS Data Link (System 6)

This festure, which we assume {s added on to System 5,
transmits to pilots digital datu: including routine clearance and conflict
aviridance directives., It {s rot intended to transmit extensive nonstandard-
format messages, The data link, integrated with extensive computeriza-
tion, is the basis for the "control-by-exception” concept in which the
controller would become a system manager who is not routinely cngaged
in minutc-by-minute tactical deciafon making. He would have to maintain
cognizance of the computerized sector control operation and intervene
when necessary to adjust procedura! rules, raspond to pilot requests, and

resolve nonstandard situations.

5.5.1.6 DABS IPC

IPC provides traffic advisorics and threat-avoidance
commands to pilots, as needed. Because this service could operate in
the enrcute environment on imminent conflict situations that might bo
"missed" by controllers, we assume IPC to be a safety-enhancement device
that would not directly impact routine staffing requirements., IPC may

be necessary to provide fault tolerance in the event of failures in the

other enhancement system operations,

These systems were analyzed using the RECEP/ATF formula-
tions developed for the Los Angeles Center and Atlanta Center. In each
case, the RECEP and ATF descriptions of current NAS Stage A operations
werc revised to represent ATC operations under the proposed automatior.
systems; sector capacity and delay results were obtained for each system
(cxclusive of IPC which was assumed not to affect sector capacity). The
RECEP/ATF wmodcls werc structured to represent the capacity/delay relation-
ships associated with various manning strategies. This technique enabled
the estimation of the staffing required to maintain current delay for
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increasing levels of forecast traffic and to compare the corrcsponding

productivity implications of the alternative systems.

We note that RECEP descriptions of automation packages require
postulation of their modes of operation in terms of the work activities
of controllers. Therefore, a subset of automstive evaluation is the
usc of RECEP to describe automation operating requirements, which could

be used to define automation design specifications.

5.5.2 Evaluation of Operstions and Procedures

As part of the analyses of manning stratcgies for automation
alternatives, RECEP was used to estimate to the first-order the capacity
effects of sector =»litting., As described in Appendix H, the methodology
usud RECEP to approximate the redistribution of work among newly created
sectors and to accoun:it for the additional sector workload induced by
introducing new sector boundaries (contrgllen must carry-out control
jurisdiction transfer, traffic structuring, and related activities each
time an aircraft crosses a sector boundary). Although the sector-
splitting model was desigr2d for the purpose of theoretical analysis,
the concept of uging RECEP/ATF to analytically compare altcrnatives

could be extended to the evaluation of current operations and prucedurcs.

RECEP conceivably could be refined to differentiate not only
the operational impacts of inserting sector boundaries, but also those
impacts of adjusting procedural requirements or operational rules-of-
thumb, Por example, changes to standard altitude or speed restriction
procedures would impact routine work activities, and decisions to
procedurally segregate aircraft routings would impact poteatial con-
flict activities, These procedural decisions could be modeled within
the RECEP formulations by adjusting event task times and frequencics,
and assessments concerning the effects on sector capacities could be
made. Clcarly, the accuracy of such ass2ssmcnts would depend on the
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precision with which operational rcquircments are translated into work

task requirements; these requirements are understood best by those

personnel knowledgeable in day-to-day comtro). opexations,

ATF in conjunction with RECEP, could be extended as a tool to
assess and plan current multisector operations. In particular, ATF
might be refined to examine the means by which adjacent facilities inter-
act with cach other. This approach would address the interface between
facilitics by examining the formal procedural agreemcnts regarding
routings, in-trail separation, speed and altitude restrictions, and
the like, and could be used to assess the integration of tower/TRACON/

center procedures,

5.5.3 Evaluation of ATC Manpower Allocations

Resectorization based oa sector splitting is one way of in-
creasing manning to handle increases in traffic flow. An altemative
is to expand the manning of existing sectors by adding controllers to
sector teams (e.g., expand from 2-man to 3-man teams). Also, a combina-
tion of both approaches may be used to match manpower capabilities with
traffic-handling requirements. The evaluation of which manpower
allocation technique--sector splitting or sector tesm manning adjustment--
to use to solve current operational problems could b2 modeled on RECEP/
ATF,

RECEP/ATF has been used to compare multisector manpower allo-
cations for automation alternatives. This application used RECEP to
estimate the sector capacity impacts of sector splits and team manning
adjustments, and used ATF to identify the manning force needed to main-
tain the current level of delay for various traffic projections. Again,
although these models were used for the theoretical analysis of postu-
lated automation systems, the modeling approach msy be used to meet the
ncar-term planning needs of facility personnel to make trade-off
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comparisons between sector splittings and secto. team manning adjust-

ments, The use of the model would be similar to those applications for
automation analysis described abovc; however, the uses in this case

would be for the facility operational functioms.

5.6 DATA BASE UPDATE AND MODEL VERIFICATION

Similar to the purposc of RECEP data basc update (Scction IV-E),
the ATF data basc for a center should also be rccalibrated perjodically
to reflect the most current operational features., These features in-
clude sector configuracion, route structure, traffic flow rates, and
congestion relief schemes, The current operation of a center often
serves as the base-line for an ATF simulation for future productivity
predictions; therefore, the reliability of this base-line input is
important to the simulation results.

The ATF data base update (or ATF "quick look" field test) can be
performed in conjunction: with the RECEP data base update because somec
of the common data clemcnts are shared by both models (e.g., route
structure), RECEP uses it for potemtial-conflict frequency calculations,

and ATF uscs it for route and arc definitions.

The ATF model verification requires the comparison of ATF output
(e.g., sectors at capacity) with some other known data such as center
Busy Day Report, Workpace/Work Activity records, etc., One of the
wethods would require a series of straight simulation runs each for a
sufficient period of simulated time, say three hours. The traffic
parameters are scaled for capacity throughput (using the Busy Day Report
as one of the data sources). A midhour period of each simulation output
will then be compared with actual field data collected from selected
sectors which have experienced high traffic loadings. An agreement
in sector workload or traffic loading statistics between the simulation
and the actual field data would constitute a verification,
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Another method, which takes into consideration the random varia-

tions of a dynamic system, would be to perform time series analysis on

ATF simulation output (e.g., aircraft loading or workload values at

each time increment) by expressing them in autoregressive and auto-
correlation functions (pp. 23-45, Ref. 12). Likevise, the resl-world
counterparts oi ATF simulation responses would also be measured (e.g.,
WA/WP aircraft loading and workpace values covering the same time
period as in sisulation) and converted into autorsgressive and auto-
correlation functions. The comparison of the time-series functions

between ATF output and field measures would constitute & verificatimn,
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6. EXAMPLE OF RECEP/ATF APPLICATION
IN PRODUCTIVITY AMALYSIS

The methodology previously used to evaluate automation packages

|

analyzed the relative productivity of automatfon a'ternatives and com-
parced their productivity against that of the baseline NAS Stage A opera-
tion., The productivity comparisons were made using RECEP/ATF to estimate

manning rcquirements corresponding to traffic projections for selected

A S B

multisector enviromments. RECEP was used t. estimate sector capacities
associated with alternative manpower allocations for each automation
package; ATF was used to estimate the multisector manning needed to

maintain current delay at selected traffic projections.

In this section, we demonstrate the productivity snalysis applica-
tion of RECEP/ATF. We use a hypothetical automation package to exemplify
the RECEP analyses technique and illustrate the mesns by which AIF is
used to develop productivity measures.

6.1 RECEP DEMONMSTRATION

We describe in this section the structuring of RECE} models for s

hypothetical automation package. The package includes Handoff Auguenta-
tion and Sector Conflict Probe automation items, for which we will de-

velop workload relationships using previously established RECEP models
of current NAS Stage A baseline operations at the Atlants Center. The

relevant elements, for this discussion, of the beseline system RECEP

il o,
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models are the routine event and conflict processing task times previously k

S

prescnted in Tables 9 and 13. In the remsinder of this section, we de-
scribe the impact of Handoff Augmentation on rrutine event task times
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and the impact of a sector conflict probe on conflict event task times.

b
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6.1.1 Handoff Au tation

We hypothesize Handoff Augmentation as a limited version of
the electronic tabular flight data system (ETABS) where Handoff Augmen-
tation would simplify some of the control jurisdiction transfer task

requirements (as defined in Table 9); it would not affect traffic
structuring and other functions nor would it eliminste the need for

flight-strip processing (as would ETABS).

We visualize our fictional Handoff Augmentation system as a
small, electronic, alphanumeric-displa: :yboard unit built into the
sector team's current operating console. The display lists aircraft
{dentity (ACID) data; ispecial purpose, quick-action keys are located
adjacent to each ACID. Manual "punching” of one such key wouid activate ]
handoff acceptance for the corresponding ACID; another key would effect :
manual handoff initfiation., We assume two such keys per ACID are needed
to eaable retraction of handoff initistion; otherwise, a single key
would be sufficient to facilitate both acceptance or initiation depending .
on the current control status of the aircraft. “Flashing” or "blinking”

ACID displays would accompany the handoff operations in parallel to PVD
data block flashing.

We develop a RECEP workload model of the Handoff Augw itation
operation by making the adjustments to control jurisdiction transfer
task performing times as summsrized in Table 19. The parentheses enclose
the baseline system's task time originally presented in Table 9, snd
the remainiag data entries in Table 19 correspond to the Handoff Aug-

mentat’on enhanced operation.

With reference to Table 19, we assume that the Handoff Aug-
mentation will reduce the time required in FDP/RDP operation for handoff
acceptance vill be reduced from 2 man-sec (baseline system) to 1 men-sec.

In this casc, we axsumc a | man-4cc aupgmented keypunch operstion (which
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is associated with a single ACID display) will automatically identify
the aircraft being handed off, and no further manual keyboard/slew ball

operations are needed.

We assume the manual (silent) handoff initiation FDP/RDP opera-
tion will be reduced from 3 man-sec to 1 man-sec., In this case, the
baselin: system's manual operations needed to identify both the aircraft
and receiving sector are performed automatically when the augmented
handoff is initiated by a 1 man-sec keypunch. The augmented display
could flash the ACID as well as the receiving sectur's identity (deter-
mined by computer from FL? flight plan data files) when appropriate,
and the controller need only "authorize” handoff initiation by keypunch.

Some rodeling dexterity is needed to represent more detailed
aspects of the control operations., For example, the term handoff
acceptance as used in the Table 9 RECEP formulation includes track initia-
tions for FDP/RDP operations to establish computerized radar tracking of
a target, and manual preparation (writing) of a new flight strip because
no FDEP printed flight strip would be available. These FDP/RDP opera-
tions would also be required to establish tracking with the Handoff
Augmentation automation, and are represented in Table 19 by the addition
of 3 man-sec of FDP/RDP operations associated with original 10 man-sec
for new flight strip preparation. (The baseline system FDP/RDP opera-
tions requires 3 man-sec to '"capture" the target by slew ball and
identify the aircraft by keyboard data entry. For modeling convenience,
the 3 man-sec operation is represented in Table 9 as 2 man-sec for
FDP/RDP operation and 1 man-sec for flight strip processing. These task
activities are regquired for a normal handoff acceptance, and are used
in Table 9 as a surrogate measure for pop-up tracking hecause no handoif

from another sector is actually performed,)
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6.1.2. Sector Conflict Probe

The Scector Coanflict Probe wou'ld .se computer-calceulated projecs
tions of flight trajectories to identify potential conflict situations,
assess the situation, and recommend resolution actions to controllers.

We assume this device would be integrated with the Handoff Augmentation
operations; conflict probes could be activated automatically each time
a handoff acceptance key is activated or could be activated manually
by another key (i.e., third key set) adjacent to an ACID display on
the Handoff Augmentation, The latter capability enables early and se-

lected probe scanning.

The sector conflict probe's potential effects on controller
task performance times are estimated as shown in Table 20. Again,
baseline system task times obtained from Table 13 are indicated in
parentheses, Detection and assessment tasks are performed by the compu-

terized probe, and resolution directives/suggestions are displayed to

TABLE 20

CONFLICT EVENT PERFORMANCE TIME ESTIMATES
ATLANTA CENTER, TWO-MAN SECTOR OPERATION
SYSTEM 4--SECTOR CONFLICT PROBE

Minimum Task
Performance Time*® Minimum Event
Conflict Event (man-sec/task) Perfor-:ncc
Detection ( Time
and Resolution man-sec/eveat)
Assessment
Crossing 5(20) 40 45(60)
Overtaking 5(20) 20 25(40)

*
Revised System 2 performance times are indicated in
parentheses,

121




é

i"'“"””‘wy"""

1-:.; .

-

C Y e

-
F

the R controller (possibly on the R-controller current computer readout
device, CRD, or on his PVD), We judge that 5 man-sec will be sufficicnt
to assimilate this information. Similar to current baseline sgystem
operations, actual resolution is performed by the R controller by A/G
communications. A rcduction of 15 sec in total conflict-processing time

results for both crossing and overtaking potential conflicts,

6.1.3. Remarks

The revised routine and conflict processing task times would
then be loaded into the RECEP model and used to calculate sector capacities
corresponding to the automation package operation. We wish to emphasize
that our automation package does not represent current FAA development
plans, but is merely a fictitious automation concept that we use for
discussion and demonstration purposes only. Furthermore, we do not
imply that we are recommending the enhancement package as presented for
further design considerations, Serious questions exist regarding the
feasibility of introducing additional keyboard and display fa-ilities
onto the current console design, as well as the desirability of further
complicating control operations without considering restructuring of

all task requirements on an integrated basis.

6.2. ATF AYPLICATION

We use ATF to estimate the average aircraft delay experienced
during some time interval of interest (i.e., 8-hour shift) in a selected
multisector environment for a range of traffic-loading projections,

The multisector environment is defined by specifying the route network
structure and control operation, bageline or enhanced. The control

operation is represented by the RECEP-based workload-capacity relation-
ships determined for each feasible combination of baseline or enhanced

system, sector manning strategy and sectorization configuration. For
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the purpose of productivity analysis, we determine and compare the
average aircraft delays corresponding to the various control operations
while holding the route structure fixed. The procedure isolates the

delay effects of automation implcmentation from those effects relating

to route structure,

The ATF route network is defined for the baselinc system using
field observation data collected during the field experiment and is
used also to represent automation system routing characteristics. The
ATF route network developed by SRI to represent a selected 9-sector
system for the Atlanta Center is shown in Figure 4 as an example. The
route network is defined in ATF by the ordered set of connected route

segments, and by the transit time through each sector,

Traffic loadings on each route during successive time intervals
(e.g., 20-min) are obtained from the field data collected; the traffic
loadings represent the current traffic-handling demand placed on the
baseline system., This loading is increased incrementally to represent
future traffic demand on the system. The various traffic loadings,
current and projected, are applied to ATF modelings of baseline and
automated operations to enable a parametric comparison of delays associ-

f ated with each gystem at fixed traffic levels.

R 6.2.1. Control Operations Modeling

A control operation is represented in the ATF model by the
workload-capacity relationships defined by RECEP, which is equivalent

?: . to stipulating the maximum number of sircraft allowable in each sector.

f{ , ATF loads traffic through the network until the stipulated sector traffic

f; capacities are reached, and then delays traffic to maintain each sector's

i% .. traffic flow role at or below the stipulated capacity. ‘‘herefore, an

?;;' increase in sector capacities will increase the allowable flow rate

Egb;' through each sector and reducc the delays induczd in the ATF model

E 123
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formulation, This attribute of ATF--the sensitivity of deiay to sector

capacity--makes the model a useful tool for differentiating the opera-

tional efficiencies of the baseline and automated systems.

For example, consider a comparison between a baseline system
and a single automated one, Let us assume that the automated system
will reduce considerably the control workload requirements per aircraft,
and increase the sector traffic capacities relative to the baseline
system, Therefore, an ATF run for the automated system should obtain
a lower average delay (e.g., over an 8-hour interval) than one for the
baseline system under coualtions of fixed-route structure and traffic
loading., Similar results would be obtained at different traffic loadings.
.'e demonstrate the ATF analysis using the hypothetical situation shown
in Figure 5 where the current traffic loading during an 8-hour shift
on some current lO-sector configuration is 500 aircraft. At this
traffic level, le. us assume the ATF average delay estimate for the
baseline operation (with current sector manning strategies) is 1 min/
aircraft, while the corresponding automation system delay is 0.5 min/
aircraft. Similar pairwise comparisons between each system's delay
characteristics can be made at projected traffic levels. Figure 5 dem-
onstrates successive runs of the ATF in which traffic increases in 20%
increments; all other ATF model parameters (i.e., route structure and
sector capacity limits) are held constant. Interpolations between each
delay point obtains the curves shown. We note that Figure 5 exemplifies
the capability of ATF to translate the sector capacity advantages of f;

the automated system into delay reductions as traffic loading increases. g

1f one were to look at the two systems under a different ‘é
sectorization design in which one of the baseline sectors are split,
the RECEP analysis would show an increase in the capacity of the air-
space of the original sector, Therefore, rather than restructure the

ATF route network to model the two new sectors, the effects of the sector
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splitting are conveniently represented by increasing the capacity of
the original sector in the ATF model. The recsulting delay cstimates,
relative to traffic loading, could be as shown in Figure 6 for the two

systems,

This procedure for incorporating control operation changes
into ATF by means of RECEP-baged capacity adjustments may be continued
for selected automatfons and sectorizations, and of course, applied to

manning strategy alternatives,

6.2.2. Productivity Comparisions

We wish to compare the manning and traffic handling capabilities
of baseline and automation systems at some common level of service.
Such a comparison enables us to determine the efficiency of each system's
ability to provide an identical service quality. For this purpose, we
use the current level of delay as determined by ATF for the baseline
system, and compare each system's operations at this reference point.
We need to estimate the manning required by each system to maintain

current delay and quantify the corresponding traffic-handling capability.

To demonstrate this approach, we use the examples introduced
in Figures 4 and 5. Let us assume that the baseiine system operation
requires 2.5 men per sector (i.c., onc R controller, and one D controller,
and the shared services of an A controller), and the manning strategy
of the automated operation calls for 2 men per sector (1.e., eliminate
the A-controller). Therefore, the baseline system requires 25 control-
lers to man the 10-sector configuration and 27.5 controllers to man
the ll-sector configuration. The automated system requires 20 and 22

controllers, respectively, for the 10- and ll-sector configurations.

Traffic-handling capabilities at the current delay level cor-

responding to the above manning levels are obtained by inspection from
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FPigures 4 and 5. The current l0-sector baszline system is shown

to have 25 controllers handling 500 sircraft/shift with 1 min/aircraft
delay; with the 27.5 manning level of the il-gector configuration, the
baseline system handles 550 aircraft at the same delay level. The auto-
mated system with 20 men handle 700 aircraft, and with 22 men, the
automated system handles 800 aircraft at the current delay level, Using
the current 25 controllers and 500 aircraft/suift as the base for com-
parison, the productivity factor is defined as the ratio of traffic

factor to manning factor fur current level of delay operations:

Traffic Manning Productivity

System ration Factor Factor Factor
10-sector Baseline 1.0 1.0 1.75
ll-sector Baseline 1.1 1.1 1.0

10-sector Automated 1.4 0.8 1.75
l11-sector Automated 1.6 0.88 1.81

where:
Traffic factor = Traffic handling capsbility/500 aircraft/
shift
Manning factor = Multisector manning/25 men
Productivity factor = Traffic factor/staffing factor

The statistics shown sbove are a somple subset of the produc-
tivity estimates that need to be made. For example, we see that the
manning increase associated with the sutomated system's single sector
split increases the productivity factor from 1.75 to 1.81., Clearly, we
would like to know the productivity implication of further mamning
increases and the limits of the traffic handling capabilities asssociated
with such manning increases. Therefore, the SRI productivity evaluation
methodology requires the RECEP/ATF modeling of the range of feasible
manning alternatives associated vith feasible resectorization and sector
manning options. This procedure parsmetrically encodes menning, traffic

handling, and productivity relationships.
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Por demonstration purposes, let us assume that judgmentally
based analyses (including consultations with field facility personnel)
concludes that the original 10-sectors could each be split, but air-

space limitations would preclude further resectorization. Therefore,

the maximum number of sectors cventually obtainable is 20, which rcsults

in a manning upper bound equal to twice the 10-sector manning levels
for baseline and automated operations. RECEP/ATF models of the 10-
sector, 20-sector and selected intermediate configurations would obtain
traffic and delay relationships for esch operation. (Alternative sec-
tor team manning strategies would also be modeled, but to simplify

this discussion we do not do so here.) These relationships would be
used, as described in the preceding paragraphs, to determine a series
of traffic and staffing factor pairs representing current level of

delay.

Each traffic and manning factor pair could be graphically
plotted as shown in Figure 7 to obtain productivity curves for each
system, Figure 7 presents the staffing increase needed by each system
to maintain current delay ax traffic grows. The point at which a
system's productivity curve reaches ite wanning upper bound indicates
the maximum traffic capable of being handled at current delay. For
our purposes, we refer to each of these maximum traffic levels as the
"capacity” of the system, although additional traffic may be handled
vith increased delay. Specifically, the “delay constrained capacity”
of each system {s the traffic handled at the current delay level by

the system's maximum practical manning.

We may compare system productivity ratios at any traffic
factor or manning factor ratio we wish, and correlate the results
vith yearly traffic forecasts if desired. However, for general pro-
ductivity analysis purposes, we will compare productivity ratios cor-
responding to the delay-constrained capacity of each system.
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Recall that the multisector manning here is 25 men (1.0
manning factor) and the traffic loading base is 500 aircraft/snift
(1.0 traffi: factor) with reference to Figure 7, the 20-sector upper-

bound manning factor fur the bsseline system is 2.0 (i.e., 50 controllers),
and its corvesprading traffic factor is 1.9 (950 airciraft/shift). The
upper-bound manning factor for the sutomated system is 1.6 (i.e., &0
controllers), which corresponds to a traffic factor equal to 2.5 (1300
aircraft/shift). The relative efficiency of the two systems cpersting
vith maximum manning can be determined by comparing productivity factors:
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Traffic Manning Productivity

System ration Factor Factor Factor
20-sector Baseline 1.9 2,0 0.95
20-sector Automated 2.6 2.0 1.3

Recall that current 10-sector baseline operation is assigned
a productivity factor equal to 1.0, and the productivity factor of the
altemative system cperations arc determined relative to this ba:: casc.
Therefore, the bascline system operating at maximum staffing shows a
"loss" in productivity relative to current operations (i.e., 0.95 versus
1.9), and the automated system counterpart shows a productivity “gain"

(f.¢ 1.3 versus 1.0).

Analyzed from another point of view, the baseline system may
be maintained with current level of service by increasing staffing until
traffic grows by 90%, Thereafter, the baseline system may be kept in
operation, but only with increased traffic delay or by constraining
traffic demand, or both. Let us suppose that traffic is forecast to
incrcase by 90% in the year 1985, Our analysis suggests that some
slternative system should be in operation by this time to maintain
the current level of service. Clearly, our hypothetical enhanced sys-
tem could provide such service beyond 1985 and should be maintained at
the latest until the traffic grows by 160%.

We wish to point out that controller manning requirements can
be expanded into annual staffing requirements by making allowances for
standard or authorized controller relief and annual leave and support

and supervisory personnel needs.
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APPENDIX A

*
RECORD FORMAT FOR ENROUTE WORK ACTIVITY MEASURES

o el
LR LR LT
)

bt U R i o W
vy ’M o
* " N

L
This appendix is developed from the FAA "before-and-after” dats file
formats by Mr. Robert Wisemsn and Dr. John Roysl of the Transportation
Systems Center.
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APPENDIX B*

SECTOR BUSY HOUR IDENTIFICATION WITH A WORKPACE SEARCPF PROGRAM

f
This appendix briefly describes a software program that identifies

the busiest sector hours in 2 multisector terminal or enroute area. The

program is entitled Workpace Search and is based on the peer evaluations

of controller workpace taken in the field experiments. The msin purpose

of this program is to select data for further processing when the total

of observed workpace values is greater than totals obtained during other

days of a controlled experiment under the following conditions:

1.

5.

A multisector area (say, 10 to 12 sectors) has been se-
lected as a configuration for evaluation over a two-week
test period (10 days).

Controller workpace is observed at a maximum of four
sectors in the configuration and during the same time
each day.

Workpace observations will be taken for one and one-half
hours at each sector at test times that are coincident
with RECEP and other measures taken simultaneously.

The start times of Workpace observations at esch sector
may differ from those taken at other sectors by as much
as 15 minutes.

Workpace will be observed at one or two selected sectors
for all ten days of the experiment while observations
taken at other sectors may vary from day to day.

*
By Mr.

Robert Wiseman of the Transportatfon Systems Center.

f

A more detailed description of this program {s contained {n "Workpace
Search Program,” Draft Report, Dr. John Roysl, Kentron, Hawaii LTD,
September 30, 1976.
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Given the test conditions, the Workpace Search program uses a five-
- minute moving window to find the hour over which each sector's workpace
3 is maximum. The program then totals these maximums for all observed

sectors for that day to select three one-hour median time intervals when

i ok g

3 the observed Workpaces are maximum. Although this selection may be per-
3 formed manually as a rough data screening in the field, three other fea-

tures have dictated the use of a computer program. These are:

1. The program quickly sesrches past workpace data on the
CDC 6400 data files.

2. The program then obtains aircraft counts and controller
work activities from the same data files. It is also con-
structed to track the corresponding minimum task times®
for man-second comperisons with the column totals in the
RECEP routine workload measures.

3. Time series of Workpace and aircraft load, sampled every
five minur.es,f are directly formulated for coarse com-
parisons with the ATF model traffic samples and sector
workload outputs.

*

nd *
This feature will require the collection of individual (rather than
} aggregate) task times for the work activities listed in Appendix C.
= § t g
: ; Finer grain comparisons over one-minute intervals are made Zrom the E
- DART aircraft track history datas described in Appendix G. :
? Z
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APPENDIX C

EQUIVALENCE RELATIONSHIPS BETWEEN RECEP AND
WORK ACTIVITY

C.1  ONE-TO-ONE EQUIVALENCE

The following are those measures of the systems that closely approxi-

mate each other:

RECEP WA
A/G: RADIO:
* Initial Pilot Call-in . Ay*--Altitude Verification (131)*
s Pilot Speed Report ¢ SV--Speed Verification (141)
s Traffic Advisory e AD-Advisory (400)
FDP/RDP: MANUAL--KEYPACK:
e Equipment Adjustment ¢ AE--Adjust Equipment
¢ Handoff Acceptance s Q--Handoff Accept (KRH)
o Handoff Initiaticn ¢ Q-~-Handoff Initiation (RGH)
INTERPHONE: INTERPHONE:
e Planning Advisory e C(CI--Coordination with Coordinator
(cc1n)
DIRECT VOICE: VERBAL:
e Handoff Acceptance-- o VH--Handoff Received Verbally (RHM)

Intersection Coordination

*
Prefix to WA indicator is the enroute code. Code in parenthesis indi-
cates terminal code.

140




C.2  MANY-TO-ONE EQUIVALENCE

The following equivalence relationship involves the collapsing of a
number of measuring parameters under one system to a single aggregated

parameter under the other system:

RECEP WA
A/G: RADIO:

e Altitude Instruction e AC--Altitude Control (130)
e Pilot Altitude Report

e Altitude Revision

¢ Heading Instruction * VC--Vector for Control (100)
e Altimeter Setting Instruction

¢ Runway Assignment Instruction

¢ Pilot Heading Report

e Transponder Code Correction

e Misc. A/G Coordinate

¢ Frequency Change Instruction

* Route/Head’ag Revision

s Misc. Pilot Request

¢ Speed Instruction e SC--Speed Control (140)

Speed Revision

FDP/RDP: KEYPACK:

. e Pilot Altitude Report-- s --Update/Change/Cancel (DU)
Flight Data Update

. e Initial Pilot Call {n=-
N Flight Data Alcftude--Insert

e Altitude Instruction--Flight
Data Altitude Amendment

e Transponder Code Correction
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¢ Altitude Revision--Flight
Data Altitude Amendment

¢ Route/Heading Revision--
Flight Data Route Amendment

e Flight Data Estimate Update

s Handoff Acceptance-~New
Flight Strip Preparation

¢ Pointout Acceptance~-Data
Block Suppression

e Pointout Initiatfon
e Data Block/Leader Line Offset
e Data Block Forcing/Removsl

o Miscellaneous Data Service

¢ Q--Keyboard (Action Unknown) (KG)

FLIGHT STRIP PROCESSING:
s All Flight Strip Tasks--

MANUAL:
e FS--All Flight Strip Activities

22 nonzero entries (FS)
(sce Table 9 for details)
INTERPHONE: INTERPHONE:

o Handoff Acceptance--Inter-
sector Coordination

¢ HO--Handoff Received from another
Facfility (RHF)

¢ HI--Handoff Received from Complex
in Facility (RHS)

DIRECT VOICE:

e Handoff Initiation--Inter-
sector Coordination

¢ Frequency Change Instruction
--Intersector Coordination

VERBAL:
e VH--Handoff Given Verbally (GHM)

1£2




C.3  MANY-TO-MANY EQUIVALENCE

The following equivalence relationship is on a group-to-group basis.
All of the data elements are in the Interphone Communication and Direct

Voice Communication areas:

RECEP WA
INTERPHONE: INTERPHONE:

e Hardoff Initiation--Inter- e HO--Handoff given to another
3 sector Coordination Facility (GHF)
E
E * Frequency Change Instruction-- e HO--Handoff Recefived from
E Tntersector Coordination another Facility (RHF)
E e Altitude Instruction-- e C0--Coordination with another
4 Intersector Coordination Facility (CF)

¢ Heading Instruction--Inter- e CI--Coordinatfon within Facility

sector Coordination (<S)

* Speed Instruction--Intersector
Coordination

E : e Pointout Acceptance
¢ Pointout Initfiation

e Ajfrcraft Status Advisory

AL SR g s o

e Control Jurisdiction Advisory

e Clearance Delivery ;
= e Altitude Revision--Intersector ¢ CI--Coordination with Coordinator §
* Coordination (ccr) f
: .
" * Route/Heading Revision-- o CO0--Coordination with Coordinstor, ]
Intersector Coordination Another Facility (CCF) 1
o . ;;
F s o 3
p ¢
3 i
F L 3
tg, %
& :
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DIRECT VOICE:

Altitude Instruction--
Intersector Coordinatfion

Heading Instruction--Inter-
sector Coordination

Speed Instruction--Inter-
sector Coordination

Altitude Revision--luter-
sector Coordination

Route/Heading Revision--
Intersector Coordination

Pointout Acceptance

Pointout Initiation

Control Instruction Approval
Ajircraft Status Advisory
Control Jurisdiction Advisory

Clearance Delivery

VERBAL:

¢ VR-~Coordination with R Position
(CR)

® VL--Coordination with Handoff
Position (CH)

e VD-~Coordination with D Position
(CFD)

¢ (0--Coordination with another
Facility (CF)
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APPENDIX D

*
POTENTIAL CONFLICT MODELS

D.1 POTENTIAL CONFLICT FREQUENCY MODEL

This appendix describes mathematical models for estimating the ecx-

pected frequency of potential conflicts., Potential conflicts are pro-

jected violations of scparation minima perceived by controllers. Because
this project was concerned with the radar environment, the ATC radar scpa-
ration minima arc the criteria to be maintained. These criteria, based
on our obscrvations of the actual separations exercised by coatrollers,
are as follows:

3 e Aircraft are separated by less than 1000 feet in altitude

3 (2000 feet above FL290).

e Aircraft on arrival routes about to enter terminal airspace
are separated by at least five nautical miles.

e All other aircraft are separated by at least ten nautical
miles,

A The two primary means by which these separation minimums can be vio-
lated are by (1) in%ersecting of two aircraft flights paths or (2) one

saircraft overtaking ancther. The possible events resulting from these

A}

; . two violations are listed in Table 21.

Py e G e e

T e kBl

SRI has dcveloped a number of simple wuchematical models for pre-
dicting the expected number of events. Data acquired in our measurement

phase were compared with estimates generated by these modzls as verification.

- . -

21
ey Z
= fo * 3
7‘#" ' This appendix is extracted from Appendix B, Reference 7. i
"&: : 145

4

DTl i o, Bty

T AT S e oo IS WAt~ T



TABLE 21

EVENTS RESULTING IN VIOLATION
OF RADAR SEPARATION MINIMA

Crossing |Intersection of two aircraft flight paths
conflicts |at the same altitvde.

Intersection of a transitioning (climbing
or dzscending) aircraft with a level afr-
1 craft at altitude.

Intersection of two transitioning sircraftc.

Overtake {Aircraft at the same altitude.
conflicts

Afrcraft transitioning on the same track.

The development of the model used to predict the expected number of con-
flicts at two air routes i{s described in detail by Siddiqee.“ Only the

resulting expressions are presented here.

Assume the following statements are true sbout intersectiuns at the
same altitude: (1) a conflict event occurs any time an aircraft along
route 1 is closer than X miles to an aircraft along route 2: (2) the ar-
rival of aircraft at the sector eniry point, along the sir route, is uni-

formly distributed with random variations; (3) the variation ia afrcraft

spced along the air route i{s negligible. Then, the relationship for the

. expected number of conflicts can be expressed as

! 2 _ 2

2 f / -
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where
C, is the expected number of conflicts per hour.

f,. is the flow of aircraft at altitude i along route 1 (aircraft
per hour).

f,. is the flow of aircraft at altitude i along route 2 (aircraft
per hour).

X is the separation minimum (miles).

v . is the average speed of aircraft at altitude i along route 1
(miles per hour).

v, Ls the average speed of aircraft at altitude i along route 2
(miles per hour).

@ is the angle of intersection between the routes.
i is the different altitude levels used along this air route.

The expected number of conflicts at an intersection of a transitioning

aircraft track and a level aircraft route can be expressed as

/2 2 -1 vt
ijka \lj + vk - zvjvk cos [un ﬁ}

| &

vjvk [ Vj

c, =L X
B 7k (2)

where
C_ is the expected number of conflicts per hour.

f, is the flow of aircraft along the jth transitioning track
(afircraft per hour).

t
f is the flow of aircraft along the route at the k h altitude
(aircraft per hour).

X is the separation minimum (miles).
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Vj is the average speed of aircraft along the jth transfitioning
track (miles per hour).

t
V. is the average speed of the aircraft along the route at the k h

altitude (miles per hour).

V.  is the transitioning rate for the transitioning aircraft (miles
per hour) (i.e., climb or descent rate for the transitioning
aircraft).

J is each transitiuning track used in rhe scctor.
k is cach altitude level used for air traffic that intersccts j.

It can also be shown that the expected number of conflicts at an inter-

section of two transitioning aircraft routes can be expressed as

. v v
2£L£ x/vi-fvz - ZVLV cos “;1_!:!_' + sin-l—tﬂ
¢ - m m m VL Vm 3)
c T XX
L v L v
m vy |, =
m

where
Cc is the expected number of conflicts per hour.

f 1is the flow of aircraft along the tCh transitioning route
(aircraft per hour).

f is flow of aircraft along the mth transitioning rouce
" (aircraft per hour).

il ok Ll e i sl L £

X is the separation minimum (miles).

t
V, is the average speed of aircraft along the ¢ h transitioning
route (miles per hour).

b i il

t
V is the average speed of aircvaft along the m h transitioning
route (miles per hour).
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V ., Is the transitioning rate for the aircraft along route £
(miles per hour).

£ is each transitioning route used in the sector.

m is each transitioning route used in sector that intersects L.

Equations (2) and (3) are used only if the situations under consider-
ation pertain to transitioning aircraft and/or level aircraft that coin-
cide along the same ground track. If the situation involves aircraft
along different ground traci:s, then the expression in Equation (1) is also
used to determine the expected number of conflicts of transitioning air-
craft and level aircraft vhose ground tracks do not coincide, as well as
to determine the expes ted number of conflicts between two different
transitioning aircraft whose ground tracks do not coincide. Hence, the
expiessions in Equations (1), (2), and (3) give estimates of the expected
number of conflicts for each of the intersecting situations listed in

Table 21,

SKI has also developed a simple mathematical model for predicting
the expected number of overtakes., Assume the following:
* An overtake event occurs anytime a faster moving aircraft
comes within X miles (separation minimums) of a slower
moving aircraft, both at the same altitude and along the
same air route, or both transitioning along the same route,

during the period of time the aircraft are within the sector
boundaries.

¢ The arrival of aircraft at the sector entry point, along the
air route, are uniformly distributed with random variations.

¢ The variations of aircraft speceds along the route are dis-
tributed In discrete speed classes.

Then, the relationship for the expected number of overtakes along an air

route (including transitioning aircraft) can be expressed as

149
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where
0. is the expected number of overtakes per hour.
n is the number of discrete speed classes along the route.
L is the length of air route (miles).

t
f 1is the flow of aircraft travelling at the i h speed (aircraft
per hour).

t
V., is the beginning speed of aircraft in the i h speed (miles per
hour).

f 1is the flow of aircraft travelling at the kth speed (aircraft
per hour).

V is the beginning speed of aircraft in the kth speed class
(mil-~s per hour).

V; is the ending 3peed of aircraft in the ith speed class (miles
per hour).

V; is the ending speed of aircraft in the kth speced class (miles
per hour),

X is the separation minumum (miles).

As stated above, this expression also includes expected overtakes for
transitioning aircraft. Hence, Equation (4) gives thi. expected number

of overtakes for two overtake situatious listed in Tab e 21.

Adding the expected conflict events and expected overtake events to-
gether yields a total of four possible expected conflict events. The

frequencies of crossing and overtaking conflicts obtained by the
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applications of these models will be used as functions of total sector

traffic flow in the RECEP workload calculation.

D.2 SECTOR CONFLICT FREQUENCY FACTORS

Equations (1), (2), and (3) estimate the expected number of potential
conflict occurrences {or a single confliction point or route for a given
rate of flow for each route. These relationships may be used to calibrate
a generalized conf..ct occurrence model in which sector conflict event

frequencies are related to overall sector traffic:
Number of crossing conflicts/hour = eN
Number of overtaking conflicts/hour = eON

where
N is the number of aircraft/hr through the sector.
ec and e, respectively are frequency factors that measure the rates

of occurrence of crossing and overtaking conflicts for the
sector measured in (conflicts/hr)/(aircraft/hr)2.

The frequency factors e and e, are calculated (as discussed below)
using Equations (1), (2), (3), and (4) for a single set of traffic route
flow; route distribution, and speed class data for a sector. This data
set describes the mutually occurring conflict events associated with one
specific hourly traffic flow rate through the sectors. The conflict oc-
currence results we summed over all conflict points and routes to obtain
the expected number of potential crossing, Ec, and overtaking, Eo’

conflicts/hr for the entire sector:

E = c +C + = cee
c E ( A B CC) for all intersections points x = 1, 2,

X

E = E 01 for all routes z =1, 2, ...

(&)
4
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Recall that C., C , and C_, are calculated as functions of pairwise

A’ 7B’ c
products or bilinear functions of traffic flow rates on individual routes
through the sector. The corresponding sector traffic flow rate, n, mea-

sured in aircraft/hr is:

n= E n, for all routes z = 1, 2, ...

z

The frcquency factors as a function of sector traffic are calculated

as follows:

E
[ -
ec 2

n

e

E
e="‘2'
2

° N

Assuming the traffic along each route will vary in direct proportion
to the traffic distribution used in our calibrations (and that other
parameters also remain fixed), the products ech and eoﬂz estimate the
number of conflicts per hour corresponding to auy value of N aircrafy/
hour through the sector. Because it is reasonable to assume that the

traffic distribution remains unchanged, we need not calculate individual

values of CA’ CB’ CC’ and 01 for each intersection and route for each
value of N.
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APPENDIX E

DATA COLLECTION AND REDUCTION TECHNIQUES
FOR POTENTIAL CONFLICT-EVENT FREQUENCY

The primary sources of data for the potential-crossing and overtake-
conflict events are the flight progress strips, the PVD video recording,
and controller-supplied information. The controller-supplied information
is obtained through informal meetings and interviews and is essentially

the following:

Identification of potential conflict routes and potential
conflict situations in sector.

e The procedures for resolving potential conflict situations
in sector.

¢ The sclection of one or two particular examples for discus-
sion. The discussions are assisted by video tape play-backs.

¢ The minimum separation criterion used in sector (which may

be more stringent than the standard minimum separation re-
quirement).
*

For clarity, a flow diagram depicting the major steps involved in
RECEP potential conflict event data collection and reduction is given in
Figure 8, The process begins with identification and classification of
sector and route characteristics. Next, the potential crossing-conflict
routes and overtake-conflict routes are segregated for separate processes.
Each cross-conflict situation would result in using one of the three
crossing-conflict equations given in Appendix D and the overtake-conflict

situations would use the fourth equation given in the same appendix. A

*
This flow diagram was originally contributed by Mr. Robert Wiseman of
TSC.
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DETERMINE MEASURE EQUATION (1)
F, X‘ o J
h
DETERMINE CALCULATE
: ‘. x, et v, co = EQUATION (2)
- h d
= Tt
‘ . DETERMINE CALCULATE & EQUATION (3
3 F. X, Viee Vi €O
1]
Ot TERMINE F FOR
— ION (4
@ | €AcH SPEED CLASS EQUATION (@
NOTATION
& Level
T Transitional
Avetage Flow Reste tor
Each Route Within a Sector £
o Angyle Between Routes F
C/D  Clunt/Descend Rates :
E V, V. V,,, detined in Appendix D :

Conthct equanions detinett in Appendcix D

FIGURE 8 RECEP DATA COLLECTION AND REDUCTION ON POTENTIAL CONFLICT
EVENTS  MAJOR STEPS  (Concluded)

number of data sources are used o develop variable values for the con-

flict equations. For example, average afrcraft velocity (V) und afrcraft

~a
ikl

flow ratcs (F) are obtained from flight strips and video tape recordings.
. The major data sources may be classified as follows (the alphabetic item

numbers are keyed to the flow diagram boxes shown {n Figure 8):

- a. Sector fdentification and characteristics.

- ' b. Operational routes and flight profiles.
c. Potential crussing-conflict intersecticns.

d. Average speed along route and climbing/descending rate
for transitional route.
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e. Speed clagses along each route (for potential overtake
conflict).

f. Minimum operational separation requircment.
g. Length of air route (for overtake cvents).
h. Afrcraft flow rate along route,

i. Afrcraft flow rate for each speed class.

j. Angles of intersection (developed from a and b above).

Each of the above data categories is also linked with one or .sore
gource data elements from the field. This relationship is shown in Table
22 where source data are grouped into three major sources--flig! . «trips,

PVD video recording, and controller-supplied information.

To further illustrate the potential conflict data processjug tech-
niques, some additional examples arc given. Figure 9 is an atstraction
of a sector map which shows the routes and the interscctionz pertinent
to potential conflict calculations. A map of this type would hely the
analyst to identify the potential conflict situations 'o develop data
required for further processing. Table 23 is a bre tdovn of the routes
(shown earlier in Figure 9) by altitudes. The res ¢ crossing~cunflict
frequency calculation is given in Table 24 in whicl - ¢ conflict pair is
shown together vwith angles of intersection, flow ra.- velocities, and
the average number of conflicts. Finzlly the overtake conflict of a
route is f{llustrated in Table 25 where the speed classes, the number of

aircraft per class, and the calcula.ed average number of overtakes arc

shown.

In the data rcduction cvffort for the potential conflict calculations
both flight strips and PVD video tapes arc used. Thay tend to supplement
cach other in obtaining information on afircraft velo.ities and flow rates
along routes. The velocity and flow-rate information is particularly im-
portant to the overtake-conflict equation because different speed classes

along cach overtake-zonflict route, as well as flow distributions for each
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TABLE 22. LIST OF SOURCE DATA ELEMENTS FOR FOTENTIAL CONFLICT EVENTS

Flow Diagrem
Data Element Boy Number

*
FLIGHT STRIP INFORMATION:

From Flight Plan

Afrceaft ldeantification

Sector Number

Sequence Number of the Flight Strip
Flanned Afr Speed

Planned Ground Speed

Route Segment Information

Planncd Crossing Time at a Fix

' (or near & {ix)

-
n 6N
- e
& -
-

-

b - -SRI
-

Frun Lontroller's Notation

i Initiation ur Acceptance of Handoff a
theckmark for Pilot Votee Channel a4
Frequoney Change
Actual Altitude b, c, b
Climbing  or Descending Mark b, ¢, d, h
Assfgned At ipeed (e.x., speed reduction) 4, ¢, 1

VIDEO TAPE INFGRMATION (PVD + VOICE THAMNEL):

Sccior and Center Boundaries

Afrways and Specisl Arcas

Vector Lines (Flight Plan Heading and Velocity)
Clock Time

Afrcraft Position

Data Block (for cach A/C):

-

> b b bE
. =
e o

Afrcraft ldentification srd Type a, h :
As~igued Altitude b, ¢, h %
Reported Altitudes b, c, h 1
Hardoff Initiation a, h E
Handoff Acceptance a, h
i Speed Instructions (e.g., speed reductiun d, e, §

jastruction--vaice)

Departure List 4

Sectagr Inboand List
Sec el Held List
Iow of Yigh Inteasity Weather Display

~ (ONTROLLLR SUGPPLIED INFURMATION s, b, c, f, g
Clactuding airvay wmaps) ﬂ

As ARTS 1T and HAS Stage a model 3.d.2 ave implemented, s numder of
mirual {light-strip operations will be replaced by other means. In
the se cases, the planned, amended, snd actusl flight plan (nformation
provided by tlight strips may be obtained from two automatic data
vecords: (1) Flight P1n Data Base; snd (2) Trecking.

See Figure 8.
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TABLE 23

TYPICAL TRAFFIC DISTRIBUTION EXAMPLE

(N. = 30 Aircraft/Hour)

H

Altitude

Route

J84

AVA-MOD

OAL~§0D

FAT-LNT

RY J92

BIH-~MOD

Combined
Routes

b

i

110
390
370
3s0
330
310
290
280
270
260
250
240
Total

sl*

2t

1}

1

5

3l

1l

1t

11

1}

11

*

The arrows indicate whether routes

159

are descending or ascending.
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TABLE 25

OVERTAK), CONFLICTS (OAL-MOD KOUTE)
(Route Length = 75 Nautical Miles)

speed Class | Number of
| (Knots) Aircraft ] Average Number
- 2 1 2 of Overtakes
425 | 460 L 5 .09
425 475 1 3 0.11
Hi0 Hi1H 5 3 0.13
Total = 0.33

speed class are essential @

the computation. The flight strips' role

in this (besides giving aircraft identification information, route,

sceter, times, etc.) is to supply ground-speed information.
tion is currently also provided by the PVD display but not in all cases.

The ground-speed information from both data media is then used to develop

ajrcraft flow distributions at various speed classes along each route.
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APPENDIX F*

USE OF DART FOR QUICK ESTIMATION OF RECEP
FDP/RDP AND AIRCRAFT LOAD COUNTS

\ two methods, developed by TSC, for

This appendix briefly describes
the semiautomatic estimation of enroute RECEP FDP/RFP operations fre-
quencies and sector aircraft loads, The methods employ the Data Analysis
and Reduction Tool (DART) program on the IBM 9020 computer to obtain
these data for specified sectors and over selected intervals of time.

The DART program is available to perform flexible, off-line, batch
analysis of System Analysis Recordins (SAR) data that are always gathered
automatically for all sectors at each enroute center The intent is to
evertually obtain a rapid and fully automatic count of sector aircraft
load and FDP/RDP keyboard/display operational counts in a form suitable

for direct use in the RECEP routine workload estimates. Although a

complete, fully enumerated routine workload data base requires more in-

formation than SAR data alone can provide, it should be remembered that
RECEP events, in man-minutes per ajircraft, already contain judgmental

estimates of minimum times and often require other data sources (such

i

as communications and video tape replays) for their identification.

The method developed in this appendix carries the RECEP approximations

o S R

a step further toward automation in two ways: (1) some basic FDF/RDP

Lt b

* :
By Dr,. Mitch Grossberg and Mr. Robert Wiseman of Transportation Systems E
Center (TSC). :

fA more complete description of this method is described in, "The Use
of DART for the Quick Estimacion of RECEP FDP/RDP Workload Operations
and Aircraft Load Counts,” Draft Interim Report, Dr. 1. Grossberg and
R. Wiseman, DCT/TSC, September 30, 1976.
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events are combined into a single event; and (2) Sector Control juris-
diction of aircraft is estimated to occur when the manual or automatic
handoff action is sensed by the NAS computer. These approximations
eliminate cross-referencing to other RECEP measures and, when coupled
with simjlar approximations in controller verbal communications and
flight-strip activities, allow a rapid processing of data into the RECEP
matrix. tlowever, it should be noted that the cverall purpose of these
methods is to assess the accuracy of RECEP for current operations and
not for future ATC automation enhancements. In the lattex case, it mav
be necessary to examine individual RECEP events and aircraft loads using
the slower, but more accurate, original methods developed by SR1. These
considerations are discusscd in the descriptions of the two methods which

follow.

F.1 ESTIMATION OF FDP/RDP WORKLOAD

This method focuses on the FDP/RDP operations event counts under
the assumption that the corresponding minimum times for each event are
invariant with the time, controller, and site location of any current
enroute ATC situation. Given the invariance, it is then sufficient to
identify only the number cf each FDP/RDP event to obtain an individual
man-minute product. The DART program concerns messages that are entered
into a center' romputer by the PR and D controllers from their respective
data-en*ry devices. The controller's computer entries define the occur-
rence of cevents that may, in the real situation, also involve air’ground
communications, tlighv-strip processing, ctc. [If the individual FDP RDP
component of the multiple activity events is identified, then it is not
necessary to count any other component (for example, the flight-strip
processing component). That is, the eveatual automation of FDP/RDP
counts will also partly reduce the requirement to count events in other

columns of the RECEP matrix. The first step in automating the FDP/RDP

1€3
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operations counts starts with working back from the computer-entered

messages to RECEP events. This requires a message-to-event translation

T T

table, one designed to facilitate look-ups by an analyst. The analyst

finds a match between the format of euch message in a DART printout and

TS T

the format that corresponds to a RECEP event. A match may involve either
the message type alone, when all possible message countents apply, or

3 both the wessage type and the message contents. Having identified the
corresponding RECEP events, the analyst later counts the number of mes-
sages that corresponded to a particular event and multiplies this fre-

1 quency by the minimum performance time that is tabled as a constant for

this event.

To obtain the FDP/RDP man-minute estimates, several simplifications
are made. One is to ignore the nature of the controller's interaction
with the pilot and just focus on actions that the controller takes by
himself--the messages input to the computer. For example, a DART print-
out can indicate that a controller made a quick-action keyboard entry to
insert an altitude value into a flight plan, but the printout does not
indicate whether the altitude insert was prompted by an initial pilot
call-in or by a pilot's altitude report. If SAR data are to be used
independently of other sources of concurrent data especially taped air/
ground voice communications, then the analysis cannot deai with this
distinction. In the DART-based analysis of SAR data, all occurrences
of altitude insert actions are thus represented by only one instead of
two frequency counts. If the minimum performance time for each of these
actions is the same, then this simplification does not introdi:ce an
error into the estimate of total workload. In this instance, the time
is three seconds whether the altitude insert folilows a pilot call-im
SRS or a report, Fortunately, this is usually the case when events are com-
biuned. 1f rot, the times for each event must be approximated by an

average of both.

kit e Ryl
" evye ? AR
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secause message content as well as message type are both necded to

translate messages to RECEP events, the Log option is used in the DART

T T R e o

procedure to select and arrange the SAR data which has been formed on an
edited tape. Control card statements are used to limit the DART out-
puts to preselected sectors and specified time intervals with the FDP/RDP
messages typrs listed in the RECEP format shown in Table 26. The table

E indicates those message types that have been combined or eliminated from
_ consideration., It also applies to both R and D controller activities

which can either be combined or separated as DART outputs.

Contro! cards are also used to arrange the printout data in a way

that facilitates message matching. This is obtained through a sorting
hierarchy--DEVID, CID, MESSACE, and TIME-~-causing the messages to be
arranged with all messages grouped by sector, then by aircraft, then by
message types, and finally by time, so that all messages of the same

tvpe are in the order of their occurrence. The resulting printout shows,

for example, the QN messages for a given aircraft arranged so that the

handoff acceptance, altitude amendment, data block offset, and handoff

initiation messages are listed one after the other in order of entry.
To identify the corresponding RECEP event, the analyst can quickly look :
% up ON messages and compares message contents with prescribed formats, ;
7 An cfficient computer program can presumably be written to compare these :

messages with the tabled formats that correspond to RECEP events. 3

F.2 ESTIMATION OF A SECTOR'S TRAFFIC FLOW RATE

This method is ba-ed on the following assumption: until a tracked
aircraft crossey the boundary between a sector and the adjacent sector
- or facility to which control of the aircraft has already been transferred, 7

the radar controller in the scading sector is required to maintain sur-

veillance over the aircraft on his Plan View Display (PVD). Transfer

of control jurisdiction thus dves not end all of the sending controller's

e Pt 1 i

E
x
= &
¢
E &
N
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TABLE 26

ROUTINE FDP/RDP CONTROL EVENTS
ATIANTA CENTER - TWO-MAN SECTOR
Quick-Estimate
Event Basic Event: Time | Type of Input | Simplifications
Function Supplemental Event (sce) Message Combined® Delete
Control (1) Handoff acceptance 2 QN,Qr, Q7
jurisdiction Flight data update 3 DM 4
transfer (2) Handoff initiation:
manual-silent 3 QN,QZ
E
% Traffaic (3) Initial pflot call-in:
3 structuring flight data altitude
4 insert 3 QR,RA 1
3 (&) Altitude snstruction:
= flight data altitude
3 mendrent 3 QN,QQ,07 ,AM 2
- (5) Heading fnstruction:
flight dJdats route
amen ment 10 AM,QU 3
(6) Falot altitude report:
flight dats tltitude
insert 3 QR,RA 1
(7) Transponder code
assignment:  flight
é data code amendment 3 bQ, QB
3 Pilot (8) Altitude revision:
request tlight data altitude
4 amendment 3 AM,QN,QQ,Q7 2
3 (9) Route ‘heading revision.
E thight data route
= amendment 10 AY,QU H
(10) Cloarance delsvery:
flight data update 3 DY 4
E
Pointout (11) Pointout acceptance: 1
data block suppruession 3 Qr 3
(12) Porntout 1n1tion: 3 Qy 3
ceneral (1) Clearance dehivery:
tntersection fLight data gpdate ] P 4 Z
wordiaation E
; 3
taeaetal C16) Y hipht data estimate
. sveten upLit e i Noae Yes
oreration (15) pate block leader line 3
ottset 2 Q,Q2 :
(16) Dty block forcing ro-
(s oyl 3 QR,Q7 3
H : (1) Wind weather request 3 LR ,WR 3
¥ (18) Aititude Dimits
- modification 3 qQn
(19) Flight strip request 3 SR
(200 Flignt plan readout
L o quest 3 OIFR,QF
% (21) Flight plan track H
: 1. ~aoval 3w R ;
: (22 tgmpment W justine ot 3} é hone Yes H
k‘e ' ek route dasplay l o
: . .
w‘g“ 1 sare autber indto les evonts that o are tepresentoed later s sne event.
¢
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activities with respect to an aircraft; nor did the carlier absence of

formal control acceptance by the receiving sector mean that its control-

lers were not already maintaining surveillance over an expected flight.
Control transfer, viewed in terms of controller behavior, is a gradual

process. However, viewed in terms of the enroute flight-plan-aided

T R T

automatic tracker, it is the point in time when the receiving sector
handoff acceptance is entered. The present method for estimating the
number of aircraft controlled by a sector relies on this latter defini- 3
tion and is considered sufficiently accurate for sector traffic flow A

rate estimates made for both RECEP and the ATF model.

Because control jurisdiction confers eligibility to make certain
changes in an atrcraft's flight data, the NAS computer keeps a continuously
updated record, the Track Control/Display Table (also known as Table HO)
which identifies the sector that has jurisdiction over each aircraft.

Table HO is included in SAR data, and is accessed by one of the DART

options, Track, whose primary application is the detailed analysis of

aircraft position as a function of time. The point here is that use 3

of Table HO for the present purpose does not require this interpretation

of control events. The use of Table HO eliminates using other DART

el

e

programs which concider transfer of a fairly complex series of control

Ll ¥

events, both manual and automatic, in two sectors and, in the NAS computer. 3

A Track printout contains three lines of time-tagged information for
every six-second period in each aircraft's track history, er 10 three-line
? samples - ¢ ‘nformation per minute--a substantial amount of potentially

uscful information. However, only the fact that the aircraft was con-

% - trolled by a particular scctor at a specified time is needed to count
* the number of aircraft in a scctor. Using data control statements, the %
: amount of printed intormation can be limited, and this later facilitates é
E ) aircraft counting by either manual or automatic means; at precent, auto-
3 h; matic means Jar~ not available. :
;
o 167 ;
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Control statements are used to reduce the three lines of informa-

tion to the first line, and the 10 samples per minute to one sample.
The number of lines is reduced by setting the LINE control statement

to 1. The sample rate is reduced to one time-tagged sample per minute
by explicit TIME control statements, such as 163000,163006, 'Expressed
in hours, minutes, and seconds, these times are the start and end of a
six second interval, and produce a record for 163001.5. The record for
the next minute, that is, 163101.5, is requested using the fintcrval
163100,163106, and so on. Although this method of explicit time interval
specifica_ion is rtedious tu express when entering control statements,
and is a use for which the software was not originally intended, it
greatly reduces the amount of data in the printout, making the printout

manageable for manual work.

A Track printout that is obtained for a specified time period (using

TR TP

ki

the "PARM" control statement), say a half hour and with one line of
tracking information per minute, will give one printed page per aircraft
for all aircraft that are tracked by the NAS during the half hour. As
shown in Table 27, which illustrates a2 sample DART printout. The analyst

scans the printed column of sector control numbers, askiang whether 2

T ]

selected sector or sectors controlled that aircraft, and the answer is
tabulated. This task is clearly one that a computer can accomplish

quite efficiently,

Whether an analysis requires a count of the number of aircraft con-
5é trolled bty a sector every minute, every five minutes, or every hour,
the method described here can provide the needed information with a

constant level of accuracy.
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APPENDIX G*

A SUGGESTED FIELD TEST PROCEDURE
FOR RECEP AND THE ATF MODEL

A. Purpose: Field tests are required over periodic intervals in the

next two years to validate and continually update the predictions made

by both RECEP and the Air Traffic Flow (ATF) model. The field tests

consist of four basic types with the following purposes:

1. RECEP "Quick-look": A two- or three-day fiela test in-
volving less than two weeks of RECEP data processing to
recalibrate its routine and conflict workload estimates.

2. ATF "Quick-Look': A one-week test involving less than
three weeks of RECEP data processing which provides
efither an inftial ATF model calibration or a subsequent
recalibration of ATF estimates of sector traffic capaci-
ties and delays.

3 3. RECEP Validate: A two- or thrce-wee« test iz which prior

3 "quick-look™ RECEP estimates are first compared to other

e field measures estimating workload and traffic capacities
(e.g., peer observations of workpace, voice channel
utilization, aircraft proximity weightings, etc.). De-
pending on the degree of agreement between the estimates,
RECEP will be declared valid for the current operation or
a second comparison will be required. The latter com-~

N parison will involve the use of RECEP data that will have

been taken simultaneously with the other field measurements
and wili result in either a validation or recalibration
of the estimates. Data processing time will range from
four to seven weeks.

L

L liadid Gt

il M A AL L

L 4, ATF Validation: A serifes of three or more RECEP Validate
tests involving less than six months of data processing

i Tl L i 18

i

& *

} This appendix 1s primarily supplied by Mr. Robert Wiseman of the Trans-
' - portation Systems Center.
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to initially establish a validated ATM model. The valida-
tion procedures for each test series will require compari-
sons of ATF outputs with ATF "Quick-Look" results and
multisector simultaneous field wmeasurements of controller
Workpace, work activity, capacity, and delay.

B. Approaches

1. "Quick-look'"--As an example, a specific approach for the
RECEP '"quick look" is as follows:

3 a. For each of four or five sector types (low, hi, etc.),
two daily traffic conditions, and on at least two
different days, use video tape replays to obtain:

il

(l) At least four measures of the each conflict 3
minimum time; ;

E (2) Traffic distribution by arrival, departure, 3
] aircraft type, and route mix; and

(3) The hourly aircraft count.

b. Ildentify the conflict types for each sector from
similtaneous replays of the video and air/ground
communication audio tapes.

e ke el

c. (1) For each sector, obtain the total time per
hour for R-controller and pilot air-ground
communication from a single-channel audio E
tape. E

(2) Take at least four measurements of the R- :
controller air/ground communication wminimum :
times for each of five selected events in the :
Traffic Structuring category. Candidates are:
Initial pilot call-in; altitude, heading, speed,
altimeter, or frequency change instructions;
and craffic advisories.

(3) Compare the shortest of the times .L*'ined in 3
] Step ¢(2) with those listed in Appendix B. 3
3 Insert a new time in the lis* equal to the :

average of the shortest and ngxi shortesc of

! any event times if this average differs from :
E ) Apperdix B by more than one second. ;
AN 2
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For each sector, the counts per hour for cach
of the R-controller air-ground communication
events listed in Appendix B.

For each sector, type, compute the man-seconds
per aircraft total from Steps a(3), c(3), and

c(4). Use the new total if it differs by more
than 10% from the average or either one of the
totals obtained for L.A. and Atlanta. If not,
average it in with the latter totals.

d. Repeat Steps c(2) through c(5) for interphone com-
munication except that the event candidates in part b
will be: Intersector coordinations of hand-off events;
printout acceptance and initiation; control instruc-
tion approval; and control jurisdiction advisory.

e. (1) Take at least four measurements of R-controller
FDP/RDP operations minimum time for each of the
following: handoff acceptance, handoff initia-
tion, and altitude amendment.

(2) Repeat the procedurcs of Steps c(3), c(4), and
¢(5) for RDP/RDP operations.

2. Model Verification

The RECEP verification could involve the comparison of the

RECEP capacity estimate by sector with the Workpace number. We would

require at least three Workpace estimates at different traffic levels

for eaci» sector. It is not expected that the Workpace number versus
aircraft load and the RECEP workload functfion versus aircraft load

functions will match. Figure 10 shows a probable relation of these §
two cutves, It i{s possible that the relationship of the two functions :

nay issume some other forms, for example, the Workpace may be curvilinear.

It is important to realize in Figure 10 that the curves need

i Sl

. 1.at match to constitute a valid RECEP model. The criteria acceptance

of the validity of RECEP is that the maximum traffic capacity be within

a tolerance range, say :5% for 907 of the sectors tested. The RECEP i

methodology uses minimum task times to establish the maximum sector
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capacity for each sector. Therefore the workload index (RECEP scale in
man-min/hr) should bde below the Workpace number estimate at low traffic
levels. They should only wmatch at capacity. In the event a match {s

not achieved at the capacity point then the RECEP estimates may be re-

s B Gl il bl

calibrated to be more closely aligned with the field measurements. or

E - < an cquivalence function be established between the two measures.
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APPENDIX H

*
THE SECTOR SPL1IT MODEL

SRI evaluated the effect of dividing several key, bottlencck scvctors
in an effort to increase the capacity of a multisector area. To avoid a
t .me-consuming sectur evaluativa, SRI developed and used a sector work-
load model in which the total sector workload is described as the sum of

the rout: workload and boundary wurkload, or

where

W_ is the total worklcad associated with an ATC jurisdictional
E area (such as a sector or a group of sectors).

E W is the workload associated with tiae air route structure (work
related to events such as conflicts or pilot requests).

W_ is the workload associated with the existence of sector
boundaries (such as handoffs or coordination).
The HA component of an arca's total workload remains the same for any
given traffic level, regardless of how the aress are divided into sectors.
The boundary workload, howecver, is greatly dependent on how the areas sre
divided, and it is generally proportioral to the number of boundary cross-
E ings within an area. SRI determined the relationsnips for W and W_ from
1 i the collected NAS Stage A data. We were thercby able to casily determine

the total are. workload for varjous sectorization schcmes.

*
A great portion of this appendix is extra.icd from pp. 117-118 (Appendix B)
of Ref. 7.
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The knowledge of the area's total workload for a specific sector
configuration was used {n the following model to estimate the traffic

capacity of the entire area.

where

N, is the area traffic capacity when area is partitioned into
i sectors, therefore, N; is the traffic capacity of the
single sector

Wg is the total contvoller workload when area is partitioned
into i s:ctors.

i Is the number of sectors in the area.

For the particulai case of dividing one sector into two sectors, this

relationship becomes

2 Hs

The use of this relationship facilitated the evaluation of sector capacities
for use as input into the ATF model. There is a potential hazard present

in the use of this relationship. It was develcped under the assumption

that the sectorizatjion strategy equitably divides and allocates the total
area workload among the sectors, and, thus, the capacity estimates derived
from this relationship tend to be somewhat high unless this condition is
fulfilled. This did not pose a problem in the SRI evaluation because this
condition was found to be generally satisfied or else was accounted for

by sutsequent adjustments in the capacity estimates.
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APPENDIX I

REPORT OF INVENTIONS

After a diligent review of the work performed under this phase of
the contract it was determined that no innovation, discoveries, improve-
ments, or invention has been made. The work involved the revision,
wmodification, consolidatica, and documentation of existing software

systems, s0 no innovation or discoveries were expected.
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