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PREFACE

The Systems Research and Development Service of the Federal Aviation
Administration has undertaken a program to assess the technical and economic
impact of Area Navigation on the ATC System and the users of the National
Airspace System. This work was performed under the RNAV Technical Support
Contract to Systems Control, Inc. (Vt), Contract No. DOT-FA72WA-3098, Task
Order No. 015. The work was performed by the Champlain Technology Industries
(CTI) Division of Systems Control, Inc. (Vt).

The FAA Technical Monitor for this work was Ricardo Cassell, ANA-200, and
the Technical Support Program Manager was D.W. Richardson of Systems Control,
Inc. (Vt). The Project Manager and author of this document was E.H. Bolz
of Champlain Technology Industries Division of Systems Control, Inc. (Vt).

This document is the final report containing the results of studies
of the impact of RNAV on controller productivity and ATC system capacity,
including the effects on delays and airline fuel consumption.
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1.0 EXECUTIVE SUMMARY

This section presents a summary of the study objectives and results in a
compact format. Also, the study conclusions are briefly reviewed in this
section. The detailed analyses of controller workload and productivity effects
are found in Section 2, and traffic capacity and delay analyses are found in

Section 3. Section 4 presents the study conclusions in detail.
1.1 PROGRAM OBJECTIVES

The primary objective of this task is to quantify the effects that the
introduction of RNAV will have on controller productivity and system capacity.
The benefits and costs to the system users and to the ATC system itself are
alsoe to be quantified, based on the present work and on a prior comprehensive
cost/benefit analysis (reference 1) performed as Task Order No. 013 under
this contract. The productivity and capacity effects to be expected in the
terminal, high altitude enroute and low altitude enroute environments are to
be quantified separately, although the methodology adopted for use in this
study analyzed the low and high altitude enroute environments in parallel. The
impacts of 2D, 3D and 4D area navigation were to be considered separately, as
appropriate. However, the RNAV concept has recently evolved (reference 2) to
the point where 3D (VNAV) capability is considered to be a useful pilot aid
capability, but will not be used to provide procedural separation or for
routine radar control. Therefore, no controller productivity impact would
result, but user cost/benefit values pertaining to 3D RNAV derived in that

reference remain unchanged.

it 2 i e Ao e
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Two primary outputs are required from this study:
1) The productivity impact of RNAV translated into controller
staffing requirements, with man-year savings projected to
the year 2000, and
2) The capacity impact translated into delay savings, with fuel
and time savings projected to the year 2000.
In particular, the overall energy-use savings due to reduced delays is of
interest. These projections of RNAV effects have been calculated considering
an orderly RNAV implementation process beginning in 1982. Also, and of
extreme importance, the assumed operating environment considers an orderly
implementation of all remaining UG3RD features, up to and including DABS

Data Link and Control Messaqge Automation. In this fashion, the effects of

these other UG3RD features on controller productivity, capacity and delays, v 1
and their interaction with RNAV, have been properly considered in order to
prevent over-estimation of RNAV impact.

This study represents a considerable refinement to earlier work performed ]
in the areas of RNAV impact on controller productivity and system capacity. :

The tirst productivity analyses conducted under this contract are discussed
in reference 3 (unpublished) which interpreted the results of a real time

New York area simulation study which considered RNAV as one of several ATC

improvements included for study. 1t concluded that productivity improvements
of 10% (terminal) and 14% (enroute) would result from the implementation of a
100" RNAV environment, These data were interpreted in order to estimate

statf savings, as reported in reference 2 and later reiterated in reference 1.
These figures did consider the impact of other UGIRD programs implicitly by

basing staffing savings on a staft level projection over the UG3RD implementation




E period, but did not supply detailed analysis of the interaction of each
UG3RD program on the RNAV percent benefit. The most recent report,
reference 1, interpreted these results in terms of the 1976 present value
equivalent savings. The current study evaluates the RNAV interaction with
each individual level of UG3RD enhancement, and provides yearly staff
savings projections considering an orderly UG3RD implementation process to
the year 2000, and derives the total present value equivalent to those
savings.

Likewise, reference 2 provides an analysis of arrival delay reductions
resulting from 4D RNAV capacity improvements. Interactions with other UG3RD
programs were analyzed only in gross terms. The most recent report,
reference 1, interpreted these same results in terms of the present value
equivalent. The current study considers the arrival capacity improvement
potential of RNAV alone, and of RNAV with 4D as well. Also, capacity improve-
ments due to the other UG3RD enhancements, and interactions of the enhance-
ments with RNAV capacity improvement potential, are considered. A yearly
delay savings projection considering an orderly UG3RD implementation process,
plus the present value equivalent, are provided. Fuel savings are expressed
in terms of quantity saved as well as value.

The overall ATC system user present value benefit/cost ratio analysis
resented in reference 1 has been revised. These new results are presented

in Section 1.3.4. The conclusions reached as a result of this study are

summarized in the section below.

1.2 SUMMARY OF CONCLUSIONS
This study has shown that several of the UG3RD features, including RNAV,

can provide significant enhancements to the controller's ability to handle

1-3
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traffic, through reductions in controller workload, and will produce
significant savings in terms of staff requirements by reducing the rate
of growth of the ATC staff as traffic demand increases. The study results
show that, over the 19 year period considered, RNAV will produce a savings
of 3715 man years (terminal) and 20,498 man years (enroute), equivalent to
$92 million and $508 million respectively, based on the 1975 salary level.
This study has also shown that real terminal arrival capacity improve-
ments result from usage of the RNAV capability in the conventional ATC
environment, and from the usage of the 4D RNAV capability in a Metering
and Spacing environment. These capacity improvements amount to 3.26% and
4.6% respectively. The savings to the air carriers in terms of fuel and
aircraft operating time costs over the 19 year period will range between
$2.5 and $4.2 billion dollars, depending on values assumed for fuel and
aircraft time costs. RNAV usage could also result in savings in enroute
delays if controller staff growth is artificially constrained such that
enroute delays increase. It is of interest to consider the implication of
terminal delay reductions in terms of raw fuel consumption. The savings
over 19 years based on the phased implementation of RNAV and 4D RNAV in
terminal operations will be 3.77 billion gallons, equivalent to 52% of the
total 1975 air carrier fuel consumption. Based on analyses in reference 1,
the total anticipated fuel savings due to RNAV (delay reduction, terminal
routes, enroute routes, VNAV) will amount to 11.35 billion gallons, more

than 1.5 times total 1975 air carrier fuel consumption.

1.3 STUDY RESULTS
In this section the results of each major area of study will be

presented. These include workload/productivity results and their staffing




implications (terminal and enroute), and capacity and resulting delay effects

and their fuel and time value savings implications. Also, the overall 1976

present value RNAV benefit/cost ratios derived in reference 1 will be updated.
The basic approach to the workload/productivity analysis was to adapt

a controller workload analysis methodology developed by SRI (references 4, 5

and 6) in order to include the effects of RNAV. The SRI technique provided

a background analysis of the present ARTS III (terminal) and NAS Stage A

(enroute) environments, plus additional analyses of each environment with

several levels of planned UG3RD enhancements. These enhancement Tevels

are discussed in detail in Section 2, but are listed below in Table 1.1.

Table 1.1 UG3RD Enhancement Levels Considered

TERMINAL ENROUTE
1. Basic ARTS III 1. Basic NAS Stage A
2. Automatic Flight Data Handling 2. Automatic Flight Data Handling
3. Metering and Spacing 3. Automatic Local Flow Control
4. Conflict Probe 4. Sector Conflict Probe
6.

DABS, Control Message Automation| 6. DABS, Control Message Automation

The levels listed are cumulative in that each level includes those before it,

as would be the case in a time-ordered enhancement implementation process.

The fifth level considered by SRI was RNAV. However, since it was considered

desirable in this study to determine the impact of RNAV on controller

productivity for each enhancement level, the original Level 5, RNAV, does not
.

appear on the list. By analyzing RNAV impact with each individual enhancement

level it becomes possible to totally separate the RNAV implementation schedule

-
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from the UG3RD feature implementation schedule implicit in the sequence of
enhancement levels shown in Table 1.1. Instead, the RNAV implementation

schedule originally derived in the RNAV Implementation Report (reference 2),

which is summarized in Section 2.1.2, has been utilized. In both the

terminal and enroute cases the SRI techniques provide methods for interpreting
the results of the workload analyses in terms of controller productivity
impacts and, in turn, controller staffing requirements. Furthermore, these
results have been generalized to provide overall results for twenty-six

major terminal areas and all twenty enroute centers.

1.3.1 Workload and Productivity

Terminal Area Workload Results (Oakland Bay TRACON Case Study)

The impact of RNAV on controller workload for each type of sector (feeder,
final and departure) serving the San francisco airport was calculated for each
UG3RD enhancement level studied. Routine workload, conflict processing
workload and surveillance workload factors were all considered. Workload is
measured in terms of man-seconds of effort per aircraft handled at a given
level of traffic demand. Table 1.2, below, lists the overall workload results
for the Bay TRACON case. The values stated are averages for each of the two
feeder, final and departure sectors serving SFO. Besides raw workload data,

the percentage improvements due to RNAV and due to each successive UG3RD

enhancement are listed. The RNAV workload impact for the feeder sectors is
approximately 8%, dropping to 5% as the UG3RD enhancements are added. The
RNAV effects for the final and departure sectors are larger: 15% (dropping to
7%) for the final sectors, and 23% (dropping to 17%) for the departure sectors.

The impacts of the UG3RD enhancements (without RNAV) are highly variable, with

some being very significant. However, the RNAV impact is shown to be more
significant than any other UG3RD enhancement for the departure sectors, and

1-6
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to be in third place in level of impact for the feeder and final sectors. The
usage of 4D RNAV integrated with a metering and spacing system significantly
improved the overall effect of RNAV on feeder sector workload, essentially
doubling the impact. The 4D feature had no effect on final and departure
sector workload.

Table 1.3 lists the sector capacity results of this study for the
one-man team case. The capacity of a sector has been defined by SRI in
reference 4 as being the point where the radar controller position workload
reaches a threshold, determined to be 48 man-minutes in an hour in the
experiments which SRI conducted. The capacity table is somewhat abbreviated
in that only the RNAV impact percentages, not raw capacities, are listed.

The overall trends shown are similar to the workload case shown in Table 1.2,

but the absolute magnitudes are somewhat different. As before, RNAV with 4D in
an M&S environment tends to double the basic RNAV effect for the feeder sectors.

Enroute Center Workload Results

In this study nine enroute and transition sectors were selected in the
area surrounding the Atlanta terminal area in the Atlanta Center. Based on
SRI analyses of enroute ATC (reference 5) the RNAV impact on workload and
sector capacity was determined in a manner somewhat analogous to the terminal
area study, except that there is an additional constraint in the definition
of sector capacity besides the 48 man-minute constraint on the radar man: if
the two primary controllers (radar and data men) perform workload in excess of
66 man-minutes in an hour, the sector is also said to be saturated. Each of
the nine sectors were evaluated separately and the two capacity criteria were
applied in order to determine which constraint applied. For purposes of

brevity, the raw workload data results are not presented here. Rather, the
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capacity results only are presented in lable 1.4 since they are more directly
applicable to the end result objective: staffing requirements.

The capacity results for the basic NAS Stage A Case in Table 1.4 are é
based on the 2.5 man sector staff configuration, which is reasonably typical

for a busy sector. Since the first UG3RD feature eliminates the assistant

position (0.5 man), UG3RD enhancement levels 2 thorugh 6 were evaluated using

a two man team. The capacity improvement due to RNAV in the high and

transition sectors for the NAS Stage A base case ranged from 11% (Arrival
Transition) to 21% (Departure). These values were comparable (but slightly
less) than the other two UG3RD feature cateqories studied which showed
significant benefi*-- *~ ) Automatic Flight Data Handling and Automated
Local Flow Control, awu . S/CMA. The fact that the RNAV impact is
nearly commensurate with the DABS/CMA impact is in contrast to the terminal
area case, where RNAV lagged significantly. The last sector shown in Table 1.4,
Low Enroute, was evaluated at a 50% RNAV participation level and so its RNAV
impact is considerably less. The RNAV effect in each case holds up as the
UG3RD features are introduced through level 4. However, when level 6
(DABS/CMA) 1is introduced the percent RNAV effect is diminished somewhat, on
the order of 25%. A similar trend occured in the terminal area case. The
major cause is related to the fact that many routine navigation, route and

conflict related controller tasks are automated.

Terminal Facility Staffing
Linear least square fit techniques were utilized to produce relationships
of controller staff required to serve SFO operations relative to the present

staff size, versus traffic growth ratio, as shown in Figure 1.1. Based on an




Table 1.4 Enroute Control Sector Capacity tffects (¢

(Aircraft Handled Per Hour)

SECTOR TYPE

D
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.3. AFDH, ALFC
% Improvement

4. Sector Conflict
Probe
L Improvement

6. DABS/CMA
L Improvement

.5/2.0 Man Sector Teams)

42.2 | 12.0%] 39.8 | 12.6%
15.8% 13.5%

45.5 | 11.0% ] 41.9 ] 12.5%
7.7% 5.3%
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T [figh Enrt.  JDep. Trans. Jbeparturc | Arrival
___UG3RD ENHANCEMENT LEVEL [ 0% R TRNAV 1]0% R JRNAV 1JOU R JRNAV "] 00 R RNAV
1. Basic NAS Stage A a7.6 ] 11.8%] 38.4 1 13.53 50.6 1 21.1% 30.3 14.8%
2,3. AFDH, ALFC 47.1 | 12.0%| 44.8 | 13.2% 66.1 ]| 20.4% 36.1 14.9%
% Improvement 13.3% 16.8% 30.6% 19.1%
4. Sector Conflict
Probe 49.9 | 12.0%| 46.9 | 13.3%| 67.1 | 20.5%| 38.2 14.3%
% Improvement 5.8% 4.6% 1o5% 5.8%
6. DABS/CMA 57.9 7.9%1 52.9 9.2%| 78.4 | 15.3% 45.2 12.3%
% Improvement 16.2% 12.7% 16.8% 18.3%
SRR TR - v IO BT, SEPATN. EUOREE, JETESS TR e i
A[l:_ryg§;-¢d Low Arr. Low Enrt. * .
& Vel s OV RTTRNAV TT0% RJRNAV SJOT R JRNAV ¢
7. Basic NAS Stage A 36.5 | 10.8%] 3 72.8%| 33.1 5. o%

40.0 7.3%

4.9%
45.8 6. 3%
14.4%

* Only 50¢ RNAV Participation is Assumed in the Low Enroute Environment
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assumed UG3RD feature and RNAV implementation scenario, a projection of
staffing requirements at twenty-eight TRACONs has been performed, using the
relationships in Fiqure 1.1. The implementation scenario assumed states that,
beginning in 1980, enhancement levels 2, 3 and 4 are phased into full operation
by 1985, and that DABS/CMA (level 6) is phased in by 1990. RNAV equippage by
air carriers is projected to be phased in from 1982 to 1985 [1], with 4D
operations beginning in 1986. General aviation operators are assumed to equip
at half that rate. The twenty-eight TRACON staffing requirement is summarized
by year 1in Table 1.5. The overall savings due to the 19 year period RNAV is

in use is 3715 man years, or 147. At 1975 wage and benefit estimate [7] of

$24,795 per controller, this amounts to a total savings of $92.1 million.
Standard FAA staffing formulas provide for additional support personnel over
and above actual controller staff [8]. The proportionality constant is roughly
22% for terminal facilities. Therefore, staff savings would increase
accordingly.
Enroute Center Staffing

The relationships of staffing requirements to traffic demand growth
factor were determined by applying a fast time simulation technique using the
increasing traffic capacity of a contiguous set of sectors in the Atlanta
Center as each sector is split into two smaller sectors, and determining the
number of splits required to service a given level of traffic while main-
taining average enroute delays encountered at a constant level (present Tevel
of service). The result of such analysis is a set of staffing requirement
versus traffic level factor curves. There is one curve for each enhancement
level, and a second curve for each enhancement plus RNAV, as shown in Figure 1.2.

It also shows the curves for che level 1, 3.5 man case, labeled 1B, since the
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Figure 1.1 Linearized Relations of Staffing to Growth Factor

3.5 man case showed improved capacity in the level 1 (NAS Stage A) case, whereas
added staffing had no capacity effect on enhancement levels 2 through 6. The
Tevel 6B case (1.0 man sectors) is not shown since the resulting capacity is
insufficient to meet projected demand. On this figure the traffic level factors
for several future years are notated. Given this data, the staff requirement
savings given the phased implementation of RNAV may be computed. By utilizing

national growth projections, the staffing growth projection may be extrapolated
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Table 1.5 RNAV Tmpact ot Twenty cight TRACONS
Year | level 1 level 4,6 l Level 4,6
Staffing (Phased) t RNAV
1976 1008+ 1008 1008
] 1063 106 3 1063
8 117 1117 117
9 1172 172 1172
1980 1226 1226 1226
1 1267 1194 1194
2 1308 1161 1102
3 1350 1129 1010
4 1391 1096 918
1985 1432 1064 824
6 1461 1045 813 |
/ 1491 1026 801 |
8 1520 1006 789 ‘
9 1550 98/ 117 ,
1990 1579 968 765 |
I 1594 972 769
2 1611 977 714
\ 3 1627 981 778
s 1643 986 /83
1995 | 1659 990 787
6 1674 994 791
/ | 1688 998 /95
8 1703 1002 798
q 1717 1006 807
2000 1732 1010 806
R M_# e i iai b Bt N O™ T RS Y e
lotal Jes84 1 26178 22463
Savings 10406 (28%) 3715(14%) *
o ST S T SRS TR | SRS

*Adjusted Using Extrapolation Relationship

to all 20 centers resulting in the national controller staffing RNAV impact
data stated in Table 1.6, This table shows a total 19 year staff requirement

savings of 20,498 man years, or 11.1.. This is equivalent to a salary and

benefits savings of $508 million. Only active controller staff have been

considered.  Inclusion of other demand-sensitive non-controller staff positions
would increase staff savings by another 11 percent of the 20,498 man years

indicated,

1-14




]
= 10
L
(¥a)
.
3
Q)
1
¢ 60)
L
QO
(‘1:\
. 0
2 40
i 30
iy 20
pe-
| 10
|
%
F 0

STUDY AREA TRAFFIC -~ Aircratt Per 8-Hour Shift

400 600 800 1000 1200 1400 1600 1800

(
| i | | A TR AR SRS Mk e SEE SN ML

8 '_“ O Configuration 1 (9 Sectors)
A Configuration 2 (13 Sectors)

- (0 Contiguration 3 (18 Sectors)

8 £

e . bA* 6A 1 : OA* v
__-.--D anaveces -"‘.(]

+o— .0".... -

wmmeme N0 RNAV
wsassnsn  100% RNAV

L 5 8 : (SR ) U NI IR BT (S S SEE T
1975 1980 1985 1987y 1990 1995 2000

Projected Area Traftic Growth Factors

[ TR Sl (TR R | O | | | I, R e
1.0 2.0 3.0 4.0

STUDY AREA TRAFFIC LEVEL FACTOR (1975 Base)

*100 data Tink aircraft
50 data 1ink aircratt
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Table 1.6 National ARTCC RNAV Stafting Requivements lmpact

AT ISR SV WUCTRININE A 4 SO R i
Year Baseline 1 RNAV

Staffing Savings |
1975 7656 —-
1980 11059 —
1982 9476 379
1983 8466 689
1984 7707 653
1985 6744 450
1986 7000 630
1987 1256 810
1988 7621 1060
1989 8094 1381
1990 8568 1702
1991 9008 15