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PREFAC E

The Systems Researc h and Development Service of the Federa l 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 Contro l , Inc . (Vt), Contract No. DOT-FA72WA-3098, Task
Order No. 015. The work was performed by the Champlain Technology Industries
(CT!) 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 L.H . Bolz
of Champlain Technology Industries Division of Systems Contro l , Inc . (Vt).

This document is the final report containing the results of studies
of the impac t of RNAV on controller productivity and ATC system capacity ,
inc luding the effects on delays and airline fuel consumption .
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1 .0 1 X [CIJTIVL SUMMARY

This ser t ion presents a summary ot the study ~b~jt ’~ t i yes ami d rt”.ul t s in ~,

coinpa t format. Also , the study corn: I us io n s are br ief ly rev i vwe’d in t hI S

section . The detailed ana lyses of ontro ller workload and productivity t ’ t t e c t s

are found in Section 2, and tra ffic capacity and delay analyses are found in

Section 3. Section 4 presents the study co nclus ion s in detail.

1 .1 PROGRAM OB J ECTIV ES

The prima ry objective of this task is to quantify the effects tha t the

introduction of RNAV will have on controller productivity and system cap acity.

The benefits and costs to the system users and to the ATC system itself are
ml’

1mlso to be quantified , ba sed on the presen t work and on a pr ior  com prehen si ve

os t/hene?it ana lysis (reference 1) performed as Task Order No. 013 under

this .ontract. The productivity arid capacity effects to be expec ted in the

terminal , high altitude enroute and low altitude enroute environments are to

be quantified sepa rately. althouqh the methodol ogy adopted for use in this

study an~1vied the low and high altitude enroute environments in para llel . The

m mpat ts of 20 , 3D and 4D area navigation were to be considered separa tely, as

appropri ate . However , the RNAV concept has recently evolved (reference ~ ) to

the point where 3D (VNAV ) capability is considered to be a useful pilot aid

t ap abi li ty , but w i l l  no t be use d to p rov i de proce dural separa tion or for

routine radar control . Therefore , no r ontro ller productivity impact would

resul t, but user ost/benefit values pertainin g to 3D RNAV derived in tha t

reference remain unchanged .

1— 1



Iwo pr n~) ry out puts arm ’ regu i red f roe I h I study

1) 1 ~~~~ t. i v i Iv I nmpat t of RNAV tr anslat ed into coot r o l l e r

s t a f  P i mig roqu m rement’. , w i t h  na n—yea r say tmj ’ . pro ~t’t t el to

ht’ yeai’ ‘()(fl) • mud

.‘ ) T he’ d ial I t.y i mmipac I tran s Ia I eu I ni t o do lay s.m vi ii tps , wi th  fuel

~mnd t I me sa vi rigs projot. ted to the vt’a r .‘DU t)

l i i  par-t i ula r , the twe ra 11 em ’mi~y —u se say I nt~s dot’ to redut. ed del ays Is of

m ni t ep e’, t . These proj et t ions o P RNAV et t o t. I ‘; have Luer mi al cu 1 a ted t ons i den ,u~

.10 om’tier 1 y RNAV I nip 1 emen tat ion pt ’ o tes ’ . ht ’t i I nii i m i  in 1 ‘10,’. Also , and of

o ~trp’iimt’ importan t . e , the assu med opera t I Oil t ’ I iV ro nmmm e mi t cons ide rs an orderly

I nip 1 omen tat ion of ~m 1I remu ,~ in I nq LIG3RL) P e’a to it ’s , up to and I nt. I ud I rig t)A BS

ELi t a L i nk and Contro l Mess~gt’ Au t ommi lion. In th is fashion , the of tot.  Is  of

hose of her UG3RI) t ea ture’; on on t ro I I or produc Ii v I t •y . a pa I ty and tie I ay s • 
ml’

and tho In In terat P m on with RNAV , have been properly considered in order to

proven t over - i’s t I mat ion o P RNAV i imm pat t

Th is  study repm’esents a & ons I mierab It’ ref I mieni ent to earl i or work performed

in the a reas of RNAV i rnpat I on on t mo 11cr prtnluc t iv i t y  a rid sys toni c a pat. it y

I he ti n s t produc t l vi ty ana I yst ’s ondu ted under tb Is i- t in t rat I a rt’ d I scus sod

~~ 
p,

~~ f ~~~~~~ ~ . 1 (unpub Ii sheti ) which 1 ni terpre’ It’d the result s of a ream I time

New York a re’a s i mu 1 ~ fi on ‘.tudy wh I t. h m OOS I dt’rt’d RNAV as omit’ ot severa 1 ATC

m mprovt’men Is lot I ude~d to , study . it t. ont. I tided that produc t iv I ty Improvements

of I I ) - ( ternm I ma I ) and 1 .1 eu mo o t e ) would rt’su 11 from the I nip 1 enien tat ion o f  ci

1 00 RNAV env I ronmen t . 1 hi’ so tia t a were In t t ’ m p rot oil in order t o i’s t i mate

1 f t  s.m V i  1I~ 5 , as reported m p m ri ’ t e’ront e and Pa tom’ ni’ I t Oi ’ ui I ed in m’ t ’t eren’. e I

I hose t u~ iumi ’ s it I it uifl’ . m tim’,’ the I mpci t of t it  her U G3 RI1 p roqrams i limp lIt. i t I y by

has nt~ s t a If log sa v I nqs on a P a P t I eve’ I p m o , j ot. t non over the LIG3RL ) i nip I omen tat ion

I . ’



~~~~~~~~~~ - TTT ~~- .. T ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ TT~ ’~

period , but did not supply detailed anal ysis 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 l evel of UG3RD enhancement , and provides yearly staff

savin gs projections considering an orderly UG3RD imp l ementation process to

the year 2000, and derives the tota l present value equivalent to those

savin gs .

Li kewise , reference 2 provides an anal ysis of arrival delay reductions

resul ting from 4D RNAV capacity improvemiments . 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 ml’

equivalent. The current study considers the arrival capacity improvement

potential of RNAV alone , and of RNAV with 4D as well. Also , capaci ty improve-

mnents due to the other IJG3RD enhancements , and interactions of the enhance-

nents w i t h 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 va l ue 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

sunrarized in the section below.

1 .2 SUMMARY OF CONCLUSIONS

This study has shown that several of the UG3RD features , includin g 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 w i l l  produce

significant savings in terms of staff requirements by reduc i ng the n-ate

of growth of the ATC staf f  as t raff ic demand increases. The study results

show tha t, over th e 19 year period considered , RNAV will produce a savings

of 3715 man years (terminal) and 20,498 man years (enroute), equ iva len t to

$92 million and $508 million respective ly, based on the 197 5 salary l evel .

This study has also shown that rea l termina l arrival capacity improve-

ments resul t from usage of the RNAV capability in the conventional ATC

• environmen t, 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 yea r period wil l  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 artificiall y constrained such tha t

enroute delays increase. it is of interest to cons ider the implication of

terminal delay reductions in terms of raw fuel consumption. The savings

over 19 years based on the phased imp lementation of RNAV and 41) RNAV in

termi nal operations wil l  be 3.7 7 bil l ion gallons , equ ivalent to 52% of the

total 1975 air carrier fuel consum ption. Based on analyses in reference 1 ,

the total anticipa ted fuel savings due to RNAV (delay reduction, terminal

routes, enroute routes , VNAV) will amount to 11.35 bi llion gallons , more

than 1.5 t i mes total 1975 air carrier fuel consumption .

1 .3 STUDY RESULTS

In th is section the results of each major area of study will be

presented . These inc l ude workload/producti vity results and their staffing
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implications (terminal and enroute), and capacity and resulting delay effects

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

4 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 anal ysis 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 (termi nal) and NAS Stage A

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

several levels of planned UG3RD enha ncements . These enhancemen t levels

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

Table 1 .1 UG3RD Enhancement Levels Considered F

TERMINAL ENR OUTE

1 . Basic ARTS III 1 . Basic NAS Stage A

2. Automatic Flight Data Handling 2. Au toma tic Fl ig ht Da ta Handl i n g

3. Metering and Spacing 3. Automa tic Local Flow Contro l

4. Confl ict Probe 4. Sector Conflict Probe

6 . DABS , Control Message Automation 6. DABS , Control Message Automat ion

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

as would be the case in a time-ordered enhi~ncement implementation process.

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

desirable in this study to determi ne the impact of RNAV on controller

productivity for each enhancement level , the original Level 5, RN A V , does not

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

l evel It becomes possible to totally separate the RNAV imp l ementation schedule

1— 5
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from the UG3RD feature implementation schedule implicit in the sequence of

enhancement level s shown in Table 1 .1. Instead , the RNAV im plementation

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 met hods for interpreting

the results of the workload analyses in terms of controller productivity

impacts and , in  turn , control ler staffing requirements. Furthermore , these

results have been generalized to provide overall results for twenty-six

major termi nal areas and all twenty enroute centers .

1.3.1 Workload and Productivity

Termina l 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 . Wor kload is

measured in terms of man-seconds of effort per aircraft handled at a given

level of traffic demand . Table 1 .2 , below , l ists 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 SF0. Besides raw workload da ta ,

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

enhancement are listed . The RNAV workload impact for the feeder sectors is

approximate ly 8% , dropping to 5% as the UG3RD enhancements are added . The

RNAV effects for the fina l and departure sectors are larger: 15% (dropping to

71 for the final sectors , and 23% (dropping to 17%) for the departure sec tors.

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 b~ in third place in level of impact for the feeder and fina l sectors . The

usage of 4[) RNAV integrated with a metering and spacing system si gnificantly

i mproved the overa ll effect of RNAV on feeder sector workload , essen t i a l l y

doublin g the impact. The 4D feature had no effect on fina l and departure

sector workload.

Table 1.3 l is ts  the sector capacity resul ts  of th i s 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 rada r controller position workload

reaches a threshol d , determined to be 48 man-minutes in an hour in the

experiments which SRI conduc ted . The capac ity table is somewhat abbreviated

in tha t only the RNA-V impact percentages , not raw capacities , are l is ted .

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

bu t the a bsolu te magni tu des are somewha t different . As before , RNAV wi th  4D in

an M&S environment tends to double the basic RNAV effec t for the feeder sectors .

Enroute Center_Workload Resul ts

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 capac i ty 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 prima ry 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

1-8
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s. apac 1 ty resu 1 ts onl y are presented 111 1 able 1 .4 S i  lice they are tiore ‘.11 rec t 1

app liia b le to the end result object iv y : staffin g r e q u i r e m e n t s .

The capacity results for the basi’. NAS Stage A Case in Table 1. 4 are

based on the 2.5 man sector staff confi guration , which is reasonably typic al

for a busy sector . Since the first UG3RO feature elimina tes the assistant

po sitio n (0.5 man), UG3RD enhancement levels 2 thorugh 6 were evaluated using

a two man team. The capac i ty improvement due to RNAV in the hi gh and

trans ition sectors for the NAS Stage A base case ranged from ll~. (Arriva l

Trans iti on) to 21~. (Departure). These values were comparable (but sli ghtly

less) tha n the other two UG3RD feature categories studied which showed

significant benefi’~~ ‘‘  I Automa t ic Il i gh t Da ta Han d l i ng an d Au tomated

Loc al Flow Control , a~., , ‘./C.MA. The fact that the RNAV impac t is

nearly coniiiensurate with the DABS/CMA impact is in contrast to the ternilna l

area case, where RNAV la gged signifi cantly. The last sector shown ‘in Table 1.4.

Low En route. was evaluated at a 50~- RNAV participation level and so its RNAV

im pac t is Lon sider ab ly less. The RNAV effect in each case holds up as the

IJG3RD featu’es are introduced through level 4. However , when l eve l  6

(DA BS /CMA ) is introduced the percent RNAV effect is diminished somewhat , on

the order of 25. A similar trend occured in the termina l area case. The

major cause is related to the fact that many r o u t i n e  navigation , route an d

con flict related controller tasks are automated .

3.2 Controller Staf f in~~i~p1 icat ions

Termina l Fac fl i~y Staff i n~
Linear least square fit techniques were utilized to produce relationships

of controller staff required to serve SF0 operations relative to the present

staff size , versus traffic growth ratio , as shown in Figure 1 .1. Based on an

1-10
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Table 1 .4 Enroute Contro l SeCtor Cap’.ic i t v  I t  f e c t ’ -~ (,‘.5/,
’ . 0 Man ~‘e C t ci ’ T i ’a- -~f in “a ft h and led re r I our ’)

SLCTOR ~vr i
Hi~~~Enrt. Jj~’p. T r a n s .  ~~~~a~~t u~’s ’ An iyaJ _

UG3RD ENHANCEMENT LEV I L O~- R RNAV - - O~ R RNAV % 0’~
. R RNAV 3 )

~ R~IAV- -  1 . 6 i?ic NAS Stage A TL6 T{.$’~9Th’~.4 )3.~~ 50. 6 - ..~l. 1~- 
- - 

30.3

2 ,3. AFDH, ALFC 4 7 . 1 12. 3~ 44 .8 13.2 ~ t~~.1 .70.4~ 3o. 1 14.9~.
~ Improvement 13 .3~. 16.8~ 3O.t ~-

4. Sector Conflict
Probe 41),9 1, ’ .0~- 4t - .’~ 13 . 3 ~

. 6 ’ .l 20.5’~- 38. 14 .3 ~-
~
. I r~ novemen t 5. 8~ 4. 1 . 5.

6. DABS/CFtA ~7.9 7.’.)’~ 52.~
) 9.2’~ 78.4 15 .3 ~

. 45 . .~ l , ’ .3 - ~
~~
. Improvement l6. 2’~. 12 . 7~- lh.8~. IS. 3~.-

:i

~

f

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _ _ _  ~~~~
.

O~. R I~NAV ~
. U~ R RS~AV ~

. 02. R RNAV
1. Basic NfS Stage A ~~

T5”
~ 

- 

Th~~~~~ 33TT T~ TTV~ ~~ TT
2 , 3. AF OH , Al. F C 4.’ . .~ 1~’ . 02. 2’~ . 8 12 . h1 - 38. 2 7 . 3’~

~ Improvemen t 15 .8~- 13.5 1 15 . 2 2

4 . Sector Conf l ic t
Probe 4 , ~ 11 . 01 .11 . ‘.) 12 . ~2- 40. 0 7 .

~- Improvement 7. 7 1- 5. 3 1- .2 . 9’1.

~~~. DABS / CMA 52 . 7 8. 1 1. 47. 3 9. 92 45.8 t~. 31.

L 2- I nip rovenien t 1 4 . SI I .‘ . 81- 1 4 . 4 ‘1-

* On ly ~L. RNAV Par t ic ipa t ion  is Assume d in the Low Ennoute Envi roninent

Head i~~~~ Key :

0~ R -- flo Ai rcraf t  Arc RNAV- Equipped
RUAV ~ -- Workload Improvement Due To RI~AV
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as ’~uncI1 UG3RD feature and RNAV implemen tation scenario, a projection of

s t a f f i n g  requirements at twenty -ei ght T RACO Ns has been performed , using the

relationships in Figure 1 .1 . The implementation scenario assumed states that ,

beginninq 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 1 990. RNAV equippage by

air carriers is projec ted to be phased in from 1 982 to 1985 [1], w i th 40

operations beginning in 1 986. Genera l aviat ion operators are assumed to equip

at half that rate . The twenty-ei ght TRACON staffin g requirement is suninarized

by year in Table 1.5. The overall savings due to the 19 year period RNAV is

in use is 3715 man years , or 14 . At 1975 wage and benefit estima te [7] of

S24,795 per controller , this amounts to a tota l savings of $92.1 m i llion.

Standard FAA staffing formulas provide for additional support personnel over

and above actua l contro ller staff [8]. The proportiona lity constant is roughly

22 for terminal facilities. Therefore , sta ff sav i ngs woul d i ncrease

according ly.

Enroute Center Staffin~

The relationshi ps of staffing requirements to traffic demand growth

facto r were determined by apply ing a fast time simulation technique using the

inc reasing traffic capacity of a contiguous set of sectors in the Atlanta

Center as each sector is sp l it into two smaller sectors , and determinin g the

number of splits required to service a given level of traffic wh ile main-

tam ing average enroute delays encountered at a constant level (present level

of serv i ce) . The result of such analys is is a set of staffing requirement

ver sus traf fi c leve l factor curves . There is one curve for each enhancement

level , and a second curve for each enhancement plus RNAV . as shown in Figure 1.~?.

It also shows the curves for che level 1 , 3.5 man case , labeled 113 , s i nce the

i - i : -’
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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

l evel 68 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 severa l future years are notated . Given this data , the staff requi rement

sav ings given the phased impl ementation of RNAV may be computed . By utilizing

na tional growth projections , the staffing growth projection may be extrapolated
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Table I .6 Nat luna I AR ICC RNAV S t a t  m g  Requ i u euie ,it’. Imp~s.

Year Baseline RNAV
______ ~~td ffi

’n,~g Savi ni~s
(9/5 /656 ——
1980 11059 —-
1982 9416 3/9
1983 8466 689
1984 7707 653
1985 6744 450
1986 7000 630
1987 7256 810
1988 7621 1060
1989 8094 1381
1990 8568 1702
1991 9008 1591
1992 9448 1 480
1993 9889 1370
1994 10329 1259
1995 10169 1148
1996 11014 1158
1997 112 59 1169
1998 11504 1179
1999 11749 1190

— 2000 l1994 _ 1200
Total 185279 20498

(Man-learsi _____________ _____________

3. 3 c~p~c i t ~ aid Delay Ef fects

Te rm i nal  Ca ,~~c i ty  and Delay In ~pact

RNAV provides two potential areas of capacity improvement: the arrival capacity

improvement of 3.26 denionstrated in a nec ent real time simulation study [9]. .‘:id

the arrival capacity improvment of approxima tely 4.6- which should result from

the usage of 40 RNAV capability in a Metering and Spacing environment [1].

Unfortunately, the 3.26 ” improvment fac tor would tend to disappear itt a M & S

env i ronment, and so the 40 capability is needed to fully realize the RNAV

benefit potential. Capacity improvement factors were converted to delay savings

on a da i ly basis for twenty-nine high delay airports. The phased RNAV

implementation scenario stated earlier was applied to these airports to derive

annual fuel and time cost savings based upon the projected mixes of aircraft

types at each airport. These cavin qs are stated in terns of nillions of pounds

1 - l b



of fuel and cost of fuel (given a range of fuel prices ) and a ir ~ n at t DOC tes t ,

given a range of time-sensitive [)OC cost parameter assumptions (discussed in

Section 3.1.2). These results are given in Table 1.7.

The total fuel saving over the 19 year period RNAV should be in use amoun t s

to 3.7/ billion gallons of fuel saved due to delay reductions. The significance

of this is highlighted by comparing it to total air carrier fuel consumption

for 1975 , which was 7.28 billion gallons (front CAB data). The tota l 19 year

fuel and time cost savings ranges from $2.5 billion to $4.2 billion , depending

u pon the cos t assum pt ion used .

Table 1 .7 Annual Fuel and Tim ime Delay Savings

FUEL SAVINGS TIME COST SAVINGS
YEAR (millions of lbs)T0~F ~ tGi1I~
1982 94. $ 6.2M $ lO .9M
‘83 293. 19.3 34 .?
‘84 592. 39.6 78.3
‘85 876. 58.9 ‘(03.4
‘86 1413 . 95.2 167.4
‘87 1394. 93.9 165.5
‘88 1356, 91.3 161.5
‘89 1301. 87.6 155.3

1990 1227 . 82 .7 146.8
‘9 1 1290. 86.7 154.3
‘92 1353. 90.7 ‘(61.9
‘93 1416. 94.7 169.4
‘94 1479. 98.7 176.9
‘95 1542. 102.7 184.4
‘96 1594. 105.8 190.5
‘97 1646. 108 .8 196. 5
‘98 1698. 111 .9 202.5
‘99 1750 . 114 .9 208.6 

_______

2000 1802. 118.0 214.6 TOTAL
~~ThL* T flOLM ST6~~~ W j25V~~

HIGH $ TOTAL* l358.M 
_______ 

$2883M 424 1M
*Refers to the low and high fuel/time cost assumptions
di scussed i n Sect ion 3.1 .2.
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E nro u te Cap d c i ty ( nip a ~. t
There was no source of enroute delay saving s identified at this time as

being caused by RN A V whi ch can be cons id ere d independent l y of contro l ler  s taff-

ing requirements. The RNAV-induced sector capacity improvements were interpreted

in terms of reductions in controller sta ffing requirements given tha t a constant

l evel of service (enroute delay) should he mainta i ned . However , Sect ion 3.3

con tains an analysis of the potential of RNI’W to reduce enroute delays g i ven

that the controller staffing level is constrained , ra ther than be i ng al lowe d

to expand to provide service equivalent to present standards. If the staffing

level were constrained , delays would rise significantly as traffic demand
— 

increases- . Th is trend is illustrated by the curves in Figure 1.3 , which  rela te

mean delay per aircraft to traffic demand . An individual curve is shown for

each enhancement level (1 ,2 & 3,4, 6A-50”- - data l i n k  equi pped , and 6A-l001~ data

link equ i pped), and for each enhancement level plus RNAV . As before, level 6B

was not i nc lu ded due to i nsu ffic ient ca paci ty . The degree of RNAV savings for

three potential situatio ns is illustra ted by the three vertical lines on the

plot. Savings on the order of 80’~ of delays experienced are typical for the

three cases illustrated .

.3.4 P s i t  Yalue Benefit/cost Analysi

Comprehensive estimates of all major RNAV implementation cost and benefit

(cost sav ings ) categories were formulated in an earlier study and are reported

in  detail in reference 1. The only major implementation cost or benefit

category not included was an evaluation of general aviation benefits . This

was deferred due to the complexity involved in accurately estimating GA

benefits due to the diversity of GA operations. A product of the present

stu dy has been to update three important benefit calculations, result i ng

I ron’ the more intensive analyses conducted :
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• Airline delay saving s due to termina l capd Lity i mp rovemen ts

O ATC cont rol ler s ta f f  growth savings

• Airline passenger time value savings due to termina l capacity

im provements

The first two of the above are calculated in Sections 3.2, 2.1 , and 2.2 respec-

t ive ly.  The th i rd  was not spec if ic a l l y c a l l e d for in  the Statement of Work ,

but was performe d in order to complete the benefit/cost analysis and to

provi de a comprehensive update to the analysis in reference 1.

The anal ysis of imp l ementation costs to the aviation cornunity and to

the ATC system , and RNAV benefits to users , AT C system an d a i rl i ne passen gers

wac performed over the period from initial RNAV i ;ip l eniena tion , 1 982 through

2000. Totals of costs and savings in 1975/6 dollars have been computed over

the 19 year period . (Certain costs, such as equi pa ge for a i r l i nes a l ready

equ i pped , and RNAV procedure development and imp l emen ta t ion costs , have been

c omputed start ing in 1976 .) Also , and of most importance , these costs and

benefits have all been reduced to their 1976 present value equivalents. A

discount rate of lO~., as ca l l e d for by the Off ice of Mana gement an d Budget

[10], was used throughout. The results of the earlier analyses [1] are

sunnnarized in Table 1.8 (user costs & savings), Table 1.9 (ATC system costs

and savings ) and Table 1 .10 (air l ine passen ger sav i n gs) . In computin g

air l ine sa vings , two bounding sets of values were used for fuel and aircraft

incrementa l t ime costs in order to consider the uncertainty in future fuel

prices and differences in airline policies pertaining to the computation of

incrementa l time costs (see Section 3.1.2), Table 1.8 shows tha t the

overall airline present value benefit/cost ratio will range between 2.9 and

5.0, which are quite large ratios . Also , they unders ta te the overall payoff
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.

~ahI~’ 1.8 User Cos R and Savi ngs Ihrou qh the
Year 2000 [l~

—- 

Total  119Th Pres en t r  ~~~~~Cost or Savings Source Dol lars Va l ue Assump tion

I A~ Tf~ie’T~tiT~aqe ~~ Tr~i€~uance ) T143tc ~F ~~~~~~~~ 
- - -

- • GA Eq~ipage CostsJj~~l . mdi ntenance) 34~ M 9S M

A irline Teni~ina l (20) RNAV Savings $ 1627 M $ 371 •1 (Low )
• 2738 M 622 M (High)

A irline Enroute (2D) RMAV Savings l9l~) M 425 M ( Low )
3259 M 718 M (High)

A i rl i ne VNAV (3D) RNAV Savings 447 M 105 M (Low )
126 M 170 M (High)

Airl i ne Capac i ty (40) RNAV Savin gs 1032 M 401 M (Low)
_ _ _  

3118 M 683 M~~~~ Ffl~~i~~~~~~
Tota l Airl i ne Savings $ 5825 M $ 1302 M (Low )

__

~

_ .  _
~~4I~M~ ~~~~~~~~ ~t~a~~~ J

Air l ine Present Value Benefit /Cost Ratio 2 .9 (Low )
- 

_ _ __ _ ______ __
~
_
~
__ ____ _ _ __ ._

~__“1 5 0 li~ h)

*Refers to the usage of two sets of operating cost interpretations.

to an individual airc raft over a f ixed system lifetime , since these f i gures

included purchases cf systems for new aircraft at ever accelerating rates

through the year 2000. The ATC system benefit/cost ratio, 9.9, is shown in

Table 1.9. This is, of course, an extremely large payoff figure . Table 1.10

~tive s the airline passenger benefits da ta , but no ratio since the passengers

incur no explicit cost due to RNAV .

Table 1 .1 1 provides an overall benefit/cost assessment , including

genera l aviation costs and airl i ne passenger benefits. The result ing benefit/

cost ratio will range from 5.5 to 7.1 , indicating the large overall relative

benefit of RNAV .
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Tab 1 e 1 . ‘t Al C Sy ‘. t i’m Co’. t s and S ay  i n,~s I hrouqh the
Yea r 2000 II

— — — 

I Tot a 1 1’) 1t~ (‘resent
L u 5  t or Say i ?i((5 Source L)o 1 l.i rs Value

RNAV Implementation Costs $ 19.8 NI $ l2 .C) M

~~~oute VO RTAC Cost s  ~‘ .4 M 0.0 M -.

To ta l  ATC Sys tem c,r-5ts $ 12..’ ri - $ 13. 0 M

Terminal Area VOR Sav in g s - $ 3h.1 M $ 0 .0 M

Terminal C oii t ,-ol icr Staff Savings ‘6 .1 H 0.0 H

- 
Enroute ion tr oller S ta f f Savin ~ s 

- ~~~~~~~~~~~ L’O . /

- 
o ta A t i  ~~~ ~~ S a y  i ntjs 

- - ~$ ~~ .~~~ M 1 3t ’ . /_ ~t -

ATc Prv’,eii t Va lut ’ (~~‘ri e t i t Cost Rat i o 
- - - - 

‘) . 0

Table 1 . I 0 A l i’l Inc F’as senqe i’ t~ene f i t  s Through the Year
.‘OOO ( 1  $1 ?/Passenqer Hour

Total 1916 Present
‘ av i~~Ls Source Doll ars V a 1 uc

~ ~~~ p ~~~~~~~~ - Tè-rinnal (~E)) ~‘ ~~~ H $ 434 M

st’ntle ,- T i  me Va 1 ue — En route ( ~
‘ I)) .‘105 M 481 M

-
~ ~ enge ,- T i me V a lue — VNAV ( 3D) 40 .’ M 115 M

~‘,i~ sen~~’r T inE Ya lue - Cdpac i ty  (4 0 )  
- 

.‘4

Tota l Passen~t’r T ime Sayiriqs 
- - - 

$ 
- 
706 1574 M

) - ) - )
I~~~

--

~
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I n Tabl e 1 . 11 , the revi s ions made in this study art’ suiiinari :ed . The

termina l area c apa I ty Impact , now i tic I ud I ug the RNAV 3 . .‘~~ - arr Ival ca pac it y

effect and a reca 1 Cu 1 ated 40 effect, qi vt ’s a i r  Ii me dt~ lay s,i vi rigs b e ne f i t s

of $2512 million (low c o s t s )  to $424 1 mil l  ion (high c o s t s ) ,  an increase o f

approxima tely 36~- over the earlier cal culation (Table 1.0). Ie r iiiin ’l

ontrol ler staft savings amount to $01 m i llion , as opposed to $lb.4 m i l l i o n

derived earlier , an inc rease of more than three times . This is due largely

to the fac t tha t RNAV productivi ty i mpac t Was larger t han  was prev ious ly

expec ted , and did not drop very much when DABS/CMA was introduced . The

enroute control ler staff savings . $508 mil l ion, is only 10~. more than the

earlier estima te. Passenger t I me value say i rigs due to termina l capaci ty

improvements inc reased 36~- to $3319 mill ion , as it should since i t is

caused by the SallE savings factors which induced the airlin e delay savin gs

discussed above. Revised totals for airline savings , ATC savings and

passenger savings , as wel l as revise d present value benefit/cost ratios .

are also stated in Table 1.11 .

A rev ised over all RNA V benefit /cost assessment is presented in lab le 1 .13 .

The low—cost—assu mption henefi t/cost ratio is inc rt’ased from 5. 5 to (‘ .. ‘, and

the high— cost— assumption benefit/co st ratiø is increased from / . 1 to 0.0,

ref lect ing even more emphati ca l ly the overall beneficia l nature of the RNAV

feature of UG3RD .

,
~
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T a b le 1. 1 1 I’ revious t l yer,i 11 RNA~ Ih’net it ,C~’st A sscss , ik ’nt  .15

i ~- t ~~i in Ret i - i t o, ‘ 1

I’ , - -  ‘ o f  i l  t o -- - - - 
~~ ‘. t H (III Cos t

- . 
A ’ ‘,uc ~ t ion As ‘.ti i~~ t t i on

a 1 tu’ A i  ,- i a l i i i ~~ ~, -I it t 1 H ‘ 1 ~t 
- NI - 

~ -~ M

r~- \I ’ r t  t ~ a I ut’ AT -~t ern - o -  t i H 1 -~ 13 M

• - en • Va ) t i ~ Passt ’n~r r l~in r  t i ‘-, I t  74 H  15/4 N

- - 
• -~ i ‘ p - ’ - •~~n a 1 .~ t o t  t H S ~ ) 13 M S ~O0.l N

Present Va T ue  •~ i r C a r t - i  t ’i ’ C~~~t s  S -14. ’ ~1 $ 44.’ tI

P ’ r ese t l  t Va Tue ;A Los s ‘)5 H 05 NI

Cr~’st ’nt  V i l t i t ’  A TC ‘- -.‘,tcni C o s t s  
— - - 

14 H 14 H

I a Lrt ’s t ’ii t Valu e (~~ s t s 
- - - - 

1 H ~ ‘5 1 N

~t’net it !CO st Rat iO 
- - -  

5 .5 
- 

~~
.

Tab le 1 . 11 Savings Dat a Rt’yI st’d in This Study

Total 
- 

10Th Pres~nt Cos t

- - - - - - - - - - - - - - 
Dol lars 

- - 
Value 

- 
Ass ui’ipt 1 on

Ai ii Inc Capacity (RNAV 4D~ ~av1nq s ~ 151, ’ N ~ 570 N ~1 ow~
4.’4 1 NI ~ 6.’ ~-t ,Hi ~h

e r”  1 flà 1 Control 1cr ‘~t af t Savi nq’• ~~~~ M .‘4 NI

[nroute Contr ol 1cr St at t 5av in ,i’ 5 508 ~I 1. ’1 N

Pa ssen~er T ir~~ V a l ue — La pa c i t~ ~~NAV 4 AU’ ) — — 33.’° H - 
753 M 

—

Total A irline Say in g ’5 $ t’505 M $ 141 1 NI (tow~
- - - 

10O t~4 ~f - - -  
‘47.’ M

A i  v - l i tie C , - e s e n  t V a l u e  Fst’ rie t i t Los t Rat i o 3. 3 t, ow
- - - 

S. t~ ~Hi~th

T .~t.i l A lL ‘•~~s t o m  S a v i n t j s  
— 

$ ~3e NI ~ 1s3 M

- 
A lL Pres e nt  V a lu e  Bene fit - L o s t R atio 1 . 1

l o t a T  ‘as se o~~er ’ I l I E  Say i f l~;s 
______ 

$ /‘)3t~ M $ 1 I00 M

I — ‘-1

— —~~~~~~------- -~~~ -- --.-- - ~~~~~~~~~~~~~
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Table 1.13 Revised Overall RNAV Benefit/Cos t Assessii~ nt

10/b Present Vo l  ti es
Low Cost High Cost

- - 
AssimW t ion 

- 
Assui~~~ on

~Pr~~ent Value MrCarrii r t~en~Tits I ‘1471 NI $ 2472 NI

Present Value ATC System Benefits 153 N 153 M

• 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

1789 M 1789 Fl

Total Present Va l ue Benefits $ 3413 M $ 4414 NI

T o t a l  Present Value Costs $ 551 NI $ 551 11

Reneht/Cost Ratio 6.2 8.0

It
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2.0 WORKLO AD ANt) PRODUCTIVITY IMI’AC I

2.1 TERMINAL CONTROLLER PRODUCTIVITY STUI)Y

The evaluation of the parameters which affec t terminal controller work-

load has been the subject of study by several researchers for a number of years .

Even the definition of the term ‘cor .trol ler productivity ” has evolvt~J slowl y

as the factors which contribute to or detract from productivity have become

better understood . Many of these st ’iziie ., have directly addressed the issue of

RNAV impact on termina l workload and productivity , although to date these studies

have been incomplete either in method of analysis , in the data col lected (or

collec table), or i n terms of the ass umpt i ons concern i ng the effec ts of RNAV on

the con tro l l e r ’ s tasks. Some (by no means all) of these studies are reviewed

briefl y below , lea di ng u p to the data sourc es wh i ch were used d i rec tly i n th i s

study in evaluating workload and productivity effects. These analyses are It

then presented in detail in Section 2.1. 1 and 2.1.2.  The results of the pro-

ductivity analysis are projected for the major terminal  areas over the t i me

period of UG3RD program imp l emen ta ti on , to the year 2000 , in Section 2.1 .3.

One of the first really comprehensive analyses of terminal operations and

cont ro l le r  work load was a pair of inte rna l FAA studies reported in reference 11 ,

publish ed in 1970. The f irst study analytically evaluated the effects of

proposed physical and ATC improvements to the New York Termina l Area , while the

second used rea l time simulation in order to evaluate the same improvements. The

two studies , which produced comparable results , included an evaluation of RNAV

termina l routes , and so were used as the data source in a 1972 analysis of probable

controller productivity impact [3]. This data also formed the basis for

productivity benefit projections in later reports [12, 2 and 1]. Other

researchers have evaluated potential productivity improvements due to automation

2-1 • 1
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enhancements and other aspects of UG3RD programs , including reference 13 (1971),

and more recently references 14 and 15. The most comprehensive effort to

analyze controller workload and productivity has been a continuing m odel

develo pment effort  condu cted by SRI , under the sponsorship of FAA . This effort

has concentrated on analyzing the controller ’s tasks in  deta i l i n an effort  to

account for all of the activities of a control sector team and the time that

each activity consumes. The first model development effort culminated in a

three volume report [6]. It has been used subsequently by other researchers .

In pa rt i c u l a r , the ARTS III enhancemen ts benefit/cost study [16]controller

productivity analysis was based upon the methodology reported in reference 6.

More recent SR~ reports [4 , 8] have expanded the methodology to the point

where it is sufficiently complete to serve as the basis for studies of many
ii’

ATC system improvements or changes. In reference 4 the several major elements

of the UG3RD program are evaluated in terms of their impact on workload and

staffing requirements. This is very useful to the present study of RNAV impact

for two reasons . First of a l l  a va l id , detailed methodology for assessing

controller workload and staffing requirements is available so that the effects

of an RNAV environment on those factors may be analyzed . Second , the fac t tha t

the severa l UG3RD program elements have been evaluated in that report presents

a baseline for the evaluation of RNAV impact not only at present , but through-

out the entire UG3RD impleme ntation t imetable.

The prima ry sources of controller workload data specific to RNAV are from

the real time simulations of terminal operations performed at NAFEC . While the

one mentioned earlier [11] was the original rea l time simulation to specifically

test the inclusion of RNAV capabil ities , it was not designed to isolate

the particular effec t of RNAV alone . Two simulat ions have been conducted

2-2

I— 
- - --- --—-- - - --— - ---—~~~-



r~ ‘~~ 

—--‘--- - — — — -

~~ 

- ----—-—

~~ 

— — — __________________________ _ _ _ _ _ _ _ _ _-

—i

since tha t t ime u s i n g the NAIUC (ti q it , i l Si mu lot I on F,ii, Iii ty (nSF ) w h i c h  we re

specifically designed to test the I mpat t o ~ RNAV on termi na 1 a rca opera t ions

I / 0]. The experiments were de si ‘m ed to keep a l l other COfl t roll able

variables constant while runs were uriade with varyin g percentage mix es of RNAV

and conventional traffic. Grea t care was taken in the design of the simulations

to exc l ude extraneous variables. This is particularly true of the more recent

simulation [9]. For example, i n or der to compare ra dar vec tor t ra f f ic an d

RNAV traffic on an equivalent basis , the ra dar vec tor traf f ic were gu ided over

the same nom ina l paths that the RNAV traffic navigated , in  order to ma ke the

“distance traveled ” measurement unbiased . In order to maintain unbiased

measures of control actions per aircraft , and time and distance measures per

aircraft , a set of “key ” fl i g h ts was des i gna ted wh i ch cons i sted of a la r ge It

number of flights starting after the simulated environment was well supplied

with t ra f f ic .  By expressing these measures on a “ key flight ” bas is , several

norma l sources of randomness were elim inated . Alsu , in order to elimina te the

bi as of a c o n t r o l l e r  “learnin g curve ” wi th respec t to the use of RNAV control

techniques, RNAV traff ic mix assignments and controller subject team assignments

were made i n a ran domize d fash i on in  both s i m u l a t i on stu d ies . The s i mul atio n

was designed to represent operations at a high dcnsity airport under conditions

where the capabilities of the controller were tested at the saturation point ,

whereas in the earlier simulation [20], traff ic leve ls per controller were not

as high. This was obta i ned by siiii u latin g a modified New York JFK environment ,

where a second i ndependent arr ival  runway was added , but where no additiona l

control sectors were furnished to service the added t raf f ic.  T his al lowed RNAV

impacts to be measured under the stress of a full workload situation. While

ma ny of the results of both of the recent NAFEC simulations are quite
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s i ml Jar , the more rio en t one will hi’ used In th I s work 1 Odd study because of

he impr o ve m en t  . to experIm ent t ies I go a rid do td co I 1 to. I ion methods di scu s st’d

above .

In  the se ct ions wh i h fo l low , t lit’ two h~si’. data sources used in this

study are introduced in d~ t a i  I .  Thes e are the Oakland Bay TRACON contro l 1cr

workload and productivity analysi s per formed by SRI [4 I. and the recent New York

real time s imula t ion performed at NA I I C (.91 . lit Set tions 1 .1.1 and 1 .1.1 these

s tud ies  are exp lo red  and the RNAV impac t methodology is developed and oppi u’d

to the San Francisco termina l a rea (Oakland flay TRACON ). In Set t i o , i  .‘.l. 3

the San rrancisco results are generalized and projected over twenty -nine major

te rinin il areas throug h to the year 2000.

2 . 1 . 1  Termina l Workload and Capac i ty Impact Analysis

Workload and Capacity Analysis Framework

T hi s ana l y s i s  of termin al c o n t r o l l e r  work l oad and contro l sector traff i c

capac i ty is based on the methodologies developed at SRI over severa l years ,

as reported in the Oakland Bay TRACON study, reference 4. Ihe anal ysis t e ch nit i t ’,

which concerned San Francisco operations in that particular report , cons i ders

tha t controller work or tasks are assignable to three categories:

• Rout ine work

• Surve illance work

• Conflict processin g work

The methodology is applied to compute the amount of time expended by a - oit tr ol

sector team in each work category per aircraft hand l ed . Workload could he

computed for each sector team member . hut usually only the radar contt ’ollei’

position is of interest since its workload limits the capac ity of the sector.

The radar controller performs al l  surveil lance work and conf l i c t  pout es’-. inq

work. Surveillance work is that amount of t Inc spent routinely scanning and
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mon I turin g each fli g ht . Conf l i t  t proces s i vi t j  work per a I ri raft i s ii’ Ia ted to

the a irspace geometry of concern and the dens i ty ut t r a t  t i c in the ai’ea .

The amount of routine work that a contro 11 er performs is depemiden t U~~Ofl

the staff ing assi gnments of the sector. The SRI technique breaks down routine

work into five categories :

• A/G Coninunications (A/G Comnm )

• Data Lntry/Disp lay Operation (OLD)

. Flight Strip Processing (FSP )

• Interphone Coninunicatio ns (i/fl Coniui)

• Face-to-Fac e Comimunic ations (F-F Coniti)

The radar man performs all A/G Coniiiunications , wh i le the breakdown of the remain ing

ategor ies as defined by SRI is shown in  Table 2.1. Where one-half of a coordinator is

lable ~‘.1 Sector Position Task Assignments

Positions - . - Tds k Assignments
Staf f ing Manned A/G Coiim DED FSP I/ P Commi F-F Coma 

--  _____ ---- --- -. . --- f--- -- - —- -- ----- --—---- - -  - - - -  — - - - - — -—+---- - - - 

— Radpr ~~~~~~ _______ 
Yes Yes Y~ s - 

_NQ!1~ 1.5 Radar Yes Yes Most No Yes
- - .~~ QQrd iflatQr No J~ _~~ iie ~~Y~ s Yes

Radar Yes Some Most No Ye-s
H andoff No Most Some Yes ~ Yes
Radar Yes No Most No Yes
F4andoft ~

~ Coord inator)’ No Yes Some Ye s Yes
- .~~~ ._ - ~~~~— . —- ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

shown , he is shared wi th another sector . in add ition to this staffing , one or

ituor e t l l g h t  d ata positions may be requ i red in a TRACON .

the methodology is applied to determi ne what the traffic capacity of a

‘ l iven ‘.e tor is under the traffic circumstances that it serves. The sector

I ,tp acl ty is t.al culated for each staffin g level , e.g. 1 , 1.5, 2 and 2 ,5 positions.

Required s ta f f in g  level is therefore known for serving any specific level of

tra t f i t  .
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T r a f f i c  capac i ty  of a sector i s  defined as the niaximuin leve l of t ra f f ic

where total radar controller task time reaches a certain threshold. The SRI

ana lyses have determ i ned th i s leve l to be 48 minu tes of task performance out

of each hour [6]. Total task time is determined by f irst computing surveil lance

- . time , which is d irec tly rela ted to the len gth of t ime a g iven a i rcra ft i s

under the control of a sector. To this is added the conflict processing time ,

which is compu ted given the route geoiiietry in the sector and the traff ic

densities along the routes. Crossing . overtake , m er g in g and pa ra l l e l  a pp roach

coord i nation conflict types are considered separately (the details of all of

these computations will be introduced later). Routine workload for the radar

contro l position is computed froni a highly detailed breakdown of controller

tas ks . Each i nd i vi dual task has been quan tif ie d as to the len gth of ti me

requ i red for its performance (which doesn ’t change generally from terminal

area to termina l area , or base d on wh i ch con trol pos it ion perf orms i t ) ,  and the

frequency of occurrence per aircraft handled . The frequency of occurrence can

be highly dependent upon the particular control sector of interest, and on the

individual terminal area . The resulting tables of task event freqencies and

performance times were developed from observational data taken at terminal

areas, as reported in references 4, 6 and 8. Total routine task performance

t ime is thus computed by summing the products of the individual event frequencies

and performance times .

This controller workload methodology is very adaptable to solving problems

ela te d to the workload an d ca pac ity im pacts of various ATC automation features

F and other ATC system developments. Reference 4 is such an eva lua t ion  which

analyzed control sector workload and capacity given various levels of ATC

system enhancements. These levels are listed in Table 2.2. Since they encompass

all of the UG3RD features which wi l l  impact controller productivity , they wi l l .

2-6 
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Table 2.2 ATC Enhanceuiient Levels Evaluated in Reference 4

Level AIC I nhancem umen t

1 Rasit AR1 S II I  C ap ability
2 Add Automa l i t  I li g ht Data Hand i i rig (FUll
3 Add Metering & Spac i ng (M&S)
4 Add Conflict Probe
S Add RNAV
6 Add DABS , Con trol Message Automatio n (CMA )

• wi th cer ta i n  mod i fica tions , serve as the basis for this study of RNAV impact on

controller productivity as the UG3RD features are imp l emented . The most signi-

fi can t modi f i c a t i o n  w i l l  be the el i m i na t io n  of level 5 , which cons iders RNAV as

a separa te , def in i t i ve  sta ge which  oc curs af ter the fi rs t four le vel s. I t is

replaced by an evaluation of the im pact of RNAV on each of the remaining five

l evels , so that a time-phased RNAV imp l ementation environment may be assessed ,

as is done in Section 2.1.2.

At this point it is appropriate to define the terms “sector capac i ty” and

“controller productivity ” . An ATC sector has reached its capac i ty when the

radar controller workload level reaches the maximum practica l point, defined

as 48 minu tes per hour i n reference 4 . No te tha t sector ca paci ty an d con-

troller workload per airc raft handled at some traffic density less than capac i ty are

no t inverse ly  pro por t iona l , as is so often assumed . While most controller time

is indeed directly proportiona l to traffic level , conflict process ing workload

is proportiona l to the square of the traffic level . Therefore, ca pac i ty is

defined as a quadratic rather than linear function. As a result , ATC enhance-

ments which reduce conflict potential often result in a seemingly disproportionate

improvement to sector capac i ty. Al so, as control positions are added to a sector ,

offloading some workload from the radar man , sector capacity is increased ,

al though the improvement is less than proportional since conflict processing

tasks are not offl oaded .

2-7



Controller productivity is direct ly related to sector capacity . Abstractly

it is the ability of an individual to handle traffic. Therefore , average

produ ctivity at capacity is the capa ity of a sector divided by the number of

menibers of the se tor tea mn . As a resu I t , whi li’ ~mddi nq posi tions to a sector

may be the only means available to create needed capacity in a given si tuat ion .

it can niarkedl y reduce mean indi -id ua l controller productivity .

Basic Workload Ana lysis Methodolo~y

• Rout ine Work

The invest i ga t ions reported in references 4 , 6, 8 and others have resul ted

in Tables 2.3 through 2.1 , wh i ch re present rout ine  wor k load for the bas i c ARTS I I I

case (level 1) at San Francisco. Table 2.3 shows the routine event frequency

estiniates for each of the two fina l sectors , two feeder sectors and two

departure sectors at San Franc i sco. These values are average frequencies per

aircraft handled by each sector. Tables 2.4 through 2.7 list the routine event

performance t imes for each type event , per Cvent , for the radar control position.

The four tables present the situations for the several team sizes , 1 through

2.5 positions per sector , respectively.

Total routine work tinmes per aircraft handled may be computed simply by

multiplying the appropriate column tabulations together (frequency times tiiiie

per event gives total time ) and sumnmiiing the result. The results of this

process are presented in Tables 2.8 and 2.9. The effects of add ed control

positions on R-controller routine workload may be clearl y seen.

~u rve iT  lance Work:

The surveil lance task workload relationshi p is analyzed in reference ~~~.

I t was foun d tha t each a i rcraf t under a sec tor ’s control was scanned approx- —

irnatel y once per m inute , and each scan requires 1.25 seconds. Therefore , the

workload per aircraft is dependent upon the l enqth of time it is under the

jurisdiction of a (liven contro l sector , ca lled the average sec tor transit

time . These results are presented in Table 2.10 . In general , these do not

2-8



—

~~~~~~~~~~~

---— --

~~~~~~~~~~~~

—

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~-1

Table 2.3
ROUTINE EVENT FREQUENCY ESTIMATES

OAKLAND BAY TRACON

Routine Cont rol Event Descri p t I o n  Even t Freq ,c~ ncy by Sector (event/aircraft)

AR-I A R— 2 AR-9 IAR-I0 DR-I OR-?
Event Bas ic Event and Woodside Fost er South North Sutro Rici,ns’,,d

Func tion Supplemental Event Final Final Fee~~~jyceder Op

ontro l H~,n~off acceptance 

— 

1.00 4.00 1.00 0.96 0.80 0.79
urisdiction Manual acceptance—s ilent 1.00 1.00 1.00 0.96 0 0

t ran sfer  Tower depar ture call 0 0 0 - 0 0.80 0.79
Controller coordination 0.08 0.13 0.13 0.03 0.10 0.11

Hanioff initiation-si Lent 0 0 1.00 1.00 1.00 1.00

- 
- Controllet coordination 0 0 0 - 0.09 0.30 0.21

_ _ _  _ _ _ _ _ _  __ --4-—- -__

raffic Init ial pilot call—in 1.00 1.00 1.00 J 1.00 1.00 1.00
tructuring TCA clearance request 0 0 0 0.Oe 0.20 0.21

initial controller response 1.00 1.00 1.00 I 1.00 1.00 1.00
Altitude instruct ion 0.33 0.13 0.94 0.68 0.40 0.21

Data update 0 0 0.50 0.21 0.20 0.21
Headin g/route instruction 0.92 0.33 0.94 I 0.86 0.10 0.21

• Speed Instruction 0 0.07 0.63 I 0 0 0
A ppro achh unway advisory 0.92 0 .27 0.94 0.86 0.05 0.0~

PVD di sp luy update 0 0 0.94 0.86 0.05 0.05
Traffic advisory 0.08 0.20 0 (1 0.10 0.05
ATIS advisory 0.08 0.07 0.13 0. 14 0.10 0.11
Altimeter catting advisory 0 0 0 0 0.30 0.21
Tranaponder code assignment 0 (I 0 0.06 0.20 0.21
Controller coordination 0 0 0.07 0 0.20 0

Altitude instruction 1.17 0.87 0.13 0.73 0.25 0.79
Data update 0 0 0.43 0.14 0.10 0.24
Controller coordination 0 0 0 0 0.05 o.os

Heading/route instruction 0.33 0.43 0 0.45 0.50 0.95
Controller coordination 0 0 (4 0 0.10 0

ri
Speed instruction 0 0.20 0.25 j 0.09 0 0

Approach clearance 1.08 0.93 0 0 0 0.05

Runway aseignment 0.33 0.53 0.13 0.05 0.15 0.11

Traff ic advisory 1.17 1.00 0.19 0.18 0.55 0.89

Pilot altitude rsport 0.08 0.20 0.19 0.09 0.45 0.84

Pilot heading/position report 0.08 0 0 (1 0.1(1 0.16

Pilot speed report 0.17 0 (1 I 0.09 0.05 0

Mi scellaneous A/c co~~iunicat ion 
0 0 0.07 0.09 0.15 0.26

Frequency change 1.00 1.00 1.00 1.04) 1.00 I 1.00
Transpot~der code change 0 0 0 0 0.10 0.14
A pproa -h/runway advisory 0.58 0.6(1 0.13 0.09 0 0

4 —— - _______

Pilot Alt i tude rsvisio n 0 0 0 . 19  I 0.05 0 . 4 5  0.1 4
request Controller coordInation 0 0 

- 
0.06 - 0 0 0.05

• Route/head ing revIsion 0 0 0 0 0.20 0.21
Controller coordination 0 0 0 0 0 .05 0.11

Miscellaneous pilot request 0.17 0.20 0.13 0.03 0 0.26

• Ceneral Pointout acceptance 0.17 0.43 0.06 0 
— 

0.15 0.26
ist.ructor Pointou c initiation 0 0 0.25 0 0.50 (L- ’,?
oordinat ton

Control instruction approval 0 0 0.06 0.09 0.23 (.31

Planning advisory 0.11 0 0.06 0.09 0.15 0.05

A ircra f t statu s advisory - 0.25 0.07 0 .11 (.18 0.25 0.11

‘neral Data blork forcing/removal 0.67 0.51 0.5(’ (1.96 0.20 0 .8’.

PVD display adju nto ent I 0.25 0 0.19 0.18 0 (1.05
p~ rat toi
______ ___________—________ —_________ 

‘- 
I
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Table 2.4
R-CONTROLLER

ROUTINE EVENT MINII~JM PERFORMANCE TIME EST IMATES
OA KLAND BAY TRACON , SYSTEM 1, I -MA N TEAM

• - ~~~ - - (  - - _ (I. - - , -~ -
~~ ( - -~ f~ r- - -

~~~~.
- P t -- - hr 1 i - ~ (r i . — .. / , - . . -

I ~~ 4- .~~~ vi (~~hL IulI,~t -~~~V~-
Iv~ f lt III I I ~~. I l I  , -

~~~ ,~ 
I n t l  ‘I ~~ r t p  phc...,- I .,.- ,-

- ,~ — - -~ ~~ I’r ~,. - - _ - —  Co on,,., & - - ~~
, ,  — - - I _ I

I o t t  ~ - I t I 4 
,‘Lr 4110 ~ ~ I

c.c~ ~ot I I  tada f 1 .i, 
~~ 

.
~ 

.. n, - 7
I 2 i c t  t o ,  ~~, n , i I -~~~ .1 t~~IIL 7

~l
- ‘n- icr F r .1 . t t  . r c  call 2 2

I,- r , - -.’ -~ in ,~ tort 6 6

Il..n.i.,t I & . t i l t ?  I - ’  - - - & 1 -nt 1 4
C-, nt  r . ’ (  l,-t ~~, r 0 t n i t  ion 6 1,

Ir affi c In i ti al p il ot ce ll to 4 1
;tructuci ng rCA clea run ce reques t 4 10 6 20

ZnitI.i1 con tro l ler rtsp on se 2 7
Altitud. instruction 1

Data u~.datu 2 7
Headin g/route in iii r ,ir tto o I I
Speed initcu ’~~ion 3
Ap troach/runway advisory 1

PVO dis play update 3
t r ail I,. .,dvi’.ory 3

ATIS ai visory 3 3
Altimeter ,etting adv isory 3
Transpon der codr ass ignretent 3 3 2

Con troller coordination 5

Al titude instruc tion S S

Dat a update 2 2

Contto)let coordination S

Heading/route instruction S

Controll er coordination 5

Speed instr u cti on S

Approach clearance 6 6

Runwa y ass i gnment 5

Traf fic ~idvisory

Pilo t olt~ Lu ,l,~ repor t “

Pilot headin g /po sition repo rt ~ 5

Pilot spec.i report S S

M iscellan eou s A/C coI -~ un1c a tion ~ ‘I

Fre quency change 4 1 5

Tranepnnd.r co ,io cl.an~e 2
Appro ach/run way adv is ory 1 3

l’ilot Alt i tude revision 6 2 
- 

8
request Cont ro l ler  coordin ation 5

Rout~/hea.lin~ revision 
8 2 10

Co~ t ro t t e r  coordin at ion

Pli acella neo.as pilot reçue at 6 1~

C.n~ rat Po in t o ut ac c Lp t .anee 3 6 9
Lm ,tera. ct or Pointout in i tiat ion 6 1’
C QaTli t nat ion

Contro l instruction approval S S

Plann ing adv isory
A i r c r a t t  - t i t u s  advi so ry 5 5

r a t  D-r ’ .i lr lnc L ~r,- I n~ /r.i lov. , l 3 3
- , t e s  

~~~ - i  ~~~ ~ ,‘ .-~ - .- I - •- t  3
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Ta b le 2.5
R- CONTROLLE R

ROUTINE EVENT MINIIIJM PERFORMANCE TIME ESTIMATES
OAKLAND BAY TRACON , SYSTEM 1 , 1.5-MAN TEAM

Rout t—a C oil c ’ l I’ lJ~ - t ’  i~ r I  I ’  - Intl.,, TI ,, 1.’, T - ,.k ( ,- c c / e v -ui t  3

A/ G I1:u (~ (LI ji I t 
r , ,r, - &— ~~ ~~-~~~~-

bat i~ ve ~~ ~~~~ I r~ / St rip 4 luoutn I Y4tr 
I - 1

Euflc ti ~~u Su~ p1tirrenta1 Fv r i cat ion Olu. pl r%- l’ ro ess- COitr.,iit C . ~~nu- - j ~
.,nt ro l 3! i;,duf I a , .  r ,t .1 .~c .- 1 0
.u r ted t c t i o o  Manu.ui ac re .,ta nct- -s i l r t 2 2

:ranis fe r t ow er dep.t r t ~ur C tal l  0
Control ler coord (n~t io . 3 3

Ha~&doff in i t i a t i o , - . - i l e n t  3 3
Controller coo t -d i nat i~ n 3

~raf f i c  Init ial pilot cal l—in 4 j
structuring TCA clearance reques t 4 10 6 20

Initi al co utro lle r resp onse 2 2
Al titude instruction 3 3

Da t a up da te 2 2
Heedin ,t/rou te instru ctIon 3 3
Speed instruction 3
Approach/runw ay advisory 3 1
PVD d i sp lay up date 3 1

Traff ic adv isory 3
ATI S sdvtso ry j  3

Al t imeter s ett ing advL s~.ry 3 3
Transpond er cods a.s ign~.nt 3 2 5
Controller coordination 3 3

Al tituds instru . tion 5 5
Data update 2 2
Controller coord ination 3 3

Reading/route instruct ion 5
Controller coor d in~ t ion 3

Speed instruction 5 5

Appro ach clearance 6 6

Runway assignment 5 5

Traffic advisory S 5

Pilot altitude reporc S

Pilot headin g/po s iti on report S

Pil ot speed report S
Mi scellaneo us A/C co~ runication 5

Frequency change 4 1 -
Transponder code change 2 2
Approach/run way advisory 3 - 3

Pilot A ltitu de revision 6 2 8
request Controller coordination 3 3

Poutc /head i~ g revision 8 2 10
Controller coordination 3 3

Miscell aneous p ilot request 6 6

Ceniral Pointout acceptance 3 3 6
intirsector P i t t  initiation 

- 
3 3

coordinat ian
C on tr ul instruction approval I 3
Plaan ing advisory 1 1

Aircraft statu s advisory 0

en,ral D..r.-i hIon C. f 3 r — i n ~~/ r ,-rov 1 3 3

PVC) u ’ I . ~u i . ~ OCt j O t ~~iiIt 3 3-?Pr.tt In,,,

2— 1 1



Ta ble 2. 6
R-CONTROLLER

ROUTINE EVENT MINIIIJM PERFORMANCE TIME ESTIMATES
OAKLAND BAY TRACON . SYSTEM 1 , 2-MAN TEAM

I . f -  t ro l  i s - - u I  I’ -‘ 1 4 1  - ‘ I  1 l . &  F - - , - ,r., , - 3? ,- .- hi- Ij~.k (~ . .u,— - / , ,u  )

~.Iu: , u ? ~ i 111 -0 .1 I , , t , - r  ‘ - i-  .-

, ., ., n t . n /  S t r i p ~~~~~ - ~~- - ‘

— ‘ i ; - p l . , v  s— I & - ~i miuu j—— . I ~~~~~~ — -
lu~c t I , ’ , ~~~~~~~~~~ .4 I ilL ,.,t ~~~ . p , r . u I i .  , log cati on I e ~t i o ,

,)attO ’ II ,U,do t t ~~- - F  .i uc e 0
3 ,,rI~ Jt~t’ w~ ~lanuai ~~~~~~~~~ s iLe nt  0

Tow er u k p a r t u r n  cal l 0
Controll er co ord ina tion 3 3

Handoit tni t la t ion- s tln nt 0
Controller coordt ,,aticn 3 3

Prat t le Initi al p ilot c— il l-in 4 1 S
Fu&ru cturin 3 TC8. c lear unu n rcc ues t 4 6 10

Initial contro ller re~pon se 2 2

Altitude I n s i t -  ctio it 3 .1
Data update 2 2

Reading/route instruct ion 3
Speed instruction 1 3

Appr oach/runway sdvisory 3 3
P110 display upda te 3 3

Traffic advisory 3
ATIS adviso ry 3 3
Alt imeter setting advisory 3 1
Transpoodsr code sssign~.nt 3 2 5

Controller coordination 3 4

Altitude instructio n S
Data update 2 2
Controller coordination 3 1

Heading/route inn truc tlon S -.
Controlle r coordination 3 3

Speed instruction S S

Approach clearan ce 6

Runway assignment S S

Traffic advisory S S

Pilot .&ititud ° report 5 5

Piliu t he.s ,llng/positton u e;ort S S

(‘tint speed re port  S S

Mi~ ecl1a nsou~ A/C cc~~sunicati on 5 5

Frequency change 4 1 5

Transponder code change 2 2

A ppro ach/runway advisory 3 3

h o t  
— 

A ltitude revis ion 6 2 ii

request Cont roller coordinat ion 3 3

Rout e/he ad ing revis ion 2 10
Control ler coo rdin ati On 3 3

MIscellan eou s p ilot rec uest 6

enerat 1Po (ntout acceptanc e 3 3

hntvrsector 1 3 IPoin tout in it iati oncoord inat ion
Curi tr - ’T lns t r uc t ton approva l 3

P1.irinLuug advisory I

A Ircr af t st a tu S advi sory 0

ii I flata hi u- -Ic f~o r ,  iu ,~~f r e ovat 3 3

ri - o n ~~~~ 
Ci ,I, - .~ . C .~u - . -i j , .lr’.- rt 3
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Table 2.7
R-CONTROLLER

ROUTINE EVENT MINI~4JM PERFORMANCE TIME EST IMATES
OAKLAND BAY TRACON I SYSTEM 1 , 2.5-MAN TEAM

Pout In.- Coot rot i s  - h i a t t  L I t I ~ Pti fot mance Ties- 6) Tm~k (utni,.- ..- Fsvent

A/

~ 

~~ in ter- ‘r ,- ~~ ; 
-

t v v f l i  li’s ~. E-’i-ni ‘~~~ ~on’rn,n I -nt t y /  ft ri p ~.hu~ s- - 
I .,~ .- 

~
(‘uncti,’n Sui ,’~’l’ ~ntnl I te nt rat i on :~~~i~~~ i~ 

Tr c * s i - - ( c ~~o ( -  ‘~~~
,

:so:rol Hando ti a ,Ct r ~ al., c ii

u r tt dt cti o i Manual jcsc , t a o~s — s , L c ,t 0
: ranst er Tower departu re call 0

Controller coordinati on 3

Handoff initiatiO ~— s ilc sL 0
Controller coo rdi natio-i 3 3

rsffi c In iti *l pilot cell-in 4 1 5
truct uring 2A clearance reque~t 4 6 10

Initial controlle r respon se 2
Alt i tud s instruct ion 3 3

Data update 2 2
Headin3/route instru ction 3 3
Speed instruction 3 3
Approach/runway advrsory 1 3

P110 display upds tc 0
Tratf ic advisory 3 3

AFIS sdvisory 3 3

Altto.ter setti ng advisory 3 3
Tr ens pondsr cods assi gnment 3 5

Cont roller coordination 1 3

A ltitu da inatruction S S
Data update 2 2 It
Controller coordination 3 1

Heading/route instruction S S
Controller coordiflat Lon 3

Sp..d instruction S S

Approach clearanc e 6 6

Runway assign~ent 5 5

Traffic advitory ~‘

Pilot altitude report S S

Pilot heading/position report 5 S

Pilot speed report 5

Miscellaneous A/C cocr ,unication S

Frsquency change 4 1 5

Transponder code change 2 2

Approach/runway advisory 3

Pilot Altitude revision 2 8
request Control ler coordination 3 3

Route/head ing revision 8 2 10
- Controller coordination 3 3

tUsceilan.ous p ilot request 6 p.

alse rsi Poi ntout acceptanc e 1
intcra.c tOr Pointout initia tion 3
oordination

Control instruction approval 3 3

Pla nning advisory 3 3

A ircraft statuS advisory 0

ese ral Data block fo rc i n~ /r sso Val  (1

LVII dis pla y adju ~.tn.-it 1’
‘r a t ion

~.1
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chanqe as the automation enhancements (Levels 2, 3. 4 and 6) are added , since

they do not effec t the survei1~ance required or the averaqe transit time .

Table 2.8 Routine R-Controller Work Times Per Aircraft I-Iandled (Seconds/Aircraft)
Basic ARTS I I I  Capa b i l ity (Level 1)
Woodside Final Sector

Team Size A/G Corn. DED ISP I/p Corn. F-F Comm Total

1 Man 42.88 5.27 4.00 3.60 0.00 55.75
1.5 Man 42.88 5.27 2.00 0.00 1.26 51.41

2 Man 42.88 2.76 2.00 0.00 1.26 48 .90
2 .5 Man 42.88 -0- 2.00 0.00 1.26 46.14

Table 2.9 Routine R-Controller Work Times per Aircraft Handled (SF0)
Basic ARTS III Capability (Level 1) 

_________________

Team Fina l Feeder Departure
Size Woodside Foster South North Sutro Richmond

1 Man 55.75 46.33 48.10 47.38 54 .70 65.76
1.5 Man 51.41 43.20 43.63 43.18 45.50 57.79 It
2 Man 48.90 40.81 38.45 37.74 39.45 51 .28

2.5 Man 46 .14 39.22 33.56 31.74 38.70 48.46

Table 2.10 Controller Surveillance Work per Aircraft Handled (SF0)

Sector Average Transit Surveillance Work
T ime (mm .) per Aircraft (sec .)

Woodside Fina l 5 6.25
Foster F i nal 5 6.25
South Feeder 4 5.00
North Feeder 3 3.75
Sutro Departure 5 6.25
R ichmond Departure 4 5.00

Conflict Processing Work :

In reference 4 relationshi ps are derived which relate the potential for

confl ict situations (called conflict event frequency factor) to route geometry .

The units of the conflict frequency factor are

(Confi icts/Hr)/ (Operations Rate)
2

which means that conflict rate is proportiona l to the square of aircraft

operations rate. The conflict frequency factors for SF0 are tabulated in

2- 14



Table 2. 11 for fIR conditions. In order to determine the per a ir ~~ra ft  workload ,

however , two additiona l factors must be known : the t ra f f i c  density . and resolu tion

time per conflict - If overall work l oad is to be evaluated at a given level of

Table 2 .11 Conflict Event Frequencie s (SF0) Basic ARTS III Capability

Sec tor cQnt l iLt  E~v e n t  [requ~~nc1 Fac tor
- . Crossing Merg ing Overtaking Coord . Appr . Merg i ng 1

Woodside Fina l 0 0 .0130 0
- 

Foster Fina l 0 .0032 .0212 0
South Feeder 0 .0046 .0028 .0038
North Feeder .0015 .0033 .0074 .0038
Sutro Dep. .0057 .0007 .0023 0
Richmond Dep. .0045 0 .0008 0

t ra f f i c , then t ra f f ic  density is known . If capaci ty is to be calculated , then

~ quadratic expression must be solved .

In reference 4 the conflict resolution times have been estimated for each . It

conflict category . To make ti~ese es timates , the confl ict even t process was

broken down into two parts , con l ic t detecti on an d assessmen t, an d confl ict

resolution. Furthermore , the coord i nated approach merge conflict involves

coordination (this conflict category was required because the parallel approach

runways at SF0 are not i ndependent during IFR conditions, and so coord i nation is

required to prevent approach conflicts). The time s required for each part of

the conflict event process are listed in Table 2.12. Note tha t the coordinated

appro a.h merge conflict is affected by the presence of a coordinator , whe reas

other conflict types are handled entirely by the radar controller. Also , the

approach merge conflict resolution t ime per airc raft is one-half of the 15

seconds required since only one of the two controllers involved will actually

resolve the confl ict.
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Table 2 .1? k-Cont roller 1onf lu t Ivent Performan e Time s (Sec -

t~asii ARTS III (;ip ~ibi 1 1 ty

Conf 1 i c t Se( tor I)et~ t i ~~ & Coord I nat ion Resolut ion I ota I
Type Staffin g A ssessm en t 

-

Crossing All 20 0 20 4( 1
Merging All 20 0 15 35
(lvert akintj All 20 0 10 30
Coord . Appr . I or 2 man 20 5 1.5
Coord . Appr. 1.5 or 2.5 man 10 3 7.5 20.5

~vera1f Work l oad Comput ation :

T h i s section will present an examp le calculation of work l oad . tapa citv

and product iv ity  for the basic ARTS III t ase ( leve l  1) at SF0 usin g the data

presented above. The first step is to ca lcul ate conflict workload factors for

e,iih sector. The workload factor is the coefficient which will give workload

(seconds) per a i r c r a f t  handled when m u l t i p l i e d  by operations ra te “R” through

that  sector. Thus, tota l srconds of workload per aircraft  can on l y be computed

when the operations rate for the sector is specified . Table ~‘.l3 lists these

factors , and totals for each se tor, where ‘k” stands for operat ions  r a te .

lable 2.13 SF0 Sector (o n ll i t Workload Factors (k-Controller)

Basic ARTS III Capability

Sector Staf fing . çonflic~ Workload Factors_ (IFR)__ 
—

Cros sing Merg i ng Overtaking Coord . Appr. Total

Woodside 1. All 0 (1 .390R 0 .390k
Focter F. All 0 .112R .636R 0 .148k
South Feed 1 or 2 Man 0 .161k .084R .124k .3~ lR
)outh Feed . 1 .Sor ?.5Man 0 .161k .OH4R .078k .

North Feed . 1 or 2 Man .060R .l16 R .222k .124k .522k
Nor th  Fee d. i .Sor ?.SMan .060R .116k .222R .018R .476k
Sutro Dep. All .228k .0?5R .069k 0 .322k
Richmond Dep . All .180k 0 .024R 0 .204k

Table 2.14 g ives the a tual  c a l c u l a t ion for r adar contr o l l e r  work loa d for

each sec tor. A nom i na l opf’ra t JOf l S  rate for each sector was derived in referen e

4 at the 90 percentile peak hour values from operations data recorded at SF0 for
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1Y1975. Since surveillance worklo ad does not hanqe as staff ing is increased ,

it i s Us ted separ~i tel y • m t  the top ot I he tab li ’ . Rou t i lie workload data ~ t a k en

f rom 1 able . q 
- lou t li t t event work 1 u,itl is cimi pli t i’d by mu It I p l yIn g t hi’ va I ut ’’. in

tabl e 2~ 1.1 by the noun I na I op er at  i o n s  u - ,m te at t he top ot 1 ahl e 2 . 14. he t hree

- 

. 
workload contributors for each ase are suuiiiied to yield total workload per aircr aft.

- .  Table 2.14 SF0 Sector Nom i na l k-Contro l le,- Workln.~dts econus per a ir raft hana lea )

Basic ARTS Ill (:apati i Ii ty

- - 
WQ~ds ide 1 . Fç~ste~_j ~ ~oy~j Feed North I t’ed. Sutro P. Richmond P -

Surv eillanc e Wk l d  6 .25 6.25 5.00 3./S 6.?5 5.00
Nom i na l Ops - Rat e  21 20 18 .‘6 ‘3 38
TMan T.’am: 

— -

- 

Routine Wk I ci 55. /5 46. 33 48. 10 47.  38 54. /() t-t S . 76
Conflict Wkl d 10. 53 14.% h.64 13 .5/ 1.41 1.75
Tota l per Air c ratt 12.53 6/.54 59.74 64.70 68.36 78.51 It

— 
Per h o u r  (Mm ) 32.64 22.51 j/.Q2 28.04 26.20 49.72

1.5 M~n ream:
~ouiTne l4k ld 51.41 43 .2 ( 1 43 . h3 43.1 8 45. 50 57.79
Cent 1 jet Wk ld 10.53 14. % 5.81 12.38 /.41 7 .75
Tota l per Aircraft. 68. l~

) 64.41 54.44 59.31 59.16 70.54
Per Flour LMin) 30.69 

- 
1 .4 /  

- 
16.33 25./0 

- 
22.68 44.68

2 Man Team:
~ou tine Wk I d 48.90 40.81 38.45 3 / . 14 3~

) .45 51 . 2$
Confl i ct Wk ld 10.53 14.96 6.64 13.51 /.41 1.15
Tot al per A 1r ra f t  65.68 62.02 50.01) 55.06 53. 11 64.03

Flour (Mm ) ~~~~~ 0.61 
- 

15 .03 23.86 20.36 40.55
2. 5 Man I t ’amn

Roti tin e Wk 1 d 46. 14 3t) 22 33. 56 31 . 74 38. /0 48.
(tint I i t t  Wkld 10.53 14. )u 5.81 12.38 1.41 1 .15
Tot al per A i rt  ra f t  f ,2 .~)2 tiO.43 44.3/ 4 7. 81 52.36 61 .,‘l
Per Hour (Mini ) ~‘8.3l 20.14 13 .31 

-— 
20.14 20.07 38 .77

I hest’ va 1 ues are mu it i p ii (‘(1 t~y nomi nal opera t ions i-ate to produce R—contro 11cr

workload per hour , in m inutes. As may be seen these vary widely from sector to

sector , showing tha t work load is not at a II on i foru m , but depen ds on dema nd and

other factors. These valu es are plotte d as a function of sector staffing level

i p I I gure 2 .  1 . It shows the general s Ii (lht downw i rd t rend of k—controller work —

ii’, sector staffing increases.
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F igure 2.1 R-Controller Workload at Nomina l Operations Rate (SF0) It

Further compu tations have been made in order to calculate sector capacity

and productivity as a function of sector staffing level . In Table 2.15 the

data necessary for these calculatio ns , and the results , are presented . The

i tems necessary are the non-conflict workload totals per aircraft (routine plus

surveillan ce), the confl ict workload factor , and the total workload limit of 48

minutes per hour. By solving a quadratic equation , the level of demand which

woul d induce 48 minutes per hour of workload can be derived . By de f in i t i on ,

th is is sector capacity . It is interesting to note that capacity does not

differ greatly from sector to sector (from a low of 36.17 to a high of 41.99, i .e.

16 - ) while the nomina l operations rate demands on these sectors varied widely.

Also , as sector staffing increases , capac i ty increases somewhat , as ex pec ted.

These capacity results are plotted in Figure 2.2, wh ich shows that final sector
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capacity inc reases the least rapidl y. Th i s i s due lar gely to the fac t tha t

final controller work l oad is dominated by A/C conwnunications (see Table 2.8),

which are not rel ieved by the added sector positons , while with the other

secto rs ot her task types form a lmo st 50 of the workloa d.

Table 2.15 SF0 Sector Capacity and Productivity at Capac i ty

- _____________ ______ _____ 

Basic ARTS III Capability

____________________ 
Woodside F. Foster F. South Feed. North Feed. Sutro 0. ~ ichuuond 0.

Nomina1~Qps Rate - 
27 20 18 26 23 38

tlan_Te~m2 
- _______ - 

~~~~~~~~~ 
- - - -

Non-Conflict Wkld 62 .00 52.58 53.10 51.13 60.95 70.76
Conf lict Ra te .390R .748R .369R .522R .322R .:04R
Capac ity 37. 57 36.17 41.99 40.00 39. 15 36 .80
Produc tivity at

Ca paci ty 
- ____ - 

1 .39 1.81 2.33 1.54 1.70 0.97
L5M.an Te4m: 

- _ _ _ _ _ _ _  ________ _______- It
Non-Con flict Wk ld 57.66 49.45 48.63 46.93 51.75 62.79
Confl i c t Ra te .390R .74 8R .323R .476R .322R .204R
Capac i ty 39.43 37.25 45.48 42.79 43.75 40.43
Produc ti vi ty  a t

Capa c it y 0.97 1 .24 1.68 1.10 1.27 0.71
2 Man Team:

Non-Con flict Wkld 55.15 47.06 43.45 41 .49 45.70 56.28
Conflic t Rate .390k .748R .369k .522R .322R .204R
Capacity 40.58 38.11 47.29 44.50 47.27 44.12
Product iv i ty at -

ç~pdcity 0.75 0.95 1.31 
— 

0.86 
— 

1 .03 0.58
2.5 Man Team: 

—

~~m Conf l ict Wkld 52 .39 45.47 38 .56 35.49 44.9 5 53.46
Con fl i c t Rate .390R .748R .323R .476R .322R .204R
Capacity 41 .90 38.70 52.0 2 48.98 4 7.74 45.85
Productivity at

Ca pac i t y 0.62 0.77 1.16 0.75 0.83 0.48
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Also in Table 2.15 relative productivity is ca l c u l a t e d. Here produ c t i v i t y

is computed given tha t demand equals capacity . Productivity is defined here

rela tive to current (1915) productivity at the nominal operations rate , and

includes the number of controllers manning the sec tor. These results are

plotted in Figure 2.3, which shows the strong downward trend of average productivity

as sector staffing is increased .

Treatment of ATC Enhancements in Reference 4

In reference 4 five levels of ATC enhancements beyond the basic ARTS III

capability , as listed in Table 2.2 , are analyzed in an effort to determi ne the

impact on workload and sector capacity . The logic applied for each level are

reviewed here, and any exceptions taken in this analysis are noted .
‘P

Level 2, Automatic Fligh t Data Handling

Automatic Fli ght Data Handling (FDH) will provide electronic tabular

displays of flight data eliminating the need for flight data strips in routine

operations . The net effect on radar controller activities is to totally

e l i m i n a te f l i ght strip processing tasks, to somewhat reduce interphone comunication

tasks (eliminate tower departure handoff call and intersector pointou t comunications) ,

but at the expense of some additiona l data entry and display operation tasks needed

to update the FDH data base (handoff times are reduced , but altitude instructions ,

frequency changes, route or heading changes not in the flight plan , and intersec tor

pointou t initiations must be keyed in to update the data base). The net result

is a significant reduction in k-controller task time per aircraft. The new event

performance times for the k-controller are shown in Table 2.16 (1 man team; the

reader Ic ref erred to Reference 6 for more deta i l ) . The workload impact i s

computed and presented later in this section . Conflict workload and surveillance

.‘orkload are not affected by FDH.
‘.4

2-2 1
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Level 3, Metering and Spacing

In the analysis of M & S impact on workload in reference 4, it is presumed

that the M & S capability would provide cues to the R-contro ller which would

reduce the effort required in identifying and resolving arrival conflicts .

Rout ine workload and surveillance workload are presumed to not be affected by

the M & S capability . The present analysis takes exception to these assumptions

based upon detailed definitions of the M & S function in reference 18, and upon

recent anal yses of the M & S function as reported in reference 1. Firs t  of

a l l , as presently conceived [18], Meterin g and Spacing automation will virtually

el imi nate airspace conflicts between arriving aircraft , and so will el imi nate

a l l  local merge , overtake and coordinated approach merge conflicts on arrival

and final approach routes. This is accomplished through prior planning and It

organ ization of the traffic by the M & S system. rt would be programmed to

avo id creating conflict situations. Therefore , in an M & S environme nt all

feeder an d f ina l sector conf l ic t s  exce pt cross i ng conf l ic ts  woul d be e l imina ted.

Furthermore , in performing the spacing function , the M & S system would routinely

issue vectoring commands for every arrival aircraft during high volume t ime

periods. With reference to the analysis in reference 1 , the same number of

commands would ord i narily be issued for each aircraft handled . Based on the

organ ization of traffic in SF0, it is presumed that the feeder sectors woul d

routinely issue one heading vector and the final sectors would issue two. In

addition , the final sectors would issue one speed command not associated with

a head in g command in most , but not a l l , cases as a final arrival time control

technique (15; of final approach aircraft were assumed to receive such a

comand). The surveilla nce function was not judged to be affected by M & S.

Based on these changes in methodology , the R-controller workload impact has

2-23



.—1

been recomputed for the M & S case , the results of which are presented later

in this section .

Level 4, Conflict Probe

The automated conflict probe function was analyzed and determined to

si gnificantl y affect the conflict event performance time estima tes, but not

conflict event frequencies or routine workload or surveillance workload. The

conflict alert feature was also examined but , since it is only a last mi nute

warnin g feature for avoiding conflicts which the controller has missed , it was

not found to routinely impact any of the workload measures . The effect of the

conflict probe on conflict event performance time s is to drastically reduce

the time required for conflict detection and assessment, in all cases from

20 seconds to 5 seconds except for coordinated approach merges , where the time

is reduced from 10 seconds to 5 seconds. These new values would replace the

values listed in Table 2.12.

Level 5, Area Navigation

The RNAV feature was evaluated in reference 4 as a separate enhancement

to the UG3RD system . In this study , of course , RNAV will be evaluated as it

would impact each stage of implementation of UG3RD individual ly, both for

general interest and so that overall impact might be assessed for various UG3RD

implementation schedules .

The assessment of RNAV capabilities in reference 4 concluded that the only

effects of RNAV would be to allow overtake conflicts on departure routes to be

eliminated . The logic applied was that multiple close-spaced parallel departure

routes could be established , and so departure overtakes could be prevented by

routinely alternating departure routes. No other impacts were identified in

that study . Further analysis in the present study has shown
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that there are several areas where RNAV will affect workload.

These include not only conflicts , I-uut routine tasks and survei l la nce tasks as

well . Therefore , exception is taken t.o the findin gs oF that study, based

pr ima rily upon the findin gs of the real time termina l simulation studies (1/ . 9].

which have shown routine controller work l oad measures to be reduced significantly

when dealing with RNAV-equ ipped aircraft . Furthermore , while parallel departure

routings could be designed into termi na l routings , they have not been in terminal

area desi gns produced so far [19], and so are not included as a workload reducer

in this analysis. The specific RNAV effects included are discussed later in this

section .

Level 6, DABS & Control Message Automation

This leve l of automation enhancement comprises a major step forward in the It

reduction of controller workload. This facility was analyzed in reference 4,

and ma ny significant effects on routine tasks and overall routine and conflict

workload were found . There are two primary impact areas wi th respect to the

rout ine events performed and the task times associated with their performance.

The numbers of air/ground communication tasks which must be performed are

reduced very significantly through data link comunications of many routine

messages. The results derived are shown in Table 2.17 , which should be compared

with 2.16 for the non-data link case . Also , the data entry/display operation

task category is strongly affected . Here a few tasks are eliminated (such as

data entry of certain “initial controller response” i tems), but severa l more

are added . In particular , many functions that do not require overt action on

the part of the radar controller , but rather involve monitoring functions ,

have been added . This monitoring role is termed “operational cognizance” in

that reference, and i tems falling -in tha t category are marked wi th an asterisk

in Table 2.17 .
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Table 2.17
k-CONTROLLER

ROUTINE EVENT MIN IFIJM PERFORMANCE TIME ESTI MATES
OAKLAND BAY TRACON , SYSTEM 6, 1-MAN TEAM

0 -  I - II - - - 
- lo , 1.0 ~lIi .. 0 4 5 0  l,v 4 i - s t  ( i - s n —  / , . v , - I i F

- 

A ll. Ii.,, i I~1 1 1 111 • lflti ~4 1- .I ~~ t 1 4  
-

~ . - - - i_ ill I y/ 5(4 i,u,.i,,..
- - - . . . :I!1.

~
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m i t  lal to~ t r o l  L~ r r. - I- ~~~ 
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Al titude Ia-,tr.,- tio.i 0
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The other area of DABS/CMA i mpact on worklodd involves conflict resolution

workload. Surveillance workload was not affec ted . Conflict workload is reduced

since the resolution commands are automatically generated and data linked .

However , ten seconds of conflict resolution t i m e is still assigned to the

R-Con troller for monitoring purposes. As a result , a total of fifteen man-

seconds per conflict are required . The overall workload computations are

presented later in this section .

Der ivat i on of RNAV Im pac t on Workloa d

In this section data taken primarily from two sources (the most recent

real time terminal simulation study [9] and the analysis of RNAV termina l area

route designs [l9])will be analyzed in order to derive the impact to be expected

due to RNAV on rou ti ne wor k loa d , confl ict workload and surveillance workload.

The real time simulation showed that the usage of RNAV capability improves

termi nal operations in many ways . For example , the transition to a 100% RNAV

environmen t showe d the fo l low i ng im provements :

• Distance flown per arrival dropped by 3.1% (nomi na l radar vector

and RNAV route lengths kept identical).

• Distance flown per departure flight remai ned constant .

• Time in system (after handoff acceptance by the feeder controllers )

for arrivals dropped by 6.1- (departure time in system remained

constant).

• Start-point delay (holding time ) for arrivals dropped by 34.4- .

• Arr ival operations rate increased 3.2~- .

• Total number of G/A radio contacts dropped by the following amounts:

F i na l 25 .9%

Feeder 31.1%

Departure 56. 2~-
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• Total duration oF G/A rail i o con tact ~ dropped by the to 11 ow i n~:

amounts:

Fina l 28.5,~

Feeder 36.5%-

Departure 66.6~

• Total duration of G/A radio contacts per aircraft hand l ed dropped

by the fo l low i n g amoun ts:

Fina l 29 .4%

Feeder 37 .0%

Departure 67.1%

I t is qu i te apparen t from these stat i st ics , and from the overall generally

favorable response from the controllers used as subjects in the experiments ,

that RNAV improves operational efficiency and reduces controller workload.

The difficult part of the task at hand is to be able to analyze this workload —

- . im pact in  a deta i led sense , wi thin the framework of the SRI analysis technique

described in the previous section , so that the impact of RNAV as it interacts —

with the other UG3RD features may be determined , and so that the total workload

i mpact (as opposed to merely the comunications workload effects measured in

the simulation study ) may be assessed . The RNAV i mpact determi nation techniques

for each workload category (routine , conflict processing, surve i l lance )  are

discussed in the following sections.

Routine Workload Impact

The NAFEC simulation study [9] measured overall controller ground/air

coninunications time and message count for each control position (see the

statistics above). This was done simp ly by recording the count and duration of

which the microphone is keyed . However , this method does not record anything

concern ing the content of the messages, and so onl y the overall  RN A V tren d i s
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demonstra ted by these statistics. The Dig ita l Simulation Faci lity (DSF) at

NAFEC is confi gured to record other information based upon the activities of

the subject pilots taken in response to controller instructions. Thus, each

t i me a subjec t p i lot rece i ves a rou te , speed , heading, RNAV offset or altitude

comman d , or in cases of certain pilot reports as requested by ATC , these ac t iv i ties

are recorded by virtue of the fact that the subject pilot enters the data in

each case on a keyboa rd . This data is collected and statistically reduced at

a later time . The problem wi th this data is , f i rst of a l l , not a l l  con tro l le r

messages are so recorded , since only those directly affect’ ~g the route of

flight , etc., are keyed in by the subject pilot. The second problem is that ,

since several such control actions could be communicated in a sing le messa ge ,

there is no direc t correspondence between message count and these contro l action —

counts. Thus , the control message count data cannot be used to directly comple-

ment the control actions count data in order’ to comp le te the deta i l e d rou ti ne

message workload effects analysis. As a result , while RNAV impact on most

rout ine  message ca tegories has been measure d no t a l l  have been measura b le , and

so zero impact is assumed for those.

An analys is of the control actions data in reference 9 has been performed

by cat egor i z i ng the con trol act ions as fo l lows :

• L:~tera 1 Control Activities (including radar vector heading

command , RNAV parallel offset , cancel offset and direct to

waypoint commands).

• Alt i tude instruction

• Speed instruction

• Pilo t-initiated instructions

An a l ys’~s of each type of control sector (final , feeder , departure ) have been

ptirformed by averag ing the data for the two individual sectors in each case, e.g.

L 

t~e two final sectors , and presenting the results on a per aircraft handled basis.
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This da ta is listed in Table 2.18 for the W- and l OOn- RNAV participation

cases. The results show very lar ge reductions in latera l control (vectors ,

offse ts , etc.) and altitude change instructions in every case. Latera l

con trol actions are reduced due to self-navi gat ion , and altitude messages

are reduced due to the fact tha t the altitudes are a part of the published

routes. Speed changes were Lssentia lly una ffected by RNAV , which is as

expected . Pilot initiated control activities are reduced , probably due to

the usage of published routings and altitudes.

Table 2.18 Contro l Action Count per Aircraft by Type of Act ion

Control Action Type Final Sectors Feeder Sectors Departure Sectors
(RNAV Participaton ) 0%- 100% A 0% 100% A 0% 100~ A

Lateral Control 2.539 1.022 -59.7% 1.574 0.458 -70.9% 3.157 0.470 -85.1%
Alti tude Change 1.184 0.617 -47.9% 1.132 0.064 -94.3% 1.313 0.397 -69.8~Speed Change 1.872 1.883 0.6% 1.141 1.147 0.5% 0.003 0.003 --

Pilot Initiated 2.250 1.484 -34.0% 0.010 0.028 18.0%*3.108 1.023 -67.1%

*Because of small  count values , this figure was presumed to be noise and set
to zero.

The results of this analysis of the control action count data will be

app l ied to the routine workload analysis for each level of ATC enhancement

studied through the following procedure . Each of the routine AJG communications

tasks identified by the analysis in reference 4, and noted in the “A/G Comm ”

column i n Ta ble 2 .4 , has been categorized into one of the four categories in

- Table 2.18, or a f i f th  category ~Mi scellaneous A/G Comm ” . The result of this

categorization is shown in Table 2.19. The RNAV impact on routine A/G

communications workload is then computed from the control event frequencies

(Table 2.3) and A/G communication event performance times (such as Table 2.4,

first column ) for any case of enhancement level and sector staffing, where

the resulting control function times are then summed in each of the five

categories of Table 2.19 , and reduced by the percentages shown in Table 2.18
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Ta ble 2.19 Categor ization of Routine A/G Communication Events

Category Even t Ty pes 
- - — -

La tera l Con trol in it ia l  res ponse - Hea d in g rou te ins t ruc t ion
_____________________ 

Heading/route instr .
Alti tude Change Initia l response -- Altitude instr.

____________________ Altitude instr .
Speed Change Initial response -- Speed instr.

- ~~peed i ns tr .
P i lot In i t ia ted  P i lo t  A l t i t ude  report

Pi lo t  headin g/posi t ion  report 
P i lot  speed re port 

-__________________

Miscellaneous A/G In itial pilot call-Tn
In itial call-in -- TCA clearance request
Ini tial controller response
Ini tial response -- Approach/ runway advisory

-- Traffic advisory
-- ATIS advisory
-- Al t imete r  Sett i ng
-- Transponder code

Approa ch clearance
Runway assi gnment
Traffic advisory
Miscellaneous A/G Comm .
Frequency Change
Frequency Chan ge -- Transponder Code

-- Approach /runway advisory
Alt itude revision
Route / headin g revis i on

—-________________ — 

Miscel laneous p i l o t  request

(or left the same for the ‘ nii scellaneous ” category). The results of such a

process , for Level 1 (basic ARTS III) with 1 man sectors , is shown in Table 2.20.

Here , as w i l l  be done throu ghou t , the results for each pair of like sectors has

been combined and averaged so as to better approximate a typ ical sector of tha t

type .
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Table 2.20 RNAV Impac t on Routine A/C. Communications Workloa d
(Seconds/Airc raft)

I eve] I , I Man Set t.or’~

Contro l Act ion Type F~naI - Feeder Departur~ - -

(RNAV Participation ) 0~- 1 00% 0% 100% 0%- 100%

~~~~ral Control 3.03 1.22 3.83 1.11 4.09 0.61
Altitude Change 5.79 3.02 4.58 0.26 3.52 1.06
Speed Change 0.61 0.61 1.80 1.80 0 0
Pilot Initiated 1.33 0.88 0.93 0.93 4.00 1.32
M i sce l laneous A/G 28.92 28 .92 16 .61 16 .61 21 .73 21.73

TOTAL 39.68 34.65 27.75 20.71 33.34 24.72
RNAV A -12.7% -25.4% -25.9%

The remainin g routine controller workloa d task categories of data entry!

display operation (DED), fl ight strip processing (FSP), inter phone commu n i ca ti ons

(1/P Conuit) and face-to-face communications (F-F Comm ) consider controller

rou tin e act i v i t ies wh ich were not measured during the NAFEC real time s imula t i on

studies. As a result it was considered premature to attempt to estimate the

probable RNAV impac t on these categories . An examination of these functions

shows that some are cl earl y no t affected by RNAV, particularly those associated

with routine intersector coord i nation , for example. However , some , such as FSP

or I/P Comm activities directly associated with heading/route instructions and

altitude instructions , could be beneficially affected . The values obtained for

these categories are listed as “other rout i ne ” workload la t er in Ta ble 2 .23.

Confl ict Processing Workload Impact

RNAV , through the facility of published self-navigated terminal routes , can

be used to provide paths free of crossing conflicts in the termi nal area . This

is posible since a waypoint or let down fix can be located anywhere wi th an

al titude (or altitude range ) associated with it, thus providin g separation from
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crossing routes. This approach was used with great success in the extensive

termina l area design work which has been performed to date [191. Therefore ,

it is presumed for this study tha t , at an RNAV participation level of 1OO~- .

terminal area crossing conflicts are virtually elimi nated .

There is no reason from a route design point of view why local merging ,

overtake , or coord i nated approach merge conflicts would be elimi nated due to

RNAV . Specific route geometries may be optimized to reduce merge conflicts ,

but such minor effects ha ve not been considered here. The other conflict

aspect where RNAV can have an effect is on the times required for the pro-

cessing of conflicts. Specifically, RNAV will not affect detection and

assessment or coordination times , but will affect conflict resolution effort

in some cases as discussed below. A table of RNAV conflict processing times

used for this study appears as Table 2.21 , which may be compared with Table 2.12.

Table 2.21 R-Controller Conflict Processing Times (Seconds)

—
~~~~, 

Level 1 (Ba sic ARTS I I I )

Confl ict Type Operation Conflict Processing Time_______

Detection :oordination Resolution Tota l —
__________________ __________ &Assessmen l 

___________ 
O%R 100%R O%R l OO’~-R

Crossin g Arrivals 20 0 20 N.A . 40 N.A .
___________  

Departures 20 
— 

0 2 0 N .A. 40 
— 

N.A .
Local Merge Arrivals 20 0 15 10 35 30
____________________ 

Departures 20 0 15 4 35 24
Overtaking Arrivals 20 0 10 10 30 30
____________________ 

Departures 20 0 10 4 30 24
Coord . Appr . Arrivals 20 5 ~.5 5 32.5 30 .0
( l & 2  Man Sectors)
Coord . Appr . Arrivals 10 3 P •5 5 20.5 18.0
(1 .5&2.5 Man Sectors)

The values given in Table 2.21 for the 0% RNAV case are the same as those

l isted in Tabl e 2.12. The reasons for the RNAV conflict processing time

reductions in certain cases are as follows . In the crossing conflict case , an
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RNAV resolution time is not given since there will be no suc h conflicts in an

RNAV terminal environment. In the local merge conflict case for arriving

airc raft , the conflict may be resolved with one (parallel offset) and some-

times two (offset followed by direc t to) instructions. The NAFEC data shows

that these instructions require less than four seconds , and so they are

included at four seconds each. Two more seconds is assumed to be required

for flight progress monitoring, yielding a total of ten seconds. In the

departure case, the aircraft which must be offset to avoid the conflict may

almost always be virtually i gnored after the instruction is issued , s i nce

the departing aircraft may both be handed off to the center controller in

that condition . Therefore, only four seconds is required for resol ution . In

the overtaking conflict case , speed control would usually be used for arrivals ,

making the RNAV situation identical to the vector situation. Concerning the

departure situation , the faster aircraft may be assigned an offset, resul ting

in essentially the same situation as the departure merge conflict. The

coordinated approach merge case is similar to the merge case for arrivals ,

i .e., at most two commands at four seconds plus two seconds for added monitoring.

As in the radar vector case, the resolution times are halved for coordinated

approach merges since only one of the two radar controllers involved would

ac tua l l y resolve the confl ict. As before , total conflict processing workload

per a i rcra f t i s compute d by mult ip ly ing the conflict event frequencies in

Table 2.11 by the resolution times in Table 2.21 , summing the resul ts for each

sector and mul t i ply ing by traffic demand at that sector. The results for each

pair of sectors have been averaged in the analysis to follow , to bet ter

represent a typical sector.

Surveillance Workload Impact

As stated previously, the overall surveillance workload required per aircraft

was determined as the product of the one-minute scanning rate , the 1.25 second
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scan time , and the time the aircraft is under that sector ’s jurisdiction. A review

of the si tuation has not determined any reason why the scanning rate or scan

time would be significantly affected due to RNAV . However, the real time

simulation studies [17, 9] have shown (for arrivals), and the termi na l area design

study [19] has shown (for arrivals and departures) tha t RNAV significantly reduces

the termina l route transit time , on the average . in the recent rea l time

simulation study [9], time in system (not including holding time ) was shown to

be decreased by 6.3% for arrivals , and was unchanged for departures. The study

of termina l route structures in reference 19 showed that route transit time at

SF0 drops by 10.0% for arrivals and by 4.8% for departures. These two sources

of savings are independent and additive (approximately), since the la t ter

represents route design effects while the former represents the controller ’s

ability to manage the traffic. Therefore, the overall effects are 16.3% (arrival)

and 4.8 - (departure). Apply ing these values to the reference 4 data gives the

results for surveillance workload shown in Table 2.22.

Table 2.22 RNAV Impact on Surveillance Workload

Sector Transit Time WorkloadJAC
I 0%R lOO%R

__- 

0%R l OO% R

Woodside Final 5 4.19 6.25 5.23
Foster Final 5 4.19 6.25 5.23
South Feeder 4 3.35 5.00 4.19
North Feeder 3 2.51 3.75 3.14
ISutro Departure 5 4.76 6.25 5.95
Richmond Departure 4 3.81 5.00 4.76
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RNAV Workload Impact Computation

In this section the RNAV impact on radar controller workload is computed

for each of the UG3RD enhancement levels studied. The case conside red is the

Oakland Bay TRACON , as before, wi th one-man sector team s ta f f ing assumed. In

each analysis each pair of sectors has been combined and averaged to yield a

more generally representative sector of each type. Controller work l oad in

each case is evaluated at the traffic leve l determi ned to be the capacity of

each type of sector for the Leve l 1 , 0% RNAV case. In this way workload is

related to the capacity of the baseline case rather than the historic traffic

demand leve l used in Table 2.14 for the nominal workload computation .

Level 1 , Basic ARTS III Capability

In Ta b les 2.20, 2.21 and 2.22 the results of the RNAV impact anal ysi s for

the Level 1 case were presented for the cases of rout ine , confl i ct and surveillance

workload categories respectively. The results of the RNAV impact analysis on

Leve l 1 are shown in Table 2.23. The first line , Total Communications per

A i rcraft , i s taken di rect ly from Ta b le 2 .20. The second l i ne , Other Rout i ne

Workload , is that part which is not sensitive to RNAV , and consists of the DED ,

FSP , I/P Corn. and F-F Corn. categories. Listed are the averages for each pair

of l ike sectors. An example tabulation of these routine components for the

Foster Final sector is listed in Table 2.8. The third line lists surveillance

work l oad , which is the sector pair average of the data in Table 2.22. The fourth

l ine lists the IFR conflict workload factor. This is the sector pair average

of the sums of the conflict factors for each type of conflict. Each conflict

factor is the product of the conflict event frequency listed in Table 2.11 and

the conflict processing time listed in Table 2.21. Conflict workload per air-
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Table 2.23 RNAV Work l oad and Capacity Impact , Leve l 1 (Seco nds/AC )

1 Man Team , Basic ARTS Ill Capabi l i ty 
- - -

TASK FINAL FEED ER DEPARTURE

CATEGORY 0% R lOO% R 0% R l00~- R 0% R lO0~- R

Total Conin. 39.68 34.55 27.75 20.71 33.34 24.72
Other Routine 11.38 11.38 19.71 19.71 26.90 26.90
Surveillance 6.25 5.23 4.38 3.66 5.63 5.36
IFR Conflict Rate .569 .561 .445 .386 .263 .046
Nom . Capacity 37 37 41 41 38 38
Conflict Workload 21.05 20.76 18.25 15.83 9.99 1.75
TOTAL 78.36 72.02 70.09 59.91 75.86 58.73
RNAV Reduct ion 

____ 

8.1% 
_______ 

14 .5% 
______ 

22.6%
CAPACITY 36 . 80 39.29 

- 

41 .07 46 .45 37 .97 48.64
RNAV Increase 6.8% 13.1% 28.1%

cra ft i s evaluated at the traffic leve l equal to the capacity of the baseline ,

non-RNAV system given in Table 2.23. This holds true in each of the followi ng

UG3RD enhancement anal yses , so that the workloa d for each is rela ted at the

capacity of the present day system. These capacities are determined and shown in

the last line of this table , and are rounded off for use in the line l abeled

“Nominal Capacity ” . The nominal capacity and conflict rate are multiplied to

get conflict workload per aircraft . The routine , surveillance and conflict workload

f a . to r c  are summed on the “total line. The percent reduction in work l oad is listed

in the 100% RNAV columns. Sector capacity is computed from the quadratic relationship

discussed earlier and presented in the “Capacity ” line , with the RNAV increase

- listed in the 100% RNAV columns.

Ult imate capac i ty of the airport can of course be constrained by factors other

than controller workload. For example , runway capac i ty can limi t operations rate.

Also , saturation of one sector (final , for example) can limi t operations in other

sectors. Therefore, it Is not always poss ible tha t sector capacities will be

achieved . In the New York real time simulation [9] which this analysis was based

up~n , runwa y capacity constraints were removed in order to saturate the controllers.
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As is evident from Table 2.23, the f ina l  contro l sectors are least affected

by RNAV capability . Workload there is reduced by 8%. while in the departure

controller case work l oad is decreased by 23% . which is a very significant reduction .

- 

- - Potential capacity increases provided through the use of RNAV techniques are

7% , 13% an d 28% for the F i nal , Feeder and Departure sectors , respectivel y. In

Section 2.1.2 , the impact which these capacity increases will have on sector

staffing levels under conditions of rising traffic demand will be assessed. The

remainde r of this section is concerned with determining the effects of RNAV

on workload and capacity for ARTS enhancement levels 2 through 6.

The primary effect of enhancement level 2 (automatic flight data handling)

on controller tasks is to eliminate flight strip processing tasks , there by

reduc i ng work l oad in the “other rout i ne ” ca tegory. None of the remainin g

— categories (communications , surveillance and conflict processing) are d is tur bed .

These effects were discussed in more detail earlier. The new values for “other
~

- - -1
routine ” workload were computed as the sums of the products of the routine event

frequencies listed in Table 2.3 for all headings except communications , and

the event performance times listed in Table 2.16. Since no RNAV impact on the

“other routine ” category has been identified , the overall RNAV impact in the

absolute sense for level two is the same as leve l one , although in percentage

terms the impact is slightly greater. These results are tabulated in Table 2.24.

The level 3 enhancement, Metering & Spacing , is expected to affect both

arrival conflict rates and routine coninunications workload . Departure workload

should not be affected . The communications workload data were modified as

follows : The values used for latera l control maneuvers (radar vector or parallel

offset) were set to 10.00 seconds (two maneuvers) for the fina l sectors and

5.00 seconds for the feeder sectors . The values used for fina l sector speed
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Table 2.24 RNAV Work l oad and Capacit y Impact , Level ? (Second/AC

1 Man Team. Auto~nati c Fli ght Da ta Handl i n g 
____________

TASK F INAL FEEDER DCPARTIJRE

CATEGORY OX R 100% R 0%_R_Ji0O%_R 0% R 100% R

Total Comm . 39.68 34.65 27.75 20.71 33.34 24.72
Other Routine 8.48 8.48 15.65 15.65 18.17 18.17
Surveillance 6.25 5.23 4.38 3.66 5.63 5.36
IFR Conflict Rate .569 .561 .445 .386 .263 .046
Nom . Capacity 37 37 41 41 38 38
Conflict Work load 21.05 20.76 18.25 15.83 9.99 1.75
T~~~TA[ 75.46 69.12 66.03 55.85 67.13 50.00
RNAV Reduction 

____ — 
8.4’- 

-— 
15.4% 

_____ 
25.5 %

CAPACITY 37.91 40.51 43.03 48.90 42.20 56.63
RNAV Increase 

______ ____ ______ 
13.6% 

______ 
34.?’~-

con trol messages were set to 3.75 seconds (5.00 x 75% frequency). Furthermore ,

workloa d in these two categories remains the same in the 100% RNAV case since

the same sequencing maneuvers must be performed rega rdless of RNAV capability

according to the M&S techniques stud ied in reference 1. Otherwise , routine

cormiunications workload , other routine workload and surveillance workload are

the same as for the level 2 case.

Conflict processing workload is significantly reduced for arrival aircraft

by M&S since the M&S logic will prevent conflict situations from arising between

arrival aircraft , as discussed earlier , but not necessarily between arrival

a ircraft and others. Thus the overtake , merge and coordinated approach merge

conflict types are completely eliminated for arrivals. Referring to Table 2 .11 ,

which shows conflict event frequencies for the l evel 1 capability , it may be

seen that neither final sector has any crossing conflicts. Therefore, under

leve l 3, there wil l  be no conflicts in the final sectors at all. Of the two

feeder sectors, only one (north) has crossing conflicts , and frequency is low.
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The refore , feeder sector conflict rates are almo st zero, as shown in the “IFR

Con fl ict Ra te ’ line of Table 2.25, wh ich lists the overall workload and

capi city impact results for the Metering and Spacing case.

As iiiay be seen in Table 2.25, M&S reduces overall workload in comparison

with level 2 significantly for the feeder and fina l sectors , and of course ,

there is no effect on the departure sectors. RNAV impact is not quite as great ,

since the lateral maneuver commands are not reduced by RNAV as they were for

leve ls 1 and 2. However, the effect of RNAV is still quite significant. While

the RNAV work load impac t at nominal capacity is slightly reduced , the feeder

and final sector capacity impacts are actually inc reased since confl icts are

essentially eliminated .

Table 2.25 RNAV Workload and Capacity Impact , Level 3 (Seconds/AC )

1 Man Tea m , Metering and Spacing Capability

TASK FIN A L I FEEDER I)EPARFURE

CATEGORY 0% R 100% R 4D 0~~R 100% R O % R  100% R

Total Comm. 49.79 46.57 42.82 31.62 25.39 33.34 24.72
Other Routine 8.48 8.48 8.48 15.65 15.65 18.17 18.17
Surveillance 6.25 5.23 5.23 4.38 3.66 5.63 5.36
IFR Conflict Rate .000 .000 .000 .030 .000 .263 .046
Nom. Capacity 37 37 37 41 41 38 38
Conflict Workload 0 0 0 1.23 0 9.99 1.75
TOTAL 64 .52 60 .28 56.~.3 52 .88 44.70 67.13 50.00
RNAV Reduction 6.6% 12.4% 15.5% 25.5%
CAPACITY 44.64 47.78 50.95 54.06 64.43 42 .20 56.63
RNAV Increase 

_______ 
7.0% 14.1% 

_____ 19.2% _____ 34.2%

Since a Metering and Spac i ng environment was under study , the 40 RNAV (time

control) effect on workload and capac i ty has been computed . The 4D effect

qualified is the fact that the fina l speed reduction coniuand would be elimina ted

(based on the ana lysis in reference 1). This saves an additional 3.75 seconds

in routine communications workload . This resulted In a doubl i ng of the percentage

‘1
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wor k loa d and ca pac i ty im provements available from RNAV in the fina l sectors .

This 40 impact is based on the analysis in reference I , wh ich p resents an

“evolutiona ry” 40 environment. Other 41) concepts may potentially shown even

greater workload reduction.

The fourth enhancement level is the conflict probe function , wh i ch would

serve to reduce controller conf lict detection and assessment time . Conflict

probe does not actually affect conflict event frequencies , but overall  confl ict

wor k loa d i s reduced due to the reduction in  detec t ion and assessment t ime to

five seconds in every case. Table 2.26 presents the level 4 results. Since

con flicts were virtually eliminated in the feeder and final sectors by M&S,

only the depa rture sectors are significantly affected by conflict probe . The

RNAV impacts on workload and productivity are comparable to the Metering and

Spacing case.

Table 2.26 RNAV Workload and Capacity Impact , Level 4 (second/AC )

I Ma n Team , Confl ict Probe Capability

TAS K FINAL 
[ 

FEEDER 
- 

DEPARTURE
CATEGORY 0% R 1OO7~R 40 0 % R  100% R 0~~ R 100% R

Total Comm. 49.79 46.57 42.82 31.62 25.39 33.34 24.72
Other Routine 8.48 8.48 8.48 15.65 15.65 18.17 18.17
Surveill ance 6.25 5.23 5.23 4.38 3.66 5.63 5.36
IFR Conflict Rate .000 .000 .000 .019 .000 .158 .017
Norn. Capacity 37 37 37 41 41 38 38
Conflict Workload 0 0 0 0.78 0 6.00 0.65
TOTAL 

- 

64.52 60.28 56.53 52.43 44.70 63.14 48.90
RNAV Reduction 6.6% 12.4% 14.7% 22.6%
CAPACITY 44.64 47.78 50.95 54.66 64.43 44.84 58.48
RNAV Increase 

_ _ _ _ _ _  

7.0% 14.1% 
_ _ _ _ _  iL9~L _ _ _ _ _  _ _ _ _ _ _
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In the s ix th dutomation enhancement level , DABS and Control Message

Auto r~at ion produce signif icant changes to the wor kload environment and the

RNAV impact on workload. As explained earlier , the DABS/CMA capability serves

to drastically reduce routine communications workload , but with a corresponding

(but lesser) increase in Data Entry & Display Operating workload. Also ,

conflict processing workload is reduced somewhat. Most of the increased 0EV

workloa d is due to a one-for-one substitution of displayed control message

data which must be absorbed by the controller for the A/G controller message so

replaced by the DABS/CMA system. Since it is a one-for-one (displayed message-

for-spoken message) substitution , where RNAV would have reduced the spoken

message count , the DED function count is reduced instead. Therefore, many of

the DED functions have been removed from the “other routine” category and

combined with the “total communications ” category. Since this amounts to a

total recalc ulation of these categories , the calculation is presented in

Table 2.27; it is based on Tables 2.3 and 2.17 and shows the separation of

Tab le 2.27 Controller Task Breakdown , Leve l 6

1 Man Team , DABS & CMA
CONTROL FINAL FEEDER DEPAflTURE

ACTION Comm . DED Com . DED Comm . DED
Lateral Control 0.00 6.00 0.00 3.00 0.00 2.33
Al tit ude Change 0.00 3.06 0. 00 1.29 0.00 1.71
Speed Change 0.00 2.25 0.00 0.51 0.00 0.00
P i lo t In i t i a t e d 1. 33 0.00 0.93 0.00 4. 00 0.00
Miscellaneous A/G 12.96 0.00 8.73 0.00 15.49 0.00

Other Routine 17.79 16.70 23.79

tasks into the two types of workload. Note that the M&S workload per control

message delivered is reduced from five to three seconds.

2-42
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Conflict processing workload is reduced through DABS/CMA since conflict

resolution time is reduced to ten seconds in each case. Therefore , confl i c t

processing t ime totals fifteen seconds for all cases , since the confl i ct probe

capability has already reduced detection and assessment time to fi ve seconds

per conflict.

The results of the DABS/CMA workload analysis are stated in Table 2.28,

which shows that DABS/CMA significantly reduces sector workload in eac h type

sector compared to the l evel 4 case. Correspondingly, the RNAV improvement in

percentage terms has dropped somewhat , ranging from 6% to 21% as opposed to a

range from 7% to 30% with level 4 conditions . However, this range still

represents a very significant improvement to be expected to result from RNAV.

Table 2.28 RNAV Workload and Capacity Impact , Level 6 (seconds/AC) ‘

1 Man Team , DABS & CMA

TASK FI N AL 
____

~ 

FE EDER I)EPARTIJRE

CATEGORY 0% R 100% R 40 0 % R  100% R O~~ R 100% R

Total Comm.and DED 25.60 23.68 2 1.43 14 .46 13.24 23.53 17.68
Other Routine 17.79 17.79 17.79 16.70 16.70 23.79 23.79
Surveillance 6.25 - 5.23 5.23 4.38 3.66 5.63 5.36
IFR Conflict Rate .000 .000 .000 .011 .000 .105 .017
Nom . Capac ity 37 37 37 41 41 38 38
Conflict Workload 0 0 0 0.45 0 3.99 0.65

TOTAL 
- 

49.64 46.70 44.45 35.99 33.60 56.94 47.48
P 1A’l ReductiOn 5.9% 10.5% 6.6% 16.6%

CAPAC t TY 5ff. 02 61~ 67 64.79 79.10 85.71 49.53 60.l8

~“IAV i ncrease 
_______ 

6.3% 11.7% 
- 

8.4% 
_____ 

2 1.5%

2 - 4 3
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It is of s ignif icant interest at this point to review the control sector

capacity results presented here , both in term s of the capacit y effects of the

four enhancement levels , and in terms of the capacity effects of RNAV on those

levels. Capacity is of primary importance here since , as will be shown in the

nex t sect ion , capacity has direct implications with respect to staffing require-

ments.

In Figure 2.4 the capacity results are summarized using a bar chart format.

- . 

Each sector type is shown separately. Sector capacity at 0% RNAV is shown wi th the

dark bars , wh ile sector capacity at 100/ RNAV is indicated by the light bars . In

addition , the capacity increment for the final approach sectors due to 4D with

M&S is also shown . The same information is show n in a somewhat different manner

in Figure 2.5. The top graph shows relative capacity of each sector type for

each enhancement leve l without the influence of RNAV , while the l ower graph

presents the percent capacity improvement expected due to RNAV . From these figures

it may be seen that the influence of the enhancemen t levels on departure sector

capacity is only moderate , while the influence of RNAV on departure sector

capacity is very significant. RNAV shows the least impact on the final approach

sectors , although if the 40 contribution is included (as it probably w ill be),

the effect is quite significant. The sector type most improved by the enhance-

men t levels is the feeder type , since its workload is heavily dominated by routine

commun ication s tasks. This workloa d is substantially relieved by DABS/CMA.

2.1.2 Sector Staffing Implications of Capacity and Demand

In orde r to determine the controller staffing requirement , the relationship

of sector capacity to sector staffing leve l must be defined. Then , given projected

traffic demand growth data over a period of years , the require d staffing for each

sector may be calc~1ated as a function of time . The calculations of sector

2 -44
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work l oad and capacity versus sector ‘.taffing were presented in Tabl es 2.14 and

2.15 for the leve l 1 (bas ic  ARTS III cap a b i l i t y  without RNAV ) c.ise. Sector

capacity results for the remaining enhancement levels with and without RNAV as

a function of sector staf f ing are presented in this section . From t i i t ”~ ’ , over a l l

TRACON radar room staffing projection s are made as a function of traffic level.

The results of the capacity analysis are presented in Tables 2.29 a, b , and

c for the f i n a l , feeder and departure cases respectively. Each case is different

in terms of the effects which the enhancement levels , the use of RNAV , and

increased sector staffing will have on sector capacity . Increasing staffing to

2.5 increases feeder and departure sector capacities by 23%. while it only in-

creases final sector capacity by 9%. For the most part , the RNAV capacity improve-

men t i n percen tage terms i s no t di luted by the enhancement levels  exce pt for l evel

6 (DABS/CMA), which has varying effects. Final sector capacity impact is only

s lightly reduced , while the feeder sector capacity impact diminishes 50~~ - .

The nex t task i s to reduce the f i ve enhancements levels  to a trac tab le

n umber through app ropr i ate combi na t i ons , and compute the actual TRACON controller

s ta ff leve l requ i red for each comb ina t ion as a funct i on of the rela ti ve i ncrease

in traffic over a period of years . Expression of these results relative to a

time-phased enhancement level implementation schedule and apply ing the projected

tra ff i c i ncreases for SF0 w i l l  resul t  in  an eva lua ti on of require d SF0 staf fi n g

wi th  no enhancements , wi th  enhancements as scheduled, and with RNAV ove r and above

that.

In a recent study of the influence of (JG3RD features on controller staf f ing

[ 7 ] ,  which is based on the analysis in reference 8, the enhancement features are

qrouped conveniently and assigned a realistic implementation schedule. This

study considered that the basic ARTS III system (leve l 1) will serve as is until

1980, whereupon several enhancements equivalent to levels 2, 3 and 4 are phased into

fu1~ operational status by 1985. DABS/CMA . or level 6. i s then phased i n to ful l

2-47 

- -



- c~-r-r — 
-~~~ ‘r--—- -- ----- 

- 
_ 

- 
— 

~~~~~~~~~~~~~ T 
‘

~

‘ ‘

~~~~~~~~~~

I
- 
-41

U) .4 1D C-to

U) — U)

~~~CD ~~~Q tO N-

CD c’4 ~- U)~~~~~U
C- U) .- U) .- N- —

tO — — U-) N- C)
.
~~ 

.
C—i C- (‘U C- to CU

cr U) — U) — ~o

~~0~ .— C) — CO N-

U) .- U) .- to —

U) CD ~~‘ CD ~-~? LI) ~~~ U) ~~~
. , -  ..- • r —  . r..

(‘U C,) . C , )  . (\J • (‘U
C- N. C- r-~ U) N- U) r-~
—

CD ~ CD ~‘ 4-C) ~~~ U) ~~~ O~~ -~in ~~ • C) • C) . C- . C- • CO
(‘U C--i - ( ‘ U  . C D  • C) • to

o C- N- C- r—. U) r— U) r—~ to to
-1-i ~~~ — — .— -o CD
a~ CD
~/) — U) 0~ — 4~ CC) ~~~ CC) ~~ C- ~-Q

C) • C) . (‘U • (‘U • U)
CD . . Co • CO • •

(4, C - t O  C - to C-N -  C-N -  tO LD
— — —-

U-
C,) ~~ U) ~ 

- - CO - - - - CC) -- N. ~~
• CO • . C) • C) • C,)

— 0) . C) • N- . N- .C,) ~~ C- to C- N. C- N- to to

LC~) — aD co
(0 . .

E 

CU CD CD CC) Co
C- C- C- C-

~~ — - ----
C/) ~~Q~ c’_~ C’~ 0~ C to

~-° (‘U a-’ O~ N- N- (‘-4
C,) C,) C- C- to

0 C — — —

(4,
0. U-) (‘U C- LI) U) tO
(4, • . .
4..) ~- 0) Co It) U) 0)

m C’) C- C- U)

0
CX) 0) tO tO CD

U
a, .— to N- C- C- CO
U) C~) C’) C- C- U)

4.~ >-( >) >-, >4 >4
~~ 4-’ .4J 4-) 4-) 4-)
4— .4.- <:1 .4- . I ~

.- -
~~ ~

.•- ~‘1 — -1
(0 U- U U U 0 0
0) U- (0> (0> (0> 4 , >  (0>

0. < 0. 0. 0. ~~ 0. .~~~44, (0~~~ 
(4, ~

(‘U U) ~~~~~ L)~~~ ~~~~~ L)~~~ 
(~~~~

a, — — — — — ——

~
— ~~4

(0 -.
I— LU

~~ -~i -~LU LU U) -~ V)
L)D. ~— 0, U) — Co

~~ U- O~~ 0. <
E f.-) 0,— — — _

_•
_ —

LU — (‘U C~) C. to

2-48

_ _  ~--~~~~~~~~~~~ ~~~~~~~
- _--



~~~~-— ~~~~~ ~~~~~
- — -

~~~~~~~~~~~~~~
- -

~~~~~~~~ _ _
_ _ _  

~•1

,4-1

— — —~~~~ —~, —~ - —.-
~~~~ 

— 
-‘-- - - - - ~-

LI) (‘U N- ~i CU to CU C- C- C C )  N- tO N- IC) (‘U Co

(‘U CU to.- O)~~~ C)( 0-  c’) CDU)..- LI) .- C O C U  C O C U  t o C -  t o C -  t o C -  N-C-
>— _ _ _ _ _

C- ~~ - 
~~~- i~-° i-- ~~ C- ~~ ~~ ~~C- C- — U) 0 CO 0).- • N- ~~ 0)0) to CU to (‘U It) — U) 0)

(4) • in
(‘U CU C- (4)C- C. (‘U C- 0 0  CU Co C) U) .- U) .- CO N- CU tO

U) .- U) — N- CU N. (‘U — tO Co to C- to C- tO Co N. (~J
~~~~~ — —--- ------ ----- .—- —--- U
CD ~~ ~ C a, C)LC) 

~~~~~ tnto a o  a-~ to (1) .-~~~ U) -  (‘i CC) C’U W t o o )  N- t o

‘- CD C. — C- to CD to Co C ~~- to C- .— N- — N. Co Co C- Co
a, U ) 4  U) LO C’i tO’-  0) 0)  t / ) C o  t o C o  t o C o  tOCo t oC U
(/) — — — — — —  4.)

S.. ~~~
- 

~~~ ~~~
. ~~, S.. -- - -

a, C- — 0) ‘.0 C- (‘U C. 0) N- ~~ :~. 
40 tO CU tO CU It) U (‘U i f)

— tr c’ ~~~~~ ~~~ N. ~~~~~ —
- I a, C- — C- — ‘0 — ‘.0 ~~ Co CO C- CU ~~) Co U) Co U) (4) to (‘U

U- $ --

Li) C- C’) — C- CX) CU CU —
C’J C D  — 0) 0 (‘i tO 0) Co CU

— 
~~ )

— 
~~~.._ ~~~ — ~~~._ 

(0 
- f— ~:_~ ~~~~~~~~~~ ~~ —

Co Co~~~~~~~ C O N -  r~~~~~~~~~C - C -  C) (‘U
E 7 I 4 C- J LO tO ‘- .- Co ~~~~~j t ~) to (0 0) N.

C- C. (0 ‘.0 0) C- C- C- C. U)

~~~
U) — C) CO C N- .— C- (0 to (4)

s — C - U) U) ‘.0 (‘4 ~— C ’ U  C - C -  N- CU
- j — 

C- C U) LI) CO C C- C- C- U)
C).

CD ~- -- 
~~• C c’i CU CC) U)

— — C’) C. C- a--i 0 
— CO (‘U CU C- 0-.

0 — — - a..— s.-— ~~~~— ~~~~—.- ~~~~~~ - — ~2_... f—.- ~~~— !_ ~~~~~4-) a,

>4 >4 >4 >4 >4 U) 
>4 >4 >4 >4 >4

U) ~~ 4-’ 4.4 4-) 4-) 4-) 
~~ + 4~4 4-i 4.) 4-)

4- .4- <3 •s- <1 <3 •s- <3 •s~ <3 — •.-• <4 •4- <3 •s- (0 .5- •4- <3
U- 0 U 0 0 0 U- U U 0 U U
U- (0> (0> (4 , >  (0 >  (43> 0) U. 4 , >  ‘0> 0 >  (4 , >  0 >

.0 C- 0. C- Q. C- 0. C- 0- C- 0. C- CU C- 0. C- 0 C- 0. CC C). CC 0- C-
C) I— (0~~~ • I— (0~~~

~~ l.) ~~ (
~.) ~~ ‘ ~~ CU (I) 4.) C~ 4...) C)~ C.) C$~ C.) CX L)C~~

C.—; — — 
a, — — — — —

a, I— — C- ~~-

— ~~ 
4-, (4, ~~.0 ~~ C-) p... ~jJ i.—4 C-.)

(4, ~~~~.JLU LU U) ~~ ~~ i. ’) Ui Ui 4/) ~~ -~~~C-)> I— 0, -~~~ Co 
~~~ >. 1— C) 4/) CC)

LU U- o~ 0. C- Ui ~~ U- - C-
C- .-i C- C- ~~ 4-) CD c4 ...i C- C- ~~ 4-) 0,
= — — — — -.-- S.- — —
LU — C’i C,) C. ‘.0 w (‘U C’) C. ‘.0

2-49

A



- - - - - 

-

operational status by 1990. Since the enhancement levels consider’~d here are

cumulative ( i .e.,  leve l 4 encompasses levels 1, 2 and 3), the se th ree states

are represented by leve l 1 (to 1980), leve l 4 (1985) and leve l 6 (1990). There-

fore , we shall be further concerned only with those three levels. Since RNAV

equippage is foreseen (for air carriers ) to be phased in from 1982 to 1985 (as

discussed in reference 1) the staffing impact of RNAV may be assessed by comparing

an environment where RNAV is phased into full use by 1985 to an environment

w ith no RNAV partici pation .

In order to illustrate the functiona l relationship between traffic growth

and staffing by sectors , Tables 2.30a, b and c are presented which show staff

assigned to each sector for several values of traffic growth ratio. These

va l ues for staffing are derived for a given growth ratio by multiply in g the

ratio by the 1974 peak day hourl y opera ti ons l i sted i n the ta b le , and compar ing

the require d capacity so deri ved with the available capacities stated in the

appropriate entries in Table 2.29. Where the required capacity is less than the

available capacity stated for a given staffing level , that value is the required

staffing va lue. Where the required capacity exceeds all available capacities ,

the highest staffing value , 2.5 (2.0 for leve l 6), is assigned. In these cases

it should be recognized that either operations rate will be limi ted , or resector-

ization and added controllers would be required to meet the stated operations rate.

The data presented in Table 2.30 are illustrated in more detai l in graph form

in Fi gures 2.6a , b and c. In these graphs the exact break points in traffic

growth factor (rather than even increments of 0.25) are calculated and shown

for greater accuracy . It should be emphasized that the fact that the curves level

out as maximum sector staffing is reached means only that all the capacity increase

available from this sector configuration has been realized , and that a new sector

organization is required , along with more controllers , to serve the traffic

indicated.

2-50



-~~~~~~ 
-

- 
- -

~~~~~~~~~~
‘
~~~~~~~~~

-
~~
-

~~~
- - 

~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - 

- ‘1

.-1

Table ?.30a SF0 Sta ffin (J Versus lr if fic Growth Ratio - -  Level 1

_ _ _ __ _  
~~~~74  TRAFFIC GROWTH RAm) __ I

Sector 
- OPS 10 1.25 1.5 1.75 2.0 2.25 2.5 2.75 3 . O t

Woodside Final 27 1.0 1.0 2.5 - 2.5

Fos ter Fin al 20 1.0 1.0 1.5* 75* 2.5 - 2.5

South Feeder 18 1.0 1.0 LO 1.0 1.5* 1.5* 2.5* 2.5 2.5
North Feeder 26 1.0 1.0 1.0 2.0 2.5 2.5
Sutro Departure 23 1.5* 1.5* 1.5* 1.5 2.5 2.5
Richmond Departuri 38 1.5 2.5 2.5

Subtotal 7 8 10 11 14 14 15 15 15
Flight Data 1 1 1 1 2 2 2 2 2
Total 8 9 11 12 16 16 17 17 17
Manning Factor 1.00 1.13 1.38 1.50 2.00 2.00 2.13 2.13 2.l3~

1 100% RNAV 
_____ 

1974 TRAFFIC GROWTH RATIO
Sector OPS 17~ 1.25 1.5 ~f.75 20 2.25 2.5 2.75 3.0

Woodside Final 27 1 .0 1.0 1.5 2.5 2.5
Foster Final 20 1.0 1.0 1.5* 1.5* 1.5 2.5 2.5
South Feeder 18 1.0 1.0 1.0 1.0 1.0 1.5* 1.5* 1.5* 2.5
North Feeder 26 1.0 1.0 1.0 1.0 2.0 2.5 2.5
Sutro Departure 23 1 .0 1.0 1.0 1.5* 1.5* 1.5 2.5* 2.5* 2.5
Richmond Departuri 38 1.0 1.0 2.0 2.5 

—_ 2.5

Subtotal 
—

~~~~~~~~~ 

— 

6 6 8 10 11 13 14 14 14
Flight Data 1 1 1 1 2 2 2 2 2
Total 7 7 9 11 13 15 16 16 17
Man ning Factor 0.88 0.88 1.13 L38 1.63 1.88 2.00 2.00 2.13

*05 Man Required to Ma tc h Companion Sector
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Table 2.30b SF0 Staffinq Versus lr a f fi c Growth Ratio -- Level 4

NO RNAV 
_____ 

1974 TRAFFIC GROWTH RATIO
Sector 

— 

OPS 1.0 L25 1.5 1.75 2.0 2.25 2.5 2.75 3.0
Woodside Final 27 1.0 1.0 1.0 2.5 2.5
Foster Final 20 1.0 1.0 1.0 1.5* 1.5* 1.5* 2.5 2.5 2.5
South Feeder 18 1.0 1.0 1 .0 1.0 1.0 1.0 1.5* 1.5* 1.5*
North Feeder 26 1.0 1.0 1.0 1.0 1.0 2.0 2.5 2.5 2.5
Sutro Departure 23 1.0 1.5* 1.5* 1.5* 2.5* 2.5* 2.5 2.5 2.5
Richmond Departun 38 1.0 1.5 2.5 2.5

Subtotal 6 7 8 10 11 12 14 14 14
Fli ght Da ta 0
Total 6 7 8 10 11 12 - 14 14 14
Manning Factor 0.75 0.88 1.00 1 .25 1.38 1.50 1.75 1.75 1.75

100% RNAV 1974 TR AFFIC GRO W TH RAT IO
Sector 

- 
OPS 1.0 ].~ 5 1.5 1.75 2.0 2.25 2.5 2.75 3.Q

Woodside Final 27 1.0 1.0 1.0 1.0 2.0 2.5 2.5
Foster Final 20 1.0 1.0 1.0 1.0 1.0 1.5* 1.5* 2.5 2.5
South Feeder 18 1.0 1.0 1.0 1.0 1.0 1.0 1.5* 1.0 1.51
North Feeder 26 1.0 1 .0 1.0 1.0 1.0 1.0 1.5 2.0 2.5
Sutro Departure 23 1.0 1.0 1.0 1.5* 1.5* 1.5* 1.5* 1.5* 2.5
Richmond Departur- 38 1 .0 1.0 1.0 2.5 2.5

Subtotal 
- 

6 6 5 8 9 10 11 12 14
Fl i ght Data 0
Total 6 6 6 8 9 10 11 12 14
Manning Factor 0.75 0.75 0.75 1.00 1.13 1.25 1.38 1.50 1 .75

*Q5 Man Required to Match Companion Sector
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Table 2.30C SF0 Staffing Versus Traffic Growth Ratio -- Level 6

NO RNAV 
_____ 

1974 TRAFFIC GROWTH RATIO_____ ____________

Thector 
—— 

OPS f i~~~~~ 1.75 2.0 5 2 .b 2.75 3.O~
Woodside Final 27 1.0 1.0 1.0 1.0 1.0 2.0 2.0
Foster Final 20 1.0 1.0 l .~ 1.0 1.0 1.0 1.0 1.0 2.0
South Feeder 18 1.0 1.0
North Feeder 26 1.0 1.0
Sutro Departure 23 1.0 1.0 1.0 1.0 1.0 2.0 2.0
Richmond Departur’ 38 1.0 1.0 2.0 2.0

Subtotal 6 6 7 7 7 9 9 9 10
Flight Data 0
Total 6 6 7 7 7 9 9 9 10

- 

Manning Factor 
— 

0.75 0.75 0.88 0.88 0.88 1.13 1.13 1.13 1.25

100% RNAV 
— 

1974 TRAFFIC GROWTH RATIO 
—

Sector 
____ 

OPS T.o 1.25 1.5 1.75 ~Jl_ 2.25 2.5 2.75 3.0
Woodside Final 27 1.0 1.0 1.0 1.0 1.0 1.0 2.0 2.0 2.0
Foster Final 20 1.0 1.0
South Feeder 18 1.0 1.0
North Feeder 26 1.0 1.0
Sutro Departure 23 1.0 1.0 1.0 1.0 1.0 1.0 1.0 2.0* 2.0
Richmond Departur 38 1.0 1.0 1.0 2.0 2.0

Subtotal 
— 

6 6 6 7 7 7 8 9 9
Flight Data 0
Total 6 6 6 7 7 7 8 9 9
Manning Factor 0J5 0.75 0.75 0.88 0.88 0.88 1.00 1.13 1.1 3

*Needed for Whole-Man Increment
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F igure 2 .6c ~ay TRACON Staffing Requirement - Level 6

A t this point it is desirable to approximate the trends shown in Figure 2.6

with linear or quadratic relationships so tha t useful , easily applied funct ional

relat ionships of staffing to traffic are available for extrapolation of the

staffing requirements to other terminals. In the curve fitting process , the

final (highest traffic) data points have been omitted since they represent the

regions where the controllers are saturated . For example , in Figure 2 .6a data

u p to a sta ff i ng level of sixteen , but not seventeen , were inc l uded . Even

though the re lationships appear reasonably linear , quadratic fits were tried ,

al though the results were not good when extrapolation beyond the range of the

data used was done . As is common with second order curve fits, mi nor changes

in the data se lec ted for inclusion wi ldly change the nature of the curves in

the extrapolated region . With linea r fits this does not occur , and so linear

relat ionships were selected here . The results are shown in Figure 2.7. For
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Figure 2.7 Linear Relations of Staffing to Growth Factor

purposes of example , the RNAV percent reduction at a traffic growth factor of

2.0 are shown on the graph. As would be expected from the results shown in

Fi gure 25 , the RNAV impact is largest at level 4, and smallest at level 5. It

is siçnificant to recognize that this result has an additional interpretation ,

however , when viewed from the standpoint of the additiona l traffic growth allowed
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for a given staffing factor as a result of RNAV . For example, in the level 1

case 4t a traffic growth factor of 2.0 the staffing factor is 1.874. In the

level I PNAV case the traffic growth factor will reach 2.2/3 before an equiva lent

staffing factor is reached , an incr ease of l 4~ i n traff i c growth for the l 3~

staffin g savings. The results for the three cases are as follows :

Level RNAV_Staff_Benefit Equivalent Traffic Growth

13% 14%
4 19% 2 1%
6 9% l6~

Thus , even though the magnitude of the basic RNAV benefit in the level 6

environment is only 9%, it allows a traffic growth factor increase of l6~ ,

which is even greater than that available in the level 1 environment.

As an example of the app l i cat ion of the trends in Fi gure 2.7, an evalua tion

of the overall RNAV staffing savings for Oakland Bay TRACON is given in Table 2.31 .

The traffic growth data is taken from Table 2.32. The 1976 staffing for the

Bay TRACON is 51 which does not include support and data systems personnel ,

but does inc lude those invo l ved in controlling traffic other than tha t operating

at SF0 (which is a considerable amount of traffic). Listed in Table 2.31 are

projections (at five year intervals) of the required staff, based on the traffic

(1rowth data in the ~e ond column and the projection curve fits in Figure 2.7 , for

levels 1 , 4 and 6, with and without RNAV . As may be seen from that finure , the

stra ight line fit for the Level 1 case does not cross the Staffing Factor axis

precisely at 1.00, but rather somewhat below that ficiure . In order that inter-

pretations of the enhancement level and RNAV effects will not be biased , the staff-

ing projected from Figure 2.7 for 1976 (45), rather than actual staffing (51), is

l isted in Table 2.31 . From the various projections in that table phased staff pro-

jections are assembled in the last two columns corresponding to the assumed implementati on
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Table 2. I Bay TRAC ON St a t  f ng P r ojt ’  I I

Year iraffic level I Leve l 1 t .eve l 4 L eVe l 4 Level 6 Level 6 Phased Phased
Growth Staff • RNAV Sta f f  +RNA V Staff + RNAV Sta f f  + RNAV

1976 1.0 45* 45 45
1980 1.1 ? 51 4 1 .~

) 51 51
1985 1. 21 56 45 4? 39 35 42
1990 1.28 59 48 44 34 40 35 40 35
1995 1.31 61 50 45 40 36 40 36
2000 JJ5 4’ 3(~ 36 41

year savings over Level 1, Man-years _______

19 year RNAV Savings over Phased Staff Withou t. RNAV . Man-years 104

Adjucted Usi nq Fxtr apolation Relationshi p

scenario discussed above , with and withou t RNAV + 4D impact. Below the ‘ Phased

Staff’ (non-RNAV ) column the tota l man-years of staff savings from 1981 to 2000

in compar i son to the “Level 1 Staff” (nominal) case are listed . These were

derived by l inearly interpolating to get sta ffing projected for each year in

each column , and calculatin q the difference for each year. The total man-years

projected in the Level I case over the 20 years is 11 71. so the savin gs of 336

amounts to 28./~ attr ibutab le to the phased implementation of the enhancement

levels through Level 6, whi ch is of course very significant. Of even more

sign if icance is the fact tha t the enhancements ac tually stop and reverse the

staffing growth trend inev i table withou t UG3RD enhancements . The further

henpf it due to RNAV was derived similarly through linear interpolation , but

where RNAV capability was phased in uniformly from 1982 through 1985. The 19

year staff savings in man-years due to RNAV over and above the Level 6 enhance-

ment is 104, which amounts to a l2. 5~ add itiona l savings over the phased

enhancement case .

2.1 .3 Impact oJ ons et’ T~~nty-six TRACONS

A projection of benefits due both to the phased implementation of the

(JG3RI) enhancements and of RNAV + 40 capability has been performed based on the

IIh . 
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trati i t  I O ) t ’ t t i O f l s  t o n t a  i neti in 1,11)11’ .‘. t.’. Al s o l is ted in th a t t ab le  art ’ the

1976 base T RACON staff sizes t or ri’ t ert~nt t ’  . I he met. hod emp I oye’d in roje~ t i ii~

results is ident ical to th at ju’.t th’s ribt’d for the Oak land t~a’,’ IRA I’ON . Annua I

results for three ases ( i. ont inued level I .ipab Ii ty ptia ’.ed ~wp h’ii~ nt at hill Ii i
p

Level 6, and level t~ plu s RNAV and 41) apab iii ty) are ii st e ’ d in I abli’ .
‘
. 1~ I Ii~

v~ Iue I or 19/b stat Ii ng was adjuste’d us i uq t hi’ I evel 1 urve fit re hit le l lisli p.

as was done Lw fore for the Oak I and hay 1 RACON e ~,i up it . . 1 hi’ q ~ J t o t  a I RNAV

~40 sa v uqs over the 19 years i t  i s In t’ t t e’u t amount s to 3/1 5 ma ii years I

these twenty — s i x termi na 1 areas . At an a nnua 1 19 / S w~i~e’ and beiie t i t s e’. t 1 0,1 t e

of $24 . 195 per control 1 ri / . this amounts to a toLl I ‘~av iliOs of $9.’. I ni 11 iou ,

or a 19/ti present va I or equivalent. o I ~.‘3 .8 mi ll ion a I a 1 ft~ d i scoun t ratt ’ -

Standard fAA sta t I i og formulas prov I tie t or add it I ona 1 support persoliiit’ I routjh 1 ~

in proportion to the cont.rofle’r s t a f f  ‘~i:t’ ( th is  is d iscus sed In retereii~ i’

T he’ propor t I tma 1 i t y t ons Lint Is about .‘ ~~~ . It t hi s c on t. i nut’s 1 o ho 1 ci true’ ii

the IJIURL) eiiv I ronment. then st a It say I Otis would be i ~~~ ~~~~~~~ ,~~ ~~~~ j,~q ly
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Loii tru l l.’r Sta t I incj f ,‘~~

I RACON I ra I t it  I eve I Rat I o 1 9 ‘ti
(Major Airport s tu 19Th (t~ e Controller
Served ) 1480 1985 1990 1 I)t)i~ 2000 Staff

JR ‘ 1~ A • IWR 1 .18 1 .40 1 .‘a~ 1 .59 I .tI
PHI 1 .~’5 1.40 1 . 4 1 1 .4 1 1 .4 1 51
DCA 1.05 1. 05 1 .05 1.05 1 .05 48
MCI 1.19 1 .4b I. /.t 1.95 ~‘.O9 3;’
511 1.16 1.1 9 l . .’U I .;’2 1.24 39
BOS 1.1 9 1 .41 1 .44 1.49 1.49 41
ORD 1.04 1.04 1.04 1.04 1.04 8/
CII 1.24 1 .39 1.43 1 .43 1.43 31
01W 1 2’ 1 1’ 1 ~~~

‘ I ~2 1 L’ 58
MSP 1 ‘5 1 56 1 90 2 2” ‘ 55 31*
IND l.~’/ 1 .59 i:i;’ 1. 1.’ 1. 1? 40
SIA 1 .18 1.43 1 . 8;’ 2.19 2.54 32
LUN 1 .14 1.22 1. 23 I .23 1 .23 3?
Al I. 1 . 22 1 - 38 1 . 38 1 - 38 I . 38 5 /
CV CI 1.2 3 1.64 ~‘.16 2.66 3.16 20
MIM 1.24 1.63 ;‘.13 .‘ .37 2.46 31
MIA 1.24 1.59 1 . 80 1.80 1.80 45
TPA 1.29 1.10 2.1/ 2.6;’ 3.08 39

DAL + DEW 1. 14 1. 3? 1.4? 1. 4? 1.42 71
MSY 1.22 1 .S2 1.83 2.13 2.40 15 . ~

LAS 1 .21 1.29 1 . 33 1. 36 1 .40 27
LAX 1.23 1 .73 1.23 1.23 1.23 4 1

OAK + SF0 1.1 ? 1.71 1 .28 1.31 1.35 51
1 - :14 1 - I~? 1 - /3 1 - 73 I .73 3t

PIT 1 .71 1.3/ 1.47 1.4/ 1.5;’ 31
t All 1 .21 1.48 

, 
1.17 1.90 2 .03 35

- V 

TOTAL 1146
_______ 

Adjusted** To tal 1008

*19/4 Value ; 1976 Value not av a i lab le
**Ljsinq l~ trapo1ation Relat ionship
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Table 2.33 RNAV Impact at twenty -eight TRACONS

Year Level 1 Level 4,6 Level 4,6

_______ 

Staffing (Phased) + RNAV

• 1976 1008* 1008 1008
7 1063 1063 1063
8 1117 1117 1117
9 1172 1172 1172

1980 1226 1226 1226
1 1267 1194 1194
2 1308 1161 1102
3 1350 1129 1010
4 1391 1096 918

1985 1432 1064 825
6 1461 1045 813
7 1491 1026 801
8 1520 1006 789
9 1550 987 777

1 990 1579 968 765
1 1595 972 769
2 1611 977 774
3 1627 981 778
4 1643 986 783

1995 1659 990 787
6 1674 994 791
7 1688 998 795
8 1703 1002 798
9 1717 1006 802

2000 1732 1010 806

Tota l 36584 26178 22463
Savings 10406(28~) 3715(14%)

*Adjusted Using Extrapolation Relationship
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2.2 INROUT[ CONTRO LlE R PROI)UC1 ~VI IV ST LJ I)Y

This section presents the an a lys i s  of the iiiipac t of RNAV on enroLit e control ler

workload and product ivity , includin g an eva luat ion of the projec ted staffing

impl ications . As Wd s done in the termina l area case in Section 2.1 , this analysis

was performed presuming an environment where the other UG3RD enhancement programs

are being implemented in an orderly manner according to a reasonable time schedule.

In order that the schedule used may inc l ude the phased implementation of RNAV and

other UG3RD features , the impact of RNAV was assessed as each successive major

LJG3RD fea ture is i ntv o duced , independent of scheduling . This would allow overall

RNAV impact assessments to be made for any reasonable schedule scenario, and not

be limi ted to that particular scenario used in this study . In the first subsection

below the enroute environment is analyzed and the impacts of RNAV and the other

UG3RD features are derived . Staffing impac t is derived for a sample set of nine

sectors . The remaining two subsections extrapolate the results first to a

comp lete center , and then to all CONUS centers , and express the results in

dollar terms .

2.2.1 Enroute Workload and Cap~~i~y Effects

This section is divided into three parts, the first of which discusses the

philosophy behind RNAV impact evaluation , the second presents the actual

computations of sector workload and capacity , while the third interprets these

results in terms of staffing requirements.

Effects of R~~V and Other UG3RD Features on Contro ller Workload

Inroute control responsibilities are divided into sectors which are defined

in terms of geographical boundaries and altitude limits. However , there are

severa l categories of sectors which differ in terms of the functions performed

and the types of traffic handled . The two basic categories are low and high
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altitude. In grea ter detail , s.s tor types include high altitude enroute, hi gh

altitude transition (arrival or departure), low altitude enroute , low al ti tude

arrival or departure , and oceanic. The basic tasks which contro l sector team

members perform have been analyzed in detail by SRI in references 5, 6, 22 and 23.

Many of the data collection and analysis techniques utilized are similar to

those used for terminal workload analysis , as descr i bed in Section 2.1. Reference 22

presents an analysis of Los Angeles Center operations , while reference 5 presents

an A tlanta Center anal ysis. The Altanta analysis was selected as the basis for

this study since it is probably more representative of a typical center , and

since more types of sectors were analyzed in that study. Two basic sector

staffing configurations were evaluated in the Atlanta study. First , a 2.5

man sec tor , cons isting of radar controller (R), a data controller (0), and an

assistant (A) who is shared with another sector team , and then a 3.5 man team ,

where a tracker (1) is added , were studied . The R-controiler performs air!

ground coimi’jnicatjons , some data input/output operations (flight data processing !

radar data processing -- FDP/ RDP), some fli ght strip processing operations ,

surveillance tasks and conflict processing. The 0-controller performs most

FDP/RDP operations, some flight strip processing and all interphone communications.

The assistant delivers fliqht strips for the sectors he serves. When the tracker

is added , he ta kes over t he FDP/~DP operations and flight strip processing,

while the D-controller handles interphone coninunications and assists the

1-con troller. SRI analyzed the 3.5 m an team as a means of inc reasing capac i ty

by adding personnel other than by splitting sectors. This was found to increase

capac i ty somewhat in the base NAS Stage A case , but di d not have si gni ficant

effects after the UG3RD enhancement features were added .

The SRI analysis technique breaks workload down into the categories of

rijtine . surveillanceand conflict processing tasks. This is similar to the •

a - — 
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termina l case . However , it was found tha t the sec tor workload ca pacity l imit

.ould be determ ined not only by t V hO 48 nan -minute per hour R-controller

sa tura tion l i mi t , as in the termina l case , but also by an R/D—controller team

limit of 66 man-minutes per hour if that limi t was the greater constraint.

In the analysis of seven study area sectors , most were capacity linilted by

R-controller workload , although the R!D-contro ller team limit applied in the

case of one sector.

Routine event categories and minimum performance time estimates derived

by SRI (particularly in references 6 and 22)are shown in Table 2.34. The event

categories are similar to those used in the termina l area case (see Table 2.4)

except that Data Entry/Display Operation becomes Flight Data Processing/Radar

Data Processing Operation (FDP/RDP), and Face-to-Face Comunications is called

Di rect Voice Comunications. The event categories and detailed events are

tailored to the enroute case. The routine event times shown are sector team

man-seconds. The routine event frequencies were measured for the seven sectors

listed in Table 2.35. These sectors are those at or near the Atlanta termina l

area and represent a reasonable subset of the total of 41 sectors in the Atlanta

Center. Routine team task time per aircraft for each sector is found by

sunining the products of the event frequencies times the performance times. The

resulting combination of total routine task time , surveillance time and conflict

processing time defines the workload at that sector. By determining the

relationship of workload to aircraft handled per hour , the sector capacity limi t

may be determined based on the 66 man-mi nutes per hour team workload limit

criteria.

R-Controller surveillance workload is determi ned the same way as in the

termi nal contro l case , and the results are sumarized in Table 2.36. R-controller
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Tr af f i c In itial p tlot call- in I. I S
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V 
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eo l n t , . t  Poin to~ t acceptanc.’ 7 8 15
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5 6 11
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6 ii
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Fli ght dare upd a te 3 3
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Table ~‘ 3 5

ROUTINE EVENT FRI QUENCY ESTIMATES
ATLANTA CEr4T[R , 2.5-MAN SECTOR TEAM

SYSTEM IA- -NA S STAGE A RASI.

bol l • C.at el I COt C 
m o e  ~

e:ar
~~.105 lv ~ 

I 

~ 
Itlon A 

1~~v

— 
( 3 6 )  ( 37 )  (38)  - I . ) )  . .)  (46 )  ( 5 7 )

&jia ton,,a Cro..vitlr 
13

80r1h Nor to.. La ster Coserce 
M l ,

C l,al 3..ti.diclt.as craasfa,
~~~a.1t aerspiamo . 1.0.) 3.00 1.00 1.00 1.00 1.0.) 1.00

PIt~~6i dale vSd~ t C 5 0 0 0 0 0 0 0
l.t.,,.ctot r n.,tdI natie 13 0 0* 0 . 1 3  0 .12  0 P II 0.99
Nov 10t5h1 sltl p p..p.rall.S ID 0 1) 0 (3 0 0 I) 0.09

5,.dotI l.tct.tton - .ul~~~lll , 3 0 .”, 3) 11 0 0.79 0. 40 ( 1 .20  (1-1 14 V

Nanv.l (.ttiati.m—.ti.al 3 0 .75 0. 113 1.00 0. 71 0.60 0. 7’, 0 .81
tnl~~r..cte, ,so,dt.atIon 13 0 0° 0.19 0.04 0 0.58 0.55

Iseif 1’ .ltvnt..rI.t 5
1.itI.l pilot c.I1-I a 3.00 3.00 1 .00 1.00 1.00 1.00 3 0 0

V ( t ~~ht  4.1. a ltit u de i ..rt 4 0 0 0 0 0 0 1 7  1 .0 4

A l ’ l t r.dS t . .Slrvt l lOn 4. 1.04 3 .48 1.19 1.47 1 .9’, 1.08 1.00

111 5k( data .iI ltad. ~~~~~~~~mt 3 0 0 0 9  0 0_ se 0.10 0 0 .1 8
ta I,,..rt,. ,,.ordinaLlol. ii 0 0.25 ° 0.06 0.18 0.25 0 . 7 .  o .:,

se41..4 Inaln .etI,n I 0.10 0.65 1.31 0.82 0 .3 0 0. 1 ’ 0..’,
1315h1 da t a  . ..., t ,  ~~~md..ml 30 0 . 3 7  0 . 13  0 0 0 0.08 0_ o p
It ’ I,r..rtt ’t ,t.o,.Iifl.. ItO.5 3 3  0 0’ 0.04 0.01, 0 0 0 .04

Spe .4 IOltIueli.O 1 0 0 0 1.00 0 . 25  0 0
lot..s.~ tot ,.,or Uta l  lam II (1 0.13 ) ’  0 0 .12 0.10 0 0

£Itl..’ .r . d l l  t , . r , u , l t a m  4 0 0 0 ’ S  0.94 0 0 5 0 .18
Iam’°4t •oeI~~~.tt I,stn.r l io~ 3 0 0 0 0 0 0 0
P1 1. -I .?tIl.d r e p o r t  7 0.11 0 .10 0 7 5  0 . 87 0. 40 0.4~ 0. 45

P1.~ I.t d ata a l l i t a d . Ins ert 3 0 0 0 0 0 0 0
PIl ot I,s.dtO5 l.pntt 1 0.08 0.24 , 0 0.41 0.15 0 .6 7 0.64
Pi lot speed t .port 7 0 0 0 0 .24 0.10 0 0.09
Ttaffic sd.l.ory 4 0.41 0.17 0 0.06 0.30 0 .12  0.09
Tramapond., tad. •s.l~~.~~~nt 4 0 0 0.19 0.18 0 3 .00 0 .12

ViI ~~h t dal d cs-I. S 0 0 0 0 0 0 0.18
*ae.i,a,,.o.. -. 4 / V . ,~ of.4 t ~ alt~~ 5 0 0 0 0 1 . 05 I O O ~
Pse~v..mc~ ..I..n~~. I ,Slt . ,Cl iem 5 1.00 1.00 1.00 1.00 1.00 I 1.00 1.00

int .,aa,.let . .. ,rd$e,t lam 10 0.0/. 0* 0 0 0 0 0

P13.11 t19,eIl
£ltllod e revl.ls .t 8 0.08 0 . 3 7  0 (3 .24  0.05 0.17 0.04

VIL ~ s. dat a .(tit..d. o.~~.nl 3 0.1.14 0.3 ) 0 0.18 0.01 (1 0
1i,t.t.ecior tomt l~ n.tIna II 0.04 0. 0 0.06 0 0 0

~~~ l.(I.a.dlt,a r.,I,IOI, II) (3.01 0 0 0 o. o s 0 o
Pi t$P.l da ta  b y te a~~nd.enr 30 13 .04 0 0 0 0 0 0
latsrS. ~ l,r rno.41. altom 14 0 0.0Sf 0 0 0.05 0 0

Speed ~~~~~~~ 
8 0 0 0 0 0 0 P

C&sa r ..,cs deil ’..vy 20 0 0 0 0 0 0 0.09

Mi.r,Ilaseov. pit., r q...at 8 0 0 0 0 0 0 0

Plislau t
P 1111 55,l t~~.p l .nce iS 0 0.13 0.06 0 0.05 0.08 0
Pt. bloc. svppre..ioIs 1 0 0.23 0 0 0.05 0 0

PsIatovi t,,ltiaclan 70 0.04 0.09 0.44 0.18 0 15 (3 0 .38 V

8...cei tsleta. ctor coordlOa tlo.
C.slroi insItoctios approru l 11 0.08 0.309 0.56 0 .3 5  0. 30 0.58  0 .36
P1~~,,to advisory II 0. 08 O.10 0.1) 0.24 0.10 0.33 0
Ad reraft italy. advlaorp II 0.08 0.10’ 0.2) 0.18 0.10 0.08 0.50

~~~~losi ~.t l . d t . t Ion ~Jvleoty II 0 .13 0.00 0.19 0.29 0.03 0.17 0.28
C1.s,ovr . ,l.iiwr ~ .79 0 0* 0 0 0 0.08 0.38

Pi lihI ‘Ia,. t.(S414tC 1 0 0 0 0 0 0 0 . 38

G eal ,,.lea npefat lSs
P1i~ rrv la b,  •sllaa t• updat e 4 0.29 0.48 1.00 0 . 55  0 .10 0. ’0 l . i8
st~ 1,1ocI./I..dst 11.5. o f f s et  2 o 5.7 7 

~ • 5 ~
? 

~~~~ o.,o ~ o. So t o.sot  0 .50 ~
Pt. ~~~~~ foe—*nt/re.o”al 3 3 (3)7 1 00~ I OO~ I.00~ 1 001 I 3(1* 1.00~
Ittsl.ll.,. s dale pelv ic. I 0 .75  rl.04 0 0.12 0.1% 0.09 0.36

8iI~ ht s r r l p  ssqv en.’1n 9/reasvil 3.O0~ 0 .00~ 3.0O~ 3.00~ 5.00~ *00 * 3.OO ~
Ie.. lp~~ ot u43’ .s t . .nt  I 0 . 3 ( 3 1 0. 1O~ 0 l0~ 0.50~ 0.10 0. IO 7 0 .10~

(0411, a. .4 sal... es t  iaa t .d. •ss ~~~ ’I id.,,t 3. .1 to SectOr 67 ~ f II.. At l~ n ta Ce,,.,

‘ i..dlcpt ..I oslo. .,t lmatel . 6.5.4 Ost d.t. prevln...Iy co i lCOled at the lats M~el.o Cent p r sod ‘n A tl an ta Center ob l.rv.tions.
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Table ?.3~

R CONTROL LER SURVEILLANCE WO RKEOAD WE iGHTING . IIY SECTOR
ATLANTA CENTER , 2.5-MA N SECTOR TEAM

SYSTEM IA--NAS STAGE A BASE

Aircraft Average Surveillance
Sector Transit Time Workload Weigh t ing*

(pin) (ma n -s e c/ a i r c r af t)

High enroute (36) 20 25

Departure transition (37) 21 26.25

D’iparture (38) 12 15

Arrival. (41) 19 23.75

Arrival transition (42) 18 22.5

J~~.j arrival. (46) 21 26.25

Lo i enroute (52) 14 17.5

*Based on 1.25 man-ser.onds per aircraft-minute

conf l ic t  processing work load has been estimated for each sector based upon the

rou te geometries and relative traffic densities involved , wh ich are used to

compute conf l ic t  frequencies (Table 2 .37) ,  and measured conflict event perform-

ance times (Table 2 .38). Note that the time required to resolve crossing con-

f l i c t s  is twice tha t required for overtakes. This results since radar vec tor or

altitude changes are involved , which require two sets of instructions: one to

resolve the conflict , and another to return the aircraft to the original flight

plan. Total R/D-controller team workload per aircraft is then the sum of the

team routine workload plus the R-controller workload categories of surveillance

and conflict processing. Since the per aircraft conflict processing workload is
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Tabli’ ? . ~/

E’ IT!MATED FREQ UENC Y OF CONFLICT EVENTS PER SECTOR
ATLANTA CENTER , 2.5-MAN SECTOR TEAM

SYSTEM lA -- NAS STAGE A BASE

Conflict Event Frequency F ; I C t O I

Sector [(co~ flicts/hr)/(ajrcraft/hr)
21

_________________ 
Crossing Overtak~~~g_

High enroute (36) 4.8 X 1O
3 

0.9 X 1O 3

Departure transition (37) 4.4 X 1O~~ 0.5 X lQ~~

Departure (38) 0 0.7 X lO~~

Arrival (41) 2.7 X lO~~ 6.6 ç

Arrival transition (42) 3.5 X 10~~ 5.8 X ~~~~ 
‘

Losi arrival (46) 6.6 X lO~~ 0.7 X

Low enroute (52) 5.3 X 1O’~ 4.3 X l0~~

Table  2.38

CONFLICT EVENT PERFO RMANCE T I M E  ESTIM ATES
ATLANTA CENTER , 2.5-MAN SECTOR TEAM

SYSTEM 1A- -NAS STAGE A BASE

N in ir~um Task
Performance Time ’~ Hinit ium Event(nlan—secf task)

Conflict Event ________________ ______________ 
Perfomance

Tin e
Detection .Resolution (man—sec/event)

and Assessment

Crossing 20 40 60
Overta king 20 20 40

on d..ita co l i e c t s ’d at the Los An ge les  Center  and observations of
A t l a n t a  Center  operat ions .
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funclion of t r a f f i c  dr ’nsity , ove ra l l  t.eaiii workload is a quadratic funct ’on of

t r1if I Ic th~ri~, I ty. Therefore , in orth,r to determ ine the team capacity us~nq the

66 man-minute cr i te r ia , the quadratic must be solved .

Sec tor capac ity based upon the R-controller workload limit of 48 man-

minutes is accomplished in a similar way, except tha t the routine events

actuall y performed by the R-control ler have been isolated ; the resu1ting event

performance times are listed in Table 2.39. The routine event frequency data

in Table 2.35 are then multiplied by these new performance time s and summed

to y ield R-controller routine event workload per a ircraft. This is s ummed

wi th the surveillance and confl ict workload factors , as before , to get tota l

workload per aircraft , from which sector capacity based on the R-controller

limi t may be calcula ted.

Each of the three workload categories was analyzed to determine whether

there would be any impact in work load to be expected due to an RNAV environment.

In the case of the routine task category , a survey of potentia l data sources

from which such RNAV impacts could be de termined was made. Recall that the

New York rea l time simulation s tudy [9] was used for the terminal area

analysis of Section 2.1 . It was shown , for examp le , that  t he existence of an

RNAV rou te structure reduced routine latera l control instructions (vectors )

by factors of 6O~ to 85% and routine altitude instructions by factors of

48% to 94% (see Table 2.18). The only data source of any simi l arity found

was aga in a NAFEC real time simulat ion , but of enroute/transition sectors in

the Chicago area (reference 24). Significant reductions to communications

workloa d were demonstrated in this study . However , because of the design of

the experiments (common route structures were not used , as they were in the

termina l study) and limitat ions to the data collection and analysis techniques
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[able ? .  ~()

R- C ON T F~OLLLR EVENT MINIMUM PLRI ORMANCI TIM E ( ST I MATUS
?,‘-MA N ‘~ CTOl~ 1 1 A M

SYSTEM IA- -NAS ‘~IA~I A RA SI

‘l i i i  t i l l  lat k I’ d b u t t - .  , 3 1 ” , ’ Itli,Irn.ui*
I -  , t o o l  1 , 1  I s . - t -  It. $1 11 1 ,1 I .uII 1 ,1,1

0 I I I i

- Flig ht bnru’ r - D i rect  Time
1 vent ,~ 

A/ ( lid /11w st ip phone Voice (men—~ ec/
Iun ~~ ion Supplem en t a l ~~~~ at ton a,~ ton 

Ftu - to ia,u nt- Co~~ u~~t --  event )

- - - - - - - -  - .  --  
- 

. - - ~~~~~ S~~2° ~~!~ °a
Co n trol Kend olt ac~~ep tanc e
).u r i td i c t ion  Fl igh t data upda t e
t rene fir Lnter. . c to r  cou ’ rd t nat ton

Ncv f l i gh t  d r i p pr.pa,-~i I1.~i~
I4.andoff i n l t t .* t i on—a u t o m at lc

Mai,u t I m i t  ta t  to n .1 lent
In tetu p et or cou,I tn. i tion 1 3

t t m t t i c  Initial pilo t c a L l - i n  4 1 5
e t r ~s c tur tng Flight d.t t a l t i tude b een 1 1

Al titud e 1~~~ t t u c t  Iou 4 2
Fl ight ,beta a l t i t ude  am.ndme,,t
Intet . . r to r  coordin atio n 3 3

lt.adLn~ ine tructi on i 2 1
Flig ht dat e aa.nd..nt
in ter uector coordi na tion I I

Speed t n e t i u c t t o n  5 2 1
let.re.c rot coord inatio n 3

£l t L..r.t ~~~~~~~ inet ruc t ion 1 6
Runway a.eLg nl..nt Ine t r uc t i o n  I
P i lot  a l t itud e r epor t S 2 7

Flight da ta a l t i t u k ’  iiin.rt
P i l ot  heading r eport 2
P i l u t  epeed report 5 2 7
T raUi c advi cory 4 4
Transponder cod. .. ~~Lgncsent 4 4

Flight dMa code amen,b.ent 2 2
Pllateilai .eoua A/C cooruiii ,.~t ion ~ S
Frequancy change inst ruct ton 1 5

ln tsr..ctot coordination I 3

PLl .’t Al titude revision It lb
req uest F light data alt itude a~ c ndme nt

lnt.re. c ror co o rdinat ion 3 3
Rout ./h.ading ,evleion H 1 IC

Fli gh t d u e  rout. amendment
tn t.rp.cpoz u- oordlnath,n 4 4

Speed ~ev t,ion 6 2 $
Cise ran c . I c l I v e l y  20 2 72
Hi•c .LLan.oo ~ p ilot r..1tld,~t 8

Poin ,o . , t  P.,t nto ut ac ce ptanc e 4 4
Da te block e u p p l e l e t I n

Poi ntout InItial 1110 4 4

I~u~neral ControL in s tru c t ion ap pto v ai  3
t n t * r i e c t , , y  Plannin g *dvI~~o ry 1 1
c ,o rd tnation A i r c r a f t  t . t 4 t o .  adv i cory I I

Co nt io l  j u r is d ic t i on  advis o ry 3 1
Cl earan ce d e l i v e r y  3

P l i ght tjj t .~ U p t $ l t t.

( - ‘ nerd F l i g ht d a ta  . ‘ ‘ ut t .l t l  l tpda t e
.s it .’m Dii .~ b lo ck / I ,- .,ier I l n i  o i l - u t  2 2

n- ~~r , t  ton D.,tn block ( o t c i ng / r e m ov i l

~t I C L I’ I Ianpn,,, t I l l  -, ‘~~% l I t’

II i ght a t t ,. CequtI nc I ng/ i u’mov i I

—— - — - 
b.~~lipnv nt i l  ~u,tnent I

J
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ava i l  able , it was not poss lb 1 e t o  ~~‘para te those coiimiUn i cat ions which were

n~ de for con f 11 c t resolUtion purposes . Of course , this di st li l t I iOU IIIUS t bi’

made In order to compute RNAV work load/u 1ipac i t.y I IIIIkfl t II’ I 11(1 thi’ SR I I t~c ho i ques

However , since con f 1 Ic t Impac t da t a i s a V a i l  ab It’ from i t ’  t t I t ’ I t t  t~5 ~~~~ ti 1 ti fi

alt itude fast—time simulation study ) and l~ (which conta ins a summa ry of

confl ict resolution opt ions),  it was decided to u t i l i ze  tha t data for the

conf l ic t  processing part of the SRI methodology , and to resort to ana lysis for

determining any possib le ef fects  on rout ine tasks.

Each of the major routine contro l event categories was exam ined to

determine any l ikely RNAV impact categories. It was fe lt tha t there would

be no RNAV routing impacts on the Control Jurisdiction Transfer process (see

Tab le  ‘ .34 ) since sector boundaries woul d be crossed in the same manner as is

presently done, With respect to the Pilot Request category , no revision to

the probability of route or a ltitude amendments would be expected . Neither

wou ld Pointouts , Genera l Intersec tor Coordination or General System Opera t ion

be signif icantly affected. The Traf f ic  Structurint i category may , howeve r , be

ti t t ’cted since It is in routinq and t ra f f i c  structur lnq tha t RNAV diff ers

primaril y froni convent iona l neiviqct t ion. W ithin that category the basic

events were analyzed. The Ini t ial  Pi lot. C a ll-in event would be no more

affected than Genera l Intersec tor Coord ination . Since a lt i tude and speed

assignments are not a part of an enroute RNAV route definition , those event

t ype s would not be affected . By the same reasoning , neither woul d the Pilot

A l t I t ude  Report or Speed Report. Likewise , the informa t iona l se rv ices such

I ,  A l t i me ter  Set t inq , Runway Assign ment, Transponder Code , Mi si t’l laneous A/ G

foordi nat ion and I requency Change Instructions would not be a f f e c t ed sill ct ’

t’nroutt’ I ()( 1tlnq informat ion is not invo lved . The remaining i-ateqor ie ’s include ’

t(- i f f l l  Advisory , Heading Instruction and Pilot Heading Report . Since the

‘ / 1  

- - J



rate of traffic advisories would be expected to be somewhat affected by the

conflict rate, an RNAV impact would be expec ted here . However , there is

no way to establish a direc t correlation between traffic advisory frequencies

and the conflict results in reference 25 since many advisories are the result

of planned traffic structuring control activities , not chance occurrences of

airspace conflicts. Also , some advisories invo l ve VFR aircraft (in the low/

transition sectors). Furthermore , keyinq a reduction in routine workload to

c o n f l i c t  rates would further complicate the SRI methodology . Therefore, while

there would be expected to be some positive effect, it is assumed to be zero

for present purposes. The remaining categories , Heading Instruction and Pilot

Heading Report, are directly related to off-airways flying. In a 100% RNAV

environment , no radar vector flying is necessary (enroute) since all airc raft

would be navigating either along RNAV routes or user-defined preplanned routes.

Therefore, these two categories are assumed to be reduced in frequency to zero

- 

- 

in a 100% RNAV environment , or in linear proportion to the degree of RNAV

participation , for purposes of determining RNAV impact on routine enroute

workload.

The second workload category , surveillance , is affected in the enroute

case the same way as in the terminal: by the length of time the average aircraft

spends in each sector. In the enroute case this time reduction is only 1.61%.

as determined In a detailed study of RNAV route length Impact in reference 2.

The third workload category , conflict processing, is affected by RNAV

both in terms of conflict event frequencies and resolution times. The data

source for conflict frequency impact is the fast time simulation study of an

RNAV route structure versus the existing VOR structure [25]. In that study

conflict types are classified in more detail than the two classifications used

in the SRI workload analysis method (Crossing and Overtaking categories only;
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Table ~‘,4Ø

ESTIMATED FREQUENC Y OF CONFL ICT I VINTS PER SECTOR--lOOt RNAV
ATLA NTA CE NTER , 2.5-MAN SECTOR TEAM

SYSTEM 1A-NAS STAGE A BASE

Conflict Event Frequency Fac tor

Sector [jconfiiçfl/hr ~ Aircr af~Jhr) J -

Crossing ~vertakTng

High Enroute (36) 3.8xlO~ O.6xl0 3
Departure Transition (37) 3.SxlO - t O .3x10 - 1
Departure (38) 0 O.4x10 - 1
Arrival (41) 2 .lxlO - 1 4.0x10 1
Arr iva~ Transition (42) 2.8x10 3 3.7xlO~Low Arriva l (46) 5.2xl0 - O.4x10 -1
Low Enroute (52) 4.2xlO 2.lxlO- - t

Table 2.41

CONFLICT EVENT PERFORMANCE TIME ESTIMATES--lOOt RNAV
ATLANTA CENTER, 2.5-MAN SECTOR TEAM

SYSTEM 1A--NAS STAGE A BASE

Conflict Minimum Task Minimu m Event
Event Performance Time Performance Time

(man-sec/taski —- 
(man-sec/event)

___________ 
Detection & Assessment Resolution __________________

CrossIng 20 34 54
Overtaking 20 20 40
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see Tables 2.37 and 2.38). When the results in reference 25 are regrouped in

these categories, overall conflicts (nationwide) are reduced 2O.9’~- (crossing

type) and 36.8% (Overtake type) in the 100% RNAV case . In cases of lower than

100% RNAV participation conflicts were reduced by an even greater amount than

a linea r relationship would show. However,forsimplicity the relationship is

assumed linear for purposes of this study.

In the terminal area case, conflict resolution times were shown to be

improved in some cases through the use of RNAV . This is also true enroute ,

and experimental data is available for quantifyi ng the effects. This data is

summarized in reference 12 and also discussed in reference 25. The degree of

reduction in conflict resolution time was found to be different depending

upon conflict type and the resolution option used . The times recorded in the

experiments were controller talk times and so do not include pilot response

and controller decision process requirements . As a resul t, considerably

shorter times were recorded than the 40 and 20 second resolution times

determined by SRI (see Table 2.38). The overtake type conflict is typically

resolved in the same way enroute regardless of the type of route structure ,

i.e. through a speed adjustment (usually only in the l ower al titudes) or ,

sometimes, altitude reassignments. RNAV capability would make the parallel

offset an attractive solution to the conflict also (whereas radar vectors are

problematic). This would be even more attractive in the higher al titudes ,

where speed adjustments are often not acceptable operationally. However, the

• offset shows no particular workload reduction over the speed adjustment option ,

and so no workload effect resul ts. In the case of crossing type conflicts the

RNAV offset and direct instructions offer significant workload savings over radar

vectors. The amount measured in the experiments averaged six seconds per conflict ,

and so tha’ val ue will be used here. Revisions to Tables 2.37 and 2.38 are given

in lables 2.40 and 2.41 for the 100% RNAV case . 
~1

-
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Prior to calculating the specific i mpact of RNAV on enroute controller

work load and productivity for the base case (NAS Stage A) ,  it is of interest

to examine the effects of the other UG3RD enhancements on controller workload ,

and the interactions of those enhancements with RNAV . This will be followed by

calculations for workload and productivity for each of these cases.

The SRI studies [22,5] have considered the following levels of system

performance:

• NAS Stage A (System 1)

• Automated Data Handling (System 2)

• Enroute Metering

• Automated Local Flow Control (System 3)

• Sector Conflict Probe (System 4)

• DABS Data Link (System 6)

• DABS/IPC

The two items above which were not assigned ‘ system~ numbers were not

found to provide significant sector capac ity improvements . Also , Conflict

Alert and Flight Plan Probe were analyzed with similar results. System 5,

missing in the list above, was RNAV in the SRI study ; however, RNAV is studied

here as it would interact wi th each of the other l evels.

With Automated Data Handling (System 2) an Electronic Tabular Display System

(ETAB) is provided which eliminates flight strips , and so eliminates the require-

ment for an assistant position , which reduces sector team size from 2.5 to 2.0.

Also , radar controller tasks are modified , since there are no paper strips to

mark , but there are FDP/RDP operations to replace them. The exact differences

are shown in Table 2.42, which 1~sts the old (System 1) values in parentheses.

Overall , FDP/RDP operation workload increases somewha t, but this is offset by

2.-75
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Table 2.42

R-D TEAM ROUTINE EVENT MINIIIJM PERFORMANCE TIME ESTIMATES
TWO- MAN SECTOR OPERAT ION

SYST EM 2--AUTOMATED DATA HANDLING
tlInL u. Task Per foru ance Ti.. 5 H ln t.un

Pou t ine Contro l tv.nt De scription Ev.nt(san—s.c/t ask) Per fora-

~

• •flce
Fli&ht inte r- Direct Tine~A/C FDP/RDP

P.ale Event and C~satnl 0p-.r~ 
tr P p one ole. Slfl Sec

Functto~ Suppla.ental Event cat ion ~~~~~ ~~~ 
c~~~~ — event)

Control Nando ff acc.ptanc e 2 0(1) 2(3)
j ur i.dtct loo Flight data update 3 3
tras.f.r lat.rs sctor coord ination 7 6 13

New flight strip pr .psra tion 10(0) 0(19) 10
Mando f I jaittatioo—autosatic 0(1) 0(1)

• Manual initiation-sIlent 1(3 ) 1(3)

___________ 
Ictersectot coord ination _______ - - 7 6 13

Traf f ic Initial pilot call—to 4 1(0) 0(1) 5
structur ing flight data altitude insert 3 0(1) 3(4)

Altitude instruction 4 3(0) 0(2) 7(6
FUght data altitude asendsant 0(3) 0(3
luteruector coordination 5 6 ii

Neading instructIon 5 3(0) 0(2) 8(7)
Flight data ~~~ndnent 10 10
Iat.r.ector coordination 5 6 11

Speed instruction 5 3(0) 0(2) 8(7)
Iat.rs cter coordination 5 6 it

Altiaster setting instruction 3 1(0) 0(1) 4
Po~~~ y aasignssnt i*.truc tbon 3 3
Pilot altitude report S 3(0) 0(2) 8(7)

VUgltt data altibide Insert 0(3) 0(3)
Pilot beading report 5 3(0) 0(2) 8(7)
Pilot speed report S 3(0) 0(2) 8(7)
Tr affic .dvisory 4 4
Trenspoeder code assi~~~~nt 4 4

Flight data cede nd.snt 3 0(2) 3(5)

~iac.13.a. eou. *10 coordination S 3
frequency chan ge instruction 4 1(0) 0(1) 5

Zgt.r..c tor coordinat Ion 4 6 10

Pilot Alt itud e r.viaien 6 3(0) 0(2) 9(8
reques t Plight data altitude —1w ent s) (3) 0(3

lnt.resctor coordination 5 6 11
iiout.Ihesding revision S 3(0) 0(2) 11(10)

flight data rOute ewsodsent 10 10
Ister..ctor coordination 6 8 14

Speed rsviaion 
- 6 3(0) 0(2) 9(6)

Cinar anc. delivery 20 3 0(2) 23(25)

~~aceUa.sous pilot request 8 8

Potatout Potetout accepta nce 3(0) 0(7) 0(8) 3(15)
Deta block suppressIon 3 3

P.intout Initiatio n 3 0(2) 0(7) 0(8) 3(20)

Geeeral Ceetrol instruction approval 5 6 11
Latereett or P3.~~~iag advisory 5 6 11
coord ination Alrc~af t stat ue advisory 5 6 11

Control junisdictiso advisory 6 6 12
Clearanc, delIvery 0(2) 20 6 26(28)

Plight data up date 3 3

General Plight data esti.st e update 1 0(3) 1(4)
cyst.. Osta block/leader line offset 2 2

~ er atl ~s Data block f .rc*aglr.saval 3 3
IUsceUsneous data service 3 . 3
flight strip .equa.cing/r ov.1 0(2) 0(2)
Equipsant adju stuen t 3 3

*Revised Spat.. IA perforesac. tines ar e indlca t .d in pa r enth eses.
t
ladtcat.d value I. double the ..asursd direct voice c unicat j on t Ea, duration .
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the much larger reduction due to the elimination of flight strip processing . A

few other savings are also realized due to improvements to the RDP/PVD (Plan

View Display ) system functioning assumed to be a part of System 2. These

improvements serve to eliminate most pointout coordination workload . Also ,

System 2 will eliminate the Genera l System Operation tasks of Data Block/Leader

Line Offset and Data Block Forcing/Removal , which results in setting the

frequencies of occurrence of those i tems in Table 2.35 to zero. The overall

result is a si gnificant workload savings due to System 2 improvements . The

impact of RNAV will be only negligibly affected by System 2, since the RNAV

sensitive factors have little effect on flight strip and FDP/RDP processing.

However, percent impact should grow since the overall workload is reduced ,

making the RNAV savings larger by comparison.

-• 
The Automa ted Local Flow Control feature (System 3) was analyzed and found

to be a promising means of improving overall capacity by balancing workload among

adjacent sectors. However, since the SRI methodology treats sectors individually,

the impact of this feature on sector workload could not be estimated. Therefore,

System 2 workload results were used for System 3.

The Sector Conflict Probe feature (System 4) allows workload reductions

through automation of most of the workload associated with conflict detection and

assessment. It was assumed [22,511 tha t the probe reduces detection and assessment

time per conflict event from 20 to 5 man-sec . The conflict event performance time

estimates for all systems are suninarized in Table 2.44. Since resolution times

were not affected , the RNAV impact on resolution time is not affected . However ,

since RNAV affects frequency, the absolute impact of RNAV on workload will be to

decrease somewhat.

2-77 

-~~~~-~~~~~~~- - _



,-~~
--- — •—.- — .-

- —‘-- -

5.

The DABS Data Link/Control Message Automation enhancement feature

(System 6) radically changes both routine workload and conflict resolution

workload . The greatest reduction is to coninunications workload since so many

routine instructions would be replaced by data linked instructions. There is ,

however, an increase to FDP/RDP workload associated with the CMA function since

the controller must remain cognizant of all activities and decisions made by

the automated systems. Other routine workload areas are not affected. Conflict

processing workload is affected in that resolution workload is reduced since all

resolution coninands are data linked . This would certainly affect the RNAV

impact , since it was based on reductions to coniriunications workload. Therefore,

RNAV i mpact on resolution workload is assumed to be zero in a 100% DABS

environment . The DABS study done by SRI approached staffing in a DABS environment

as normally requiring two controllers per sector, as before. Routine event

performance times are listed in Table 2.43 for this assumption , referred to as

System 6A. Due to the reductions in workload , a i -man sector staff assumption

was also analyzed (called System 6B). While this is not of direct importance

here, the RNAV impact given the 1 -man environment has also been computed for

purposes of completeness.

Enroute Workload and Sector Capac ity Impact Assessment

This section presents the controller workload results for the seven study

sectors discussed above , and then presents the SRI methodology for assessing

capac i ty improvements through sector spl i tting (and therefore manpower increases).

A method is derived for approximatin g the SRI technique , which was based on

extensive computer simulation studies. New results showing RNAV impac t on

staffing requ i rements are derived and presented . The seven study sectors used

for the workload analysis discussed in the previous section were selected to
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Table 2.43

R- D TEAM ROUTiNE EVENT MINiMUM PERFORMANCE TIME ESTIMATES
TWO-MA N SECTOR OPERA T ION

SYSTEM 6A--DAB S DATA LINK

~

surn Tj, k P.rto

~

an c . T M

~

ni us

~

R outin e Control  £vent Descr iption Event(sen— sec/task) Petter.-

____________ _________________ --  _______•  - ______ ________ ____________ ancs

A ’G 
I nt e r- Dire r - c Tis.*

E~-snt lasic ive~~t ~~~~ cor~~~ n r -  0 c c —  
- t r  r p  ~~~~~ (r— ••-~ -r. ~ /

Func tion Supple ..ntei Event r a t i o n  st ion Pro— Co~~.. rr r-r~~- 0 c r 1 -  e v .f lt )

__________ _________ -— 
esslni £ i2!~~~ *~i~a~

Control  Mand otf acceptance 0(2) 0(2)
Ju r isdiction Flight data upd a t e 3 3

transtst lotersector coordination 2 (0) 7 6 15(13)
Mew Ijig ht strip preparation 10 10

Mendo ff Lnitistt on —autcsatic 0
Manual initiation — silent 1

__________ 
int srssct or coordination — — 

7 6 13

Traff ic  I~ t ti a l pilot call-in I
str ucturi ng Flight data alt itude insert 3 3

Altit ud e instruction 0 14)  3* • 
2(7)

Flight data a lt itud e a.end.ant 0
Int sr ssctor coordination 4(0)  3(0)  5 6 18(1 1)

Mending instruction 0(5 )  34 3( 8)
Flight data saend.sn t 0(10) 0(10)

Int sr sector coordinatio n 5(0) 10(0) 6 26( 1 1)
Speed instruction 0(S~ 3* 3(8)

lnt srs .cto r coordination 5(0) 3 (0)  5 6 18(2 ! )
Al t t..ter setting instruction 0(3 )  0(1)  0(4)
Lasua p asatgueent in struction 0(3)  0(3)
Pilot altitude report 5 3 S

Flight dsta altitude insert 0

Pilot beading report 3 3 5

Pilot sp ad report 3 5

T r aff ic  adv isory
Tra nsponder code aaslgso.nt

Fligh t data code ,dnant 3 3
Itiaceliansous A/C coordination ~
Frequency change inst ruction 0 (4)  2 $ ( 1 )  2 ( 5 )

Inte r e.ctor coordination 4 ( 0 )  4 6 14( 10)

Pilot Altitude rev ision 6
reque st Plight date altitude a..nd.ent 0

lnter.e ctor coordi natio n 5 6 11

Sout./heading revieton 8 3 11

Fl ight data Touts aseadmen t 10 10

In ter secto r coord ination 6 $ 14

Speed revision 6 3 -

Clearance delivery 20 3 23

~Uscellansoua pilot request 8

P ot n r ,u t Pointou t acceptance 3
Data block .uppr sssion 3 3

Pointou t initia tion 3 3

(.rr.ral Control instr ucti on approval 11
&n cers. ctor Plansing adv isor y 5 8 11
coordination Aircraft status advisory 5 6 I i

Control J ur isdicti on advisory 6 6 12

Clearance delivsr-y 20 6 26
Pligh t data up date

C,ner a l Flight data estisate update 1 1
syscea Data b lock/leader line o f f s e t  2 2
opere tion Data block forcing/removal 3 3

M iscellaneous data serv Ice
F l i g h t  s t r E p  asqu encing/r enova l - 0
Equi pment adju st.ent 3

*P.v is,.d Syit . .  2 p ,rfoiman c.. t i me s ir e i n c ( i r a t e d  i n  p a ren the ses.

I n d tc . i t e d  val u e i~ dn.,h ir- t- rc m e a s ur r d d i r r - c r  vo ic e  cc o u r un r c *t i c r n t in, duration.

‘ e%s a$~ Cognil an c.. .
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represent a cross sect ion of contro l sector types. The techn i que used for

study i ng the capacity ef fe cts  of sicto r sp l i t t inq requires a study area of

several con ti guous secto rs . T he re fore , a study area comprising nine hi gh

a lt i tude and transit ion sectors was defined . Five of the sec tors are from

the orig ina l seven studied ; the remaining four are adjacent sectors for which

workload data was derived from similar sectors in the origina l study group.

The fol l owing set of tables show the workload results and sector

capacity limits for the seven study sectors . Since six of the seven were

capacity-limited due to R-controller workload , onl y the R-control ler analyses

are shown . Sector 52, however , was team-capacity limited , and so both

R-controller and RID team resu l ts are presented . Also , sector 52 is the only

low alt i tude enroute sector studied . Since RNAV participation in the low

alt i tude airspace wil l  probably be significantly l ower in percentage terms

than in the high alt i tude airspace, a 50’~- RNAV participat ion analysis is also

presente d. Table 2.45 contains a detailed listing of workload in each routine

category , in the surveillance category and in the conflict processing category .

Values sta ted are workload per operation; therefore , the conflic t workload

presumes a nominal capacity operations rate , which is stated above the conflict

processing rate value. The routine workload values are computed from the data

in Tables ‘.34 and 2.35. Surveillance values come from Table 2.36, and the

confl ict rate factors are derived by multiply ing and sunm~ing the appropriate

terms from Tables 2.37 and 2.38. Tota l workload per operation at nominal

capacity , and the actual capacity , are the las t i tems stated . Al so stated in

this table are the equivalent values given a lO0~ RNAV env ironment. Routine

workload factors are reduced by the elimination of heading vectors and pilot

heading reports. Surveillance workload is reduced by the nomina l l. 6l ’~- route
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length reduction. New values for i. on fli ct processing workload resu lt f rom

reduced conflict event frequencies and performance time s (Tables 2.40 and 2.4~).

Total workload at nomi nal capac i ty, and the actual capacity , are stated along

with the percent change in these values due to RNAV .

Table 2.45 represents the NAS Stage A base case as sectors are typically

manned ; i.e . with a 2.5 man team consisting of a radar man , data man and a

shared assistant. Sector 52 is shown to be limited by RID—team workload

rather than R-controller workload alone by a margin of about two operations per

hour. RNAV capac i ty benefit in percen t ranges from 10.8% (sector 42) to 21.1%

(sector 38), wi th an average figure of about 13.9%. Table 2.46 lists the event

performance times for the radar/tracker (Rh ) team for the alternative sector

manning strategy , which is refer~~I-~-to as System lB. This strategy uses a 3.5
~1’

man team consisting of the radar , tracker and data men plus a shared assistant.

Event frequencies from Table 2.35 are used with this data to compute routine

workloa d data. Surveillance and conflict processing workload remain the same

as in the System lA (2.5-man team) case. These results are presented in

Table 2.47. In each case the sector capac i ty is increased between 2 and 5

operations per hour because of the added staffing. Note that with the added

controller , Sector 52 is no longer team workload limi ted , but is now R-controller

workload limi ted. Sector capacity impact due to RNAV now ranges between 12.00

and 23.7%, with an average impact of 15.8%.

Equivale nt workload and capacity studies have been performed for each of

the UG3RD enhancement levels considered , where the existence of an RNAV

env i ronment is considered to be a parameter with each UG3RD system l evel rather

than being a separate level (System 5) as was done in the original SRI study .

RNAV impact determination was based on the data and reasoning summarized in the
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Table 2.46

R-T TEAM ROUTINE [VENT MINIM UM PERFORMANCE TIME ESTIMATES
ATLANTA CENTER , 3.5-MAN T[AM
SYSTEM iB--NAS STAGE A BASE

— - — — --  ‘

~ ~hn t.u. Ta~ h Pri tor rnaiu. e tin .
LQUt C.- Co n t r a  I .’C I , (  D~~.- r 1 p t I . ’ C  IVICflL(man- aI .c/tabk) Pcr to rn. - 

— - - —_ . _— - -  _- - -_ ~~~~~~~~~~~~~~ —--_ — -— — - -- - __ — —- - - . aura

A’ C FOPI ~ 
Di rect TIa* *

Lve nt lacic tv.nt and Cou~~unt- ~ 
Sti ~~p phone Voice (nan-.eC t

Punct ion Supp i.nant at £vanc cation ~~~~ 
?to-. Co unt— coae~uni- ev enr >

_ _ _ _  _ _ _  _ _ _  ~
_ _

~~!L ~&$~~f2L ~~~~~~~~~~~~
Control iiandotf acceptance 2 1 3
jurt.dtction Flight data update I

tranaf.r lnt.ra .ctor coordi nat ion 0(7) 6(13)
New flig ht st rip pr .parattou 0(10) 0(10)

iland off initiatt o n—aut ~~ ati c 1 1
Manual tutti atton —.t1.nt 3 3

_______ 
tn .r.sctor_c o t ~dtnat ton 6 13

t raf f ic Init ial pilot c*t i— in 6 1 S
structurthg Flight data altitude ina•rt 3 1 4

Altitude m a c fiction 4 2 6

Fligh t data al titude aa.ndzaa*t 3
Lalar..ctor coordination 0(5 6 60.1)

Hsadifl$ iaa t rvction 5 2 7
Plight data ~~~a~~est 10 10
lnt .risctor coord inat ion 0(5) 6 6(11)

Sp.od tnatructi~~i S 2
Iut .ts.ct or coord ination 0(5)  6 6( 11)

A.lt i..t.r s.ttin ~ in. truc ion 3 1 4
lueway asa t~~~~~~t in.tractiou 3

Pilot altitud. repor t S 2

Plight data altitude tnaart
Pilot beading report 5 1

Pilot ep..d report 2 2
Tr aUic advicory 4
Tranaponder coda aa.ign.ant 4

Flight data cod a amoodment 3 7 5
)tj,c .1la~.ou. A/C coord tn .tton S S
Fr equenc y change instruction 4 I -,

Int .rea ctor coordi nation ~~(4) 6 6( 10)

Pilot Altitud e reviaton 6 2 1)
request Flight data attitud e anendasat 3

Int.r a.ct or coord inat ion 0(5)  6 6 ( 1 1 1
Route/heading yevtaion 8 2 10

Flight data route amendment 11) 10
Encerseccor coor dInation 0(6) 8 8(14)

Sp..d r.viaion 6 2 .1

Clearanc, delivery 70 3 2
Mtecellanaous p ilot r.qu.~ t 8

?otntout Pointout acceptanc e 0(7) 8 8 ( 1 5)

Data bLock auppteaaion I
Poin to ut In itiation 3 2 8

C.n~ ral Contro l instr ucti on appr Oval 0(5) 6 0 ( 1 1 1
int a ruecto r Pt.nning advt ~ ory 0(5)  6 6(11)

Icoo rd inatt on A i r c r a f t  atat t ia adviao ry o (S) 6 6( 111

Control J ur isdict ion adv t, or y 0(6) 6 6( l f l

Ctearanc . d e t tvury  0(2) 0(701 o

C Fl ight data update 0(3) 0 (3 )

,,neral Flig ht data •.ttaat. updot. 0(1) 0(3)
‘avs .. Data biock /leade r line oFfset 2
‘ - , ‘ t . ~t j O n 4 ) , t a  -. ‘.~~ f o r ,  tn8/r.r)o~’a1

‘44 . . ’  a tan. oos da ta aarv Icc I

Flight d rip ..qu.nctng / r.mov al 0(2) IH~~I

Equipment adjustment

~~~~~~~ S s . t . - a i  ICI p r r t~’flhi*nce tim e , arc indicated in parr f l t t ) IC a fCI .

I -~d4 c j I  ~- !  - a I C C- ‘ C  J.CU~~ % C t he ~~~~~~~ ii rec 1 ‘-‘ it-c CC ,mCuCC I CJ t  t ol l InCa dut.i t 40 C -
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earher part of this section . rather than the impact method used i n the SRI

analysis. That ana lysis was based on the assumption tha t multiple parallel RNAV

routes coul d be used to eliminate overtake conflic ts. This analysis is based on

the assumption of a fi xed RNAV route structure , with conflict workload reductions

determined in earlier simulation studies . Also routine and surveillance benefits

were identified , as discussed before.

The enhancement levels stud ied are Automated Data Handling (System 2),

Au tomated Local Flow Control (System 3), Sector Conflict Probe (System 4)

and DABS Data Link (System 6A). SRI also studied a modified data link

environment (System 6B) where one-man sector teams were used , resultin g in

l ower capacity but higher productivity . However, the capacities which resulted

woul d probably not be sufficient to service traffic adequately based on traffic

projections appropriate for the DABS/CMA implementation time frame. Therefore ,

System 6B was not considered in this analysis. The workload and capacity data

which has resulted for the enhancement l evels studied is summarized in Table 2.48.

System 1A results are also stated in that table for comparison purposes. Note

tha t System 2 and 3 results are identical. The data presented here is abbreviated ;

no values for total work load impact at a stated nomina l traffic capacity demand

level are given . This approach is used for purposes of brevity , since the

crit ical i tems are the sector capacity values. Average RNAV impact is different

for each enhancement level : ‘13,9% for System 1A , ‘14.5% for Systems 2 and 3,

l4.3’~. for System 4, and 10.9% for System 6. Less impact Is realized in a DABS !

CMA environment since many routine and conflict processing tasks are automated

and so, at least partially , are removed from the controller ’s purview.

The sector capacity data is illustrated graphically in Figure 2.8. This

shows bar charts for each of the seven sectors studied . A pair of bars is

depicted for each UG3RD enhancement level ~ystems IA , 2 and 3 together , 4 and 6)
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at each sector. The solid bar is the no-RNAV case , while the shaded bar

corresponds to the 100% RNAV case. As is apparent , the improvement from

RNAV alone is usually equivalent to the improvement gained by advancing one

step up in level of enhancement.

The sector which stands out in Figure 2.8 both in terms of initial

capacity and , even more so, in terms of capacity growth resulting from the

enhancements and RNAV , is sector 38 (Departures). The reasons are that conflicts

are virtually nonexistent and tha t surve illance workload (which is unaffec ted

by the enhancements) is small. This means that the significant reductions

to routine workload due to the UG3RD enhancements and RNAV reflect directly

as capacity increases and are relatively undiluted by the conflict and

surveillance work l oad.

Area Capacity Impact and Staffing Implications

A methodology has been developed [5, 23] by which enroute center staffing

requ i rements can be related to traffic demand and sector productivity improve-

ments . This methodology inc ludes selecting an area within a center for study

which consists of severa l contiguous sectors . The routes traversing these

sectors are modeled along wi th the traffic demand characteristics on each

route , and sector capacities ,using the Air Traffic Flow (ATF) network simulation

model developed by SRI. The simulation is then exerc ised for Increasing

overall traffic demand rates, and enroute delays meted out for prevention of

sector demands in excess of capacity are measured . Relationships of delay

versus demand (such as illustrated in Figure 2.9) result. Staffing requirements

are determined by first selecting the level of delay which is acceptable , and

then determining the staffing required to achieve that level of delay for each

value of traffic demand considered .
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Added staffing (yielding corresponding capac i ty improvements) can be

achieved in two ways : by adding to the number of positions at each sector

— (such as adding the Tracker position as mentioned earlier) , or by splitting

sectors. The additiona l capacity available from larger sector teams is limited ,

and essentially disappeared when tJG3RD enhancements were added , according to

the SRI studies . Therefore, sector sp litting is more effective , although

splitting a sector in two does not result in a doubling of the traffic capacity

of the original area , since adding sectors involves increased intersector

coordi nation and other routine A/G communications. In reference 5, sector

splitting is used as the means to establish area capacity versus staffing

t relationships for the NAS Stage A base (System 1) case and for each of the

UG3RD enhancements (Systems 2 through 6). A nine-sector area in the AlL

vicinity was selected for study . The maximum capacity case studied was where

each original sector was split , yielding eighteen sectors. All nine study

sectors were in the high altitude airspace. Five of the sectors were taken

from the ori ginal seven studied , while the remaining four were new. Their

capacities were estimated by first presuming that , for each , the routine work-

load per aircraft would be equal to the workload computed for the origina l

sector studied which was of like kind. Thus sectors 39 and 43 (arrival

transition ) were assigned the routine workload of sector 42, sector 40 (arrival)

was given that of sector 41 , and sector 44 (high enroute) was assigned that of

sector 36. Surveillance workload values and conflict event frequencies were

derived uniquely, and are presented in Table 2.49. The resulting capacity

data are presented in Table 2.50.

Based on the capacities for these nine sectors as derived by SRI in

reference 5, the ATF simulation was run for a series of traffic demand levels

to establish delay/demand relationships , the results of which are illustrated

2-90
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Table 2.49 Surveillan ce Workload and Conflict Frequencies ,
Sectors 39, 40, 43 and 44

____________ Sector —__________

_ _ _ _ _ _ _ _ _ _ _  39 40 _. 43 _. 44
Surveillance

0% RNAV 17.50 15.00 17.50 26.25
100% RNAV 17.22 14.76 17.22 25.83

Conflicts
Crossing :
0% RNAV l.7xl0 3 2.7x10 3 4.6x10 3 4.8x10 3
100% RNAV L3xlO-3 2.lx10 3 3.6xl0 3 3.8xl0 3
Overtake :
0% RNAV 1.OxlO- 3 5.8x10 3 0.7xlO’ 3 l.5x10-3
100% RNAV 0.6x10 3 3.7x10- 3 0.4x10-3 0.9xl0 3

Table 2.50 RNAV Sector Workload and Capacity Impact,
Sectors 39, 40, 43 and 44

Sector Type Arr. Trans. Arriva l Arr. Trans. High Enroute
Sector ID 39 40 43 44
Workload Lim it R-Controller R-Controller R-Controller R-Controller
RNAV Partic. 0% 100% 0% 100% 0% 100% 0% 100%
~ystem lA
‘Total Routine 40.35 37.20 58.49 49.70 40.35 37.20 30.74 26.68
Surveillance 17.50 17.22 15.00 14.76 17.50 17.22 26.25 25.83
Conflict Rate 0.142 0.098 0.394 0.262 0.304 0.214 0.348 0.243
Capacity 44.85 48.66 33.26 38.62 40.97 44.97 40.51 45.34
RNAV Increase 

______ 
8.5% 

______ 
16.1% 

______ 
9.8% 

______ 
11.9%

System 2,3
Total Routine 27.05 24.80 40.83 34.50 27.05 24.80 20.84 17.94
Surveillance 17. O 17.22 15.00 14.76 17.50 17.22 26.25 25.83
Conflict Rate O.l4~ 0.098 0.394 0.262 0.304 0.214 0.348 0.243
Capacity 55.00 60.11 40.19 46.81 48.56 53.80 45.72 51.23
RNAV Increase 

______ 
9.3% 

_______ 
16.5% 

_______ 
10.8% 

_______ 
12.1%

System 4
Total Routine 27.05 24.80 40.83 34.50 27.05 24.80 20.84 17.94
SurveIllance 17.50 17.22 15.00 14.76 17.50 17.22 26.25 25.83
Conflict Rate 0.102 0.068 0.267 0.175 0.225 0.153 0.254 0.172
Capacity 57.17 62.27 42.82 49.69 51 .34 56.79 48.48 54.24
RNAV Increase 

______ 
8.9% 

______ 
16.1% 

______ 
10.6% 

_______ 
11.9%

S~~tem 6ATotal Routine 23.50 21.85 32.52 27.53 23.50 21.85 16.96 15.06
SurveIllance 17.50 17.22 15.00 14.76 17.50 17.22 26.25 25.83
Conflict Rate 0.058 0.043 0.155 0.108 0.126 0.098 0.143 0.109
Capacity 54.38 68.54 51.84 59.16 59.40 63.58 56.20 60.63
RNAV Increase 6.5% 14.1% 7.0’~ 7.9~. “1

- 
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in Figure 2.9(a). Note that the SRI approach of including RNAV as a system

level (5), and includin g those effects in System 6, produces delay results

which are different from those which would be expected based upon the System 6

capacities derived herein. Fi gu re 2.9 is included to illustrate the process

used in reference S to determine staffing requirements . Figure 2.9(b) shows

the shift in these curves when four of the nine sectors are split in two.

The “current level of service ” is that leve l achieved by System 1A at the

present (1975) traffic demand l evel for this nine-sector area (486 A/C in an

8-hour shift). In the nine-sector case , System 2 crosses this line at about

710 A/C , indicating a gain in area capacity of about 46% due to System 2.

In the thirteen-sector case (Figure 2.9(b)) System 2 crosses the line at

about 750 A/C , indicating that the sector split gai ned abou t a 6% area capacity

improvement. In the System IA case, the sector split gained 21% (to 590 A/C),

showing that the sp lit has different effects depend i ng upon the enhancement

level .

The sector capacity gains due to splitting were estimated [5] for each

sector in order to provide data from which Figure 2.9 could be created . These

va l ues are stated in Table 2.51 . From this data , an average capac ity value

for the entire nine-sec tor area can be calculated from the original capacity

data (Tables 2.48, 2.50) for the 13 and 18 sector (all nine sectors split in

two) configurations. In reference 5 this process was carried one step further; ‘

sectors were split one-by-one and the simulation exercised for each case,

producing the set of area staffing versus traffic growth curves reproduced in

Figure 2.10. These are based on the constraint that the current level of enroute

delays (as determined by simulation) would not be exceeded. The reader is

cautioned again that System 5 is not inc l uded in the present analysis , and so
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Table 2.51 Relative Sector Capacity After Splitt ing [5]

_____________ 
Configuration

Sector 9 Sectors 13 Sectors 18 Sectors
36 1.00 1.00 1.80
37 1.00 1.00 1.60
38 1.00 1.00 1.40
39 1.00 1.60 1.60
40 1.00 1.20 1.20
4 1 1.00 1.40 1.40
42 1.00 1.60 1.60
43 1.00 1.00 1.60
44 1 .00 1.00 1.80

the 6A curves in Figure 2.10 illustrate capacity in excess of that derived

in the present study. This situation will be corrected later.

In Figure 2.10, the open-circle points indicate the nine-sector (unsplit)

case. Since sector staffing in System 1 is 2.5, this point is plotted at 22.5

staff required , whereas since Systems 2 through 6A employ two per sector, they

are plotted at 18.0 staff required (and System 68 is plotted at nine staff

required). As sectors split the staffing changes accordingly: the open triangles

corresponding to the thirteen sector case , and the open squares corresponding to

the eighteen sector case. Also note that the staffing level for the system lB

case is larger , due to the 3.5 man sector staffing used .

Figure 2.10 is a very significant curve since it presents direct staff

rectuirement relationships. One need only specify an UG3RD enhancement l evel

and a study area traffic level factor (ratio of projected traffic to 1975 traffic )

from traffic projections in a given year, and a staff requirement may be taken

off the curve. If the traffic factor is large enough to exceed the capabilities

of the fully-split case (open squares), enroute delays would increase. The

amount of increase could be estimated from curves like those shown in Figure 2.9.
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it is of direct interest in the present stud y to modify Figure 2.10 to

represent the cases studied ; i.e. System 6A without the effects of the

System 5 specified by SRI , and the effect of RNAV on each system (1A , 2, 3 ,

4 and 6A). Given this, the difference in staff requirement due to RNAV may

be computed directl y.

Since the ATF simulation was not ava i la b le for use in this study , the

data used to construc t Figure 2.10, plus the data in Table 2.51 and nomi nal

sector capacity data in reference 5 were studied to determine if a straight-

forward empirical relationship between sector capacities , traffic level , and

staff requirements could be derived . To do this , the average capacity per

sector (of the original nine) was computed for each sector split configuration

(9, 13, 18) and each enhancement level , and plotted versus that traffic growth

factor which satisfies the present level of delay requirement (as taken from

Figure 2.10). The result is shown in Figure 2.11. There is obviously a

quite consistent relationship at each sector split level . Particularly in

the nine and thirteen sector configurations , all data points lie very close

to the straight line which was least-square-fitted to the data . It is reasonable

to expect a linear relationship between the traffic handling capacity of a

mul ti-sector area and the average traffic capacity of the individual sectors,

and so this result is not unexpected . In the eighteen sector configuration

all points seem to be approximately in line except the 100% data link environment

case. This case is discussed as being unusual in reference 5, although a

satisfactory explanation of the cause is not offered. In order to acconinodate

this case , a piecewi se linear fit is used for the eighteen sector case, with

the breakpoint at a traffic l evel factor of approximately 2.25.

The relationshi ps in Fi gure 2.11 were used to synthesize staffing

relationships for enhancement system 6A (without the RNAV effects ascribed in

reference 5) and for each of the systems (lA , 2, 3, 4 and 6A) wi th the full

impact of RNAV as determined in this study , in the following manner for each
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enhancement system: Based on the capac i ty data of the nine sectors, wi th

and withou t RNAV (Tables 2.48 and 2.50), capacity projections for the thirteen

and eighteen sector cases are made using the data in Table 2.51 , and dividing

the resulting total by nine in each case. Each resulting average capacity

value is then entered into Figure 2.11 to get a value for traffic level

factor at the specified delay level . The traffic factor which results for

the 0% RNAV case is then compared to the actual value used originall y to

create Figure 2.10, the staffing relationship plot from reference 5, except

for the case of System 6A since that case has been redefined . In

cases where minor discrepancies were found in this comparison , the l00~

RNAV value was corrected according ly. The result is sets of coordinates

(staff count, corrected traffic level factor) which were used to create

updated versions of the staffing relationship plot , such as shown in Figure 2.12

for the 0% RNAV case. Note in this plot that System 5 is missing and the

System 6A curves (5O~ and 100% data link assurnption~) are revised and are not

the same as are shown in reference 5.

Figure 2.12 is the basic revision of this study to Figure 2.10, with

System 5 (SRI ana lysis of RNAV ) elimi nated . In Figure 2.13 the results of

this present analysis of RNAV i mpact are presented . A solid line is shown for

each basic case (IA through 6A), and with the 100% RNAV environment added

(shaded lines). These were developed in the same manner as Figure 2.12 from

the sector capacity enhancement data in Tables 2.48 and 2.50, the sector

split capacity gains of Table 2.51 , and the area traffic capacity relationships

of Figure 2.11. It is apparent that the RNAV factor makes a considerable difference

in terms of traffic servicing capacity of a giving staffing configuration.

The improvement becomes accentuated in the DABS + RNAV (System 6A) cases.

2-98



~~~~~

- ---- - - - -  - - -  . 

~1

STUDY AREA TRAFFIC - aircraft per 8-hour shift

400 600 800 1000 1 200 1400 1600 1800
70 

— 

1 I 1 — 
1~~ 1 1 1 T T  1 1 1 T F

0 Configuration 1 (9 Sectors)
18 A Configuration 2 (13 Sectors)

60 — 1 0 Configuration 3 (18 Sectors )

~~~5 0 -  / -

:~ 40 — 

~~~~

,

~/1A 
—

I:: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

68~k
Li
c~
‘S. 1 0 -  -

9
5—

0 1 I I I I I
1.0 2 .0 3.0 4 .0

STUDY AREA TRAFFI C LEV EL FACTOR ( 1975 BASE)
* 100~. data link aircraft

50% data link aircraft

Figure ~‘.1: Study Area Manning Requ irements: Revised wi th System 5 Elim in ate d

‘l

- -- ~~~~~~~~~~~~~~ ~~~~~~~~~ ~~ -~- -~—-~~~~~~~



—,-—.--—-— - —

STUDY AREA TRAFFIC - aircraft per 8-hour shift

400 600 800 1000 1200 1400 1600 1800
70 i I I I I I I I 1 1 1

lB 18 0 Configuration 1 (9 sectors)

5’ A Confi guration 2 (13 sectors)
60 — 1 0 Configuration 3 (18 sectors) 

—

i
0 I

i
I I

00

S.. ~~~ I
a, —

0.

in I 1A :lA

4 0-  /.“
.• 

—0. / /2 ,3 4 2,3 6At 4 6A* 6At 
*

~~~~ :: ______ 

•...~~~ 6A

i 

~ 

I I I 
:.~ 

I 
3.0 

1 I

STUDY AREA TRAFFIC LEVEL FACTOR (1975 BASE)

* 100% data link aircraft
t 50% data link aircra ft

Figure 2.13 Study Area Manning Requ i rements as Affected by RNAV

2-100 

- - - 

~1



This effect , tha t of a non-linear improvement to area capacity when sector

capacity exceeds a certain leve l , was mentioned before as a subject discussed ,

but not sat isfactori ly rat ional ized , in reference 5. Fortunately, the traffic

projections we are concerned with barely touch this region.

From Figure 2.13 staffing projections may be determi ned as a function of
-. year, given traffic growth projections and an UG3RD enhancement level

impleme ntation scenario. Traffic growth projections for the Atlant a center

are given in reference 20. The pertinent data are presented as traffic level

ratios in Table 2 .52. The implementat ion scenario selected here is the same

as that used in the terminal area study of Section 2.1. That is , all

major automation enhancements except DABS/CMA would be implemented uniformly

from 1980 to 1985, and DABS/CMA would then be implemented from 1985 to 1 990.

A 50% data link-equipped curve is shown in Figure 2.13, which corresponds to

Table 2.52 Traffic Level Ratios [48]

Year Traffic Ratio

1975 1.00
1980 1.25
1985 1.68
1987 ½ 1.92
1990 2 .20
1995 2 .57
2000 2 .94

a point mid way in the DABS/CMA implementation process. By constructing a

plot of the traffic ratios in Table 2.52 as they intersect the staffing factor

relationship curves for the appropriate enhancement system, a line overlaying

the curves in Figure 2.13 maybe drawn which represents required staffing as a

function of time . This line , representirg the 0% RNAV case , is illustrated in

Figure 2.14 (thin solid line) , with the traffic ratio points shown as large dots

and the corresponding years listed directly below the curves. As may be seen

from this curve , which represents the 0% RNAV case , staffing requirement rises
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steadily until 1980 when automa tiosi features reduce the manpower requirement ,

resulting in a low by 1985. Subsequent to 1985, staffing climbs inexora bly

even though the DABS data link feature is being implemented . By 1990 data

link is fully imp l emented and by 1998 or so no further sector splitting is

possible , resulting in increases in enrou te delays beyond that point.

In Figure 2.15 the phased staffing requirement curve is reproduced without

the underlying system level curves. Also shown is the case presuming a reason-

able RNAV implementation scenario , where RNAV implementation would begin in

1 982 and be completely adopted by all transport aircraft (and nearly all high

altitude aircra ft) by 1985 (the sectors studied are all high altitude or high

transition sectors). This is the scenario which was also used in the termi nal

area study (Section 2.1). From Figure 2.15 it can be seen that staff require-

ment savings (as indicated by the arrows) begin at a low level in 1982 and grow

to 1985 where , by virture of RNAV capability , minimum sectorization is required

(back to nine sectors). U n t i l  1990 , wi th  RNAV imp lemented , no sector splitting

at a ll would be required . Thereafter staffing requirements would follow the

100% data link + RNAV curve , yield ing continuing significant staff savings up

to (and beyond) the year 2000. Savings in 1985 are approximately 4.6 posit ions

(20%), in 1990 are about 9.7 positions (34%), in 1995 are about 5 positions (l5~)

and 2000 are about 4.7 positions (13%).

2.2.2 Atlanta Center Staffing Implications

The staffing requirement situation expressed in Figure 2.15 represents

the requirements of the nine-sector study area based on traffic growth

projections for the entire Atlanta Center. Growth projections for the nine

sectors alone were not available. However , for purposes of extrapolating the

nine sector results to all forty Atlanta sectors, this is of no consequence .
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The only assumption required to extrapolate these results is tha t , in genera l ,

the remaining thirty-one sectors would on the average have staffing versus

traffic growth relationships similar to Figure 2.15.

In the projection of staffing requirements , the 1976 calculated controller

staffing for Atlanta center taken from the annual sector staffing printout

for that year was used as the base number. Table 2.53 presents data taken from

Figure 2.15, which is used for this extrapolation . That table lists the

year, the traffic growth ratio from reference 20, the nominal nine-sector staff

requirement at 2.5 men per sector (System lA case for 1975), the staff savings

due to RNAV , the RNAV benefit in percent, and the following other fac tors :

Since the RNAV imp lementation scenario used to derive Figure 2.15 is based

upon the assumption that 100% of transport aircraft would be so equipped by

1985, some allowance must be made for the GA aircraft, which would equip at

a slower rate. It is assumed that only a maximum of 50% of GA aircraft would

equip, and would do so over the same schedule time period . Based on the

traffic projections in reference 20, which separately states transport and

GA traffic counts for each year, a benefit dilution factor may be computed

which accounts for the relative amount of GA traffic. This is used to

modify the RNAV benefit va l ue to account for non-RNAV equipped GA aircraft .

These factors are all listed in Table 2.53.

In order to project the RNAV benefit for the entire Atlanta center , the

1976 calculated controller staffing value (476) was assumed to be representative

of 1975 staffing and was multi plied by the staff growth factors and net RNAV

benefit factors in order to get the staff savings projection for each year

of interest. Values for Intervening years were arrived at through interpolation.

These results are presented in Table 2.54. which shows annual controller staff
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projections as wel l as savings . Tota l staff man-years and RNAV savings

man-years are listed at the bottom of the table. Over the nineteen year

Table 2.53 RNAV Impact  Adjusted for 50% GA Equ ipage Factor

_ _ _ _ _ _  
(Phased implementation of UG3RD Features_ Presumed) 

_ _ _ _ _ _ _ _

Year Traffic Staffing 9-Sector RNAV Percent Benefit Net
_ _ _ _ _  

Ratio 
- 

Ratio Staff_ Savings Savings Dilution Benefit
19~5 1.00 1.00 22.5 — — .7833 —

1980 1.25 1.50 33.7 — — .7766 —

1982 1.40 1.32 29.6 2.25 7.60% .7593 5.77~1983 1.47 1.24 27.9 3.83 13.73% .7514 l0.32~1984 1.54 1.16 26.2 4.80 18.32% .7454 13.66%
1985 1.68 1.01 22.7 4.63 20.40% .7377 15.05%
1987½ 1.92 1.19 26.8 8.73 32.57% .7232 23.55~1990 2.20 1.27 28.5 9.75 34.21% .7102 24.30%
1995 2.57 1.50 33.8 5.05 14.94% .7014 10.48%
2000 2.94 1.60 36.0 4.70 13.06% .6933 9.05%

period RN A V is in use , an overa ll savings of 1691 man-years , or 14.5% , is

realized .

In reference 5 the sensitivity of other facility staffing groups to

overall traffic level was studied . It was found that position requirements

for team supervisors , area officers and area specialists are directly affected

by major changes in traffic level , since their requirements are in direct

proportion to the number of sectors manned. The average proportionality

constant relatin g these staff to controller staff l evel is approximatle y l1~ ;

therefore, RNAV benefits would also increase by that amount in terms of actual

man-years saved .
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Table 2.54 Annua l Atlanta Controller Staff and RNAV Savings

Year Basel i ne RNAV
______- —~~~~~~~ Staffing Savings

1975 456 — 
-

l~80 684 —

1982 602 35
1983 565 58
1984 529 72
1985 461 69
1986 494 93
1987 527 116
1988 550 131
1989 565 136
1990 579 141
1991 600 127
1992 621 113
1993 642 100
1994 663 86
1995 684 72 —
1996 693 71
1997 702 70
1998 712 68
1999 721 67 -
2000 730 66
TOTAL 11640 1691

(man—years )

2.2.3 Impact Projections Over All Centers

Impact projections over all ATC centers follow the same procedure as

expressed in the previous section . However, a new relationshi p of staff require-

ments versus time must be derived since nat ion wi de t r a f f i c  growth patterns are

not identical to that pattern specific to the Atlanta center. Therefore, a

new set of relationships shown in Figure 2.16 have been created which are based

on national traffic growth projections taken from reference 20. These projections,

and the resultant staffing dataare given in Table 2.55. The RNAV savings

percentages which have resulted were appl ied to the basel ine (1976) controller

staffing level for all twenty centers (7656 controllers), with the results
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Table 2 .55 Nationa l RNAV Staffing Requirements Impact

______ 
(Phased im lementation of UG3RD features presumed ) ________ _________

Year Traffic Staffing 9-Sector RNAV Percent Benefit Net
______ 

Ratio Ratio Staff Savings Savings Dilution Benefit
l97~ 1.00 1.00 22.5 — — .7633 —

1980 1.22 1.44 32.5 — — .7584 —

1982 1.36 1.24 27.8 1.50 5.39% .7425 4 .OO~1983 1.43 1. 1 1 24.9 2.75 11.05% .7357 8.l3~
1 984 1 .49 1.01 22.7 2.63 11 .61% .7295 8.47%
1985 1.57 0.88 19.8 1.83 9.23% .7227 6.67~1987½ 1.79 0.96 21.7 3.73 17.19% .7091 12. 19 ’ .-
1990 2.06 1.12 25.2 7.18 28.51% .6965 l9.86~-
1995 2.40 1.41 31.7 4 .90 15.48% .6888 lO .66~2000 2.74 1.57 35.3 5.18 14.70% .6811 10.01%

presented in Table 2.56. The total RNAV savings over the nineteen year period

nationwide would be 20,498 man-years , or 11.1% of total controller staffing

requirement. The 1976 present value equivalent savings at a 10% discount rate

would be $121 .34 million , at a 1975 wage and benefits rate of $24,795 per

man-year. As stated in the previous section , this savings should be inflated by

11 ’ to account for savings in other demand-sensitive AIC center staff positions.
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Tab 1 e ? . 56 Nat i ona I I~NAV S t~ I f I tl (J Requ i renie~i t s I upac t.

r Year Baselir n’ RNAV
________ St~ffinq Savings

1975 7656 —

1980 11059 —

1982 9476 379
1983 8466 689
1984 7707 653
1985 6744 450
1986 7000 630
1987 7256 810
1~88 7621 1060
l~89 8094 1 381
1990 8568 1702
1991 9008 1591
1992 9448 1480
1993 9889 1370
1994 10329 1259
1995 10769 1148
1996 110 14 1158
1997 1 1259 1169

-
t 1998 1 1504 1179

1999 11749 1)90
2000 11994 1200

- . Tota l 185 2 79 20498
(Man-Years] ______________ ________________

1976 Present Va l~e Savings: $l21 .34M -

. 
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3.0 TRAFFIC CAPAC ITY AUD DELAY IMPLICAT IONS

3.1 EFFECTS OF RNAV ON AIRPORI CAPACITY

In this section the mech ani’.ms whereby RNAV can improve airport arrival and

depa~’ture capacities , and therefore reduce delays , are explored. Section .~. l.l

discusses these various effect’;, while the later sections present a methodoloqy

for evaluating the arri val delay benefit and a computation of the benefits

wh i ch result. No data sources were located wh i ch would serve to quantif y a

tangible departure capacity imp rovement or de l ay savings result , and so no

departure results are presented.

3.1.1 Potential for Ai rport Capacity Improvement

There are two primary sources of arrival capacity improvement potential

which can result through the application of RNAV techniques . In the first p l ac e

RNAV allows arriving aircraft to be spaced more accura tely and uniforml y, since

the controller is relieved of routine navigation duties and may center his

attention on the final approach sequencing area of his sector . This RNAV

capability was conclusiv ely demonstrated in the most recent real time

si mulation study conducted at NAFEC [9]. Tha t study showed an overall

arr ival  ca pacity improvement under dense traff ic s ituations of 3.26%

due to RNAV . The other source of arrival capacity improvement

ava ilable from RNAV results from the accurate time control capab ility available

in the form of the 4D RNAV function . In a Meterin g and Spacin g environm ent

• configured to be compatible w i t h  4D RNAV-equipped aircraft , the time control

feature enables reduced in-tra il separations due to the use of the more accurate

con t rol technique which 4D provides. As discussed in detail in reference 1.

the 40 delive ry accuracy is projected to be S seconds ( I a) ,  as opposed to ~

seconds for an automated M&S system without 40 capability . The reduction to

in-trai l  separation wh ich w i l l  result w i l l  t ranslate into Increased operations

rates. This is especia l ly  important since an M&S system which is not 40-corn-

pa ib le , whil e improving overall operations rate when compared to the manual
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env i ronment , el iminates the bene ficial impact which RNAV has been shown to

provide in the manual environment.

Regardless of the source of airport arri val capacity improvements , the

result is a decrease to overall arriva l de l ays. Often the delay reduction can

be dramatic for only a minor improvement to capacity . This is true at airports

where demand is (or is projected to be) in excess of capacity for a signifi cant

fraction of each day , or is greatly in excess of capacity for shorter peri ods.

Ai rports where the demand is (or is projected to be) adequately served have small

average de l ays, and so would be benefitted litt le by capacity improvements. An

objective of this analysis is to quantify the reductions in delay to be expected

due to RNAV at the major airports over the peri od of years to 2000, consi dering

the projected growth in traffic at those ai rports and presuming an orderly im-

plementation of RNAV and the other UG3RD features.
I,

As operators at dense terminal areas become RNAV equipped , airport departure

capacity may also increase. The causes of these potential improvements are re-

lated to the enroute , as well as terminal , environments. As discussed in detail

in Section 2.2, RNAV will cause significant reductions to enroute controller

workload and thereby allow improved sector capacity. This is particularly true

with respect to transition sectors since RNAV will reduce conflicts to a large

degree. Also , a well-designed transition/enroute RNAV route structure should

be able to provide increased routing capacity . Therefore , at the denser airports

where the ability of the transition/enroute sectors t.o absorb traffic limi ts

departure runway operations , RNAV could result in departure capacity improvements

and, therefore, reductions to ground delays.

Ground departure delays mi ght also be reduced through the ability of RNAV to

improve arrival runway operations rate. Fi rst of all , improved arrival capacity

will  result in faster service to the arriving-air craft. This will lessen the

competition for available runways between arrival and departure operations ,

resulting in a benefit of some form at airports where one or more runways are
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used for mi xed (arrival/departure) operations. Also , better control over spacing

should a llow a better faci l i ty for mixing departure slots in amongst the arrival

traffic. Airports with dedicated arrival and departure runways would not be so

affected. An imp roved arriva l capacity at high density airports will tend to reduce

departure delays at all airports originating flights to such airpo rts , through action

of the flow control system. The flow control system , through issuance of ruel

Advisory Departure notifications , tends to cause airc raft to absorb part of the

expected arrival delay on the ground prior to departure , thus conserving fuel as

well as expenses. Thus arrival capacity improvements can reflect into departure

delay reductions even though departure runway capacity may be unaffected.

Unfortunately, there are no data sources available which can be used to

directly quantify the capacity improvements or del ay reductions anticipated

in the departure case. The recent NAFEC real time simulation , as described in

reference 9, modeled departing aircraft, but cons i dered departure s to be in-

dependent of arri vals, and did not attempt to mode l the transition/enroute

departure sectors and all of the conflicting traffic which would exist in those

sectors . Therefore , a zero impact on departure rate was measured. In the enroute

RNAV fast time simu lation study [25]d iscussed in Section 2.2, transit ion and en-

route structures were modeled , but no attempt to determine sector capacities

was made . In the SRI enroute studies [5,22]sector capacities are determined ,

as affected by the severa l UG3RD enhancement features , but no attempt was made

to relate transition sector capacity to airport departures or delays . Rather ,

de l ays were held constant as the controlling factor, while sectors were split

to achieve the necessary capacity . Therefore , in this study no quantification of

departure del ay savings due to RNAV can be made.

In the NAFEC real t ime RNAV simulation study , capacity was determined

through measuring the time required for a fixed set of aircraft to be serviced .

As mentioned in Section 2.1, this is accomplished by designating a large sample
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of “key” fl i ghts, the first of which arrives in the term i na l area after sufficient

traffic has arrived to fully load the system . The capacity is  then determ ined by

measuring the traffic landed and the time interv al between the first and last ke)

flights. This technique effect i vely standardizes the process of measur ing many

parameters besides capacity by eliminating most sources of random var i ations .

The results of mult iple simulations with varying mi xes of RNAV and conventional

aircraft were processed to determine RNAV impact and leve l of significance . The

arrival capacity impact was found to be 3.26% at a confidence level of 95%, wh i le

no statistically significant impact on departure capacity was found. It should

be stressed that this impact was determined under a simulated busy peri od ; e.g.,

demand was sufficient to saturate the system. Therefore, the capacity impact

i dentified applies only during busy peri ods. Arrival delays were also measured

in the simu l ation . Delays for key fli ghts were found to be diminished by 34~

in a 100% RNAV environment , dropping from 15.0 minutes per aircraft to 9.8 minutes.

- . 
Departure ground hold del ays were not affected. Since this measurement for

delay savings is applicable only to the New York JFK environment simulated, the

34% delay reduction measured cannot be extrapolated to other terminal areas

directly. However, it is indicative of the degree of savings available in an

RNAV environment.

It should perhaps be mentioned that any system improvement wh i ch provides an

arrival capacity improvement of 3.26~ would , in general , have resulted in an equivalent

de l ay savings . The de lay benefit results not directly from RNAV but from the

capacity improvement caused by RNAV usage . Therefore , should some other UG3RD

enhancement feature increase capacity at an airport , the RNAV capacity improvement

would cause a lesser de l ay benefit than would have been the case had the UG3RD

enhancement not come into play . Consideration of the other UG3RD enhancements

is included in the calculation of RNAV delay savings benefits in Section 3.2.
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The benefit in terms of capacity improvement demonstra ted in the NAFEC

simulation of 20 and 3D RNAV systems would tend to disappea r in a Meterinq

and Spacing environment. In reference I, M&S wit.h and without RNAV was

ana l yzed in detail in order to compare system performa nce wi th and without

RNAV . Both arrival gate delivery error and con troller workloa d fac tors (see

Section 2.1.1 ) were analyzed. No particular improvement by RNAV to the M&S

gate delivery accuracy was demonstrated . Therefore , once M&S is installed

and operating at an airport , the incrementa l ca pacity benefit resul ti ng

from basic 20 or 3D RNAV capability disappears . However , if the M&S software

is configured to accommodate 40 RNAV capabi lity and take advantage of the

higher gate del i very accuracy available through the usage of 40 RNAV, the

situation changes dramaticall y.

In reference I analysis is presented which shows that , while Metering and

Spacing in a radar vector or RNAV environment can yield a gate deliver y error of

approximately eight seconds , the usage of 40 RNAV procedures will drop this error

to 5 seconds . The leve l of error is important since it defines the separation

buffer which must be provided over and above absolute minimum separation in

order to prevent these errors from resultin g in violations of mini mum se parat i on

more than a specified percentage of time (e.g., 5%). As discussed in reference

26 , the corresponding error in the present manua l environment is approximately

18 seconds. The error values stated are [~ values. In order to assess minimum

separation violation probabilit y , these L~ values must be converted to buffer

sizes corresponding to specified violation probabilities. These convers i on

factors are l.69~ and 2.33 o for v i olat i on probabi lit ies of 5% and 1% res pect i vel y.

According to reference 26 , the 5% figure is appropriate to a basic M&S environ-

ment , while highly automated ATC features with reduced in trail separations

afforded by WYAS and other features should have the further protection of the 1~ -I

I
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violation probability . While this may well be qood practice, it presents a

comp licating factor in the analysis of the impact of 40 RNAV on capacity and

delay . In the following paragraphs an analysis is performed to derive a single

4D capacity improvement percentage value (based on a 5% probability) which is

representative of most large airports , rather than to calculate the ac tual 4D

impact to be expected at each and every airport considered . Expression of

the capacity (and therefore delay ) impact of 40 given a 1% violation probability

would require estimating the time-phasin g period over which transition to the

l~ probability would be required , and will also yield even larger 40 benefit

values than would the 5%. assumption. Therefore, to simplify the procedure

while remaining conservative in estimating benefits , the 5% violation probability

is used throughout the analysis.

In order to estimate an ave rage , representative 40 capacity improvement

percentage , several ai rports were selected as examples for analysis. The capacity

analysis procedure used is that defined by Harris [27] in whi ch many pertinent

factors are considered: Minimum longit udinal spacings as a function of aircraft

size class (the 3/4/5 mile cri teria was used here); aircraft type class per-

centage breakdowns; approach speeds typical of each type class; and minimum

separation violat ion prevention buffer s izes (1.69 x l~ gate delive ry error).

This capacity methodology is further explore d and applied in an earlier 40

benefit analysis in reference 2. This analysis has been applied to several

airports given 1985 traffi c aircraft type mix projections from reference 20.

Final approach speeds for each aircraft type category are deve l oped in reference

2. Based on these data , the arrival runway capacity per arrival runway with

and without 40 in an M&S environment (5 sec. versus 8 sec. control precision ) have

been computed for five high density airports , the results of which are presented

in Table 3.1. Also shown in that table are the ideal capacities given perfect

control precision . The 40 improvement , in percentage terms , is listed in the
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Table 3.1 Estimated 40 Arr i v~ l Capacity (per runway ) Improvemen t in
a Metering and Spacing Environment

CAPACITY [STIMATE
AIRPORT 

_____ 
s PERFECT 

- 

40 IMPROVEMENT
Chicago O’Hare 36.8 38.5 41.4 4.6%
La Guardia 38.5 40.5 44.0 5.l’~Denver 38.1 40.0 43.4 4.9%
Mi ami 36.3 37.9 40.6 4. 4%
San Francisco 39.5 41.3 44.2 4.5%

last column . The improvement ranges from 4.4% to 5.1% for the five airports

examined , and so a va l ue of 4.6% was selected as representative for purposes

of extrapolation to a larger set of high delay airports. The usage of the 3/4/5

mile minimum separation criteri a is expected to produce conservative results

as separations are eventually reduced due to implementat ion of WVAS and other

features. As minimum separation cri teri a decrease , the impact of the constant

4D buffer size reduction increases in terms of the percentage of capacity .

Therefore , since minimum separations are projected to decrease , the assum pt i on

used will produce a conservative estimate of 40 impact on capacity .

3.1.2 Arrival Delay Savings Projection Methodology

In order that an increase in capacity at an airport can be transla ted i nto

the reduction in delays which would result from such an increase , three things

must be known : the existing (or projected) traffi c at the airport and its

peaking factor; the present (or projected) level of delay experienced by the

traffic; and a relationshi p describing the effect of changes in capacity on

de l ays experi enced. Projection s of traffi c demand at airports are readily

availab le from reference 20, and historic peaking factors are also available

(reference 28, among others). However, reliable data describing projected de-

lays , given an orderly implementation of UG3RD programs , has not been available

for use in earlier analyses of 4D RNAV del ay savings tienefits (References 1 and
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2. These early analyses rel ied upon a model of the del ay relat ionship to

airport capacity , traffi c hourly demand pattern and overall traffic level which

did not consider:

1) Changes in airport capacity due to projected

physical airport improvements , and

2) Changes in airport capacity due to the imple-

mentat ion of UG3RD features.

Recognizing these deficiencies , these earlier studies did not attempt to pro-

ject delays and delay savings to the year 2000. Rather , a 40 delay benefit

(per aircraft) was deve loped for a few airports for the year 1985. This benefit

was extrapolated to 25 airports , and assumed to remain constant to the year

2000.

The present analysis is based on detailed studies of airport capacities

at thirty airports as UG3RD features are implemented (reference 29) and a pro- ‘

jection of delays which will result from the capacities of reference 29 given

recent traffic growth projections (reference 28). The latter study presents

delay projections to the year 2000 for three ATC scenari os :

1) Continuation of the existing ATC environment

(base case)

2) Near-term UG3RO improvements ( manual WVAS , basic M&S,

automatic data handling)

3) Total UG3RD environment (automated WVAS , advanced M&S,

data handling , conflict resolution , CMA , DABS , IPC)

This breakdown is roughly equivalent to the breakdown used in Section 2.1

(levels 1 (ARTS III), 4 (ARTS III + AFDH + M&S + CP) and 6 (leve l 4 + DABS +

CMA)), so the same implementation schedule can be used here. That is to say that

the near- term improvements will be phased in from 1981 to 1985, and the re-

maining UG3RD features will be phased in from 1986 to 1990.
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One problem which exists when applying the delay projections of reference

28 to this study is that the traffi c projections used in generatin q that delay

data were slightly different than those [20] which are to he used for thi s stud ’. -

h owever, it was found from experimentation tha t a quadratic least -squares curve

fit produced a very accurate fit of projected del ays as a function of p rojecte d

traffic growth in nearly all cases. Thus , curve-fitting was used to generate

delay values for the new traffic projections taken from reference 20. As a

check , the RMS error of each data fit was computed , and in most cases amounted

to just a few percent of the delay values given .

New sources of del ay/capacity relationships are available since the studies

of 4D benefits in references 1 and 2 were conducted. References 30, 31 and 32

are a set of reports which provide detailed procedures for est imat i ng air port

capacity and projecting del ays based upon detailed analyses of airport facilities .

The delay relationships presented in those reports are quite complex , and are

oriented towards analyzing delays for specifi c airport configurations and demand

patterns. However , it was necessary to avoid highly detailed analysis due to the

limited scope of this study . Also , the baseline del ay projections having been

already completed and presented in reference 28, all that is necessary are re-

lat ionships describing the sensitivity of delay to small changes in capacity.

Simpler , more genera l delay/demand/capacity relationships are presented in

reference 33. These relate delay to absolute capacity , demand, peaking factor

and overall demand pattern . Demand patterns are resolved into three categories

of daily behavior: no peak (or a very broad peak), one peak and two (roughly

equal) peaks of demand. For purposes of convenience , the one-peak case was

assumed to be representative for all airports. The del ay savings for small

capacity improvements are not much different for the othe r two patterns , and so

the results are not significantl y affected. An example set of curves from

reference 33 is shown in Figure 3.1.

The basic delay impact computation procedure is straight terw ard , although

3-9



— 
:~~~~~~~~

‘-

-— a

11 ~~I L~~~~~ II aN;E PEAK 8Z
-

~ 
- — -  - -4 .- . — — -~ 

_
~~~~~f.~&# 9

,
6 _4

~ 
ui~.L-!,.23i_. . .~~~~~

. .  . I- - -- -
/ / /  J _ l._ H

I

’ V T ’l / ‘7 / / Y  I /
~I ..j H /~~ ±L/ 1. 7 t .. .t .H . .

- I 1 .
~~~~~~~

.._ 

: t / . / / / .} I. . I. .’
-- H. i.~:.L./ ~~~ 1± ~~~~~~~ . -_ .~_ y - ~

_
~/ 1 

- f i /  / 1  / / I
~/~.~~/~~~/ 1/  /

‘ / : 

/ . - 

~~~~
•t ~

--
~r

-I—-- I~- ..L~ .1.’ .. .L~ .’i  i~-- /- - /~~~~~.. 
: ;~~ ~~~~~~~. 1  y . i ’ [  l u l l  I I I -  i. 1 1  - I~ 

.
1 I I I I 

H

] 
:

I .~~~~~‘ I 7 1 1 1 . / : . . f  Ib.— f~ J I L L / ~/ / / / . . 
.

. HH - . . -

~~~~~ 
‘
~~~~ /_ JL/......j 

-~~~~-~~~ : 

~~~~~~~~~ I- : -~~~~/ - .-. - .- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~_ P 1...... 1

~~ ./fII~fi~iif~~.z.. 
. 

.1:/:L::I.:: ~ 1:T:I: :I 1:I I tI r:
:T

~ 

f .L..~~~/ i .~~~ . _pi

~ i ll - i: V TILLU 
/IT ...p.:.:. .J :/ - ~~~~~ — —

~~~~~~~
-- - - - -

~~~~~~~~~~
- 

r:.

1~ - - H I TL ~J ________  

I
L 

~~~~~~~ ~~~~~~~~~~ 
—

~ i ~~~ff io ibb i i ~~~~~ o ilio i~o ibo i~o jtj i~- PEFIK 110U11 OFEfiATIONS

Figure 3.1 Relationsh ip of Delay to Demand : 8% Peaking Factor (Reference 33)

3- 10

L 
-
~~~~~~~~~~~~~~



--
~~~~~~~~~~~~~

.--

~~

-— --- -

~~~~

-- --- , - -  

I

qu i te laborious given the number of airports (29), cases (three 14TC configurations

wi th and without RNAV or 40), and years (five--1980 , 1985, 1990, 1995 and 2000)

for which the computation must be made . The procedure involves fi rs t conver ti ng

the del ay projection from reference 28 to dail y delay , and computing the peak

hour operations from the demand projections [20] and peaking factor [28], and

then locating a point on the graph for that peaking factor, such as Figure 3.1

for an eight percent peaking factor. Naturally, since the peaking factors were

usually fractional , the process must be performed twice using the nearest whole

numbers and the results are then interpolated. The point on the graph thus

represents a value for capacity , deri ved from the sloping constant capacity lines

as shown in Figure 3.1. Delay savings impact is deri ved as follows : Fi rst the

capacity fi gure is adjusted upwards the specified percentage (3.26% for RNAV or

4.6% for 40 RNAV arrival capacity impact). Keeping peak hour operations constant .

a new dai ly delay value is found on the graph corresponding to the higher capacity .

The daily delay savings benefit is the old delay minus the new delay , divided

by two since only arrivals are affected. This savings is then converted to an

annual value .

The usage of historic peaking factor data In this analysis does create a

problem since , as the leve l of traffic grows over a peri od of time at an airport ,

the peak hour percentage tends to drop (the so-called “peak-flattening ” effect).

This effect was ignored since there is no di rect data avaiable wh ich describes

the peak-flattening to be expected at these ai rports. However, to avoi d extreme

cases, any histori c peaking factor greater than 9% was set to 9%, since greater

peaks are hard to sustain as traffic grows. This affected fi ve of the twenty-

nine airports studied.

There is one significant problem associated with utilizing the delay pro-

.ject-i on data contained in reference 28. In that study a delay mode l was applied

directly to the capacity and demand data provided to the analysts , regard less

of the magnitude of the delays which resulted. In many cases mean delay per

opt~ration values of 10, 20 or 30 minutes resulted. Note that these are delay
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per operation va l ues -- not delay per a i rcraft delayed , whic h will , of course ,

be much hi gher. The largest mean de l ay per operation listed was 134 minutes.

Obvious ly, as mean del ays grow, they will reach an intolerable limi t be-

yond which traffic growth would cease. Since no such limits were applied

in reference 28, the benefit to RNAV and 40 which would result from manipula-

tions of that data would show a large r savings than would actually be realizable.

That is to say, since the stated delays are so large as to be unrealistic, the

delay savings due to capacity increases would also be unrealistic. Therefore,

demand limiting was applied to those airports so affected to bring del ays

down to a more reasonable level.

In order to select an appropriate limiting leve l of average delay per

operation , historic del ay data [34, 35] has been reviewed. The highest average

del ays found are listed in Table 3.2, the maximum of wh i ch is 7.13 minutes .

Since delays could probably climb higher yet before growth totally stopped ,

a level of ten minutes per operation was selected as the absolute maximum

value for delay. Demand limiting was applied , through the curve fit process

descri bed earlier , to limi t del ays at that value . However , it was applied

only to those cases which are appropriate considering the UG3RD implementation

schedule. For example , the base case (continued ARTS III) projections were

only limi ted out to 1985, not 2000, since the near-term improvements will be

in effect by 1985. However, once a limi t for a given year is reached , in the

base case for example, the same traffic leve l was applied to the (JG3RO im-

provement cases for that year so that all cases are compared on an equivalent

demand basis.

The delay savings computation process was soon found to be extremely

laborious . In order to reduce the effort involved, a new set of curves were

derived from the de l ay/demand/capacity curves , and are shown in Figure 3.2. The

new curves show the direct relationship between delay savings , daily de l ay
.4
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Table 3.2 Histori c Delay per Operation Data at Hi qh Delay Ai rports

AIRPORT [W 1 AY P[R OPERATION YEAR

ATL 7.13 lflH1. 1973
DEN 4 .07 1 973
EWR 4 .89 1969
JFK 6.74 1969
JFK 6.10 1973
IGA 6.31 1969
LGA 5.46 1973
ORD 7.02 1973
PHL 4.59 1973

before capacity adjustment , and peak hour ope rations. Two sets of curves were

develo ped , one for the 3.26% capacity increase (RNAV), and one for t he 4 .6’~.

increase (40 RNAV wi th M&S). An example (4.6% capacity increase for the 8’~

peaking factor) is shown in Figure 3.2. Using these curves it was possible

to go directly from the given values for dail y delay and peak hour operations

to the desired quantity , daily delay savings .

Once delay savings have been projected at a given airport for a given year ,

it is of interest to express these results in terms of costs : a i rcraf t opera ti ng

costs and fuel consumption . This requires knowledge of the aircraft categories

involved. Reference 20 provides projection s of aircraft category mix at five

year intervals at each airport. Presuming that all categories of aircraft are

affected equally, this data serves as a basis for computing total lost dollars

due to aircraft operating costs and fuel costs. In reference 1 the necessar y

data for performing this computation are deve loped. Fue l consumption data was

taken from performance handbooks for aircraft types representative of each

category , and are shown in Table 3.3. The fli gh t condition assumed was a holding

pattern configuration at 10,000 feet, with a relatively lig ht aircraft weight

assumed. Five categories are listed : 4EWB , 3EWB (four and three engine wide

body transports),and 4ESB, 3ESB, 2ESB (four, three and two engine standard body

tra~sports). Also in that reference an effort was made to bound the range of costs
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Table 3.3 Holding Fue l Fl ow

1~i~~RAFT WEIG ~Y[ FUEL FLOW
CATEGORY (Kib) (lb/mm )

[ 4EW B 400 245.3
3EWB 260 170. 9
4ESB 180 148.1
3ESB 110 100.0
2ESB 70 66.4

whi ch could be expected. Upper and lower bounds for fuel and airframe operating

costs were used rather than single estimates because:

I) It is difficult to predict the leve l to wh i ch oil pri ces

will ri se over and above general i nfla t ion , and

2) Di fferent airlines treat incremental (e.g., de l ay-related)

aircraft operating cost accounting in different ways , with

some being more conservative in describing such costs.

Therefore , upper and l ower values of $0.36 and $0.24 per gallon of fuel were

selected. Currently, airlines are paying in excess of $0.30 per gallon .

Upper and l ower bounds of aircraft operating costs (less fuel) were selected

for each aircraft category in reference 1. CAB data (1975 ) reported by the

airlines was used as the basis for the values . The high cos t assum pti on treate d

aircraft operating costs as beinq total DOC less fuel costs. The low cost bound

treated aircraft operating cost as being total DOC less fuel , depreciation and

rentals , with the remai nder diminished an additional 20%. The resu ltinq values

are given in Table 3.4.

Table 3.4 Ai rcraft Hourly Cost Values Used in Projections

[ CATEGORY 
- J 4EWB 3EW B 4ES B 3ESB 

- 

2ES~
High (DCC less fuel) $1810 $1307 I $7~~ I $612 $544
Low (less Dep . + Rentals + 20%) [~~899 648 [ 484 j  370 343
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3. 2 TERIIUAL DELAY SAV I~IGS

The projected delay savinqs due to RNAV or 41) (with M&S) at each of twent~-

nine high de l ay airport ’ has been calcu lated at f ive-year intervals sta rtin g in

1980. These savings are based on the overall average de l ay per operation pro-

jections stated in Table 3.6, and peak h our operations data derived from Table

3.5. The methodology of Section 3.1 was used. The results , in terms of daily

de l ay savings , are shown in Table 3.7. Us i ng the fuel consumpt i on and cos t data

in Tables 3.3 and 3.4 and aircraft category mix projections from reference

20 for each airport , the fuel , fuel cost and t i me cost projections for each

airport , and in total , have been computed. A phased implementation of the

IJG3RD features and RNAV has been modeled in the following way to generate year-

by-year delay savings projections according to the prescribed RNAV and UG3RD

implementation schedules :

1) Linear interpolation is used to fi ll in the five-

year intervals

2) RNAV implemen tation year for each termi na l are as shown
in Table 3.7 (reference 1)

3) RNAV equipage is implemented uniformly from 1982

to 1985 (approximation to schedule in reference

1) -- benefits are assumed in proportion to

percent equipped

4) Near-term UG3RD improvements are phased-in

uniformly from 1981 to 1985

5) 4D RNAV M&S envir onments are assumed to be

implemented in  1986 at a ll 29 termin a l s

6) Remaining UG3RD improvements are phased-in from

1986 to 1990.

3- 16
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Table 3.5 Annual Traffic Demand (thousands), Limited to Yield TO-Minute
Maximum Del ay per Operation

YEAR
AIRPORT 1980 1985 1990 1995 2000

AlL 619 680* 680* 680* 680*
CL E 310 330* 330* 330* 330*
CVG 189 252 332 389* 389*

• DAL 300 300 300 300 300
OFW 428 540 600 600 600
DTW 315 340 340 340 340

• EW R 255 328 341* 341* 341*
IAH 2 38 292 349 374 399
IND 266 332 360 360 360
LAS 381 407 419 431 443
LAX 600 600 600 600 600
MC! 222 271 322 363 388
MEM 371 490 639 712 737
M I A 415 531 600 600 600
MSP 290 362 440 516 519*
MSY 191 237 285 332 375
PHL 385* 385* 385* 385* 385*
PHX 619 627* 62 7* 627* 627*
PIT 368 415 431 447 463
SEA 206 248 316 381 422
STL 396* 396* 396* 396* 396*
TPA 269 355 453 548 643
BOS 334 374* 374* 374* 374*
DCA 341 341 341 341 341
DEN 461* 461* 461* 461* 461*
JFK 393* 393* 393* 393* 393*
LGA 363* 363* 363* 363* 363*
ORD 707* 707* 7Q7* 707* 707*
SF0 376* 376* 376* 376* 375*
*These values reduced tóilmit delay

to 10 minutes
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Table 3.6 Delay per Operation Projections Without RNAV
(minutes )

NEAR-TERM ALL IMPROVEMENTS
BASE CASE IMPROVEMENTS PEAKING

URPORT -— YEAR YEAR YEAR FACTOR
1980 1985 1980 1985 1990 1985 1990 . 1995 2000

AlL 6.68 10.03 5.46 6. 56 6.56 3.23 3.82 3.82 3. 82 7.5
CLE 4.34 10.17 4.71 7 4 8  7.48 4 .00 4.00 4.00 4.00 11.5*
CVG 1.66 3.35 1.28 2.93 8.06 2.52 6.07 10.02 10.02 8.5
DAL 2.00 2.00 2.33 2.33 2.33 3.51 3.51 3.51 3.51 7.5
DFW 2.08 3.98 1.99 3.59 4.77 2.98 3.68 3.68 3.68 8.1
DTW 1.01 1.07 1.26 1.39 1.39 1 .19 1.19 1.19 1.19 8.0
EWR 3.33 9.33 2.50 8.04 10.02 5.43 6.12 6.12 6.12 8.6
IAH 1.22 1.97 1.11 1.86 2.86 1 .67 2.27 2.54 2.80 7.0
IND 2.2 5 5.42 2.09 4.61 6.24 4 .25 5.03 5.03 5.03 8.8
LAS 4.34 6.03 3.86 5. 12 5.80 3.43 3.61 3.80 3.99 8.7
LAX 5.61 5.61 4.23 4.23 4.23 1 .86 1.86 1.86 1.86 9~7*
MC! 1.16 1.88 1.17 1.84 2.74 1.61 2.36 3. 13 3.68 9.6*
MEM 1.23 2.68 1.44 2.64 5.00 2.32 3.76 4.60 4.91 11.3*
MIA 3.15 5.99 2.33 3.59 4.79 3.88 4.97 4.97 4.97 8.9
MSP 2.05 4.33 2.08 4.01 7.99 3.73 6.32 9.86 10.02 8.5
MSY 1.16 2.4 2 1.42 2.43 4.60 1.91 3.47 6.00 9. 19 7.9
PHI 9.94 9.94 9.2 2 9.22 9.22 9.00 9.00 9.00 9.00 7 .7
PHX 9.43 10.02 8.00 8.46 8.46 6.15 6. 15 6.15 6.15 7.7
PIT 2.88 4.3 5 2.83 4.00 4.49 3.63 3.85 4.08 4.30 7.8
SEA 2.30 4.25 2.11 3. 50 7 .14 2.15 3.62 5.76 7.47 8.0
STL 9.98 9.98 9.50 9. 50 9.50 9.00 9.00 9.00 9.00 8.4
TPA 0.45 1.49 0.81 1.48 3.26 1.58 2.68 4 .19 6. 14 9.0
BOS 3.03 9.96 2.88 8.22 8.22 4.81 4.81 4.81 4.81 8.1
DCA 4.49 4.49 4.88 4 .88 4.88 4.64 4.64 4.64 4.64 7.2
DEN 10.03 10.03 8.12 8. 12 8.12 3.88 3.88 3.88 3.88 9~5*
JFK 10.00 10.00 8.00 8.00 8.00 6.00 6.00 6.00 6.00 7.8
LGA 10.04 10.04 9.33 9.33 9.33 8.69 8.69 8.69 8.69 7.9
ORD 9.97 9.97 8.00 8.00 8.00 6.00 6.00 6.00 6.00 6.8
SF0 10.07 10.07 9.07 9.07 9.07 7.00 7.00 7.00 7.00 8.6

*1-jmj ted to 9.0%
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Table 3.7 Dail y Delay Savings with RNAV & 40 RNAV
(minutes)

BASE CAS E NEAR-TERM IMPROVEMENTS ALL IMPROV EMENTS RNAV
_ _  -- -- - -  - - - - - - 

~~ RNAV RNAV 40 RNAV RNAV 4D 41) 40 41) 4D 41) 1MPL.

~~~~~~~ ~~~~ ~~~ ~~~~ATL 3100 4850 7900 2630 3400 5970 5970 2300 2900 2900 2900 1982
CL E 780 2300 4350 850 1540 2620 26 20 1180 1180 1180 1180 1984
CVG 132 442 615 95 385 548 2785 435 1930 5100 5100 1985
DAL 3 i3  3~3 434 31/ 3/1 509 509 8~ 3 8~3 8~3 8~3 1 983
DFW 559 1599 2250 542 1473 1991 3379 1530 2378 2378 2378 1983
DTW 155 192 244 206 256 323 323 273 273 273 273 1984
EWR 436 1928 3262 298 1672 2708 3960 1628 2030 2030 2030 1982
IAH I l l 296 380 96 277 358 784 305 585 745 915 1984
IND 301 1140 1740 279 923 1390 2430 1256 182 2 1822 1822 1986
LAS 1080 1734 2931 950 1426 2322 2851 1398 1528 1732 1965 1984
LAX 3200 3200 4350 2200 2200 2900 2900 1070 1070 1070 1070 1982
MCI 110 260 370 110 250 360 695 283 580 1000 1440 1984
MEM 248 980 1260 305 950 1220 3950 1030 2650 4300 5100 1985
M I A 967 2584 6555 654 1525 2871 6301 3222 3222 3222 3222 1983
MSP 317 1005 1435 320 932 1295 4740 1210 3495 6800 6950 1984
MSY 84 281 455 116 285 484 1159 329 777 1860 3612 1984
PHL 2450 2450 4280 2310 2310 3900 3900 3750 3750 3750 3750 1984
PHX 3490 3550 8750 3118 3270 7300 7300 4 710 4710 4710 4710 1985
PIT 671 1290 1692 661 1142 1500 1868 1348 1518 1734 1920 1984
SEA 225 565 830 200 450 655 2110 375 940 2100 3280 1984
STL 2520 2520 4550 2400 2400 4340 4340 4020 4020 4020 4020 1984
TPA 47 285 380 91 284 378 1640 415 1280 2530 5330 1984
BOS 610 2180 4030 570 1870 3140 3140 1670 1670 1670 1670 1983
DCA 1016 1016 1332 1126 1126 1518 1518 1 392 1 392 1392 1392 1983
DEN 3970 3970 6250 3050 3050 4600 4600 1850 1850 1850 1850 1983
JFK 2380 2380 4370 1990 1990 3220 3220 2310 2310 2310 2310 1982
LGA 2180 2180 3940 2060 2060 3610 3610 3230 3230 3230 3230 1982
ORD 76 50 7650 9990 6100 6100 7970 7970 5680 5680 5680 5680 1982
SF0 2510 2 5 10 4460 2310 2310 3860 3860 2750 2750 275 0 2750 1983

3- 19
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The results, in terms of fue l savings and time cost savings , are listed in

Table 3.8. Listed at the bottom are the grand totals , which show that the

1976 present value equivalent to the savings through the year 2000 should

range between $570 million and $962 mi llion , depending on whether one prefers

the low or high cost assumptions discussed at the end of Section 3.1.2. A

discount rate of 10% was used in the present va l ue analyses .

While the value of total fuel consumption should be discounted to

present value for cost analysis purposes , it is also of interest to state the

total fuel savings in terms of gallons , since it is a scarce resource. The

total is 3.77 billion gallons of fuel saved , which is quite significant in

comparison to the total air carrier fuel consumption for 1975 (from CAB data)

which was 7.28 billion gallons. A graph of annual fuel savings is shown in

Figure 3.3. The sharp rise in savings in 1982 is due to the assumption that

RNAV is fully implemented by 1985. Savings drop slightly from 1 985 to 1990,

since overall delays are reduced by the long-term improvements which are

imp lemented by 1990. After 1990 delays , and delay savings due to RNAV , again

start to rise.

All of the RNAV delay and fuel savings results discussed in this

section are sensitive to factors such as variations in implementation schedules.

In particular , if UG3RD improvement schedules slip , RNAV impac t will be greater.

Should the RNAV schedule slip, some RNAV benefits will be lost. Also , other

factors such as overall traffic growth rate are important. Changes in growth

rates directly affect delays and , therefore, RNAV delay savings.

3-20
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Ta b le 3.8 Annual Fue l and Time Delay Sav i ngs

FUEL SAVINGS TIME COST SAVINGS
YEAR millions ol lhs ) LO~~~~ 

- 

~W IG~i $~
1982 94. $ 6.2M $ lO.9M

‘83 293. 19.3 34. 2
‘84 592. 39.6 78.3
‘85 876 . 58.9 103.4
‘86 1413. 95.2 167.4
‘87 1394. 93.9 165.5
‘88 1356. 91.3 16 1.5
‘89 1301. 87.6 155.3

1990 1227. 82.7 146.8
‘91 1290. 86.7 154.3
‘92 1353. 90.7 161.9
‘93 1416. 94.7 169.4
‘94 1479. 98.7 176.9
19 5  1542. 102.7 184.4
‘96 1594. 105.8 190.5
19 7  1646. 108.8 196.5
198 1698. 111.9 202.5
‘99 1750. 114.9 208.6 

_______

2000 1802. 118.0 214.6 TOTAL
LOW $ TOTAL* $ 904 fl~~W $25l2M~
HIGH $ TOTAL 1358.M 

_______ 

$2883M 424lM
LOW $ 1976 P.V. $204.9M $365.5M $570.4}l
HIGH $ 1976 P.V. 307.7M $654.2M 96l.9M

*Refers to the low and high fuel/time cost assumptions discussed
in Section 3.1 .2.
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3.3 ENROUTE CAP ACITY AND DELAY IMI’( I( ;Arl oNs OF RNAV

In this section the abi lil.y of RNAV routes and procedures to en-

hance enroute system capacity are discussed. The result i ng potent ial

impacts on enroute de l ays are introduced , although no genera l p rojec-

ti ons of enroute delay sav i ngs have been deve loped , for reasons wh i ch

are explained in the following section.

3.3.1 Potential for Enroute Capacity Improvement

There are two basic mechanisms through which RNAV capability can

enhance enroute capacity , where ca pacity i s defined as the abi lity of

the enroute environment (route structure and ARTCC capabilities ) to accept

departures and route aircraft to their intended destinations wi th minimal

delay. The first mechanism involves the route structure itself. RNAV

provides several capabilities that can serve to enhance the cap ac ity of

the route structure :

• Greater number of routes in a charted route structure environ-
ment.

S Elimination of splayed airspace requirement , allow ing hi gher
route density in certain areas.

• Ability to designate precise holding points at any desired location .

• Di rect routes , and more nearly optimum selection of best-wind
routes.

The second capacity enhancement mechanism involves the abilit y of RNAV

to reduce control l er work l oad and increase sector capacity , as ex plored

in detail in Section 2.2. In that section it was shown that RNAV could

positively impact all three categories of controller workload: traffic

structuring , conflict processing and , to a minor extent , surve i llance .
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There is one comp l icati ng factor:  If an attempt were made to increase air-

space capacity by adding more RNAV routes , the ability of the sectors in-

volved to handle increased traffic may not be sufficient to service the new

capacity . Furthermore, splitting sectors in order to reduce sector traffi c

counts given the higher route capaci ty would provide sharply diminishing

productivity returns. Ultimately, the abilit y of the ATC system itself to

handle traffic would limi t traffic capacity , even though additional route

capacity may be available. Therefore, it is not appropriate to treat RNAV

route structure capacity improvements independently of controller work l oad

factors, since the two factors interact.

Referring to the terminal area capacity study (Section 3.1), it

was found that an RNAV arrival capacity effect exists , demonstrate d by

real time simu l ation , which is essentially independent of the controller

workload impact of RNAV which was demonstrated through the use of the SRI

workload anal ysis techniques. Therefore, RNAV delay reduction and control-

ler p roduct i v i ty benef i ts could be calcula ted independent ly. S i nce the

issues of traffic capacity and controller workload effects are interre- —

lated i n the enroute case , the calcula tion of those delay benef i ts w hi c h

would ar ise independent from the RFIAV product ivity effect is a very dif-

ficult problem. This is particularly true in a period of rising traffic

demand where ATC limitations rather than route structure limi tations will

constrain capacity . Therefore the delay impact discussion , presented in

Sect i on 3.3 .2 below , concentrates on the enroute delay impact of RNAV due

to controller workload improvements.

3.3.2 Enroute Delay Impli ca~~~~so f RNAV

The impact of RNAV on controller workloa d and sector capacity was

presented in detail in Section 2.2. Briefly, the major impact areas

3-24



were the elimination of radar vectors and associated heading data

interchanges , and a reduction in conflict processin g workload. The con-

flict situation is improved both because the RNAV route structu re reduces

expected conflict situation count , and because conflict resolution work-

load is reduced for some conflict types. Because less average workload

is requi red per airc raft , the capacity of the control sector improves.

This allows more aircraft to be accepted in any given period , and so re-

duces enroute aircraft delays which can occur under conditions of heavy

demand. In Section 2.2, new Sector capacities for the various Sector

types were deri ved considering each of the four UG3RD enhancement levels ,

with and without RNAV . In order to convert from enroute individual sec-

tor capacity measures to staffing requirements measures considerin g the

interactions of many sectors , a simulation technique (references 5 and

23)was developed by SRi . It applies traff i c demand patterns to route

networks through a contiguous set of several sectors with predetermined

capacities , and measures the delays which must be imposed on some of —

the aircraft entering the area at time s when one or more sector capa-

cities are exceeded. Example s of the del ay/demand relationshi ps which

resul t are shown in plots in Section 2.2. One of these , corres pondi ng

to the original sector configuration of the study area (the ori ginal nine

sectors -- none are split), i s rep roduced here as F i gure 3.4 . F i ve

curves are shown in this plot , representing the baseline NAS Stage A

case (1A) with 2.5 man sector staffing, the Automate d Data Handling

and Local Flow Control cases (2 and 3), the Sector Conflict Probe case

(4) and the DABS Data Link cases (6Ai- , 50% data link aircraft and 6A*,

100% data link aircraft) , all with 2.0 man sector staffing. In Section 2.2

the lB and 6B cases were exami ned , but did not apply for the traffic levels
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ctudied. Note that there is a horizontal line on Fi gure 3.4 labele d “curren t

level of service ” at an average delay of 0.03 minutes per aircraft as measured

by the simulation. This figure then shows the amount of traffic which may be

serviced with each of the enhancement levels in operation with the con-

straint that the current leve l of enroute de l ay is not exceeded. Thus ,

under system enhanceme nt leve l 4 , approximately 720 aircraft could be

serviced per shift rather than the present (1975) demand of 486 air-

cra ft , and still experience no increase in the average de l ay value . These

relationshi ps , along with those derived similarly for the two cases of

sector splitting (50~- split and 100% split) , were used in Section 2.2

for determining the manpower (based on sector sp litt inq) require d to

serv i ce a gi ven l eve l of t raff i c for a gi ven enhancemen t conf i gurat i on

presuming that average de l ay is to remain fixed. In this section it is

of interest to assess the impact on delay of additional traffic given

that manpower is to remain fixed , and to determine the effect RNAV has on

those levels .

In order to assess the RNAV effect on de l ays it was necessary to

estimate how RNAV capability would affect the SRI der~nd/delay rela-

tionship simulation results of Figure 3.4, had the trafHc simulation

been available to be applied using the known improvements to sector

capacity which RNAV provides derived in Section 2.2 as inputs. This

es ti ma ti on was accomplishe d for eac h of the enhancement levels us ing the

traffic levels developed in Section 2.2 under the assumption of constant

per aircraft delay . These points correspond to the points plotted alon g

the “cu rrent leve l of serv i ce ” line on the plot in Figure 3.4. Similarly,

the impact on traffic handl ing capabilities of RNAV for each enhancement

eve l has been conputed in the manner disucssed in Section 2.2. These

‘alues are plotted along the “current leve l of service ” line on the plot

3-27



- - h - -- - - - 
- ---- ______________________

I 
— cu

0
- 0

N
—4

0
> z - 0

C)z 4-4 —

~ >
0

0 0  0 —
~~ -4 Cl) _ 0 J-’

- in ‘4-4
C.. —~ - -4

, 0 .

.~ 0
C.) 0 4.4 C)

— — 
~~
. 

~~—4 0
-~ .~~o c ~Z 0 0

— Cii — 
~f l 4., S..
-4 W

,

~ 

U. 

C) 0 ~~ ~
_•S~ e._ 0 ‘44

— ~~~~~~ 
— (N t~

.—4 4.~4• 
. 

-~~ 
• •.. 0 

. 
•••.. 0 -~~ 0

.
‘ 2•

~~~~~~~~~~~~~~~~~ ~

(~~~JV1Di t~~~ i~d sa~nutw) AV1~~I ~~-~AY

3-28

I’- -- -—- -



___ —-
~~
----— ---..:— - — 

—.--- .,-.-, . •---•- ~~~~~~~~~~~~~ . - ~~~~~~~~~~~~
—•-

~
---

~~~~
-

L

in Figure 3.5. The remain ing I),irts ot these 100 ) R~1AV cas e curve ’-. ~‘~~fl~~t ’ It’—

ri ved Si niply by using the same s lopes as the enhancement level to wh 1 cli

they correspond (e.g. the level 4, 10O~ RNAV curve is parallel to the leve l

4, no RUAV curve). The result ing complete set of curves is illust rated in

Figure 3.5. It is from this fi gure t hat est i mates of delay sav i ngs due

to RNAV , given staffing and sectorizat ion equivalent to 1975, may be

computed assuming any of the enhancement levels and representative traffic

demand values.

Figure 3.6 gives some examples of RNAV delay savings. Under cur-

rent sectorization and without any UG3RD enhancements , if traffic in the

study area increases 20% (to 583), del ays would increase from 0.03 to 0.10

minutes per aircraft. As Fi gure 3.6 i l lustrates , 100% RNAV would reduce

the delay to 0.015 mi nutes , an 85)’ reduc tion . If traffic level increased

by 90’)’ (to 923) in an enhancement leve l 4 environment , de l ays would reach

0.225 minutes per aircraft in the study area. The RNAV savings in this

case would be a reduction to 0.04, or 82%. Likewise given a 100% traffic

increase (to 972) in the level 6A-t- (50’);’ DABS data link) environment , —

1 ’ - I t / - WO u ld reach 0.16 minutes , while 100)) RNAV would reduce average de l ay

to 0.O~ mi nutes , an 80- savings.

I’ i~~~ i mportant to reiterate here that:

~~~O —
~~~~

‘ ‘-
~ ~t a t fi n g savings computed in S~ction 2.2 were based

,~ .umptit ’n “ ~~n st ant enroute de l ay per aircraft , which

•.pr . ønts i c,rn~ iriu,,t ion o~ the existing leve l of service .

I-’ 
~~~~~~ ‘ I i~~ 

,.,v 1 f l ’j S  ex amp les presented above are

‘I’ ~ ~e~~- .t.iv ’t staffin g which could re—
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As a result , no attempt has been made here to project RNAV enroute dela

savings benefits for all of the A tlant a center sectors , or for the remain ing

centers , for the 1975 to 21)00 time frame. The reasoning used was that

the benefit values which would result would not be compatible with the

staff savings benefits projections made in Section 2.2, s i nce a deg rada ti on

in leve l of service pro~ided would have to be assumed . It would , of course , be

possible to postulate a scenario whereby constraints on staff size are

presumed. RNAV enroute delay savings would result under such circum-

stances . However, this would not be consistent with the assumptions of

the remainder of the study , and so was not done .
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4.0 CONCLUSiONS

The major points of interest demonstrated through the analyses per-

formed as a part of this study effort are stated below.

4.1 CONTROLLER WORKLOAD , SECTOR CAPACITY AND STAFF REQU IREMENT RESULTS

• The analyses conducted essentially reaffirm the results pre-

sented in references 4 and 5 concerning the impact of the

UG3RD enhancement features* other than RNAV on controller work-

load , sector capacity and controller productivity .

• In light of the ongoing analyses of the potentially bene-

ficial effects of RNAV , and the results of recent simulation

studies , the treatment of RNAV in the above-referenced studies

inadequately reflects i ts true potential contribution to work-

load sav ings , etc.

• RNAV has been demonstrated to be a major source of terminal

and enroute controlle r workload savings. In the terminal

case , it is equivalent to other major work l oad-reducing UG3RD

features with the exception of DABS/Control Message Automat i on ,

wh ich on the average provides one-third again as much work load

reduction as RNAV . In the enroute case the three major work-

load reducers (Automatic Fli ght Data Handling, RNAV , and

DABS/Control Message Automat ion ) make roughly equivalent con-

tributions to the reduction of workload.

*Exceptions were taken to the Metering and Spacing methodology , but w i th
- 

. only m nor i nfluences on overall results .
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• The analyses have shown tha t savings in real con t ro l le r  w ork-

load can be translated into improvements to average controller

productivity through improvements to control sector capacity .

The mechanisms studied included changing the s taff i ng for

individual sectors (terminal and enroute ) and splitting sec-

tors (enroute).

• Based on assumed implementation scenarios for the UG3RD

features and RNAV , the following overall results in man years

for the 19-year RNAV implementation and usage period considered

(1982-2000 ) were derived: Terminal (Twenty-ei ght terminal

areas) , 3715 man years (14% ) or $92.1 mill ion at 1975 salary

levels; Enroute (all twenty centers), 20,498 man years (11’)’)

or $508 milli on.

4.2 SYSTEM CAPACITY AND DELAY RESULTS

• RNAV has been shown to be a significant source of terminal

arrival capacity improvement and delay reduction . The usage

of RNAV procedures themselves has been demonstrated to pro-

duce a 3.26% arrival capacity improvement . After M & S pro-

cedures are implemented , this improvement would be supplanted

by an improvement of approximately 4.6% through the use of

40 RNAV techniques.

• Based on the same assumed implementation scenario for UG3RD

features and Rt~AV referred to above , RNAV reductions to de-

lays would result in air carrier dolla r savings over 19 years

ranging from $2.5 to $4.2 billion dollars , depending on values

assumed for fuel and aircraft time costs.

J
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• The value of RNAV improvements to enroute control sector cap-

ac ity was quantified in terms of controller staffing require-

ments reductions in the face of a growing traffic demand

trend , assumin g that the quality of service (mean enroute de-

lay ) provided remains constant. If , however , staff g rowt h

is constrained such that enroute delay s grow , RMAV can cause

very large reductions in these delays .

• The overall savings in fuel due to the usage of RNAV and 4D

to improve terminal arrival capacity and reduce de l ays

amoun ts to 3.77 billion gallon s over the 19 year time period.

This savings is equivalent to 52% of the total air carrier

fuel consumption in 1975. An earlier study [lJ indicates

further fuel savin gs due to RF4AV. In summary : ‘

Term i nal Delay Reduc ti on : 3.77 b. gal .

Terminal Route Structure: 3.02 b . gal.

Enroute Route Structure : 3.73 b. gal.

VNAV-a ided Descents: 0.83 b. gal.

TOTAL 11.35 b . gal.

This total is equivale nt to 156 ;’, of the 1975 total air carrier

fuel consumption.
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