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necessarl ly   represent   CAA  pol lcy 1n all respec t  
Thls 1s a techmcal lnformatlon report and does not 



PROPOSED ATC PROCEDURES FOR CIVIL JET AIRCRAFT" 
A PRELIMINARY REPORT ON THE SIMULATION OF 

SUMMARY 

This  report  describes  an extensive slmulatlon  program whlch  was  conducted by the 
CAA T e c h c a l  Development  Center  to  study  operauonal  requrements  and  control  techuques 
for  handllng clvl l   Je t   arcraf t  In present  and  future a n  trafflc  control  systems  Startlng wulth 
a brlef  revlew of current  elmulation  methods. the report  dlscusees  the  speclal  problems 
assoclated  wlth  the  control of clvll   Jet   alrcraft  

A slgruflcant  development whch  emerged  from the simulation testa  was  the  paradox 
that,  in  tugh-denslty  termmal  operatlons,  an  over-all  fuel  saving would result If low-altltude 
holdlng procedures  were  used  inetead of the hgh-altltude  procedures  formerly  considered 
essentlal.  It  was found that  the  reductlon of delays,  made  posslble by t h e  hgher  efflclencles 

for the rncreased  fuel-flow  rates of Jet a l rcraf t   a t  the  lower  albtudes 
of approach  systems  utlhzlng  low-albtude holding procedures. would more than compensate 

control.  lncludmg  the  use of velocity  control,  en  route  delay  patterns,  and  vanous  methods 
The  sirnulabon  tests  explored a number of concepts m the  fleld of arrlval  schedullng 

for  sequencmg  arrivlng  amcraft  It 1s expected  that  much of thls  work  can  be  apphed m the 
development of operahonal phllosophy  and equpment desagn for  future alr traffic  control 
systems 

SMULATION METHODS 

Slmulabon has been  used  for a number of years In the  study of alr  traffic  control  (ATC) 
problems The result of earlier  work  led to the establishment of the  dynamlc ATC slmulator 
a t  the CAA Technical  Development  Center  (TDC) m 1950 The use of thls  faclllty  has  led  to 

whlcb  are expected  to  have apphcabon m future  eystems The apphcabon of earher   s lmu- 
a number of improvements In  the present ATC system,  as well as  a number of new concepts 

lation  studles  to the operatmg ATC system  has  produced smfficlent fleld da ta  to  evaluate  their 
effecbveness  Comparlson of the slmulabon  results wlth actual  fleld  data  has  m&cated 
extremely  close  correlahon  Thls  has  led  to  an  increased  demand  for  the  expanslon of 
simulation activities 

Graphlcal  analysls 1s a paper-and-pencil  tecbmque  Fast and cheap.  thls  method of slmu- 
Present Elmulatlon  techruques  Include graphlcal, dynamxc. and  fast-tlme  methods 

lation IS used to determine  the  effect of varylng  certam  system  parameters  It  also is  used 
to  determine  the  ideal  performance of a specific ATC system  for  comparlson  wlth  the  results 
obtalned from dynamlc  slmulatlon tes t s  Graphical  plots  lnclude  altitude-bme,  albtude- 
&stance,  fuel-dlstance,  space-time,  and  aircraft-tlme  presentahons. 

Of the ATC system  to  be  tested m a reallstlc  control environment uemg  human  controllers 
Dynanuc  slmulatlon 1s a real-time  slmulatlon  techmque  wbch  enables  certam  portlons 

who are  confronted  wlth  the  same  workloads  and  declslons  that they  would have  to  face  In  the 
actual  operatlon of the  system  under  study 

Flgure 1 1s a b a g r a m  of the  baslc  control  functlon  ahomng  the  general flow of mformatlon 
The ATC system 1s a hlghly  complex,  large-scale,  mformahon-handlmg  system 

around the loop In the dynarmc slmulator, the alrcraft ,   radars,  and  radlo  channels  are re- 

human  helngs are  retained In the controllers'  and  pilots1  posltlons  and  the  total flow of 
placed wlth more  economlcal  and  easlly  managed  substltutes, as shown In F i g  2 However, 

lnformation  around the  loop  duphcates  the  flow In the  actual  system 
Figure 3 shows  the  servo-controlled  projectors which  move  spots of hght  across a 

ProJector 1s manned  separately In order to  provrde  the  real-hme  commurvcations  workload 
large  movie  screen  to  simulate the  movement of lndivldual alrcraft  in  the  system  Each 

*Reprinted for  general  dlstrlbutlon  from a hmlted  dlstrlhutlon  report  dated May 1958 



and  the aircraft  characterletlcs  affectlng  the  control  problem. Due to  space  hmltations  in 
the  proJechon  room,  the  pilot COnEOleS for  some of the pro~ectors   are   located m anoihar 
room,  a8 shown 1n F i g  4 Two television cameram,  shown  near  the  center of F i g  3, televlse 
the  resultmg  trafflc  situatlon on the  screen  for  presentahon  as radar data on ddferent  types 
of displays  FLfteen  lnterphone  channels  annulate a i r lg round la r  and  landhne cornmud- 

an  arrangement of two new brlght tube displays  in  the  en  route  traffic  control  room 
cations  facllitles  Figure 5 shows a typical  termmal-area  eqlupment  layout and F l g  6 shows 

cycle  The  various  phases  follow  an ascending cost  scale. with  the  cheaper  processes  used 

weed  out or revlee  Imprachcal  solutions  before a large  amount of money  has  been  spent  on 
first  Thls  sequence  tends  to  reduce  research  costs by providmg a m-um o p p o r m t y  to 

thelr  evaluation 

provides  a  means of measurmg, or  at  least  mcorporahng.  the  effects of human  factors  in  the 
Perhaps  the  most obvlous pstifrcatlon  for  the UBe of dynamc  simulation i s  that it  

Figure 7 shows  the  role of graphlc  and  dynamic  simulatlon in the ATC development 

F l g  2 Functional  Diagram of ATC System with Analogues  Employed 
In Dynamlc  Slmulatlon 
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F l g  3 Pllot  Consoles,  Target P r o ~ e c t o r s ,  and  Televlslon  Equpment 

operatlon of the  system under test  However, the feedback  loops  at  the  right of F l g  7 show 
a very  Important  by-product of the  development  program.  namely,  the  generahon of new 

whlch usually prolldes the f n s t  look a t  the  operatlon of a  new system,  has  proved to be a 
Ideas and  the  refmement of old  ones as a &rect result  of the  program  Dynamlc  slmulatlon, 

potent  stlmulus for new Ideas  and  nnpravernents 

F l g  4 Remote -lot Console  Posltlons 



4 

Flg 5 Termma1  Area Control Room Layout 

~n nonreal-tlme operation Unfortunately.  the  tltle  presently  applles  only  to  the  problem 
runnmg trne,   and  not to the t lme r e q u r e d  to set up the lnltlal  program. The  advantages of 
thls  method  Include  rapid  runnlng of extremely  large  traffic  samples, low error rates,  and 
the automatic collectlon  and  processmg of test  data  Dlsadvantages Include the cor,plex 

Fast-tlme  srculatlon 1s  a relatl\ely new technique whlch utlllzes a dlgltal  computer 

F l g  a En Route Control  Room  Layout 
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Fig 7 Normal  Development  Cycle  for ATC System  Improvements 

fast-time  slmulation  relate It more  cloaely to  graphcal,  rather  than  dynamlc,  slmulatlon 
programming  operation  and the inablhty  to incorporate  human  factors  The  capablhtles of 

Actually,  these  various  slmulahon  methods  complement  each  other  and a complete  slmulation 
study  facility will use all three  methods in a coordmated  and  cooperahve  manner When de- 
tailed h m a n  behavior data a r e  obtained  through  actual  operabonal or dynamlc  slmulahon 
teats,  they  can  be  applied to the  graphcal and  faat-time  methods  to g a m  the  beneflta of 
these  methods 

In te rms  of results,  flight test8 of ATC ~ y ~ t - m  inherently  are  slow,  awkward,  and 
expensivs  Since  actual  faclhty  installabons  are  mvolved,  developmental  and  modIflcatlon 
pbanes requlre lengthy  periods of m e  Comparahve  performance  measurements  are  almost 
mpossible  to acheve.  due to the difficulty of dupUcatmg the orig-1 trafflc Input  and  fllght 
conditions on any  subssquent  teata In addition, It is difficult to get the  weather  to  "cooperate" 
for  the required  test conditions Unless  the test operahons  can be isolated  from  other  alr 
traffic,  safety  considerations  usually  prohibit  complete  tests  under  high-denslty  trafflc  loads 

operates  satiafactorlly  as  mstalled,  a  large  part of the  system  design  and  operahonal  testlng 
Although  live  fhght-testmg 1s necessary to provlde  final  proof  that  the  system 

during  the  developmental  phase  can  be  handled  through  the ume of simulahon  techruquea 
In preparabon  for  the  advent of civd  jet  operations,  thousands of slmulated  Jet 

operahons  were fl-n through  many bfferent  arrangements of routes  and  trafflc  patterns, 

A peculiar  advantage of almulatlon  In  thls came -E the  fact that the requred  numbers  of 
under  high-denalty  traffic condihons repreaentahve of those  forecast for the  next  five  years 

actual  aircraft of this t p e  were  not 1n exlstence at the  time 

PROBLEMS O F  SPEED, MANEUVERABILITY,  CLIMB AND DESCENT 

As a  clasa,  the new family of civil  jet  transports wlll be larger,  heavler.  and  more 
powerful than the  commercial  arcraft  they  replace  As ahown m F l g  8, they  wlll  fly  hgher 

bigher  speeds vdl present  a  problem to controllera who a r e  not  experlenced  ln  handllng  Jet 
and faster  than  any  other  type of c iv l l   a r c ra f t  Dynamic  slmulahon  tests  m&cate  that  thelr 

operahons.  Tha  problem  results  not only from  the  higher  rate8 of closure wlth other air- 

craft,  but  also  because  passenger  comfort  at  these  speeds  requres  the  use of low hlrnlng 
rates  This comblnahon  greatly  Increases  the  amount of time  and  anspace  necessary  for  any 
maneuver,  requring  controllere  to  make  declsions a long  way  ahead of the  alrcraft  It  also 
makes  irnpractlcal  the  old  procedure of specrfylng certam  turne  for  radar  ldentlflcatlon 
Implementatzon of the ATC radar  beacon mystem should e h m a t e  the  need  for  thls  procedure 
Simulaaon  teats show that the  Job of becormng  adjusted  to  the  Increased  operatlng  tempo,  to 

need to learn  in handlmg  the c i n l   j e t  
"stay  ahead of the ancraf t , "  1s  one of the  most  important  factors  whlch  the  controller wll 

Flgure 9 shows  the  extensive  dmtances  Tbich  wrll  be  covered by Je t   a l rc raf t  In 

the  altltude  level of another,  the long c h b  and  descent  distances of Jet  alrcraft  wlll  Increase 
cllmbs  and  descents.  As  altrtude  aeparation  cannot  be  ueed  where  one  alrcraft IS crosslng 
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Flg  8 Hlgh-Altltude  Cruzsmg  Performance of  New Ciwl Transport  Amcraft 

greatly  the  area In whlch  lateral  separahon  must  be provided, elther  by  radar  coverage or 
perhaps.  someday, by the  use of a navigation  system  whlch  can  provlde  passlng  lanes 

ln Flg 9, the  lower  porhons of then  chmb  and  descent  paths  often  wlll  colnclde  wlth  those 
of other  clvll  aircraft,  thelr  forward  speeds  also  wlll be correspondingly  hlgher  As  shown 

of other alrcraf t  In such  cases, a severe  overtakmg  problem w ~ l l  occur  unless  lateral 
separahon  can  be  used 

although  some  alrcraft  wlll  reach 20,000 feet  only 30 mlles  out,  others  may  requlre 100 mlles 
to  get thls hlgh  There  are  three  reasons  for t h ~ ~  varratlon 

Although  the chmb and  descent  rates of Jet   a l rcraf t   normally  w~ll  be hghe r  than  those 

Flgure 9 shows  the  wlde  varlahon In c l m b  dlstancea of the  clvll  Jet  For  example, 

fuel  Lghtly  loaded  short-haul  alrcraft wxll have a much  hlgher  rate of chmb than  heavlly 
loaded  long-haul  amcraft 

temperatures  result 1n less  thrust and  lower  cllmb  rates 

combmahons  For  example.  alrcraft  wlth the large 575 englnes  wlll  tend  to  have  better 
clirnblng  performance  than  the  same  type of a l rcraf t  equlpped  wlth  the  lower-thrust J57 
engine 8 

1 Fully  loaded,  some of the new lets  can  carry  as  much  ae 40 per  cent of thelr  weight  In 

2 The  thrust  output of turboJet  englnes IS extremely  sensihve  to a n  temperature  Hlgher 

3 Flgure 9 represents the composite performance of various types of alrframelengme 
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F i g  9 Chmb  and  Descent  Dlstances of  New Clvll  Transports 
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GROUND OPEIVLTIONS 

Figure 10 indxates  Jet blast velocities at  Mrious  &stances  behmd  a  typlcal  Jet  engme 
TbIs effect, with Its attendant  heat  and  fumes,will  requre  other  ancraft  to  mamtaln  a  con- 
alderable & P a c e  behmd  Jet  alrcraft  operating on the  ground The underslung  Jet  pode, 
characterimhc of the  present  generatlon of Amerlcan  Jet  transports,  introduce  another 
problem--the  lngestlon of debrls  and  foreign matter which  may  be  picked  up by precedmg 
aircraft  and  sucked  Into the mtakea of the  jet  engines  For thIS reason .   Je t   a rc raf t  should 
not  be w e d  clomely behind  other  alrcraft 

four-engme  transport, sing at  50 per cent rpm, will  burn 4 t imes  35, o r  140 pounds of fuel 
Flgure 11 ahows the  sea-level  fueI flow of a typical  Jet  engine  It  will  be  noted  that  a 

per  minute A h a l f - m u t e  runup  at 100 per cent  rpm would cost 112 tunes 4 times 117, or 
234 pounds of fnel 

pretakeoff  cockplt  checks  before  etartmg  engmes For  the same  reason,  It  may  become 
The high rate  of fuel  flow  probably  will  make it deslrable  for  pllots  to  complete  thelr 

Common practlce for let  pilots to secure  therr ATC clearances  before  leavlng  the  ramp 
Once under way, it would be  deslrable  for the Jet   to be able  to  contmue  urunterrupted to the 
takeoff position. smce a h g h  rpm 1s required io place the alrcraf t  m mohon  again if It l e  
stopped  en  route 
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FUEL FLOW- POUND5 PER UlNUTE 

Fig 11  Typical  Single  -Engme  Fuel Flow a t  Sea  Level 



Flg 12 Bypass Taxiway 
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operatlons.  Therefore, Jet  aircraft  often wvlll be  ready  for takeoff before  other  aircraft 
Turbolet  engines do not  reqrure  the warmup  period  characterisbc of platan  engure 

whlch  have Lamed out flrst   For  this  reason, It will  be  partrcularly  desirable  for  ]et  alrports 
to  be  eqrupped  wlth  bypass  taloways, a s  shown In Fig. 12, so that  departures  can  take off in 
the order ur whch they are  ready to  fly, rather than in the  order  in  which they tam out. 

100 per  cent  rpm  before  the  pilot  releases  the  brakes  for  takeoff.  From  the  alrcraft  oper- 
ator's  pomt of view. It 1s desirable  to  perform thm  check  on  the  runway  to  avoid  the  extra 
fuel  coat of "revvmg up" the  englnes  beforehand. Simulation tests  Indicate that the  adverse 

position  before  the  runway hae been  fully vacated by a precedmg a r c r a f t  
effects of this  runway  occupancy  trme  can be  mrrurnlzed  by  clearlng  the  jet  into  takeoff 

Once In takeoff posltion,  Jets  will  reqrure  about 10 seconds  for  a  static  thruat  check  at 

CLIMB RESTRICTIONS 

either low altltude or low speed.  Its  fuel  mileage is  reduced  conslderably. In order to  spend 
as  llttle tlme at low altatude as  posslble, it would  be  desirable  for the jet  airplane  to  be  able 
to chmb to It8 crulsmg  altltude  Immediately  after  takeoff  However,  many  large  termlnal 

whlch  wlll  preclude  the  use of unrestricted c h b s  &rectly on course In many  cases, it will 
alrports  are  surrounded by other   arports ,   amways.   res tncted  areas .  or terrain  obstructrons 

be  necessary  to  el ther  tunnel  the  arcraft   at  low altrtude  untll it  i s  clear of the  rrstrichons 
or climb It out  In  some  other  hrectlon  before  proceeding on course to destination. 

fuel  requlrements Although these  comparatlve  results  may  not  always  hold  true  throughout 
the  range of varlables  whch  may  occur,  it  1s lndicated  that 

Basically,  the  ]et  alrplane is a  hgh-altltude,  hgh-speed  machme When operated  at 

Figure 13 shows the  effect of several  ATC departure restrictions on flight  tune  and 

detour of comparatlve length to  obtain  an  unrestricted  climb,  the h e 1  should  be less  
1 In cases  where a  cholce  can  be  made  between a certain  length of tunnel  versus a 

expensive In t e rms  of fhght  tlme  and  fuel 
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Fig 13  Effect of Certam ATC Restrictions on a  Typical  Jet  Departure 

posslble 

fllght Lime 

2 Tunnel  altitude  should  be a s  hlgh as possible,  and  the  length of tunnel a s   sho r t   a s  

3 Detours  represent  wasted  rmleage, mth corresponding  penaltles 1n both  fuel  and 

CRUISE PROBLEMS 

Economlc  Significance 
From  the  operator's  standpomt,  the  dlspatcbing of clvil  Jet  alrcraft  wlll be  an 

will be much  higher  than  corresponbng  penaltles  have  been 1n the  past  Because  many m t e r -  
extremely  Important  operahon,  since  the  econonuc  penaltles of a  poor  cholce o r  declslon 

actlng variables a r e  involved,  fhght p lamng  for  civxl Jets will be an  extremely  complex  Job, 
requrrng  close  attention  to  detalls  and the  use of accurate  forecastlng  techniques  for  wmd, 
temperature,  loading,  and  traffic  conhtlone  From the  economlc  atandpolnt. one of the  most 
lmportant  problems of jet  operatlons  hes  m  the  cholce, and the  ultrnate assignment, of 
crusing  altltudes  Some of the  most  important  factors In tlus  problem w ~ l l  be  explalned 
below 

Characteristx  FUght-Plan  Roflles 

the  optlmum  altltude,  at whmh  a  given aircraft  wlll be able  to  operate  at Its lowest  fuel  con- 
For   a  given a n  temperature  and  alrcraft  welght.  there 1s a  definlte  altltude, known as 

aumptlon 1n pounds of fuel  per  mile This o p k u m  altltude  mcreases with a  decrease In 
either the temperature or the  aircraft weight Because  the  welght of the  alrcraft  decreases 
s t eah ly  durrng  flight.  due  to  fuel  burnoff.  the  ophmum  altitude  gradually  Increases  Ideally, 

gradually  (about 40 feet  per  mmute)  to coinclde  wlth  the  rlalng optlmurn altltude If wind 
the aircraft  should c h b  immehately to  the  optlmum  altltude. and  then be  allowed  to  cllmb 

were not  a  factor.  the  use of thls drlft-up  crulse  procedure,   whch 1s shown as  Track A m 
Flg.  14, would result  In the  lowest  fuel  consumption  per  mlle,  and  thus  the  greatest  range 
wlth a glven  load of fuel 

procedures would  be q u t e  expensive In terms of alrspace,  as  It would pracbcally  rule out 
From  the a n  traffic  control  standpoint,  however,  the u ~ e  of drlft-up  crulslng 

the use of altitude  separatlon  between  arrcraft In t h ~ s   s t r a t u m  Thus,  at  least  for  domestlc 
operabons  where  maxlmum  range 1 s  not  critical. It IS expected that  alrcraft w l l l  be   requred  
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to conform  to constant  cruismg  altltudes.  elther In step  chmbs,  as shown In Tracks B and C 
of Fxg 14, o r  In smgle-level c r u ~ s e .  a s  shown In Track D of the same  lllustratlon 

Wlthm thls  range of crulslng  altltudes, It ulll be  noted  that a decrease In altltude  results In a 
Flgure 14 also  shows  the  comparatlve  tlme and fuel  requlrements of these  fhght  paths 

fuel  consumption 
small  Increase In crulsmg  speed (shown by a decrease In block hme) and a large Increase In 

Speed Lmltatrons 

aerodynamlc  restrlchons,  as shown In Fig  15 The normal  operatlng  veloclty (Vno) of the 

malntam a conservative  safety  margln below  the never-exceed  veloclty (Vne) of 3 8 3  knots, 
alrcraft In thls example 1s  hmlted to about 350 knots equivalent alrspeed (EAS) In order to 

whlch 1s a structural  llmltatlon  At  hlgher  equivalent  amspeeds,  gust  loads  could  result In 
damage  to the structure 

The decrease of alr  denslty wlth altltude  allows  the t rue alrspeed (TAS) for  any glven 
EAS to  Increase  at  the  rate of about 2 per  cent  per  thousand  feet of altltude In F l g  15, the 
TAS corresponding to  the  350-knot Vno Increases  to  approxlmately 500 knots a t  21,000 feet, a 

H e r e  the alrcraft  fmds Itself on the  threshold of an  aerodynamlc  hmltation, associated m t h  
speed whlch corresponds to Mach 0 82 (82 per cent of the  speed of sound,  at  thls  alhtude) 

Mach 0 88 the  aircraft In thls  example would be an the  threshold of buffetmg, Instabhty,  and 
compresslblllty Beyond ths speed, the drag of  the alrcraft  Increases  sharply 4t about 

flutter  problems 

Pounds Per  Hour  Versus Pounds Per  Mlle 

per  hour  at  normal  crulsrng rpm, decreases  gradually  wlth  lncreaslng  altltude In level 
fllght at altltudes below 21 ,000  feet, the engmes m u s t  be  throttled  back  to prevent  the alrcraft  
from exceeding the  structural  limltahon shown In F l g  15 Thus. a t  low altltudes, the fuel 
consumptlon In both  pounds per  hour  and pounds per mlle 1s  very high 

At the rnax lmm Vno altitude,  around 21.000 feet,  fuel  consumption In ponnds per  hour 
st111 IS qulte  high, so that the consumptlon In pounds per mile st111 1s rather hlgh 

In the  normal c ru r smg  range of the clvll le ts ,  behvem 21,000 feet  and  the  ophmum 
altltude,  the  speed of the alrcraft  1s reduced  slowly with Increased  altitude, due  to the aero- 
dynamic lumtation shown In F l g  15 However, the  fuel cnimumptlon ~n pounds per  hour 
decreases  at  an even greater  rate.  resulting In a gradud increase In pounds per  mlle unbl  
the  optnnum  alhtude IS reached 

thrust Although the fuel  consumptmn In pounds per  hour s tdl  I S  decreasmg, the net result 

The  operatmg  speeds of present clvll ] e t  transports are llmlted by both structural  and 

Jet englnes  operate  most  efficiently at high  rpm  Then  fuel  consumphon, In pounds 

At altltudes above the optlrnum,  the  crulsmg  speed  drops off rapldly  due  to  reduced 
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F l g  15 Speed Lml tabons  of a Typlcal  Clvll Jet  Transport 

1s a hlgher  consumphon  in pounds per  mlle For  t h s  reason.  clvll  Jets  normally wlll not  be 
operated  above  thelr  ophmum  altltude  However,  because of the  relabvely low fuel  con- 
sumptlon m  pounds per  hour,  operatlon  ln t h s  stratum  somebmes would  be  advantageous m 

destlnabon 
loslng  tlme  en route for  trafflc  control  purposes, o r  In waltlng out a weather  delay  at  the 

Wmd and  Other  Factors. 

effects of wmd In the  cholce of crlusmg  altltude  Occaslonally, a relahvely  more  favorable 
wmd at  some  other  alhtude w ~ l l  provlde  an  over-all  gam m ground  speed  wluch  will  produce 
a net  reductlon  in pounds of fuel  per  mrle 

Involved In amcraft  operabon. When maxlmum  range 1s not  critzcal.  the  hlgher  operatmg 

crew  hours  and  Increase the number of mlles  per  alrcraft  overhaul,  thus  affsettlng  part of 
speeds  possible  with  lower-than-optlmum  crlusrng  alhtudes  tend to reduce  the  number of 

the  cost of the extra  fuel  requlred  From the alr  trafflc  standpoint.  this type of operatlon 
also should  tend to reheve  some of the  congeshon at the hlgher  optimum  altltude  level8 

System  Lmltahons 

N = V I S ,  where N = number of alrcraft  per  hour. V = average  veloclty of a i rc raf t  m knots, 

will show that  the  capaclty  can bo Increased If eltber  the  veloclty 1s lncreased o r  the  sepa- 
and S = average  separatlon  between  alrcraft  In  naubcal  mlles  lnspechon of tlus formula 

alrway  system  depends  ultimately on the n-ber  of Independent  trafflc  lanes  whlch  can  be 
ratlon 1s  reduced If we assume  that  these two quanbbes  are  frxed,  the  total  capaclty of an 

operated simultaneously Thls  leads to what may  be  the  most serious problem ~n the 
economlcal  operatlon of Jet  alrcraft,  namely, the scarclty of desirable  operating  lanes 

It must  be emphasized that  the  foregong  explanahon  does  not  take  Into  account  the 

It also  should  be  noted  that  fuel  cost,  whlle  large, 1s only one of the economc factors 

The capaclty of an a n  trafflc  lane  can be expressed  In  slmple  form by the  formula 
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the  senslbvlty of the  speclflc  fuel  consvmptlon  to  any  devlatlon  from  the  optimum  crluslng 
altltude A second  lmltatlon 1s caused by the  Inherent  errors in certain  types of a lbmeters  
presently  In  use At  the  present  tlme,  these  errors  &ctate  the  use of 2,000-foot vertrcal 
separatlon  at  alhtudes  above 29,000 feet  mean  sea  level (MSL) Thm restrlchon  unposes a 

operatlng  region  above this level 
50 per  cent  reducbon on the number of crlusmg  levels  avallable m the  deslrable  Jet 

errors In  the VOR and TACAN navlgatlon  systems In order to etralghten  hgh-albtude 
routes  and  reduce  the  number of navlgahon  aids  whlch  must  be tuned m by pilots  flyrng  at 
hlgh  speed,  certaln  faclhtles  spaced up to 360 rmles  apart  have  been  deslgnated  to  form a 
network of hlgh-altrtude  anways  However,  because of the mcreased  magmtude of the M v l -  
gahon  errors  poesrble  between stations C U E  far apart, the  wldth of such  arways  must  be m- 
creased  proportlonately w ~ t h  &stance.  up  to 40 rmles Tins mll seriously  limit  the 
posslblllty of provl&ng  sutable  parallel  lanes  to  eeparate  the  clvll  Jets  from  each  other  and 
from  the  extensive  amount of rmlltary  traffic d u c h  already  uses C U B  airspace 

The  economx penalties of off-optimum  operahons  due  to  baslc ATC system 

factor  To  load  the  addltlonal  fuel  necessary  to  rope  wlth a lower  asslgned  altitude  or a 
llmltahons  wlll be most  pronounced  under  conditions  where  takeoff  weight  becomes a c r lhca l  

severe  climb  reatrictlon  may  reqrure. LP many  cases, the reduction of payload  (passengers 
and  cargo) ln order  to  stay w l ~ n  the madrnum allowable  takeoff  nelght  for  the  runway  and 
temperature  condltlons e x ~ b n g  at  departure t i m e  Even  when  takeoff  welght 1s not  crltical, 
the  pohcy of always  carrymg a large  excess of fuel  for  such  conbngencles is ~n Itself q u t e  

tional  10,000  pounds of fuel,  tc  take care  of an  unfavorable alhtude assignment or other ATC 
expenslve  For  example,  referrmg to Flg.  13, suppose  the alrcraf t  is loaded wth an  addl- 

restrlctlon  Even though no ATC restrlctlon  materiakzes,  the  adhtional  fuel  consvmptlon 
caused by the  mcreaeed  gross  weight  wlll use up 2,000 pounds of thls  addtlonal  load in 
carrying  the  remalmng 8,000 pounds from  coast  to  coast 

The  number of deslrable c r u s m g  lanes  for  long-range  operatlons 18 reduced  flrst by 

A further  llmltatlon in the  number of Independent  fllght  paths IS caused by azrmuth 

APPROACH SYSTEMS 

Functions 

Intervals  Even  though  each  alrcraft In any  glvcn airway lane 18 spaced  properly  from  pre- 
characterlstlc.  normally.  alrcraft  tend  to  arrlve 1n bunches,  rather  than  at  equally  spaced 

follows  what  the  statlstlclans  call a Polsson  &strlbutmn Thls mplles  that   there  are  many 
cedlng anc ra f t  In the  lane,  the  total  Input of alrcraft   from  all   lanes Into  an  approach  system 

more  smaller  Intervals  than  larger  ones 

from  random  routes  and  altltudes.  at  random  times,  and  accompllsh  the following 
The  functmn of an  approach  system 1s to  accept t h s  mput of random  types of alrcraft ,  

1 Meter or  regulate  the  flow of trafflc  to  avold  overloahg  the  approach  path 
2 Estabhsh  an optimum arrival  sequence,  arrangmg  the  landlng  order m such a f a s h o n  

In common w t h  other  forms of t r a f fx ,  a x  t ra f fx  haa an Inherently  random 

that  each  alrcraft In the  group  wlll  have a h d m g  tlme  as  close  as  posslble  to  the  bme at 
whlch It would have  been  able  to  land  had It been the only alrcraf t  m the a m  

gllde  slope  for  an  approach 
3 Descend  each  alrcraft  from  Its  entry  altrtude to an  altltude at whch  it can  Intercept  the 

4 Space  each  alrcraft  properly  behlnd  the  one  ahead on the  common  path  to  the  runway 
5 Gulde  each alrcraf t  to a polnt  where I t  can  lntercept  the  approach  course  and  proceed 

6 Separate  every  alrcraft  properly from every  other  arcraft   during t h ~ s  entlre 
Inbound toward  the  runway 

operahon  Thls  lmplles  the  use of at least  3 miles'  horlzontal or  1,000 feet   verhcal  
separatlon  at  all  tlmes 

each  alrcraft so that It meshes  smoothly  Into  the  stream of arr lvmg  t raffx 1n an  orderly 
landlng  sequence  There  are  four  basic  techques  for  adJusbng  the  arrlval  time of a l rcraf t  

The  ultlmate  obJecbve of the  approach  control  system 1s to  adlust  the  arrlval  tune of 

1 Holhng 
2 Path-st retchng 
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Fig  16 Holdmg Speeds of a Typlcal C l n l  Je t   Ancraf t  

4 Preasslgned  departure h e  
3 Veloclty  control 

The f i r s t  two have  been  utiheed  for  several  years Although the last two a r e  not rn 
general  use  at  this  tune,  simulation  tests  in&cate  that  they wll offer  certam  advantages m 
the  operation of future  systems All four  techmques  have  been  stu&ed m connecaon  wlth 
their  application to the  control of Jet   a l rcraf t  The hghlights of these   s tuhes   a re   renewed 
in the  followng  paragraphs 

Present  Approach  Techniques 
Holding 

a number of closely  Interrelated  problems Flgure 16 lndlcates  the holdmg  speeds of a  typ- 
Where Jet   aircraft   are  concerned, the use of holdlng patterns to  absorb  delay presents 

for  a  certaln  alrcraft  weight  condltlon  Here  again  the  decrease of a r  denslty wlth albtude 
causes  the  true  airspeed  to  mcrease  at  the  rate of about 2 per  cent  per  thousand  feet of 
altltude, v~th the  result  that b g h  holding  albtudes  dlctate  the  use of hlgh  holdmg  speeds 

a r c r a f t  to exceed a 30" bank  angle  at  any tune As shown ~n Flg 1 7 ,  thls llmltaton -11 
The a l rhnes  have Fndxated  that,  for passenger  comfort,  they do not want  their J e t  

I leal clvil  Jet  transport.  Each  curve  defines  what  actually 1s a  constant  equivalent  alrspeed 

i 

Flg 17 Relatlonshp Between  True  Amspeed,  Bank  Angle,  Turmng  Rate, 
and Load Factor 
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Flg. 1.8 Relationshp  Between  True  Amspeed.  Turning  Rate,  and  Turning  &bus 

prevent  the  use of standard-rate  (3'-per-second) turn# at   speeds above 210 knots  The  high 

half standard-rate (1 5'-per-second) turns, thus  increasing  the  turning  ra&us,  as shown in 
hol&ng speeds  characteriskc of bgh-altitude ho&g operations  will  result in the use of 

Fig 1.8 

an  alrcraft m a 1 -minute,  low-altitude  holdmg  pattern  The TSO holdmg area dunmelons  are  
Present holding araa  standards  reserve  an  area of approximately 132 .quare  miles  for 

doubled  above 19,000 feet  and  trlpled  above 29,000 feet 1n order to compensate  for  the  hgher 
true  alrspeeds  at  the  higher  altitudes  As a result. the present  2-minute  holdmg  pattern a t  

area of the  State of =ode Island 
30.000 feet  uses  an  area of 1,245 square  milea, which IS lust  3 square  mrles 1e.s than the 

arrcraft  stay  well  wlthm the  length of the  present holding arspace reservahone,  some of 
Actual  radar  checks of m h t a r y   J e t  holdmg operakons  mdrcate  that,  although  most 

them  get  outside  laterally,  parkcularly ~n overshootmg  the h o l b g   a r e a  on their  orlglnal 
entry  from  certam  directions 

Already  the  airspace  reserved  for  holhng  operahone  puts  a  severe  restrlchon on 

areas  can  hardly  afford  to  be  Increased ~n size  A  better  approach  to t h i s  problem would be 
amway operations ~n t h e   v ~ c ~ n i t y  of complex  terminal  areas  From  the ATC  vlrwpoint.  these 

trates  a DME navlgabon  techmque,  whch  has  worked  out  well 1n simulation.  to  reduce  the 
to  develop new f h g h t   t e c b q u e s  to  permit the pattern  size  to  be  reduced.  Flgure 19 l l lus-  

necessary wwlth the  advent of cl-1 Je t   a rc raf t .  
amount of alrspace  reqmred  for  holbng  It  appears that such  procedures d l 1  become  more 

Flgure 20 shows  the  fuel  consumption of a typical  Jet  transport when  holding at 
a feren t   a l t t tudes  and  weight  conbtions  It wlll be noted  that  the  fuel  consumption  for  any 

formerly  was  consldered  essential  that  all  jet holdmg be  accomplished  at an altitude of 
welght  condlkon  Increases  as  the arcraft  reaches  lower  altttudes  For t h i s  reason, it 

20,000 feet   or above  However. dyramlc simulation tests have  brought  out an extremely 
Important  fact--that  airport  acceptance  rates  can be increased  considerably If Jet  holdmg 
altitudes  at  the  feeder  fixes  are  reduced Usmg a twln-stack  syatem. a 100 per  cent  sample 
of ]et  alrcraft  was  fed  to  an  alrport  from holdmg altitudes of 20.000, 10,000, and 4.000 feet. 
Flgure 21  shows  the  results of these  tests 

factore. One important  conelderat~on 1s that  the  mbxlmum  deecent  rates of paesenger- 
carrymg  civll  eta wd l  be limited  to  about 3,000 feet  per  mlnute. A88UnIlng that  the  descent 
rate IS fixed, the time  required  to  complete  an  approach  from the  feeding f x  to the airport  
1s  a funchon of the amount of altltude whlch must  be lost,  and  the  length of the  shortest  ap- 
proach  path  whlch  can  be  employed 1s a  functmn of approach b e  and  the  average  speed on 
thls path To descend  through 20,000 feet of altitude,  the  typical  clvil ]et r e q u r e s  an 
approach  path 40 to 50 mlles long 

The  Increase ~n acceptance  rates. as hol&ng alktudes  are  reduced, 1s due to several  
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Fig. 19 Use of Dlstance  Informatlon  to  Reduce Holdmg Airspace 

airspace.  and  require  a  large  nmnber of a l rc raf t  to  be on approach  slmultaneously 1n order 
A0 mho- m F1g 2 2 ,  long approach paths b e  up  a  large  amount of maneuvering 

to  keep  the  approach  lane  operattng at full  capaclty  Tests  show that the more  a l rcraf t   there  
a r e  in the  approach  pattern,  the  iugher  the  communicatrons  workload  and  the  more  maccurate 
1s the  controller's  final  approach  spacing  This is  because  the  controller's  attenhon 18 &YI- 

In additlon,  longer  approach  paths  mcrease  the  opportmty  for  devlatlons in speed to affect 
ded  between a larger  number of arrcraft  BO that  he  has  less  tlme  to do a precise  spacing Job 

the  spaclng  between  successive  aircraft 

1s lntenalfied by the  une of hgh  approach  alhtudee Thim factor  makes  predichon  and  spaclng 
The normal  varlatlon in true  airspeed  during  descent at a  constant  inhcated  alrspeed 

operatlons  extremely  Ufxcult  for  the radar controller  Slmulatlon  tests &ow that  all of 

normally  they  already  will be  slowed almoet  to  approach  speed 
these  problems  can be reduced by having alrcraft  leave  the holdmg f ix  at l o w  altitudes where 

failure,  lost  aircraft,  a  blocked  runway, or weather  ternporarlly below  landlng  limlts, ~t at111 
To conaerve  fuel  during  unusually long delays,  such a n  those  due  to  communxatlons 

FUEL FLOW - THOUShNDS OF POUNDS PER HOUR =-..- I="-, <.nm 

Flg .  20 Effect of Alhtude  and Weighr on Fuel  Consumphon of a  Typlcal  Jet 
" --" .I," 

Transport, Holdmg 1n Clean  Configuratlon  (Gear  and  Flaps Up) 
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Fig 21 Effect of Jet  Holdmg  Altltude on Communicabons  and  Trafflc  Flow 

will  be  advantageous  to  hold  Jet  alrcraft  at  hgh  alhtudes.  preferably  at  flxes  about 50 mllee 
away f rom the  destlnatlon a r p o r t  To malntam a h g h  acceptance  rate  when  normal  operahons 
are  resumed,  such  alrcraft  should be recleared to the  feeder flx and  descended en route  to 
enter the termlnal  area  at  about  the  same  albtude  as  other  types of civil transport   aircraft  
In most   cases ,  the use of en  route  descent  procedures wll requre  radar   coverage of the 
descent  area 

Flgure 2 3  shows  the  Importance of a relatlvely  small  change  In  airpor:  acceptance  rate 
on alrcraft  delays  under  saturated  traffic  conditlons  Under  heavy  traffic  conditions,  the  de- 
creased  delays  made  possible  by  reduclng  the  holdmg  altltude of J e t   a r c r a f t  wi l l  more  than 
compensate  for  the  Increased  fuel  consumphon of such  aircraft   whle at lower  altitudes 

range) IP case  the  alrcraft  gets down to low altltude  and  then  has  to  &vert  to  its  alternate 
amport.  Typlcal  penaltles  caused by hverslons  f rom different altitudes  are  compared  In 
F l g  24 If divereion  becomes  necessary, It w111 be  advantageous  for  the  pilot  to  make h s  

However,  high-alhtude  holdlng  does  not  ellmlnate  the risk of a possible  low-alhtude h v e r -  
decislon  as  early  a8 possible. and to c r u s e   a s  high as possible  to h s  alternate  airport 

slon, since the  weather  stlll  can go below  lan&ng hmlts  durlng  the 8 minutes or  so whch  IS 
r e q u r e d  to make  an  unrestrlcted  descent f rom 20.000 feet. 

determined by  countlng  the  number of horizontal delay  bars  whlch  are  crossed by a verhcal  

A potentlal  &sadvantage of low-altitude  holdmg is the  addltional  fuel  cost (or loss In 

In F l g  23, the  number of a i rc raf t  which a r e  bemg  delayed  at  any  hme  can  be 

F l g  22 Effect of Holdmg Altltude on Slze  and  Population of Radar 
Approach  Pattern 
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DELAY WITH 30/HR RATE 
IONAL DELAY  WITH 2 4 / H R  RATE 

TIME IN MINUTES 

Flg. 23 Buldup of Delays  to  Random  Arrivals Under  Saturated  Traffxc  Condltlons 

lme  at any partlcular  time  in  queshon Ths  feature  makes  i t   posslble to analyze  the  effects 
of a  sudden  closmg of the  airport on the  vanous  alrcraft  Involved 

arrive a t  the alrport  withm the  next  hour  The  weather  condltrons are  deterloratmg,  and  are 
forecast  to go  below  authorized  landmg  hmlts w t h m  the  hour  Should  the ~ e t s  be  held  at   hgh 
alhtude,  restrictmg  the  acceptance  rate to about 24 alrcraft  per  hour, or should  they  be  de- 

acceptance  rate 7 
scended  en  route  to  feed off the  holdmg  patterns  at l w  altltude  and  thus  malntaln  a h g h  

all aircraft  which  have  not  landed by that  hme  must  be  dlverted  to  thelr  alternate  alrports 
The  effects of this sltuatlon on the  alrcraft  concerned  are  llsted  In  Table I 

In any case,  the  pllot  should  declde,  before  he  leaves 20,000 feet,  whether  or  not he has 

h s  landmg If the  low-alhtude  holdmg  procedure 1s In  use, this declslon  must be  made 10 to 
enough  fuel  to rlsk a  posslble aversion from low altrtude In case  the  weather  closes In before 

15  mlnutes e a r h e r  than  necessary wlth  the  high-altitude  procedure  However,  once  the  decl- 
axon to deacend  below 20,000 feet 1s made.  the probability of holdmg m vam  and  then  havmg  to 
divert 18 greatly  reduced If the  low-altitude  procedure 1s adopted  Therefore, thls strategy 
appears  much  more  desirable  from  the  probablllty of successful  flight  completron,  as  well  as 
for  purely  economlc  reasons In mmmuzmg  delays to all  alrcraft  uslng  the  approach  system 

Suppose. for  example, tha t  30 alrcrafr,  mcludmg  a goodly proportlon of ~ e t s ,  expect  to 

Assume  that  the  amport  finally goes below limlts  at 47 mlnutes  after  the  hour,  and  that 
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Fig 24 Typical  Diversion  Proflles Sh-ng Effects of Alhtude  and  Procedure 
on Tlme  and  Fuel  Required 
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TABLE I 

AIRCRAFT DELAYS AND DIVERSIONS 
(See F i g  23) 

Jet  Holdrng Procedure 
Hlgh Alhtude Low Alhtude 

Acceptance  rate,  aircraftlhour 24 30 

Number of a r c r a f t  landed  before 47 18 2 3  

Number of aircraft  diverted  to 
alternate  alrport 12 7 

Total  delay  to all aircraft  before 
47. mnutes  199 96 

Number of a l rcraf t  d l c h  held  but 
drd not  complete  approach 7 2 

Total  holdlng  tlme of a l rcraf t  rn 
hne E, minutes 65 10 

Maximum  delay  to  any a r c r a f t  1n 
hne E,  minutes  13 7 

Path-Stretchmg 
The techtuque of controlhng  the  length of a flight  path.  through  the  lsnuance of heading 

InStrUCtlOnE to the  alrcraft, 18 known as  path-stretchng  Used ln coqunchon wlth a properly 
arranged  feeding  system, thls useful  radar  techtuque  perrnlts  the  controller to adJust  the 
spacmg  between  mccesslve  aircraft u l th  a  hlgh  degree of preclelon 

Flgure 25 shows  a few of the  approach  system  configuratlons  whch  have  been  teste& 
durlng  the  ]et  slmulatlon  study  The  overhead  pattern  shown on the  left is  an  Improvement 

tern works satlefactorlly for Isolated  alrcraft, It IS poorly  adapted  to  high-density  approach 
over the COnventlOMl rnllrtary  Jet  teardrop  penetrahon  pattern Although the  teardrop  pat- 

operabona,  slnce it provldes no room for a*ustmg  the  spacing of a  ]et  alrcraft  behind a 
I L  
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precedmg  alrcraft  Simulahon  tests show conclusively that  the  provislon of a base  leg  (a 

attalnment of preclsion m manual  radar  approachapaclng  operations. 
segment of the  approach  path  approumately 9O'from the final  approach) 1s eseentlal  for  the 

The  double  overhead  pattern shown m F i g  25 permlts  the  segregatlon of Je t  and 
piston-engine  approaches  on  opposlte  sldes of the  fmal  approach  course Thls feature  slmph- 
fies  control  operatlons  somewhat by  mmmrmzmg overtalung  problems In the  maneuverlng  area. 
However,  the  double-L  and  the  trombone  patterns s h m  In  Flg. 25 have  heen  developed  to a 
lugher  degree of reflnement  durlng  the  past  several  years of szmulabon,  and  have  been  found 
to he  well  adapted  for  the  control of Jet   a l rcraf t  

In general, simulation tests  have shown that  holding f x e s  and  approach  paths  should  be 
eo arranged  ae to perrmt  easy  translhon to the  final  approach  course,  adequate  zoom  for  de- 
scent.  and  space  for a base  leg  for  precise  path-atretchmg  operatlons To reduce  the  effects 

a s  poaslble.  conelstent  wlth the ease of obtalmng  proper  alagrunent of the  aircraft on the 
of speed  bfferences  between  succes81ve  arcraft.  the  flnal  approach  path  should be ae  short  

flnal  approach  course  The  use of a hum-feed  arrangement  permits  the  workload to be 
nhared by two radar  controllers and also  cuts  delaya due to aircraft   descent  hme 

Flg 26. have  been  developed a s  a guide  to  the  radar  controller UI path-stretching  operations 
These  tables  show  the  amount of separabon  which  must  be  provlded  at  the b e g m n g  of the 
final approach  path  to  Insure a poeltive  aeparatlon of 3 mllee  all the way down the f ina l  ap- 
proach The  table  compensates  for  the  effect of devlatlons  In  epeed  between  alrcraft of the 

shows how the  deslred  separahon  can  be  achieved by path-etretchlng  techmques,  uemg a 
same  type,  as  well  as  differences in speed  between  alrcraft of dlfferent  types  Flgure 27 

ser iee  of circular  reference  hnee  marked on the  radar  dleplay 

aircraf t  ln the  approach  pattern  hae a detrlmental  effect on path-stretchmg  operatlons  The 
Slmulahon  tests  lndlcate  that  the  use of 1.5'-per-second  (half-rate)  turns by ]et 

relatlve  lack of maneuverabllity of aircraft  turnmg  at  tlus  rate  forces  the  controller to use 
much  more  space  for  path-stretchng  operatlons,  and  forces him to peel  alrcraft  off the 
holdmg  pattern  earher  to  make  eure they w ~ l l  be In a posltion  for  radar  spacmg  operabons 
at  the  proper t ime This forces  the  controller  to u ~ e  much  more  space  for  path-stretchmg 

make 
operatlons  and  also  requres  hlm to co-t hlmself  earlier on every  declslon he has to 

In addition,  the  increased  length of the  approach  pattern  requires  more  alrcraft to be 

ity The  additlonal  aircraft  mcreaee  the  radar  vectorlng  and  cornmumcatlons  workload  and 
1n the pattern  smulbneously m order to  keep  the final approach  path  operatmg  at full  capac- 

Durlng  the  course of the  slmulatlon  program,  spacmg  tables,  such  a8  that  shown m 
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Fig 2 6  Spacrng  Table Used m Approach  Control  Operatlons 

divlde  hrs  attentlon  further  As  a  result,  the  spacing  accuracy  poaslble  with  path-stretchng 
techmques 1s reduced,  and  the  acceptance  rate  suffers  accordngly 

the  aircraft LII the  approach  pattern  can  be  slowed  to  a  speed  at  whlch  they  can  make 
Tests show that  the  entlre  approach-spaclng  operatlon  can  be  slmpllfled  lmmenaely If 

standard-rate,  3'-per-second turns 

Future  Approach  Techmques 
Veloclty  Control 

Whenever  the  traffrc  lnput  exceeds  the  acceptance  rate,  delay i s  rnevitable From the 
ATC standpoint,  holdmg  stacks form a convenient reservoir of excems ancraft   requiring no 

NOTE 
DESIRED  SPACING 5MILE5 

I GATE 

AIRCRCIFT 0 SEC 

50 

F l g  27 Example of Approach  Spaclng  Procedure 
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navlgational  gudance by the  controller,  and  very  httle  controller  effort  to  malntaln 
separatlon  from  each  other  However,  holhng  stacks  somebmes h e  up valuable  alrspace 
wlthln  the  termlnal  area,  particularly  in  cases  where  the holding alrspace  extends  outside 
the  boundary of the  assoclated  alrway. As a  posslble  means of mmmmlzmg low-altitude 
holdlng  m  congested  terminal  areas,  conelderable  simdabon  work  has  been  devoted  recently 
to  an  approach  system  incorporating  preasmgned  landlng  reservahons,  and  ubhzing  veloclty 
control  during  the  last 100 mlles or  so of the fhght to absorb  most of the  delay. 

A  specla1  abde-rule  computer known a s  ASCON (arrlval  echeddmg  coatrol) 1s used In 
the  sunulation of this  system  Starting wlth the  opbmum  speed  and  deceleratlon  program  for 

in  the  area In determlnlng  thls  theoretical  arrival  bme,  the  computer  also  takes  into  con- 
each  ancraft ,  ASCON computes  the tlme the  aircraft would a r r ive  If It were  the only a i rc raf t  

slderatlon  the  alhtude  and  allowable  descent  rate of the  alrcraft, In order to  Insure  that It 
wlll  have  adequate  tlme to  descend to the  alrport  Starting  mth  the  theorebcal  arrlval  time, 
the controller  then  checks  the  Let of landng  reservatlons  and  reserves  the  first  available 
tune slot.  The  computer  then  lndzcatee  what  ground  speed  should  be  made good  by the a r -  

and  descent  capabibtles of the alrcraft  
craft  in  order to arr ive on i ts   ass~gned  schedule,   tahng Into considerabon  the  normal  speed 

adJustments  for  greater  preclslon In cases  where  the  alrcraft  cannot  fly  slowly enough to 
absorb  all  the  delay en route, t h e  computer indicates the  need fo r  an  en  route  delay  maneu- 
ver ,  o r  determines  the  tlme  at whlch  the alrcraf t  should  leave  any  holdlng  flx on the  way Ln 
order to meet the  asslgned  delivery  tlme 

aircraf t  does  not,  in  Itself. Increase  the  alrport  acceptance  rate Ho-wever, It 1s apparent 
Slmulahon  tests show that  the  establlshment of a  deflrute  landing  reservation  for  each 

that  the  "derandomleatlon" of arrlvlng  trafflc  slmphfles  the  approach  control  operation  Im- 
mensely by metermg  the  flow of arrlvals to  a  steady  rate  whch  can be  accommodated  easlly 
hy the  radar  approach  system 

Teats  lnhcate  that  the  precision  posslble  wlth  veloclty  control  alone IS not a s   h g h   a s  
that  attamable by path-stretchng.  Tlus 1s because  the  effectiveness of velocrty  control  de- 

path-stretchmg is mamtained  rlght up to  the  approach  gate  For t l u s  reason, It appears  that 
creases  progresszvely a8  the  amcraft  approaches the destmation.  whlle  the  usefulness of 

Justments if necessary, st111 will  be  desirable  even  In  a  system  whlch  utillzes  veloclty 
the  use of offset  approach  courses,  mth  the  abllity  to  make  last-mlnute  path-stretchmg  ad- 

control  as  a  prlmary  concept 

alrspeed  whch 1s necessary  to  marntam  a  glven  equvalent  speed T h s  factor  increases  the 
mnlmum  usable  speed  and  thus  reduces  the  range of speeds  whlch  can  be  employed  for  any 
alrcraft  at  hlgher  altlhldes The decreased  range of usable  speeds  reduces  the  effectiveness 
of velocrty  control by reducmg  the  amount of delay whxch can  be  absorbed  during  hgh-altitude 

down to Its  mlumum  operahng  speed at a h g h  altitude, 80 mlles  from touchdown,  delays Its 
en  route  flight on any  specific  segment of the  alrway  For  example,  slowmg a ]et  aircraft 

landmg hme  only about 4 mlnutes 

at  the  rate of 1  112"  per  second,  delays  the  alrcraft  approximately 4 mlnutes To provide  ad- 
The shortest  convenhonal holdmg pattern 1s a 360' turn  wlych, rf made  at hlgh  altitude 

drhonal   f lenbhty  In aaustlng  the  arrlval  t lmes of Jet aircraft,  a ser1eB of delay  patterns, 
shown  in Flg  2 8 .  has  been  developed  These  patterns  allow the a r c r a f t  to absorb  varlous 

m i m u m  operatmg  speed,  to  absorb  small  amounts of delay  in  excess of that  whch  could be 
amounts of delay  in  1/2-mmute  Increments  Normally,  these  patterns would  be  used  only  at 

absorbed by slowdown alone  The  amount of exce8s  delay  In t!us case would be  computed by 
the ASCON and  issued  to  the  pllot, who f l r s t  would  slow the  alrcraft  and  then  fly  the 
approprlate  delay  pattern 

controller If the  excess  delay  were  more  than 3 112  mlnutes.  some  combmahon of 180' o r  

maneuver  Prebmnary  tests  lndlcate  that  the  delay  patterns  are  easy  to  calculate  and  fly 
360*turns would  be  used  mstead  to  reduce  the  amount pf alrspace  requlred for  the  delay 

wlthin  the termlnal   area In hlgh-denslty  slmulatlon  tests,  many  lets  are  able  to  make  prac- 
orderly flow of Inbound trafflc  and  drasbcally  reduces  the  amount of holdlng  operatlons 

tlcally  unreetricted  descents  from 20,000 feet,  wlthout  degradmg  the  acceptance  rate of the 
approach  system 

arr lval   scheduhg  control  In operatlon  and  to  determlne the system  requrements  for  such  an 

Further  progress  reports  can  be  inserted Into  the  computer to provlde  speed 

As prevlously  hscuesed,  the  decrease of a x  density wth alhtude  Increases  the  true 

Normally,  delay  patterns would  be made  to t h e  rlght  unless otherwise advlsed by the 

Test  results show that  the  use of preassigned landmg  reservatlons  produces  a  very 

It  should  be  pomted  out  that  these tests  were  made  prlmarlly to  observe  the  concept of 
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operation  The  actual  deslgn of an  operatlonal  syetem  with enough idormatlon-handlmg 

frelds of automatic traclung,  computers,  and  data lurks kleanwhle,  the  general  idea  looks 
capaclty  to do t l u s  Job  properly will r e q u r e  ad&tlonal  research  and  development  in  the 

very  promsing 

Preasslgned  Departure  Time 
If the  concept of setting up a deflmte  landing  reservahon  for  each  arcraft is 

nabon  alrport,  ultlmately  the  stage 1s reached  where  the  departure  tnne is controlled  in  order 
consldered,  and  the  scheduling  control 1s carrled  back  farther  and  farther  from  the  desh- 

to  make good a   defmte landing reservation 
In  view of the  limited  amount of information storage  and  processing  capacity  in  the 

present  manually  controlled ATC system,  the  Idea of prsassigmng  departure  tlmes IP order 
to mastermind  the  entlre flow of traffic m advance  may  seem  far-fetched  at this time 
However.  with  a  general  trend  toward  shorter  elapsed  tunes  and  higher  operatrng  costs.  the 
abillty to absorb  most  trafflc  delay on the  ground,  prior  to  takeoff,  someday  may  become  a 
very  attrachve  proposition  for  large  Jet  aircraft mth direct  operating  costs  approaching 
1,000 dollars  per  hour. The realizahon of such a concept  would, of course,  depend upon the 
development of a  highly  complex  tracking,  compuhng,  and  data-processing  system 

Sequencmg  Procedures. 

sequencing  or  arrangement of the  landing  order of the  lndivldual a r c r a f t  is  not  planned  very 
In operatlng  present  radar  approach  syetems  mthout  defimte  landmg  reservations,  the 

far  In advance  Instead, It 1s worked  out by the  approach  controllers  ae required, usually on 
a  flrst-come,  first-served  basis.  depenhng on the  posihons of the  varlous  aircraft wlth r e -  

uled.  the fleablhty  provlded by tbis arrangement 1s deslrable. in that  the  controllers do not 
spect  to  the  approach  gate  Since  the  Input to the termmal  area in such  systems i E  msched-  

have  to c o m t  the alrcraf t  to a defuute  landmg  order untll the  situation  has  developed  to  the 
polnt  where  the  proper  order 18 qute  easy  to  determine  and  control 

landlng  reservation  for  each  arcraft.  It  was  fouud  that  the  procedure  used in obtaining  these 
reaervatlons  had  a  decided  effect  on  the  dmtrlbution of delays  to  the  varioua  types of alrcraft  

were  explored,  to  determine  their  relative  advantages  as  well  as  their  appkcabihty  to  future 
uamg  the  system  For t h i s  reason.  a  number of different  methods of sequencing  aircraft 

approach  systems using &gltal  computers  Comparatlve  tests  were  made of three  wdely 
dfferent  procedures in which lanhng  reservatlons  for  m&vidual  aircraft  were  assigned on 
the  followlag  bases 

In slmulatlng  the  operation of advanced  approach  systems  utiheing a predetermined 

1  Flrst-come,  first-served  on  arrlval  at  outer  check pomt. 
2 Flrs t -come,   f l rs t -served at touchdown,  based on best  posslble  eabmated  arrival  hme 

3 Controlled  prlority 
of each  aircraft 

the  dlstrlbutlon of aircraft  delays,  are  detailed below Results  are  listed m Table U. 
The sigufxant  differences In the  operatlon of these  procedures,  and  thelr  effects on 
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TABLE 11 

EFFECT  OF VARIOUS SEQUENCING PROCEDURES 
ON DISTRIBUTION OF AIRCRAFT DELAYS 

Per  Cent of Total  Delay by Class 

Sequenclng  Method Je t   Fas t  Medlum Slow 

1 Flrst-come,  f irst-served  at  
80 miles  from touchdown 44 35 18 3 

2 First-come,  f lrst-served  at  
touchdown (based on ETA) 26 29 2 3  2 2  

3. Priority  for  jets,  other  amcraft 
frrst-come.  first-served at 
touchdown (based on ETA). 2 35 33 30 

Input - 30 a i rc raf t  per hour,  total 200 
Equal  number  in  each  speed  class 
Random  dimtribution of entry  thnes  and  speed  classes 

Note  Total  delay  remamed  the  same  In  each  case 

pomts  about 80 rmles  from touchdown, there  was a large  disparity  between  the  delay  to 
varlous  types of alrcraft .  with faster  aircraft  consistently  recelvlng  longer  delays  than  the 
slower  types  Analysls  showed  that t h s  was  caused by the  fact  that  slower  alrcraft  checked 
into  the  system  farther  ahead of thelr e s k a t e d   a r r i v a l   t u n e  at the  alrport  than  &d  the 
faster  alrcraft  Thus,  many of the  landlng  slots  already  were  reserved when  the faster  air-  
craft  checked in at  the  same  check  points, e o  that these aircraft  recelved  proportlonately 
longer  delays. 

2 When the landing sequence  was  preplanned on the order of f lrst-come,  f lrst-served at 

were  much  more  evenly  dmtributed l k s  procedure  produced  a  much  more  democrahc ar- 
touchdown, baaed on the  eshmated  arrival hme of each  aircraft, It was found  that  the  delays 

rangement.  much  better  for  the  Jet  aircraft than the  results of procedure  1, and relatively 
straghtforward and  easy to program on an  approach  computer 

hatribute  delays  equltably  among all types of alrcraft,  another  procedure  was  trled in whxh 
jet   alrcraft   received  f irst   prlority  and  all   other  aircraft   were handled on the  basis of f l r s t -  
come,  first-served  at touchdown This procedure  expedlted  the  arrival of the  Jet  alrcraft  at 
the  expense of somewhat  longer  delays to the  other  alrcraft  using  the  system 

Dual-Lane  Approach  Systems 
Flgure 29 polnts up the  extremely  great  mcrease in spacing  accuracy  whch is 

required  to  mcrease the acceptance  rate of an  approach  system  Thls  implres  that  the  de- 

relahvely low spacmg  accuracy,  rather  than by the  use of a  slngle  approach  lane  wlth 
slgn of hgh-capacity  systems  can be  simplified by the  use of mulhple  approach  lanes  wth 

extremely h g h  accuracy. 
To  achleve  an  acceptance  rate of 60 landings  per  hour,  usmg one runway  and  a  reduced 

separatlon  standard of 2 rmles.  a  system  accuracy of plus or mmus 4 seconds  at  the  delivery 

proach  systems,  and  probably would be  extremely  ddficult  to  acheve In automahc  or  semi- 
polnt would be  necaasary Such accuracy 1s far beyond  the  capablllty of present  manual  ap- 

automatlc  eystems,  Inasmuch  as It must  embrace  the errors of all  the  elements of the 
control  loop  shown 1n Flg  1 

demand rate by landlng 30 alrcraft  per  hour on each runway.  Wlth  the same  separabon 

wlthln  the  capablllty of human  controllers By increasing  the  spacmg  between a r c r a f t  ~n the 
standard,  the  system  accuracy  could  be  relaxed  to  plus o r  minus 3 3  seconds,  a  value  well 

a l rcraf t  Although these  effects  are  not  clearly  defmed at the  present  time,  recent  studes 
same  approach  lane, it also would tend  to  reduce  the  effects of turbulence  hehind  large  Jet 

1. When a rc ra f t   were  sequenced on the  basls of first-come.  first-served  at  reportlng 

3 Based on the  prermae that it  may  not  always  be 1n the beEt public Interest  to 

Tha additlon of a second  approach  lane  would  enable  the  system to handle  the  total 
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EYg 29 Relahonehps Between  Acceptance  Rates,  Separatlon  Standards, 
and  Tlme  Tolerances  Reqrvred  for  Approach  System 

1n England  indicate  that  such  turbulence  persists  over  a  period of a t   least  2 minutes  and, 
under c e r t a n  conditions,  can  form  a  hazard  to  the  operatlon of smaller   arcraf t  follovrmg 
closely in the mame lane. 

accuracy  to  prevent  interference  between  aircraft 1n opposite  approach  lanea  However, 
exlenslve  slmulatlon  tests of dual-approach  systems,  backed  by  fhght  tests of approaches 

is potentially  the  moot  harardous  part of the  procedure,  that  once  the  alrcraft  are  estabbshed 
into  parallel  lanes  about 6,000 feet  apart  at  Chcago  O'Hare  Amport,  lndxate  that  the  turn-on 

on then  respective I I S  courses,  wth  adequate  morutorrng  by radar. there is  llttle  possiblhty 
of lnterfsrence  between  aircraft m opposite  lanes  Tests  indicated  that  any  hazard  due to 
over-shootmg  the  turn-on Can be e h l n a t e d  by placing  the  turn-on  points  oppoaite  to  each 

can  have  altltude  separataon  from  each  other  until they are  established on thelr  respectwe 
other,  and  far enough  away from the  approach  gate EO t ha t   a r c ra f t  turning  lnto  oppoelte  lanes 

I L S  coursea 

It is true  that a dual  approach  system would reqlure  relatlvely h g h  navigational 

CONCLUSIONS 

During  the  past  few  years,  the  philosophy  regarding  the  mtegration of clvil ]et  alrcraft 
into the ATC system  haa  ranged  all  the way from  the  Idea  that  ]et  aircraft  should  recelve 

as  other  aircraft  Renewing  these  philouopbies m the  hght of TDC slmulahon e t d e s  up  to 
mpecral prlorlty  to  the xdea that  such a r c r a f t  should  be  handled 1n preclsely  the  same  manner 

this  hme. It appears  that   the  cinl   turbo~et  transport   can  be handled most  expedxbously. 
safely.  and  efficiently  through  the  use of procedures  simllar  to  those now used in controlhng 
other  clvil   transport   arcraft  

tunnels  should be pteferable  to  detours. The  higher  and  shorter  the  tunnel.  the  smaller  the 
penalty 1n ]et  fuel  and  flight  time 

If it becomes  necessary to conserve  fuel wlule  waihng  out  long  delays,  ]eta  should  hold 
a t   h g h  altatudes  However,  the  use of high-albtude  holdmg  patterns  to  feed  present  types of 
clvll  jet  aircraft  into an approach  lane  reaults  in  an  extremely  long,  inefflclent  approach  pat- 
tern Reducmg  ]et  holding  altitudes at the  feeding  fix  results IP cone~&rably  shorter  approach 
patterns,  leading to higher  acceptance  rates In high-denslty  approach  operatlons,  this  re- 
duces arrival  delays  to  override  the  effects of Increased  low-altitude  fuel  flow,  and  thus 
produce an over-all   sanng in fuel  

by the  development of ]et  aircraft with  the  ablllty to descend  at  extremely hlgh vertlcal  rates 
Many of the  problems  associated with high-altltude  feedng  systems  could be  allevlated 

but  relatlvely low forward  speeds. T h s  combinatlon of flrght  characterlstxs would decrease 
the  length of the  approach  patn  and  enable  the  alrcraft  to  make  approach  from  high  altatudes 
wlthout  reducmg  the  over-all  acceptance  rate 

In cases  where  jets  cannot  be  cleared  for unrestricted c h b s  on course,  the  use of 
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The  development of advanced  approach  systems  uemg  preasslgned  landmg 
reeervations wlll  greatly  reduce the amount of low-albtude  holding by present  types of jet 
a l rcraf t  wrthout  reducing  the  acceptance  rate of the  approach  system. 

Path-stretchng 1s the  most  precise  method of adJustmg  approach  lntervals.  and 
probably  still wlll be r e q u r e d  In  future  types of approach  systems  which  utilize  velocity con 
trol  as  a  primary  concept The  precreion.  and  therefore  the  acceptance  rate, of approach- 

can  make  standard-rate  turns 
spaclng  operatlons C ~ T L  be  improved i f  the civil jets  can be  slowed to a  speed  at  which  they 

To insure the safe, efficient intagrabon of clvll   ]et   arcraft   into  the  present ATC 
system.  it 1s desirable  that  operations  personnel  understand  the  special  characteristics  and 
lunitations of such  urcraft .  Although the material  1n *s report  10 correlated Into the broad 

in a  form which can be used  reamly by  operation#  personnel,  as  well  as by persona  engaged 
context of systems  engmeermg. the authors  have  made  a  speclal  effort to present  these  data 

in  systems  deslgn or other  planning acbvities 


