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THE USE OF SIMULATION  IN 
ATC  SYSTEMS  ENGINEERING 

SUMMARY 

Slnce  1950,  slmulatlon  has  been  used  as a pr lmary   too l   for   research  
and  development In the  complex  fleld of alr trafflc  control  Thls  report  
traces  the  development of slmulatlon  technlques  and  facllltles  at  the C U  
Technlcal  Development  Center,  from Its lnceptlon In October  1950, to 
March  1959,  when  the  program was t ransferred  to   the FAA National 
Aviation  Facllltles  Experlmental  Center  After  descrlblng  the  appllcatlon 
of slmulatlon  technlques  to  varlous  types of alr trafflc  control  problems, 
the  report  summarlzes  the  most  slgnlflcant  accompllshments of the  slmu- 
lation  program In the  fields of human  englneerlng,  equlpment  development, 
and  the  formulatlon of deslgn  phllosophy  and  procedures  for  the a1r trafflc 
control  system 

INTRODUCTION 

Problem  Areas  

The  functlon of an alr trafflc  control  (ATC)  system 1s to  malntain 
a safe,  orderly,  and  expedltlous  flow of alr trafflc  However,  the  requlre- 
ments  for  performlng  thls  function  gradually  are  changlng  Durlng  the  past 
decade,  the  ATC  system of the  Unlted  States  has  been  forced  each  year  to 
handle  approximately  15  percent  more  trafflc  than I t  dld  durlng  the  previous 
year  Meanwhile,  technologlcal  advances  have  steadlly  wldened  the  per- 
formance  reglmes of speed  and  altltude  for  the alr vehlcles  whlch  the  ATC 
system  must  accommodate 

To  antlclpate  and  cope  with  these  changes,  the  Civll  Aeronautics 
Admlnlstratlon  and Its successor,  the  Federal  Avlatlon  Agency,  have 
conducted  smce  1950 a continous  program of r e sea rch  and  development 
for the  ATC  system  Slmulatlon  has  been  an  Indispensable  tool In the 
followlng  appllcatlons of thls  program 

1 Study of factors  whlch  Influence  flow  characterlstlcs and 
capacity of ATC  Systems 

2 Human  englneerlng,  workload  slmpllflcatlons 

3 Deslgn  and  development of control  dlsplays  and  computers 
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4 Study  and  formulation of control  procedures  for  new  types 
of navigatlon  systems  and  various  types of a r c r a f t  

5 Improvement of air trafflc  flow  in  speclflc  problem  areas, 
such as New  York,  Washmgton,  Chicago,  and  many  others 

Advantages of Simulation 

From  the   sys tem .s e. ngineerlng sta .ndpomt, alr traffic cor l trol  
basically 1s a closed-loop  process  involving a number of elements 
llnked  together as shown  in  Figure 1 Because of Interaction  between 
these  elements,  a change  In  one  variable  can  affect  the  behavlor of 
other  portlons of the  system,  sometlmes In devlous  ways  Thus, 
dlrect  observation of the  system  in  operatlon  does  not  necessarily 
lead  to  an  adequate  comprehension of what  actually 1s affectmg  the 
resul ts  

Prior  to  the  mtroductlon of slmulatlon  techniques,  the  difficulty 
of testing  and  analyzlng alr trafflc  control  systems  was a crl t lcal  
handicap to the  development of system  Improvements Thls dlfflculty 
was  caused  not  only  by  the  Inherent  complexlty of the  system,  but 
by  the  fact  that  any  system  tests  required  the  use of actual  amcraft  
f lylng  in  the  actual  system  envlronment  In  terms of resul ts ,   such 
tests  were  extremely  slow,  awkard  and  expenslve 

Because  actual  equipment  installations  were  Involved,  system 
modlficatlons  required  an  inordinate  amount of tlme  Much  tlme  was 
wasted  In  waitlng  for  sultable  weather  condltions  Comparative 
performance  measurements  were  almost  lmposslble  to  obtain,  due 
to  the  dlfflculty of replicating  the  initla1  trafflc  Input  and  flight  condl- 
tlons  during  any  subsequent  test  Because  manned  alrcraft  were 
Involved,  and  It  often  was difficult to  isolate  test   operatlons  from 
other air traffic.  cost  and  safety  considerations  usually  precluded 
the  conduct of extensive  tests  under  hlgh  trafflc  loads 
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SYSTEM 

FIG 1 - FUNCTIONAL DIAGRAM OF  ATC SYSTEM 
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The  development of slmulatlon  technlques  has  provlded a 
practical   means of testlng  and  analyzing  the  characterlstlcs of ATC 
systems  under  controlled  laboratory  condltlons  Dependlng upon the 
ObJectlve of the  speclflc  project,  slmulatlon m a y  Include  varlous  phases, 
from  the manipulation of mathematlcal  or  graphlcal  models, to real- t lme 
dynamlc  system  tests wlth  the slmulator  provldlng a hlghly  reallstlc 
envlronment  and  workload  for  the  human  controllers 

Although  llve  (fllght)  testlng 1s useful  as a fmal  prqof  that  the 
system  actually  operates  satlsfactorlly  as  Installed,  an  lncreaslngly 
large  portlon of the  operational  testlng  can now be  handled  through  the 
use of slmulatlon  technlques. at a conslderable  savlngs  ln  cost  and 
t lme 

DEVELOPMENT  OF SIMULATION  TECHNIQUES 

Graphical Simulation 

Uses 

Graphlcal  slmulatlon 1s a f o r m  of mathematical  analysls 
accompllshed  wlth  paper  and  pencll  Fast  and  cheap,  thls  method 1s 
useful In determlnlng  the  effect of varylng  cer ta ln   system  parameters  
Also, It 1s used to determlne  the  Ideal  performance of system,  for comparison 
wlth  data  obtalned  from  dynarnlc  slmulatlon  or  actual  llve  operatlons 
Varlous  types of graphlcal  plots,  lncludlng  altltude/tlme.  dlstance/tlme, 
and  queuelng  charts,  are  used  Typical  appllcatlons  wlll be dlscussed 
In thls  report  

Altltude fTlme (A-T) Plots 

The  f l rs t  known  use of graphlcal  slmulatlon In alr trafflc  operatlons 
r e sea rch  was In 1949 Up to that  tlme,  the  Washmgton  approach  control 
system  exhlblted a pecullar  cycllc  characterlst lc  Even when a contlnuous 
supply of alrcraft  were  belng  fed  Into  the  system, a large  gap In the 
approach  sequence  always  occurred  after  every  fourth  approach In 
studylng  thls  problem, a graphical  plot of altltude  versus  tlme was  developed 
to  determlne,  mlnute by mlnute,  the  locatlon of each  a l rcraf t  In a typlcal 
approach  sequence  Communlcatlons  data  were  correlated  wlth  thls  plot 
In the  manner  illustrated In F l g  2 Thls  slmple  technlque  solved  the 
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problem  by  showlng  that a steady  flow of trafflc  could  be  achleved If the 
secondary  holdmg flx were  moved  closer t o  the  prlmary  f lx,   or If 
additional holding  altltudes  were  used  at  the  prlmary  flx In addltlon, 
by polntlng out the  critlcal  effects of communlcatlons  dela,rs on the 
operatlon of the  system,  this  study' l e d  to  the  adoptlon or' Arec t   a l r /grounJ  
communlcatlons  facllltles  for  Alr  Route  Traffic  Control  (ARTC)  Centers 

6000 
NOTE 
A I R  / GROUND  COMMUNICATIONS 
ARE  REPRESENTED BY 
VERTICAL  DASHED L INES 

J 
v) 

W 

- 

LEGEND' 
C = DESCENT  CLEARANCE 

V VACATING  REPORT 

L = COMMUNICATIONS LAG 

ISSUED BY CONTROLLER 

ISSUED BY PILOT 

0 I 2 3 4 
T IME  IN   M INUTES 

FIG 2 - SE CTION OF  ALTITUDEITIME  PLOT SHOWING TYPICAL 
LADDERING - DOWN PROCEDURE  FOR  THREE  AIRCRAFT 

.i ohn H Hllton  and  Tlrey K Vlckers,  "Terminal Area Tlme  Study", 
CAA Offlce of Federal   Alrways,  July 2 2 ,  1959 
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Space/Time  (S-T)  Plots 

In  1950,  the  Franklin  Institute  Laboratories  for  Research  and 
Development  (FIL)  investigated  the  feasiblllty of applying  simulation 
techniques  to  the  study of alr  traffic  problems  During  the  next  few 
years,  graphical  simulatlon  technlques,  especlally  plots of fllght  dlstance 
or space  versus  time  (S-T  plots)  were  developed  to a high  degree by 
personnel of FIL  and  the CAA Technlcal  Development  Center  (TDC) 
The S-T (Space-Time)  curve is a graphical  plot of space  versus  t ime 
Space  in  this  case  refers  to  the  projected  distance  from  some  flxed  point 
such as an  approach  gate  or a runway  threshold If desired,  altitude 
data  may  be  entered  at  the  appropriate  polnts on the  curve  in  order to 
show  the  progress of e a c h   a r c r a f t  In the  third  dlmenslon  S-T  curves 
are  especially  useful  in  analyzing  the  operation of approach  systems 
and  alrport  runways, as shown  in  Fig 3 and 4 In  connection mth  human 
englneering  studles,  S-T  curves  are  drawn  to  show  the  hypothetical or 
Ideal  output of a speciflc  trafflc  control  system  The  idealized  data  then 
are  compared with  the  results of the  dynamic  slmulation  tests  to  determine 
the  efficiency of the  controller or the  effects of human  factors on the 
operation of the  system 

3 

Queuemg  Charts 

Although  queueing  theory 1s an  important  tool  in  operations 
research,  the  level of mathematlcs  involved  in  its  presentation is often 
beyond  the  comprehension of personnel  engaged  in  the  control of air   trafflc 
Durlng a study of approach  procedures  for  clvll  jet  alrcraft4  in  1958, a 

S M Berkowltz, W W Felton, R S Grubmeyer,  and R R Reld, 
"The  Appllcabillty of Simulation to  the  Investigatlon of Alr   Traff ic  
Control  Problems",  Franklin  Instltute  Final  Report No F-2130-1, 
Phlladelphia,  Pennsylvanla,  March 17,  1950 

S M Berkowitz  and  Ruth R Doerlng,  "Analytical  and  Simulatlon  Studles 
of Several   Radar  Vectoring  Procedures In the  Washmgton, D  C 
Terminal  Area",  CAA Technical  Development  Report N o  222,  Aprll 
1954 

Paul T Astholz  and  Tlrey K Vlckers, "A Prelimlnary  Report  on  the 
Simulation of Proposed  ATC  Procedures  for  Civil   Jet   Aircraft" 
CAA Technical  Development  Report No 352, December  1958 
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method  was  developed for presentmg  queuelng  phenomena In a simple,  
easlly  understandable  form  Thls  presentatlon, known as a queuemg 
chart ,  1s an  adaptatlon of the  Gantt  or  tlme-sequence  chart  whlch 1s used 
In busmess  or   proJect   admmlstrat lon 

In the  example  shown  In F l g  5, the  theoretlcal  arrlval  tlmes of 
a random  sequence of 30 a l rcraf t   are   plot ted on successive horizontal 
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1 l ines   Theoret lcal   arr lval   t lme In thls  case 1s deflned  as  the  tlme  an 
alrcraf t  would a r r lve  If It  encountered  no  trafflc  delay  Dlagonal  hnes 
Intersect  the  horlzontal  llnes on the  chart  t o  show  the  approxlmate 
acceptance  time of each  a l rcraf t ,  lf the  acceptance  rate of the  approach 
system  were  e l ther  24 or  30 aircraft   per  hour  The  horlzontal   bars show 
the  delays  whlch  each  alrcraft would encounter  In  elther  case 

Queue  length  (the  number of alrcraft  whlch are belng  delayed)  at 
any  glven  time  can  be  determmed  by  countlng  the  number of delay  bars  
whlch a re   c ros sed  by a vertlcal  llne  at  the tlme In questlon  Thls  graph 
emphasizes  the  Important  effect of a relatlvely small change  In  alrport 
acceptance  rate,  on the  length of arcraf t   delays  and  the  s lze  of the 
queue 

Dynamlc  Slmulatlon 

Earlv  Effor ts  

Dynamlc  slmulatlon 1s a real-tlme  slmulatlon  technlque  whlch 
enables  certaln  portlons of the  ATC  system  to  be  tested  In a rea l l s t lc  
control  envlronment  uslng  human  controllers who are  confronted  wlth  the 
same  workloads  and  declslons  that  they would have  to  face In the  actual 
operatlon of the  system  under  study  The  use of thls  type of slmulatlon 
was  proposed  by  the  Radlo  Technlcal  Commlttee  for  Aeronautlcs  In  1948 
Some  work  In  thls  fleld  was  sponsored  by  the  Australlan  Government  at 
thls  tlme 

5 

6 

The  f i rs t   recorded  use of a dynamlc  slmulator  for  ATC  research 
1n the  United  States  was  In  1950,  when  the  operatlon of a small one-target 
radar  traner  led  to  the  dlscovery  and  developments of the  tangentla1  approach 
concept7  Thls  slmple  tralner,  whlch 1s shown In F lgures  6 and 7 ,  Integrated 

511A1r Traffic  Control’!,  Radlo  Technlcal  Commlttee  for  Aeronautlcs, 

6R B Coulson  and V D Burgmann,  “An  lnvestlgatlon  Into  Alr  Trafflc 
Speclal  Commlttee 31, Paper  27-48/DO-112,  May 12, 1948 

Control  by a Slmulatlon  Method , Dlvlslon of Radlo  Physlcs,  
Commonwealth  Sclentlflc  and  Industrlal  Research  Organlzatlon, 
Commonwealth of Australla,  October,  1949 

7C M Anderson, N R Smlth, T K Vlckers,  and M H Yost,  “A 
Prellmlnary  Investlgatlon of the  Appllcatlon of the  Tangentlal  Approach 
Prlnclple to  Alr  Trafflc  Control!’,  Technlcal  Development  Report 
No 149,  October,  1951 
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SPIRAL I LIGHT PROJECTOR 
PULLEY 

CABLE  LOOP 

DIRECTION 

DRIVE MOTOR 

PULLEY 

FIG. 6 - MECHANICAL HOOKUP OF RADAR TRAINER 

FIG. 7 - RADAR T U N E R  IN  USE 
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dlstance  and  headmg  to  produce a reallstlc  approach  path, In the  form 
of a small spot of llght  which  traveled  across  the  surface of a simulated 
radar  scope 

The  tangentlal  approach  concept  was a simple  geometrical  
prlnclple  for  guldmg an a l rc raf t  to a desired  polnt  and  headlng In space 
In the  radar  approach  appllcatlon  shown i n  Flgure 8, the  desired  polnt  was 
an  approach  gate  to  an  alrport  runway  Headlng  lnstructlons  were  obtamed 
f rom a slmple  grid  overlay on the  face of a radar  mdlcator,   to  enable 
even  unskllled  controllers to guide  an  alrcraft  accurately  to  the  desired 
polnt,  from  whlch  the  pilot  could  take  over  and  complete a visual 
approach  to  the  runway  Subsequent  flight  tests,  uslng  varlous  types of 
radars,  verlfled  the  usefulness of this  prlnclple  and  the  results of these 
early  slmulatlon  tests 8 

Evolutlon of the  TDC  Simulator 

In  1950,  an air traffic  control  display  device known as Navascreen 9 
was  tested at the  Technical  Development  Center  Thls  devlce  Included 
equipment  for  proJectlng six controllable  targets on a large  translucent 
sc reen ,  as shown In Fig 9 The  movement of each  target  was  effected 
by  two servo-dr iven   mir rors ,  one turnlng  on  the  X-axls  and one  on  the 
Y-axis The  lnltial  positlon,  speed,  and  headlng of each  target  was 
controlled  from a slngle  operator's  console  which 1s shown at the  rlght 
of Flgure 9 Although  the  device  dld  not  offer  much  prormse  for  use  as 
an  actual  ATC  display,  an  immediate  appllcatlon  was  seen  for  Its  use  as  an 
air traffic  slmulator 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
a T l r ey  K Vlckers,  "Development of Traffic  Control  Procedures  for 

Tachcal  Alrlift  Operations",  Technical  Development  Report No 235, 
April,  1954 

"Evaluatlon of Navascreen",  Technlcal  Development  Report No 
W A Amstutz, Jr , J E Herrmann, N R Smlth, T K Vlckers, 

145,  May, 1951 
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Initial  tests of the  Navascreen  as a dynamlc  slmulator  for  terminal 
area  operatlons  showed  that  the  human  workload In navlgatlng a slngle  am- 
craft  target  and  handlmg  the  necessary  ATC  communlcatlons.  was  large 
enough  to  Justlfy  the  use of one  pllot  per  slmulated  alrcraft  Accordlngly, 
the  control  panels  for  the six targets  were  taken  out of thelr  common 
console  and  relnatalled In  lndlvldual  consoles so that  each  unlt  could  be 
operated by a separate   person who assumed the role Jf pllot  for one 
aircraf t  

The  targets  and  the  background map were  proJected  in  reverse  The 
pllot  consoles  faced  away  from  the  vlewlng  screen,  and  each  pllot  could 
look  at  the  proJected  plcture  through a m l r r o r ,  as shown  In Flg 10 The 

FIG 10 - NAVASCREEN SIMULATOR  PILOT  CONSOLES 
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translucent  vlewing  screen wa8 designed  for  vlewing  from  the  opposite  side 
Here  the  controllers  were  located, as shown  in  Fig 11 They  observed 
the  trafflc  display  on  the  screen and communicated  wlth  the  pllots  by  means 
of lnterphone  channels  which  simdated  alr/ground  radlo  channels  Because 
only six targets  were  available,  the  early  slmulatlon  prolects  were  confined 
to emall terminal area studies  This  layout  was  quite  useful,  however, 
in  working  out  the  baslc  proce  res  for  the use of terminal   area radar in 
multiatack  approach  systeme 98 

FIG. 11 - NAVASCREEN CONTROLLER POSITIONS USING PROJECTED 
ATC DISPLAY 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
l0C M Anderson, N R Smlth. T K Vickers, M H Yost,  “Evalu- 

atlon of Proposed  Alr  Traffic  Control  Procedures In the Washington 

No 149, July. 1951 
Terminal   Area by Slmdatlon  Technics”.  Technical  Development  Report 
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The  main  dlsadvantage of the  Navascreen  target  generatlng  equip- 
ment  was  that I t s  targets  could  fly  stralght  courses  only T o  change 
heading, a target  had  to be  stopped  momentarily.  then  restarted on the 
new  heading  Thls  produced  an  unreallatic,  angular  fllght  path 

Ear ly  In 1952, Alr  Force  experimental   equlpment,  known as the 
Teleran  demonstrator,   became  avallable Th1s equipment  included a 
televlslon  camera  and  elght  target  proJectorB of a type similar to that 
shown  in F ig  12 Each  target  proJector  was  equlpped  wlth a turning  motor 
for standard-rate  ( 3 O  per  second)  turns  Forward  speed  was  controllable 
Each  proJector  contlnuously  integrated  forward  speed  and  headlng to 
produce a realistic  curved  path  when  the  heading  was  changed  Addltlonal 
p r o ~ e c t o r s  of the  same  type  were  constructed  in  the  TDC  machlne  shops 
Soon  the  Navascreen  proJectors  were  phased  out of the  system.  to be 
supplanted  by  the  Teleran-type  projector  equlpment 

FIG 12 - TELERAN-TYPE  PROJECTOR 
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To  provide  radar-type  dlsplays  for  the  controllers,  the  televlslon 
camera  was  used  to  scan  the  large  vlewlng  screen  The T V  video  was 
flltered  through a speclally  deslgned  flymg  spot  scanner  whlch  modlfled 
It  for  presentatlon  in  the  form of a rotatlng  sweep on long-perslstence 
radar  Indicators.  closely  simulating  the  presentatlon of a Plan  Position 
Indlcator  (PPI)  radar 

Air  trafflc  control  equipment at this  time  consisted of three  radar  
consoles  for  termlnal  area  operatlon, as shown  In  Flg 13 A rudlmentary 

1 

FIG 13 - SIMULATED RADAR SCOPES IN USE 

ARTC  posltlon was Installed  to  supply a reallst lc Input of flight  data to  
the  termlnal  area  controllers  The  lnlt lal   model of a mechanlcal  data 
transfer  devlce  was  developed  and  Installed as a communications  llnk 
between  the  terminal  area  and  ARTC  control positions 

No longer  was  It  necessary  for  the  controllers to view  the  traffic 
sltuatlon  on  the  large  translucent  screen, so thls  was  replaced  soon by an 
opaque screen  for  better  TV  resolutlon  Ellmlnatlon of the  translucent 
screen  obvlated  the  requlrement  for  the  pilots  to  look at the  screen  through 
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a m l r r o r  A number of new  pllot  consoles  were  constructed,  and  placed 
In t ie rs  so that  each  pilot  could  view  the  screen  dlrectly  The communi- 

cations system  was  expanded  to s1x channels,  and  equlpped mth  automatlc  
recording  equipment  to  record  the  number of messages  and  the  total 
commhnlcations  time on each  channel 

A wind-drift  generator  was  added  Thls  device  utlllzed  the 
principle of relativity  to  simulate wlnd drift,  by  moving  the  projected 
background  map  in a dlrectlon  opposlte  to  the  wlnd  Thus, t o  simulate 
a wlnd  blowlng from  the  north,  the  background  map  was  moved  slowly 
toward  the  north  Thls  relative  component of motlon  produced  the  effect 
of drlftlng all the  alrcraft   targets  toward  the  south 

The  wind-drift  mechanlsm  included  two  reversable  controllable- 
speed,  electrlc  motors  and  associated  gearlng One motor  served  to  move 
the  map  proJector on the X - a x l s  and  the  other  on  the  Y-axls  The 
televlslon  camera  was  mounted  to  move  slmultaneously  wlth  the  map 
proJector so that it always  scanned  the  same  portlon of the  background 
map  After a period of an  hour  or so the wlnd lllechanlsm  reached  the 
end of its  travel  At  thls  time  the  slmulatlon  problem  had to be  stopped 
temporarily whlle  the map proJector  was  cranked  back  to Its start ing 
posltion 

The  equlpment  layout  for  the  dynamlc  simulator. as It exlsted In 
1953, 1s shown In Flg 14 During  the  next  few  years,  the  elmulator 
remalned  in  almost  continual  evolution,  for  Increased  accuracy,  capaclty, 
and  versatl l l ty  Target  proJectors  were  retroflt ted with an  Improved 
servo-motor  drlve,   and a gearshlft  was  added to provide  the  added 
capablllty of using a 1 / 1 / 2 O  per  second  turn rate for  slmulatlng  high- 
performance   et a l rc raf t  

I 

A simulated  slx-code  radar  beacon  system  was  added  by  In- 
stalling a sys tem of selectlve  dlmmlng  switches  for  the  target  proJector 
llghts In operation,  any  target  went  from  dlm  to  bright  whenever  the 
pilot  selected  the  same  code  swltch  posltion as the  controller  Thls  set-  
up ylelded  much  useful  experlence In determining  the  functional  advantages 
of various procedures  for  uslng  beacon  codes In the  ATC  system 

I 

1 1  

"Tlrey K Vlckers,  "Coding  Requirements  for  the  ATC  Radar  Beacon  System, 1 '  i 
IRE Transactions on Aeronautical  and  Navlgatlonal Electronics, Volume 
ANE-4, Number 3,  September, 1957 
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In order  to  expand  the  capabllltles of the  simulator  for  studying 
air route  trafflc  control  areas as wel l   as   t e rmina l   a reas ,  a number of 
additional target  proJectors  were  manufactured in the  TDC  shops  and 
added  to  the  slmulator An ARTC  control  room  was  added,  and  the 
communications  system  was  expanded  In  order  to  provide  adequate communi- 

cations between  the  terminal  area  and  ARTC  control positions This  layout 
was used  in  simulation  tests of procedures  and  displays  for  ARTC  use It 
also  was  used in  many  studies  to  Improve alr trafflc  flow  in  speclflc  problem 
areas  An  electronlc  approach  computer  was  buil t   and  installed  for  terminal 
a r ea   t e s t s  An improved  type of electro-mechanical  data  transfer  equipment 
was  Installed for evaluatlon  In  ARTC  and  terminal  areas,  as  shown  In  Fig 
15 F lg  16 shows a vlew of the  ARTC  room 

The  need  for  slmulatlon  studles of more  complex  mult l   a l rport  
terminal  areas forced a further  expanslon of the  simulator  In 1958 a total 
of 42 targets  was  in  use  The  expansion  outgrew  the  orlginal  target 
proJector  room,  whlch is shown  in  Flg 17 Although all 42 ta rge t   p roJec tors  
were  Installed In thls  room, 24  of them  were  operated  remotely  f rom  pl lot  
consoles  installed In an  adjacent  room, as shown  in  Fig 18 Thls  photo- 
graph  also  shows  the l a r g e  televlslon  monltors  whlch  supplled  each  pllot 
wlth a view of the  proJector  screen,  for  navigation  purposes 

The  need  to  slmulate  multlple  radar  sl tes in slmultaneous  operation 
was  provided  by  four  televlslon  cameras,   focussed on dlfferent  portions of 
the  proJector  screen  An  improved  communlcatlons  system  was  installed 
to  furnish  complete  interphone  hookups  between  two  ARTC  rooms  and  two 
termlnal   area  control   rooms,  as well as 20  s imulated  a l r /ground  radio 
channels  The  slmulatlon  buildmg  was  expanded  in 1958  In order   to  
accommodate  the  extra  control  rooms, as well as space  for  pllot   tralnlng, 
briefing,  data  processing,  and  maintenance 

Deslgn  Considerations  The  unlque  functlon of a dynamic  ATC  sirnulator, 
and  the  basic  Justlflcatlon  for its estabhshment ,  is to  furnish a means of 
testing  crl t ical   portions of the  ATC  system  wlth  human  controllers  To 
accomplish  thls  functlon,  the  slmulator  must  Incorporate  the  slgnlficant 
effects of all the  system  elements  shown In Flg 1 As  shown In F l g  19, 
humans  are  retained  in  the  controller  and  pllot   poslt lons,   whlle  analogues 
are  employed  for  the  other  system  elements  The  result ing  f low of 
significant  Information  around  the  loop 1s equlvalent  to  the  flow  in  the  actual 
system  The  prlnclpal  considerations whlch must  be  incorporated  in  the 
design of a dynamlc  ATC  simulator  Include  provlslon  for 



FIG 15 - ELECTRO-MECHANICAL  DATA  TRANSFER  EQUIPMENT IN USE IN TERMINAL  AREA 
CONTROL ROOM 



FIG 16 - SPANRAD UNITS IN USE IN ARTC  CONTROL ROOM 
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FIG 17 - PILOT CONSOLES AND T V  CAMERAS IN PROJECTOR ROOM 



FIG 18 - PILOT CONSOLES IN REMOTE  CONTROL ROOM, USING TV MONITORS FOR NAVIGATIONAL 
DISPLAYS 
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1 The  requlred  number of a i rcraf t   wth  their   basic   performance 
characteristics.  including  flight  speeds,  acceleration  rates,  decele- 
ration  rates,  and  turn  rates 

These  effects  must be reproduced  realist lcally  I t   is  not 
necessary  that  the  pilot  console  duplicate  the  arrangement of an 
airplane  cockpit  or,  that  the  simulated  aircraft be as  difficult  to 
f ly   as   the  a l rcraf t   i t represents  To the  contrary,  it  1s extremely 
desirable  that  the  equipment be easy  to  operate, so that  personnel 
of normal  capabilities  can be trained  to  handle Lts operation  quickly 
and  in a satlsfactory  manner  Slmphclty  also  pays off in  greater 
equipment  reliablllty,  whlch 1s a very  Important  factor In any 
actlvity  where a single  breakdown  could  idle  a  large  number of 
people 

A  fundamental  factor  in  the  design of a simulator  installatlon 
16 the  number of a i rc raf t  which  wlll  have  to  be  controlled  simulta- 
neously,  since  thls  quantlty  determines  the  complexity,  personnel 
staffing,  and  operating  costs of the  slmulatlon  program  The  number 
of targets  required 1s a function of the  size of the  area  under  study, 
a s  well as  the  traffic  density which 1s desired  for  the  tests For a 
glven  area,  the  number  required is inversely  proportional to the 
average  operatlng  speed of the  aircraft  in  the  trafflc  sample,  since 
a faster  target  can  traverse  the  area  more  quickly,  and  thus  be 
available  for  reasslgnment  in a shorter   t ime  I t   a lso is important 
to note  that  the  higher  the  delays  encountered  during a par t lcular  
teet,  the  more  targets  will  be  required  for  slmultaneous  operation 

Due to  these  varlables.   there 1s no definite  number which can 
be recommended  as  necessary It should  be  noted  that  much  useful 
work was accomplished  with  the TDC simulator.  In studylng  terminal 
area  operations,  when  only six  targets  were  available With 42 
targets.  it was  possible  to  simulate  all  the  arrivals  or all the de-  
par tures  wlthin  a radius of 70 miles of the  Washmgton  Airport,  or 
arrivals  and  departures  simultaneously  wthln a 50 mile  radms 
In thm case,  the  additional  capability  made it possible  to  do a 
realist ic  Job of simulating  the  transfer  functions  between  the  ARTC 
center  and  the  terminal  area  control  rooms, a very  cri t lcal   portion 
of the  entire  control  work  load  The  Job  could  have  been  done  piece- 
meal. wlth a smaller  number of targets,  but wlth  a loss of r ea l i sm 
and a considerable  increase  in  testing  t ime 
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Probably  there  1s an  upper  l lmlt   to  the  number of targets  
whlch 1s practlcal f o r  such  an  lnstallatlon,  due  to  the  sheer 
magnltude of the administrative problans  mvolved  in  dlrecting, 
training,  and  coordmatlng  the  work of s o  many  people  After 
havmg  reached a capaclty oi 42 targets  wlth  the TDC slmulator ,  a 
point of dlmlnlshlng  returns  was  belng  approached,  because  the 
entlre  operation  became  more  unwleldy  and  the  accumulated  delays 
f r o m  s o  many  causes  reduced  the  amount of tlme  avallable  for  the 
tes t   runs 

2 The  communlcatlon  systems  between  alrcraft  and  ground 
agencies,  and  between  the  ground  agencles 

3 The  navlgatlonal  lnformatlon to the  pllot of the  a l rcraf t  

In  the  TDC  simulator a slngle  background  map 1s proJected 
on the  screen to provlde a plctorlal  navlgatlon  display  for all 
pllots  The  entlre  navigation  system  can  be  changed  qulckly  by 
substltutlng a new  sllde ~n the  sl lde  projector 

4 The  layout of the  essentlal  components of the ARTC and 
termlnal   area  contr  01 agencles,  lncludlng  thelr  mformatlon  Inputs, 
dlsplays , and  outputs 

5 Means  for  dupllcatlng  lnsofar as posslble,  the  human  element 
In  the  ATC  system 

Thls 1s done  by  provlduz  suiilclent  numbers of controllers  and 
pllots  to  operate  the  varlous  components of the  slmulator It appears  
that   the  varlables  result ing  from  the  behavlour of men  can  be 
approxlmated  only  by  making  the  operatlng  cond~tlons  very slmllar to 
chose  whlch mlght  exlst  In the  system  belng  tested  Although it 1s 
not  posslble to dupllcate  exactly all the  stress  and  dlstractlons  whlch 
mlght  exlst  under  actual  operatmg  condltlons,  every  effort 1s made 
to   keep   the   cond~t~ons  as r e a h s t l c  as posslble 

6 Means  for  recordlng  slgnlflcant  data  regardlng  the  performance 
of the  various  elements of the  trafflc  control  system  durmg  the 
slmulatlon  tests 
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Slnce a greater  amount of t lme IS requlred  to  analyze 
the  results  than to  perform  the  tes ts ,  It 1s Important  that  the 
data  be In a f o r m  whlch 1s as close  as  posslble t o  the  requlred 
end  result 

The  llmltatlons of the  technlques  used In  the  exlstlng  dynamlc s l m u -  
lator  were  recognlzed  and  studles l2  were  conducted In cooperat~on  wlth  the 
Franklln  Instltute  Laboratorles,  and  the  Canadlan  Department of Transport  
and  Computlng  Devlces of Canada,  Llmlted  to  determlne technical 
approaches  and  speclflcatlon  requlrements  for a new,  lmproved  and  more 
flexible  dynamic  ATC  slmulator  From t h ~ s  work It was  concluded  that 
dlgltal  technlques  used  ln  the  deslgn of a la rge   dynamlc   s lmula to~   of fe red  
certaln  advantages  over  those  provlded  by  analog  technlques In t e rms  of 
high  accuracy,  large  capaclty,  great  flexlblllty,  and  data  processlng  The 
dlgltal  approach,  where  the  baslc  parameters  throughout  the  slmulator  ran 
be  altered by relat lvely  s lmple  means,   appears   to   be  more  deslrable   for  a 
r e sea rch  tool. However,  for  the  study of speclf lc   present   problem  areas  
where  cost,  avallablllty,  and  lnterchangeablllty  wlth  exlstlng  slmulatlon 
equlpments 1s of utmost  Importance,  the  analog  approach h a s  certaln 
maJor  advantages 

In  1958,  the  Airways  Modernlzatlon  Board  placed  an  order  for a 
68-target  dynamlc alr trafflc  control  slmulator  system  uslng  analog  tech- 
nlques  In  addltlon,  to  slmulatlng  relatlonshlps  between  alrcraft  and  flxed 
ground  installations,  such as radars,  and  ground  dlsplay  systems,  the 
equlpment IS to  provlde a more  automatkc  means of data  collectlon  and 
reductlon  uslng  dlgital  technlques I 

Fas t -Tlme SLmulatlon 

Fast-t lme  slmulatlon IS  a relatlvely  new  technlque  whlch  utlllzes 
a dlgltal  computer In non-real  tlme  operatlon  Unfortunately  the  tltle 
presently  applies  only to the  problem  runnlng  tlme.  and  not  to  the  tlme 
requlred t o  s e t  up the  orlglnal  computer  program  Ploneerlng  work In 

the  fleld of fast-tlme  slmulatlon  has  been  done  by  the  Armour  Research 
Foundatlon l 3  and  the IBM C ~ r p o r a t l o n ' ~  

_ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ l _ _ _ _ p _ ~ ~  

1211An Alr  Traffic  Slmulator  Study",  Computlng  Devlces of Canada,  Llmlted, 
F R  1905M-58-1, S2, S 3 ,  54. April  1958 

13G. W Bond, K S. Gale,  and C J Moore,  "Dlgltal  Slmulatlon of Alr 
Traffic  Controll ' ,   Proceedmgs of the  National  Conference on Aero-  
nautical Electronlcs,  Instltute of Radio  Englneers,  May  1958 

l4 "IBM Fast-Tlme  Slmulatlon  Summary  Report ,  11 lnternat~onal   Business  
Machines  Corporatlon,  October 2 0 ,  1958 
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Once  the  declslon  loglc  and  alrway  route  structure  have  been  In- 
corporated Into  the  computer  program,  fast-tlme  slmulatlon  offers  the 
ablllty t o  "fly"  extremely  large  numbers of slmulated  alrcraft  through 
the  system In  a short  tlme  Meanwhlle,  the  computer 1s recordlng  and 
processing  the  test  data  automatlcally  Extremely  large  trafflc  Inputs  are 
deslrable,  If Monte Carlo  technlques are t o  be  used  for  analysls  TO 
generate  and  process  such  amounts of trafflc by any  other  method  would 
be a slow  and  tedlous  Job 

Besldes  the  complex programming operatlon, a dlsadvantage of 
fast-t ime  slmulatlon 1s I ts   ~nabl l l ty  to lncorporate  human  factors  dlrectly 
Thus,  the  capabllltles of thls  method  relate It more  closely to graphlcal 
than  to  dynamlc  slmulatlon  Actually  the  three  methods  complement  each 
other,  so It 1s probable  that a complete  slmulatlon  faclllty of the  future  
will utilize all three  methods In a coordmated  and  cooperatlve  manner 

When detailed  data on human  behavlor  become  avadable  from 
dynamlc  slmulatlon  tests or actual  ATC  operatlons, It may  be  possible 
to  program  these  human  characterlst lcs  (malnly In the  form of random 
tlme  delays  and a certaln  unpredlctablllty In maklng  declslons)  into  the 
computer,  to  produce  results  more  In  keeplng wlth the  characterlst lcs of 
the  present  human-operated  ATC  system 

As  the  ATC  system  gradually  becomes  more  automatlc, It 1s 
probable  that  slmulatlon  by  dlgltal  computers wl l l  become  more  approprl- 
ate t o  the synthesis and  analysls of the  ATC  functlon 

SIMULATION  AT WORK 

Deslgn of P rogram 

Figure 20 shows  the  sequence of s tages   for  a complete  ATC  develop- 
ment  cycle  Although  some of these  stages are not  always  necessary.  It 
1s deslrable  that  those  whlch  are  used  should  follow  thls  general  sequence, 
whlch 1s arranged In the  order of ascendlng  cost,  wlth  the  less  expensive 
processes  used flrst Thls  procedure  tends to mlnlmlze  research  costs  
by  providing  the  opportunlty to learn as  much  as  posslble  about  system 
behavlor,  and  to  weed  out o r  revlse  lmpractlcal  solutlons,  before  the 
system  reaches a more  expenslve  stage  or  evaluatlon or lmplementatlon 
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FIG 20 - NORMAL DEVELOPMENT CYCLE FORATC SYSTEM 
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The  essent la l   f l rs t   s tep  in   any  s lmulat lon  program 1s to  defme 
the  problem, as clearly  and  completely  as  posslble  It 1s preferable 
that  this  defmltlon  be In wrltlng  Thls  step  leads  dlrectly to a determma- 
tlon of the  program objectives It   also  serves  to  plnpolnt  the  areas In 
which  addltlonal  lnformatlon  wlll  be  needed 

The  next  step 1s for   the  research  personnel  t o  become as famlllar 
with  the  problem  as  possible  For  example, If the  proLlem  relates to 
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congestion  in a speclflc  local  area,  it  1s deslrable f o r  the  research  team 
t o  make  an  orientation  trip  to  the  area In question, to  observe  these 
problems  f lrst-hand and  to  dlscuss  the  varlous  detals  with  the  personnel 
of the  local  control  agencies.  This  familiarlzat1on  further  clarlfles  the 
program  obJectlves  and  provides an insight  into  the  scope of the  effort 
which wlll  be  required to complete  the  study 

Then, it 1s tlme to develop a plan of approach  From the stand- 
point of research  costs  and efficiency, this  can  be  the  most  critlcal  step 
In  the  entlre  program,  for  it 1s here  that  the  fundamental  declslons w ~ l l  
be  made as t o  the  slgnlflcant  factors  which  must  be  included,  the  concepts 
and  techniques  which  wlll  be  tried, and the  tlme  facillties, and personnel 
whlch  wlll  be  requlred 

Because  any  simulation  program  can  deal  dlrectly  ulth  only a 
relatively  small  segment of the  vast  ATC  system  (to  whlch  the  segment 
usually 1s linked  very  closely), a basic  question In the  design of any 
simulation  study is to  determlne how much of the  system  operation  has t o  
be  slmulated In order  to  secure  meaningful  answers to  the  problem  under 
study 

Here,  much  depends on the  Judgment  and  experlence of the 
planner He must  be  able to analyze  the  problem  in  detall,  and  determine 
the  relatlve  importance of every  factor  which  may be relevant t o  the  func- 
tions  under  study  Based on the limitations of personnel,  technlques, 
facillties,  time,  and  cost,  as  well  as  the  obJectives of the  program,  he 
must  lncorporate  as  many  as  posslble of the  most  signiflcant  factors  into 
the  test  program,  and  try  to  make  intelligent  allowance  for any other 
factors whlch  conceivably  could  affect  the  validity of the  results 

In the  design of simulation experiments, a n  Important  objective 
1s to obtain a maximum  amount of significant informatlon  about  the  sub- 
Ject  under  study,  wlth a mlnlmum  expenditure of money  and  time 
Slgnlficance  in  this  sense  lmplles  that  the  accuracy of the  results is 
adequate  and  commensurate  wlth the program  obJectives  Here, 
accuracy 1s interchangeable with cost ,so a reasoxable  compromlse  must 
be  reached It 1s possible  to  carry  the  scope  and  extent of the  program 
far beyond  the  level  necessary to achieve  the de red  obJectlves  Over- 
elaborate  programs  tend to produce  dlminlshmg  returns  per unit cost 
In  addition.  their  sheer  complexity  can  bog down  the  studies  in a morass  
of test  data,  masking  the  effects  that  were  belng  looked  for  in  the  first 
place 
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In a r  trafflc  control, as In other  fields of operations  research, 
certain  problems  recur  in  many  ways,  over a long  perlod of t lme Al- 
though  they  assume  many  dlfferent  forms,  their slmllarltles make It 
possible  to  categorlze  and  name  them As research  experience 1s 
accumulated, the various  solutlons  can  be  associated  wth  their   particular 
categories,  and  thue  provide  startlng  points  for  possible  solutions when 
similar problems  appear  later  Some of these  appllcatlons are dlscuesed 
later in  thls  report 

In  deallng  with  probIems of an  unprescqdented  nature, It 1s helpful 
to start by  considering  the  varlous unknown factors In broad  functional 
terms,  rat;her  than  by  concluding  lmmedlately  that a certam function  will 
have  to  be>erformed m a ce r t am way In these  cases,  it 1s wise  to  allow 
addltlonal tlme in  the  simulation  schedule,  for  the  exploration of more  than 
one  approach 

One of the  most  useful  products of any research  program  can  be 
the  generation of new  Ideas, as a dlrect   resul t  of the  insights  provided by 
the tests themselves  Because  the  simulation  process  usually  provides 
the  first  look  at  the  operatlon of a new  system  or  concept, It has  proved 
to  be  an  unusually  potent  stimulus  for  new  Ideas  Excellent  use  often  can 
be  made of these  potentially  valuable  by-products, by feedlng  them  back 
into  the  program, as dlagramnned by the 100pS at  the  right of Fig 20 In 
laying  out  the test schedule, It 1s very  Important  to  provide  enough flexl- 
blllty  to  take  advantage of the  new  ideas  whlch are generated  durlng  the 
test program 

In  the  ear ly   years  of dynamlc  simulation,  the TDC test schedule  was 
relaxed  enough  to  permit  this  flexlblllty By  1958, however,  the  demand 
for  slmutation'studles  had  reached a point  where  three  slmulatlon  proJects 
were  being  run  concurrently  on  one  shift,   and  personnel  were  bemg 
tramed  to  staff a second  shift  The  extremely  tight  and  rlgld  schedule 
whlch  had to be m a n t a m e d  on each  proJect  allowed  insufflclent tlme for 
creative  thinking  and  almost  no  tlme at all to  explore  and  test  any  ideas 
or  concepts  which  originated  durlng  the  course of a particular  study A s  
a r e d t .  the  project  tasks  whlch  were  completed  during  thls  perlod  were 
lacking  noticably In  new  ideas  and  fresh  approaches2  and  the  solutions 
whlch  were  advanced, as a resul t  of thls work,  were  considerably  below 
the  optlmums  which  might  have  been  attained if sufficient time had  been 
available  for  the  study 
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Constructlon of Trafflc  Samples 

In order  to  run  slmulatlon  tests  whlch  compare one se t  of condltlons 
agalnst  another, It 1s necessary  to  have a repeatable  mput of alrcraft  Into 
the  problem T h s  mput  takes  the  form of one or   more  t raff lc   samples  
whlch are   made up to  slmulate  the  operatlon of a number of a l r c ra f t  wlth 
speclflc  performance  characterlst lcs  These alrcraft are  scheduled 
carefully t o  enter  the  problem at predetermlned  tlmes  and  locatlons  and  to 
f ly  speclflc  routes  to  speclflc  destlnatlons What happens to these  am- 
craft after  they  get  Into  the  problem  depends on the  dynamlcs of the  system 
under  study 

The  trafflc  sample  must  be  formulated  wlth  care In order  to 
Insure  that  the  test  results wll l  Indicate  the  results  whlch  could  be  expected 
In actual  operation  For  example,  the  speed,  cllmb,  and  descent  programs 
for  the  varlous  arcraft   should be  as  reallstlc ps posslble  The  proportlon 
of varlous  types of alrcraft  usmg  the  system  should  approxlmate  the 
proportlon  expected  In  actual  operatlon  The  proportlon of trafflc  deslrlng 
to use  the various routes   and  arports   a lso should be  conslstent wlth  the 
&strlbutlons  expected In actual  use 

The  traffic  sample  must  be  large  enough to  Insure a good degree 
of statistical equlllbrlum  Thls  lmplles  that It should be la rge  enough t o  
take in sufflclent  comblnatlons of sltuatlons so that  the  result  wlll  lndlcate 
the  over-all   operatlng  characterlst lcs of the  trafflc  control  system  rather 
than  merely  Its  performance  In  handllng  one  speclflc  sequence of a l rc raf t  

In set tmg up a dynarnlc  slmulatlon  program, one factor  whlch  must 
be  consldered 1s the  posslblllty  that  the  control  personnel may actually 
become  too  expert  In  handllng  the  speclflc  sltuatlons  presented  by  the 
traffic  problem If thls  should  occur,  the  slmulatlon  results would appear 
to be  much  better  than  the  results  whlch  could  be  expected  under  actual 
operatlon 

Thls  symptom was detected In early slmulatlon  operatlons,  durlng 
repeated  runs of a short   trafflc  sample In thls  case,  control  personnel 
soon  memorlzed  the  problem  and  antlclpated  what was  golng  to  happen 
next  To  compensate  for  thls  learnlng  factor,  the  followlng  procedures 
were found deslrable.  

1 Use of longer  trafflc  samples 

2 Use of more  than one sample,  If posslble 
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3 Rotation of personne!  between control pas-tlors to  mlnlmlze 
the  posslblllty of lntentlonal  mernorlzlng of t-afflc  sltuatlons 

4 Use of addltlonal  persor.ne1  pz-efeaably from  the  locatlon 
whlch 1s being  tested  Thls  latte-  procedwse  has  been found 
advantageous f o r  several   reasons 

a It averages  the  effects of human  pevforrnance by utlllzlng a 
larger   sample of repl-esentatlve  controllers 

b It furnishes  addltlonal  manponer for runnlng  the  slmulatlon 
tes ts  

c Field  personnel often are  asle t o  furnnsh detalied  lnformatlon 
regardlng  local  problems  rules, or resrs-ctlons,  thus  tendlng 
to  make  the  tests  more  realastlc 

d The  program  serves  as kralnlng for  fleld  personnel by 
givlng  them  concentrated  experler,ce  in  handllng  heavy 
trafflc  through  use of the  proceduzes  bemg  developed 

In common  with  other  forms of trafflc alr trafflr  has  an  lnherentlv 
random  characteristic,  normally,  alpcraft  tend to  aPrlve  in  bunches, 
rather  than at equally  spaced  intervals Relatively, there   are   many  short  
intervals  and  few  long  intervals  Thls cha:acterlst:c is reproduced In 
simulator  trafflc  samples  through  the  hse of the  Polsson  equatlon,  or  the 
law of small numbers A detailed  descriptior of the  Frocedure for apply- 
ing  thls  equatlon to  the  construction of t ra f f~c   samples   appears  n an  ATC 
slmulatlon  report   prepared by Frankhn  hs t l tu te  Labop atorles 3 

For   t e s t s  of existing  termlnal  a-eas, It oftec LS convenient  to 
utilize  the  records  for  an  actual  aperakng  perlod to  furnash a typlcai 
sequence of the  following  fllght  data for rhe  trafflc  sample 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ l s _ _ p p _ _ l _ _ _ _ _ _ l _ -  

3S M Berkowitz  and  Ruth R Doe-jng, "Analytical and  Slmulatlon  Studies 
of Several   Radar Vectoring Procedures  In  the  Washmgtor. D C Tesmlnal 
Area”.  C A A Technlcal  Development  Report No 222, AprlP, i954 
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1 Aircraft  identifications  and  types 

2 Departure  airports,  routes,  and  destinations 

3 Entry  altitudes 

Since  potential   restrictions  to  traffic  f low  are not  as  apparent  during 
light  traffic  conditions,  it  often 1s necessary  to  increase the traffic  density 
from  that  shown by the  actual  records,  t o  a denslty  which  will  provlde 
more  revealing  test  data  and  more  efficient  use of simulation time  This 
can  be  done by assigning  new  entry  t imes  to  each  aircraft ,   through  use 
of a "throw-down"  technique,  using a s e t  of random  intervals  established 
by the  Poisson  equation  Because of the  recorded  entry  tlmes  and  routes 
f a r  any  given  hour of actual  operations  essentially  are  random,  i t   also 1s 
possible t o  increase  the  origmal  density  by  superimposing one hour 's  
entries on the  entries of another  hour  This  serves  to  condense  the 
original  traffic  sample  and  stdl   retain its random  characterist ics 

When It 1s not  possible  to  secure  detailed  records of past  
operations,  traffic  samples  can  be  compiled  from  available  statistics 
relating to  the  percentages of different  types of alrcraft   using  the  terminal 
area  and  the  percentages of traffic  utilizing  different  routes  in  the  area 
Appropriate  aircraft  indenflcatlons,  flight characteristics, and  routes  are 
assigned  then  to  the  various  aircraft  in  the  sample  through  use of the 
throw-down  technique  Entry  times  are  assigned  through  use of intervals 
determined by the  Poisson  equation  Analysis by Franklin  Institute 
Laboratories  indicates  that  traffic  samples  about  two  hours  in  length 
are  satisfactory  from  the  standpoint of statist ical   stabil i ty 

Measurements of Systems  Performance 

ATC  system  design  involves  the  optimlzatlon of four  partially 
conflicting  criteria 

1 Maximum  capacity  in  aircraft  operations  per  hour 

2 Maximum  safety  (mmimum  probability of collision) 

3 Mlnlmum  cost  per  aircraft  operation 
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4 Maximum  operational  freedom  jminimum  restramt.   and 
mlnimum  required  deviation  from  the  f l ight  routes  and 
aircraf t   performance  character ls t ics   desired by a i rc raf t  
operators)  

The  evaluation of system  performance  thus  requlres  the  measurement of 
significant  data  relating  to  one  or  more of these  cr i ter ia  

Capacity  can  be  measured by saturating  the  system  with  an  over- 
load of traffic  and  then  observing  the  rate of traffic  flow  in  operations  per 
hour  This  procedure IS not  always  possible,  due  to  limitations of the 
simulation  facilities  Actually, It is not  even  necessary, i f  the  obJect 
of the  tests 1s to  compare  only  the  relative  capacity of two  different 
systems Thls can  be  done by measuring  the  aircraft  delays  encountered, 
when feeding  the  same  input of traffic  through  both  systems  Since  delays 
are a resul t  of f low  restrlctlons  (or In other  words, a lack of capacity) 
delay  forms  an  inverse  Index of system  capacity 

The  concept of amcraft  delay, as measured  in  simulation  tests, 
differs  from  the  concept  presently  used  in  the  field  in  tabulating  delays 
In actual  traffic  operations,  the  only  arrlval  delays  which  can  be  measured 
are those  which are accrued by aircraft  in  holdlng  patterns  This  has 
given rise to  the  fallacy  that  traffic  delays  occur  only  when  holdmg 
patterns  are  used  However,  In simulation  tests it 1s posslble to measure  
the  total  delay  from all causes,  including  holding,  path-stretching, 
slowdown,  descent,  and  comrnunicatlons l a g  This is done  by  comparing 
the  actual  arrival  t ime of the  aircraft  In  the  problem  with  the  theoretlcal 
arrival  time  shown  on  the  basic  schedule of the  traffic  sample  This 
total  delay, known as  the  “absolute  delay”, 1s the  excess of flying  time 
over  that  which would  be required to complete  an  approach on the 
shortest   practicable path and  with  no  other  traffic  Most  evaluatlon 
studies  include  tabulations of average  and  maximum  absolute  delays 

Normally,  safety  cannot  be  measured  directly,  as  the  collision 
rate  between  simulated  alrcraft  is infinitesimally low  It 1s possible, 
however,  to  measure  the  relatlve  exposure to hazard by measurmg  the 
number of t imes  that  a specific  separatlon  standard  (such as t h r e e   m d e s  
separation  between  aircraft  flying  on  Instruments  at  the  same  altitude) 
IS vlolated  durmg  the  course of a slmulatlon  run 
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F r o m  the  standpolnt of safety  the  human  element 1s the  most im- 
portant  element  In  the  entlre  system  For  safety,  as  well as capacity,  It 
1s essentlal  that  the  amount of controller  workload  be  kept as low  as 
posslble  Thus,  measurFments of controller  workload  have a slgnlflcant 
bearlng  on  the  f lrst   two  crl terla 

Communlcatlons  measurements are some of the  most  tangible 
lndlces of controller  workload  They  Include  the  followmg  types of data 

1,  Total  llve  tlme on each  alr/ground  channel 

2 Total  number of separate   messages on each  channel 

3 Total  tlme  communlcatlons  channels  are  congested  (when  two 
or   more  pi lots   deslre  to  use a channel  simultaneously) 

4 Total  lntercontroller  co-ordmatlon  time 

These  measurements  are  used  to  determlne  the  average  amount of 
communlcatlons  r-equlred  per  alrcraft as well  as  the  relatlve  loadmg of 
the  various  channels  ATC  communlcatLons  usually  are  comprised of very 
short   verbal   messages  and a deflnlte  break 1s requlred  at  the  end of a 
message  before  any  other  party  knows  that  he  can  start  the  next  message 
In general,  ATC  communlcatlon  channel 1s consldered  to  be  saturated  when 
the  channel  loadmg  ratlo  ( talk  t ime/total   t ime)  r ises t o  a level of 65 p e r -  
cent  over  an  extended  perlod 

In  connectlon  wlth  the  evaluatlon of displays,  analyses of controller 
actlvity  mclude  the  measurement of each  I tems  as  the  t ime  requlred t o  
operate  the  display  Inputs,  and  the  tlme  requlred t o  percelve  and  resolve 
potentially  hazardous  trafflc  sltuatlons 

The  most  Important  factor In the  workload of the  controller 1s the 
workload of maklng  declslons  However,  thls 1s probably  the  one  factor 
whlch 1s least  amenable to  analysls One approach  whlch  has  been 
suggested for  establlshlng a relatlve  measurement of the  declslon  work- 
load I S  to  analyze  the  entlre  declslon  process  and  compute  the  number of 
steps  whlch a digital computer would requlre ,   to   process   the  re levent   data  
correspondlng  to  the  slgnlflcant  factors,  and  choose  the  proper  responses 
f rom  the  l ls t  of avallable  alternates  Thls  approach  has  not  been  followed, 
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however,  partly  because of the  sheer  magnitude of the  task  In  addltlon, 
some  psychologists  feel  that  such a digltal  micro-analysis  would  not 
resemble  the  thlnklng  processes of a human  controller, as it appears  that  
a human  braln  can  take  tremendous  short  cuts by assoclatlng implicit blts 
of lnformation  and  dealing  wlth  them  in  parallel,  rather  than  in  the 
series  fashion of a dlgltal  computzi 

In  lieu of the  suggested  quantitative  analysis of the  declslon  process, 
a qualltatlve  analysis  has  been  used  with  conslderable  success  in  the 
simulation  program  This is a method of obtaining the  subjective  oplnions 
of the  controllers  themselves, as to  the  relative  dlfflculty  or  magnitude 
of the  declsion  workload,  In  controlling a standard  sample of traffic 
This  lnformation 1s recorded on questionnaires whlch are  completed by 
the  controllers at the  end of one  or  more  runs  on a given  system  From 
this  relatively  rough  data  have  come a number of slgniflcant  methods of 
reducing  the  decisions  workload, as described  later  in  thm  report  

In  connection wth   the   c r l te r lon  of operating  costs,  the  simulation 
tes ts   can be used  to  determine  the  number  and  types of personnel, 
communications  channels,  navigation alds, radars,  and  other  operating 
equipment  that  wlll  be  required  to  perform  the  requlred  control  functions 
in  the  portlon of the  system  under  study 

The  CrlLerlon of operational  freedom  can  be  evaluated by comparing 
the  length of the  flight  routes  which  are  necessary  to  sepve  the  varlous 
systems  under  study  Other  restralnts,   such as altitude  restrictions, 
can  be  tabulated  in a comparatlve  manner  The  length of the  unrestricted 
climb  and  descent  routes  serving a specific  locality 1s usually a good index 
of operational  freedom 

SIGNIFICANT RESULTS 

For a number of years,   the  slmulatlon  program  has  provided a 1 
unique  opportunlty t o  test  many  dlfferent ATC concepts,  procedures. 
equlpmente.  and  route  conflguratlons,  under  traffic  loads  much  higher  than 
kose  presently  encountered  in  the  f ield A s  a result. It has  been  possible 
to  analyze  the  effects on many  operational  factors,  and  to  determlne  many 
of the  basic  principles  whch  govern  the  performance  characterist ics of 
the ATC sys tem A number of these  prlnclples,  along  with  their  appll- 
cations,  are  dlscussed  in  the  followlng  sections 
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Dynamics of Air  Traffic  Flow 

The  Convergence  Problem 

The  fundamental  purpose of the  ATC  system 1s to prevent  collisions 
between  aircraft  Since  such  collisions  occur  only when aircraft   converge,  
the  basic  obJectlve of the  ATC  system 1s the  prevention of convergence 
At present,   this is accomplished by the  intentional  establishment of definlte 
amounts of spatial  separatlon  between  the  intended  path  or  locus of each 
aircraft  and  that of every  other   a l rcraf t   in   the  system  Present   s tandards 
for  longitudmal,  lateral,  and  vertical  separation  are  specified  in  another 
publication 15 

Fundamentally,  the  amount of separation  established  must  always 
exceed  the  total  varlatlon,  or  predlctlon  error,  whlch  could  concelvably 
occur  between  the  Intended  positions  and  the  actual  positions of the  various 
alrcraft,  durlng  whatever  period of t ime will elapse  before  the situation 
can  be  rechecked  and  corrected In statist ical   terms,  the  amount of initla1 
separation  must  always  be  at  least SIX times  the  (expected)  standard 
devlatlon of this  error,   for  the  perlod  in  question An applicatlon of 
thls  principle 1s graphed  In Flg 21 

Where  control 1s based on the  aircraft  posltlon  reports  received 
from  pilots,   as in procedural (ANC) control,  the  separation  established 
must  exceed  the s u m  of t he   poss~b le   e r ro r s  In the  lnltlal  reported 
pOEltiOnS, plus  the  variations  which  might  accrue  before  the  next  position 
reports  can  be  recelved  and  acted upon 

The  amount of separatlon  required  has  an  inverse  effect  on the 
capacity of a traffic  lane,  as  shown by the  formula N = V/S,  where N 

number of aircraft per   hour ,  V = average  velocity of the  aircraft  in 
knots,  and S = average  separatlon  between  alrcraft ,   in  nautical   miles 
Thus a signlflcant  reduction  In  the  amount of posit ion  error would tend 
to  reduce  the  amount of separatlon  required whlch  in turn would tend to 
Increase  the  capacity of the  traffic  lane  Horizontal  and  lateral  position 
e r r o r s   m a y  be  reduced by  the  use of more  precise  navigation  and  piloting 
technlques, o r  through  the  use of more  frequent  and  accurate  feedback of 

- - _ _ _ _ _ _ _ _ - _ _ _ - _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -  
l 5  "ANC Procedures  for  the  Control of Air  Traffic", US Government  Prlnt- 

1% Office,  Third  Editlon.  September, 1957 
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FIG 21 - SPACE-TIME  CURVE  ILLUSTRATING  POSSIBLE  STATISTICAL 
APPROACH  TO  DETERMINATION O F  LONGITUDINAL i 

SEPARATION STANDARDS 
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aircraft   poslt lons (as through  the  use of r ada r )   Ver t l ca l   e r ro r s   may  
also  be  reduced  by  more  preclse  pllotlng  technlques  and,  partlcularly  at 
hlgh  altitudes,  through  the  use of Improved  alt lmetry 

The N; V/S formula  shows  that  the  capaclty of a trafflc  lane  can 
be Increased If either  the  veloclty 1s Increased  or  the  separatlon 1s reduced 
If these two quantltles  are  flxed,  the  total  capaclty of the  system  can  be 
Increased  by  the  operatlon of addltlonal  trafflc  lanes 

Simulation  tests  have  shown  that  the  deslgn of route   systems  for  
multlple-lane  operatlon 1s one of the  most  Important  methods  for  attalnlng 
a slgnlflcant  Increase In system  capaclty  16, 17 

However,  as  shown ~n Flg  1,  the  ATC  system 1s literally bullt 
around  the  navlgatlon  system, s o  the  ablllty  to  establlsh  addltlonal  lanes 
(other  than In the  vertlcal  plane)  depends  entlrely on the  flexlblllty  and 
the  flyable  accuracy of the  navlgatlon  system  In  use  From  the  ATC 
standpomt,  the  Ideal  navlgatlon  system would provlde  complete  area 
coverage  wlth  the  freedom  to  establlsh  deflned  lanes  between  any  selected 
polnts  In  the  alrspace  covered 

The  present  practlce of baslng  the  route  structure  entlrely on 
radlal  courses  places  an  unfortunate  restrlctlon on the  development of a 
hlgh  capaclty  multl-lane  trafflc  system,  slnce  It  requlres  an  addltlonal 
row of navlgatlon  facllltles  to  Implement a parallel   trafflc  lane In 
vlew of the  fact  that  the  technlcal  means  have  been available for   years .  
to  establlsh  offset  course on an  area-coverage  basls,   the  present 
pract lce  I S  extremely  wasteful of faclhtles  and  frequencles  17,  18,  19 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - - - - - - - - - - - - - - - - - - - -  
"Clair M Anderson,  Thomas E Armour,  Donald S Schlots  "D,rnamlc 

S lmula t~on  Tes ts  of Several  Trafflc-Control  Systems  for  the  San 
Francisco-Oakland  Areall,  Technlcal  Development  Report  293,  September 

.I 1956 
17Tlrey K Vlckers  "Slmulatlon  Tests  for  Army  Alr  Trafflc  Control,  " 

Technlcal  Development  Report No 298,  May 1957 1 18Hugh Kay,  "Development  and  Fllght  Tests of the CAA Type VI Course 
Line  Computer",  Technlcal  Development  Report No  143,  May  I951 

'9E Blount, C E Dowl~ng, H Kay, R E McCormack, E R Sel lers  
"Technlcal  and  Operatlonal  Evaluatlon of the  Type IV Plctorlal-Dlsplay 
Equlpment"  Technlcal  Development  Report N o  242 June,  1954 
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The mere  provision of addltlonal  lanes 1s not  the  complete 
answer  The  deslgn  objective 1s slmultaneous  operatlon, a quallflcation 
which  requlres  elther  that  the  lanes  be  non-convergent,  or  that  the  ATC 
system  be  able  to  mtegrate  traffic  flow at each  pomt of convergence  Thls 
1s a key  pomt In controller  workload  and  system  capacity  Unless  altltude 
separation  can  be  used,  doubling  the  number of trafflc  lanes  Increases  the 
number of potential  polnts of convergence  four  tlmes 

In deslgnlng a route  system  for  heavy  trafflc flow, a pr lmary 
objective 1s to mlnlmlze  the  number of convergence  polnts  Typlcal 
solutions for  the  four m a n  types of convergence  problems  are  hsted 
below. 

Convergence 

1.  Head-on 

2 Crossing  Courses 

3 Overtaklng 

4 Altltude  Change 

Solutlon 

Establlsh  one-way  traffic  lanes, 
preferably  displaced  laterally f r o m  
each  other  in  order to simplify 
altltude-change  problems 

Use of altltude  separation  at 
crosslng  polnts 

Segregate  alrcraft  by  speed  category, 
asslgn  dlfferent  categorles to different 
lanes 

Establlsh  climb  and  descent  lanes 
latterally  displaced  from  each  other 
and from  lanes  belng  used by a r -  
craf t  m level  flight 

One of the  most  troublesome  types of convergence  problems  occurs 
when a cllmblng o r  descendlng  alrcraft  crosses  another  trafflc  lane  The 
baslc   aff lcul ty  1s due to the  uncertamty of predlctlng  the  altitude of the 
cllmblng  or  descendlng  alrcraft  at  the  point of crossmg  Unless  radar  can 
be  used  to  monltor  thls  situation  closely, It usually 1s necessary  for  the 
controller to block a wide range of altltudes on the  crosslng  alrway  The 
alternative to  thls  waste of usable  airspace I S  to mterrupt  the  chmb or 
descent  and  requlre  that  the  alrcraft  malntaln a constant  speclfled  altitude I 
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whlle crossing  This  procedure  can  be  highly  restrlctive when the air- 

craft   has t o  CPOSS a se r i e s  of alrways  Thls 1s a charactermtlc   problem 
around  high-density  terminal  areas 

A very  complex  dlstrlbutlon  problem  exlsts In te rmina l   a reas  
having  two or more  mqor arports   Traff lc   converglng on the  inbound 
routes  from  various  dlrectlons  has  to  be  sorted  out  and  dmtrlbuted  to  the 
proper  airports,   and  traffic  from  the  varlous  airports  has  to be  distributed 
to  the  proper  departure  routes.   Geometrlcally,  it is impossible t o  
e l i m n a t e  all the  polnts of route  convergence  However,  it is often 
possible  to  Improve  terminal area traffic  flow  through  the  use of th ree  
baslc   s teps  

1.  Careful  redesign of the  route  structure  to  reduce  the  number 
of convergence  points, wlth particular  emphasis on maklng  the 
trafflc  patterns of adjacent  airports  as  Independent of each 
other as possible  This  step  involves a number of consldera- 
tlons  for  the  optimum  layout of approach systems, as detailed 
la ter  in  this  report In addition,  many  other  pestrictlons 
(such as terrain  obstructlons,   noise  factors,   restrlcted  areas,  
radar  coverage,  etc ) have  to  be  taken  Into  conslderatlon In 
many  cases, It has  been  found  helpful  to  by-pass  the  flow of 
over  (non-landlng)  trafflc  around  the  terminal  area  to  free 
more  alrspace  for  termlnal  area  operatlons,  

2 Judiciow  assignment of altitude  reservations  to  separate  the 
s t r eams  of high-density  traffic at crosslng  polnts  Care  must 
be  taken  to  Insure  that  departures wil l  not  have  to  cllmb  at  an 
excessively  high  rate to cross  the  specifled  polnt at the  assigned 
level,   and  to  msure  that   arrivals w11 not  have  to  cross a close- 
in fix at an  excessively  high  altitude  and  then  incur a delay 
because of the tlme required  for  descent  beyond  that  point 

On the  other  hand,  tunneling  (restricting  arrivals or departures 
to a low  altltude)  for  excessively  long  &stances  can  be  un- 
desirable This 1s partlcularly  true  for  Jet   aircraft ,   because 
of them  very  high  fuel  consumption  per  mile,  at  low  altitudes 
Figure 22 shows  the  effects of several   departure   res t r lc t lons 
on the  flight  tlme  and  fuel  requlrements of a typical  clvll  Jet 
transport  Results  indicate  that  where a choice  can  be  made 
between a certain  length of tunnel on course,   versus  a detour 
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F L I G H T  
PATH 

PENALTY 
DEPARTURE  CLEARANCE 

HMJTES 
FUEL 
L E 5  

A 0 0 UNRESTRICTED CLIMB  ON  COURSE 

e 190 o 5 TUNNEL TO 50 MILES AT IO.OOO FEET 

C 

660 I 6  TUNNEL TO I00 MILES AT 10,000 FEET D 

520 I 3 TUNNEL TO 50 MILES AT 5,000 FEET 

E 1280 3 4 TUNNEL TO 100 MILES AT 5.000 FEET 

F 

3050 I O  3 UNRESTRICTED  CLIMB 100 MILE DETOUR G 

1540 6 I UNRESTRICTED  CLIMB 50 MILE  DETOUR 

FIG 22 - EFFECT O F  CERTAIN  ATC  RESTRICTIONS ON  A TYPICAL 
CIVIL JET  DEPARTURE 

of comparatlve  length  to  obtaln  an  unrestrlcted  cllmb,  the 
tunnel  should  be  less  expensive  In  terms of fllght  tlme  and 
fuel  Obvlously,  the  tunnel  altitude  should  be  as  hlgh  as 
possible  and  the  tunnel  length as short  as  possible  Detours 
represent  wasted  mileage,  with  relatlvely  hlgher  penalties 
In flight  time  and  fuel 

3 Simpllflcatlon of control  procedures  to  reduce  the  workload 
involved  in  mtegratlng  converging  trafflc  streams Thls 
subJect is detalled In a la ter   sect ion 
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: 
In terminal  area  deslgn  studies,  It has  been  found  desirable to lay 

out  the  lanes  for  the  routes of heavlest  trafflc flow flrst,  providing  them 
with  climb  and  descent  paths  as  free of restlr ictlotls   as  possible  The  less 
important  routes  are  then  fitted  into  the  layout By facilitating  traffic  flow 
for  the  majority of a i rcraf t   us ing  the  system, this procedure  tends  to  reduce 
the  total  control  workload  Smce a terminal   area 1s pa r t  of a much  larger  
sys tem,   care   mus t  be taken  to  secure a balanced  capacity f o r  a r r iva ls  and 
departures  Sub-optimlzatlon,  the  excessive  improvement of either  type 
of flow  at  the  expense of the  other,  tends  to  reduce  the  over-all  capacity 
of the  area  in  handling  sustained  traffic  loads 

Approach  Systems 

In most  instances,  the  control of departure  trafflc  requires  less 
workload  than  the  control of arr ivals   This  1s because  departure  trafflc 
is Inherently  dlvergent,  schematically.  the  flow  pattern  goes  from  series 
(smgle  file on the  runway)  to  parallel  (various  departure  lanes) On the 
other  hand,  arrival  traffic 1s Inherently  convergent  Getting  the  flow 
pat tern  f rom  paral le l   (var ious  arr lval   lanes)   back  into  ser ies   (s ingle  file 
on the  final  approachpath) 1s one of the  most  cri t ical   operatlons  in  traffic 
control,  as far as  system  capacity,   safety,   and  coat  are  concerned It 1s 
here  that   the  trafflc  density  reaches  the  highest   level of the  entire  system 
Therefore,  the  study of approach  systems  has  been  one of the  most  1m- 
portant  phases of the  entire simulation ,>rogram 

The  function of an  approach  system is to  accept  the  Input of various 
types of aircraft ,   from  various  routes and  altitudes.  at  random  times,  and 
accomplish  the  following 

1 

1 Meter  or  regulate  the  flow of traffic  to  avoid  overloading  the 
approach  path 

2 Establish  an  optimum  arrival  sequence,  arrangmg  the  landzng 
order  in  such a fashion  that   each  arcraf t  in  the  group  will  have 
a  landing  time  as  close  as  posslble  to  the  time at whlch it would 
have  been  able  to  land  had it been  the  only  aircraft  in  the  air 

3 Descend  each  aircraft   from its entry  altitude  to  an  altitude at 
which it  can  intercept  the  glide  slope  for an approach 

4 Space  each  aircraft  properly  behlnd  the  one  ahead on the c o m a n  
path  to  the  runway 
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5 Gulde each  aircraft   to a  point  where It can  Intercept  the  approach 
course  and  proceed  inbound  toward  the  runway 

L 

6 Separate  every  aircraft   properly  from  every othe: a i rc raf t  
during  this  entire  operatlon  Thls  Implies  the  use of a t   least  
3 miles  horizontal  or P, 000 feet   vertical   separation at all   t imes 

The  ultlmate  objective of the  approach  system is to  adJust  the  arrival 
t lme of each  alrcraft  s o  that it meshes  smoothly  into  the  stream of arr lvlng 
traffic  in  an  orderly  landmg  sequence  There  are four baslc  techniques  for 
ad~us t ing  the arr ival   t lme of a i rc raf t  

1 Holding 
2 Path-stretching 
3 Velocity  control 
4 Preassigned  departure   t lme 

Present  approach  systems  utlllze  holding  techniques  for  the  meter- 
ing  function  and  radar  path  stretchlng  techniques for spacnng  and  guidance 
to  the  final  approach  course 

Approach  systems  can be classlfled in  accordance  wlth  the  number 
of holding  stacks  which  they  employ  Smgle-stack  systems  are  sometlmes 
used  at  locatlons  where  trafflc  demand 1s low OF where  airspace  restrlctlons 
prevent  the  establishment of a dual-stack  layout  Because  altitudesepara- 
tion 1s employed  between  aircraft  in a  holdlng  stack,  the  capacity of a single- 
stack  approach  system is l imited by the  descent   character ls t~cs  of the  a i r -  
craft  in the  ladderlng-down  operatlon,  as  shown by the  formula i 

where A I acceptance  rate, in amcraft   per  hour,  S - altltude  separation 
(normally 1000 feeti,  D - average  descent  rate,  in  feet  per  minute,  and 
L = communlcatimm  lag  (average  time  Interval  between  issuance of descent 
clearances  to  succeaslve  aircraft ,   as  I l lustrated  in F l g  2 )  Where  dlfferent 
types of a i rcraf t   are   operat ihg  in   the  system,  the  average  descent   ra te  
tends  to  revert  to  the  slowest  rate of an  a l rcraf t  In the  stack  Extenslve 
simulation tests  have  shown  that  it 1s very  dlfflcult  to  exceed  an a 
ra te  of 20 a i rcraf t   per   hour  with  a  single-stack  approach  system  The 5jieptance 

- _ _ _ _ _ _ _ _ _ _ _ m _ - _ _ _ _ - _ _ _ _ _ _ p _ _ _ _ _ _ _ _ _ _ l _ _ - -  

“C A4 Anderson  and  T K Vlckers,  “Application of Simulatlon  Technl- 
ques In the  Study of Termmal-Area  Alr  Trafflc  Control  Problems, I’ 

Technical  Development  Report No 192, November, 1953 
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use of a twln-stack  system  permlts a conslderable  Increase In acceptance 
rate, by reducmg  the  restrlctlve  effects of descent  trme  and  communl- 
cations  lag It also  allows  the radar workload  to  be  shared  conveniently 
by  two controllers 

Figure 23 shows a few of the  approach  system  configuratlons which 
have  been  tested  durlng  the  Jet  slmulatlon  study  The  overhead  patterns 
shown on the  left 1s an  improvement  over  the conventional mll l tary  Jet  
teardrop  penetration  pattern Although  the  teardrop  pattern  works aat- 
isfactorlly  for  Isolated  alrcraft ,  It 1s poorly  adapted  to  hlgh-denslty 
approach  operatlons,  slnce It provldes no room  for  adpstlng  the  spaclng 
of a Jet   aircraft   behind a precedmg  a l rcraf t  Simulation tests  show 
conclusively  that  the  provlslon of a base  leg (a segment of the  approach 
path  approximately YO0 f r o m  the  flnal  approach) 1s easentlal  for  the 
attalnment of preclslon In manual  radar  approach-spacmg  operatlons 

The  double  overhead  pattern  shown In Flgure 23 permlts  the 
segregatmn df  Jet  and  plston-englne  apprca  ches on opposite sides of the 
final  approach  course  Thls  feature  slmpllfles  control  operatlone  some- 
what by minimiz~ng  overtakmg  problems In  the  rnaneuvermg  area  How- 
ever,   the  double-L  and the trombone  patterns  have  been  developed  to a 
higher  degree of reflnement  durlng  the  past   several   years of simulation, 
and  have  been  found  to  be  well  adapted  for  the  control of je t   a i rc raf t  

In general,  simulation  tests  have  shown  that  holding  fixes  and 
approach  paths  should be arranged  as   to   permlt   easy  t ransl t lon  to   the 
fmal  approach  course,  adequate  room  for  descent,  and  space f o r  a 
base  leg  for  preclse  path-stretchlng  operatlons To reduce  the  effects of 
speed  dlfferences  between successive alrcraft ,   the f lna l  approach  path 
should be as shor t  as possible, conslstent wlth  the  ease of obtamlng 
proper  allgnment of the  alrcraft  on the  fmal  approach  course 

Comparatlve  tests of symmetr lcal  and asymmetrical twin-stack 
feedlng  systems  show  that  the  symmetrlcal  system wlth  one  holdlng flx 
located on ei ther   s lde of the  flnal-approach  course  provldes  far  more 
efflclent  traffic-flow  characterlstlcs, by permltt lng  dlrect   access  to  the 
final-approach  course  by  aircraft   cormng In from  ei ther   s tack  Fl lght  
patterns  are  short ,   slmple,   and  relatlvely  easy  to  follow on the r ada r  
&splay By using  the  fmal-approach  course as the  boundary  llne of 
demarcation  between  the  dual  approach-control  sectors,  opportunltles  for 
conflicts  between  alrcraft  or  for  confuslon  regardmg  sector  Jurisdlctlon 
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FIG 2 3  - TYPICAL TWIN-STACK APPROACH  SYSTEMS 
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are  reduced  to a mlnlmurn  Consequently,  trafflc  can  be  fed  smoothly  from 
either  holding  flx  to  the  approach  gate with minimum  delay,  minimum air/ 
ground  communlcations,  and  minimum  co-ordinatlon  between  controllers 

As a possible  means of mlnlmlzing  low-altitude  holding  in  congested 
terminal  areas,  considerable  slmulation  work  has  been  devoted  to  an 
approach  system  incorporating  preasslgned  landlng  reservatlons,  and 
utilizing  velocity  control  during  the last 100 miles  or so of the  fllght  to 
absorb  most  of the  delay 

A speclal   sl lde-rule  computer known as ASCON (arrival  schedullng 
control) 1s used in the  slmulatlon of this  system  Starting with  the  optimum 
speed  and  deceleration  program  for  each  alrcraft ,  ASCON computes  the 
t ime  the  aircraft  would a r r lve  if  It were  the only a i rc raf t  In the area In 
determining  this  theoretical   arrival  t ime,  the  computer  also  takes  into 
consideration  the  altitude  and  allowable  descent  rate of the  alrcraft.  In 
order  to  Insure  that  It ~ 1 1 1  have  adequate  time  to  descend t o  the  airports 
Using  the theoretical a r r iva l  tlme, the  controller  then  checks  the  llst of 
landlng  reservations  and  reserves  the first available  time  slot  The  computer 
then  Indicates  what  ground  speed  should  be  made good  by the  a i rcraf t   in  
order   to   a r r ive  on its  asslgned  schedule,  taking  Into  consideration  the 
normal  speed  and  descent  capabllitles of the  alrcraft  

Further   progress   reports   can be inserted  into  the  computer  to 
provide  speed  aaustments   for   greater  precision In cases  where  the air-  
craft  cannot f ly  slowly  enough to absorb all the  delay  en  route,  the  com- 
puter indicates the  need  for  an  en  route  delay  maneuver,  or  determlnes  the 

t lme at whlch  the  alrcraft  should  leave  any  holdlng fix on the  way  in  order  to 
meet  the  asslgned  dellvery time. 

Slmulatlon  tests  show  that  the  establishment of a deflnlte  landing 

acceptance rate However,  it 1s apparent  that  the  “derandomlzation“ of 
arr iving  t raff ic  sn”nphf1es the  approach  control  operation  immensely  by 
meterlng  the  flow of arr lvals   to  a steady  rate which  can  be  accommodated 
easlly by the  radar  approach  system 

I reservation  for  each  aircraft   does  not,  i n  i tself ,   increase  the  airport  

rests  indicate  that  the precision  posslble with  velocity  control 
alone 1s not as hlgh as the  attainable by path-stretching  This 1s because 
the  effectlveness of velocity  control  decreases  progressively as the air- 
craft  approaches  the  destination,  while  the  usefulness of path-stretching is 
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malntalned  rlght up to the  app-oa-h Eale lor this reason, lt appears  that 
the  use of offset  approarh c o t r s e s  w~th  the  abi l i ty  to make last-minute 
path-stretchlng  aaustments I€ neceasarv,  st111 wl-l be desirable  even ~n 
a sys tem which utlhzes  velotlry  control as a prirr-any  concept 

Alrport  Design 

Duxng  termlnal   area  smulat ion  p-ograms,  ti has  been  noted  that  an 
Increase In traiflc  flow  whlch 1s gamed  through  thr  ellmlnatlon of one  
bottleneck  often  serves to Lnrover  the existence of another at some  othey 
polnt  In  the  system If th,s process is car r ied  far enough,  the f ~ n a l  
llmltlng  factor  in  the capac1t:- of the  termlnal  area  oiten  turns  out  to  be 
t h e   a r p o r t  itself 

Two  methods  are  available fo: lnrreaslng  the capacity of a runway 
system,  these  are  the  wductron  in  runway-occ~pancy tlmes and  the 
provialon of additional  Independent  traffic  lanes A very  effectlve  means 
of reducmg  the  runway-occupancy tlmes of a r r l v l n g   a r c r a f t  1s the 
provlslon of adequate high-speed turnoffs, so designed  and  located  that  they 
can be  used by arrlvlng  alycraft to vacate tjy Iandlnp  runway  while  the  cpaft 
is still  rolling at a speed of 20 io 30 rnph  The  effect of this  faclllty 
on runway-occupancy  tlmes 1s shown  In Flgure 4. In order  to  retam  the 
advantages of hlgh-speed  tmn-ofbs  durlng  the  hours oi darkness,  I t  1% 

essential  that such exlls be  well  ma-ked  and well Ighted. 

Runway-occupancy hmes of departlng  alrevaft  may  be  mlnlmlzed 
thpough  the  provision of adeqbate tax] stT-ips vrth  enpne  run-up  apeas  
located  near  the  ends of the  rwways AS showr. 1n Flg  24,  Because of 
trafflc  restrlctlons  and  because of delays 1n completlnq  cockplt  checks, 
amcraft  cannot always take off In the eame orde: ~n whl-h  they tax1 away 
from  the  ramp T o  provide  better  Ltlhzatlon of alrspace  as  well  as to 
avold  airport  congestlon  and  long  depa*ture  deiays i t  1s essentlal  that 
adequate  pavement  wldth he p-ovlded In the run up a r e a  so that  any a i r -  I 
craft  can  proceed  dlrectiy f r o m  thls polnt to take off posltlon  wlthout 
having  to Walt f o r  precedmg al-iraft to take off f rys t .  
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FIG. 24 - RUN-UP  AREA WITH BY-PASS TAXIWAY 

A great  amount of slrnulatlon  work  has  been  conducted on the 
problem of lncreaslng  runway  capaclty  through  the  use of addltlonal  trafflc 
lanes  Baslcally,  any  galn  over  the  capaclty of a slngle-lane  system  must 
be  due to the  fact  that  more  than one operatlon  can  be  conducted  slmulta- 
neously  Therefore, I t  1s e s sen t~a l   t ha t  various lanes  be  as  mdependeni of 
each  other  as  posslble  Figure 21, shows one of the most  prornlslng of the 
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FIG 25 - DUAL-LANE APPROACH SYSTEM 
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hlgh-capaclty d u a l  lane  approach  systems  whlch  has  been  developed Ln 
the  slmulatlon  program  Such a system would probably  be  ~ust l f led only 
for  airports  havlng a demand  rate  exreedlng 40 landlngs  per  hour 

Flgure 26 polnts up the  large  lncrrases  In  spaclng  accuracy  whlch 
a r e   r e q u ~ r e d  to ~nc rease   t he   accep tan re  r a t e  of an  approach  system  Thls 
lmplles  that  the  deslgn of hlgh-capaclty  systems  can  be  slrnpllfled  by  the 
use of multlple  approach  lanes wlth relatively  low  spaclng  accuracy.  rather 
than  by  the  use of a slngle  approach  lane wlth extremely  hlgh  accuracy 

To  achleve  an  as-reptance  rate of 60 landlngs  per hour uslng  one 
runway  and a redu,ed  separatlon  standard of 2 mlles  a system  accuracy 
of plus or mlnus 4 seconds at the  dellvery  polnt would  be necessary.  Such 
accuracy 1s fat  beyond  the  capab111ty of present  manual  approach  systems, 
and  probably would be  extremely  dlfflcult to achleve ~n automatlc  or semi- 

automatic systems ds I t  mus t   embrace   the   e r rors  of all the  elements of 
the  control loop shown ~n Flgure 1 

The  addition of a second  approach  lane would enable  the  system t o  
handle  the  total  demand  rate b) landlng 30 alrcraf t   per   hour  on each  runway 
Wlth  the  same  separatlon  standard  the  system  accuracy  could  be  relaxed 
to  plus or  minus 3 3  seconds,  a value  well  wlthln  the  capablllty of h u m a n  
control lers  By lncreaslng  the  spaclng  between  alrcraft  In  the  same 
approach  lane, ~t a lso would tend to  reduce  the  effects of turbulence  behlnd 
large  Jet   alrcraft   Although  these  effects  are not clearly  deflned  at  the 
present  t lme  recent  studles ~n England  ~ndlcate  that  such  turbulence 
pers ls ts   over  a perlod of at least  2 mlnutes  and,  under certain condltlons. 
can  form a hazard  to  the operatlon of sma l l e r   a l r c ra f t  following closely  ln 
the  same  lane 

It I S  true  that  a dual approach  system would requlre   re la t~vely  hlgh 
navigational accuracy to prevent  lnterference  between  alrcraft  In opposlte 
approach  lanes  However  extenslve  slmulatlon  tests of dual-approach 
systems  backed  by f l l g h t  t es t s  of approaches  lnto  parallel  lanes  about 
6,  000 feet   apart   at   Chlcago  O'Hare  Alrport ,   lndlrate  that   the  turn-on IS 

potentially the  most  hazardous  part  of the  procedure,  that  once  the air- 

c ra f t   a r e   e s t ab l~shed  on thelr   respectlve ILS coutses, wlth  adequate 
mon~to r lng  by radar .   there  1s l l t t l e   p o s s ~ b l l ~ t y  of Interference  between air- 

craf t  In  opposite  lanes  Tests  mdlcated  that  any  hazard  due to over-shootlng 
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the  turn-on  can  be  elimmated by placing  the  turn-on  polnts  opposlte  to  each 
other,  and  far  enough  away  from  the  approach gate so that   aircraft   turnlng 
into oppomlte lanes  can  have  altltude  separatlon  from  each  other  untll  they 
a re   es tab l i shed  on thexr  respectlve ILS courses 

Table I s-arizes  the  effect of varlou6  factors on alrport   accept- 
ance  ra te  aa determined  from  hundreds of hours of dynamlc  s~mulat lon  runs.  
utlllzlng  present  separation  standards (mth the  exception of reduced  sepa- 
ration bet- a i rc raf t  In parallel   lanes of dual-approach  systems)  Capacity 
f lguree  are   based on the  Internal  restrlctlons of the  alrport  only,  wthout 
regard  to the  rea<rictive  effects of the  airway  system  or Of adJacent 
a l rpor t s  

TABLE I 

ALRPORT CAPACITIES 

No of Landings  Total 
No  of No of Independent Or Operatlons 
Feeder  Landing Takeoff Takeoffs P e r  

Radar Flxes Runways Runways P e r  Hour Hou r 

No 1 1 0 - 1  15 30 

Y e8 1 1 0 - 1  20 40 

Yes 2 1 0 23 46 

Y e8 2 1 1 31 62 

Yes 2 - 4  2 0 40 EO 

Yes 2 - 4  2 1 - 2  46 92 

Human  Factors 

Need  For  Workload S ~ m p l ~ f ~ c a t ~ o n  

The  present  control  system  depends on the  ablllty of human  controllers 
to  make  satisfactory  declslons  regarding  the  heposlt lon of lndlvldual  an-craft 
m the  traffic  si tuation These declslons  are  made on the  basls of fllght  mfor- 
rnatlon  supplied by other  humans  Control i s t r u c h o m   b a s e d  on these 
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decisions  must be formulated  and  transmltted  to  human  pllots, who mus t  
comprehend  and  apply  these  instructlons  in  the  subsequent  control of the 
individual  aircraft 

Because of the  crl t ical   Importance of the  human  element  In alr trafflc 
control,  much  work  in  the dynamic-simulation program  has  been  devoted to 
a study of the  controller's  Job One  point  brought out in  thls  study 1s that 
certain  mental  and  physical  limltatlons  exlst,  an  lndlvldual  controller  can 
be  expected to see  and do only so much  during a speclfled  Increment of 
t lme  Where  the  system  requires  that   thls  capaclty  be  exceeded,  two 
alternatlves  are  open One 1s to add  addltlonal  control  personnel  The 
other 1s to  fmd  ways of simplifying  the  Job of the  controller  to  the  polnt 
where  he  can  control a higher  traffic  load 

The  additlon of control  personnel 1s a solutlon  which  has  often 
been  used In the  past   to  meet  increased  traffic  loads  However,   thls 
procedure  has  two  disadvantages Flrst, the  provislon of addltlonal 
control  posltlons  represents a large  Increase  in  operatlng  costs In addl- 
tlon,  each  subdlvlslon of the  total  work  load  by a greater  number of 
control  posltlons  brlngs with  It an  increased  amount of lntercontroller 
co-ordlnatlon  At  some  polnt,  the  co-ordmatlon  work  load  becomes s o  
complex  that it becomes a barrier  to  any  further  increase  In  the  capaclty 
of the  system 

For  these  reasons,   the  slmpllficatlon of controller  workload  has 
been  one of the  most  Important  obJectlves of ATC  research  Thls  problem 
has  been  approached  from Its three  maln  aspects,  the  functlons of data 
acqusltlon,  declslon  maklng,  and  communlcations 

Data  Acquisition 

The  essence of thls  problem 1s the presentation of flight  data  Thus 
I t  embraces  all   aspects of dlsplay  deslgn, a subJect  which  has  been  given 
constant  attention  during  the  entire simulation program 

The  controller 1s Involved  in  an  almost  contlnuous  sequence of 
declslons  regarding  the  disposltlon of the  lndlvldual  alrcraft In the  traffic 
sltuatlon  The  functlon of the  ATC  dlsplay 1s to  present t o  the  controller, 
in  an  orderly, comprehensive form,  the  data  needed  for  maklng  these 
declslons  The  dlsplay  also  serves as a feed-back  loop  to  keep  the  con- 
troller  informed of the  results of hls  declslons  and  control  actlons  Radar 
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ATC systems  requlre  a dlsplay whlch mcorporates  the  followlng  elements 
of fllght  data  for  each  alrcraft 

1)  Identity 
2) Fllght  plan  (type,  speed,  route,  destlnatlon) 
3 )  ATC  clearance  status  (asslgned  altltude.  clearance  llmlt) 
4) Actual  altltude 
5) Actual  plan  posltlon  (wlth  some  lndlcatlon of headmg) 

In present   sys tems,  5) 1s shown as a target  on a pictorial  dieplay 
Usually  the  other  elements are shown  symbollcally One of the  prlmary 
problems In the  operatlon of any  plctorlal  &splay 1s to  secure ,  when  needed, 
the  posltlve  assoclatlon of all   f lve  elements  for  each  alrcraft   There  are 
two  general  methods of keeplng  the  elements  assoclated. 

1)  Displaying  the  syrnbollc  elements  dlrectly on the  pictorlal 
dlsplay  and  movlng  them as necessary  to  comclde wlth  the 
plan  posltlon of the a l rc raf t   t a rge t  

2 )  Posting  the  syrnbollc  elements on an adJacent  tabular  dlsplay 
and  tylng  certaln  key  Items  to  the  associated  target on the 
plctorlal  dlsplay 

Although It would  be deslrable.  theoretlcally,  to  be  able  to  Becure 
all  the  control  data  for  one  alrcraft by  lookmg  at  one  place on the  dlsplay, 
tests  uslng  the flrst method  show  that  such  displays  tend  to  become  very 
congested  and  dlsorderly. In appearance, In hlgh-denslty trafflc operatlons 
Thls 1s due  to  the  sheer  volume of syrnbollc  data  necessary  for  control If 
all of It 1s posted on the  pictorial  dlsplay on  a scale  large  enough  to be read  
by  the  controller, It soon  grows  to  occupy a relatlvely  large  portlon of the 
dlsplay  surface 

The  congestion of thls  data 1s abetted by an  Inherent  llmltatlon of 
all pictorlal  dlsplays - the  fact  that  the  display  surface  can  present  only a 
two-dlmenslonal  representatlon of a trafflc  sltuatlon  that 1s actually  taklng 
place In three  dlmenslons  Thls  often  causes  the  targets of a l rcraf t   a t  
dlfferent  altltudes  to  be  superlmposed on each  other on the  display In such 
cases,  the  symbolxc  elements  cannot  remaln  associated  wth  their  respectlve 
targets  wlthout  overlappmg o r  masklng  each  other  Thus,  the  use of a 
supplementary  tabular  dlsplay  for  the  syrnbollc  data  becomes  necessary In 
hlgh-denslty  trafflc  operatlons 
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The  magnltude of these  baslc  problems  can be  appreclated f rom a 
look at  Flgure  27,  which shows how  the  forecasted New Y o r k  trafflc  aenslty 
for 1975 might  appear on a radar  plan-posltlon  Indicator 

FIG 27 - SIMULATED PPI PLOT O F  PEAK 1975 TRAFFIC IN  NEW YORK 
(FROM CURTIS  COMMITTEE  REPORT  TO THE PRESIDENT) 
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In one  sense,  thls  display  glves  the  controller  for  much  informatlon, 
In that  one m a n  could  not  posslbly  be  expected  to  keep  track of more  than 
a relatively  few  alrcraft,  in a relatlvely  thln  stratum of altitudes  However, 
the  radar  dlsplay  presents all the  targets  at  all  altltudes, in a movlng  mas8 
of confusion. 

In the  other  sense.  thls  dlsplay  does  not  give  the  controller  enough 
mformatlon. In that  there 1s nothmg  lntrlnslc In the  radar  presentation to  
tle  any  partlcular  target  to Its associated  data  elements of ldentlty,  fllght 
plan,  clearance,  and  altitude  Without  this  hookup,  the  presentation 18 

practically  worthless f o r  control  purposes 

Four  baslc  prlnclples  can  be  applied  to  simpllfy  workload  in  situa- 
tlons  where a man 1s confronted  with  too  much  lnformatlon 

1 Eliminate  non-pertinent  informatlon 

2 Condense  or  summarlze  information 

3 Place  I t  in  categorles so that It may  be  called  up when needed, 
but  not  otherwise 

4 Divlde  responslblllty so that  one  man  does  not  need all the 
mformatlon 

Thus  the  ability  to  sectorize  the  airspace  and  fllter  the  display so 
that  the  controller  sees  only  those  targets  which  are  pertlnent  to  his 
control  situation IS an  important  deslgn  obJective  for  future ATC sys tems 

Much  simulation  work  has  been  accomplished In the  exploration of 
this  problem,  particularly in connectlon  wlth  the  use of secondary  radar ,  
which  should  provide  this  capablllty l1 A s  a result ,  It has  been  determmed 
that  the  ultlmate  need 1s for a filtered  dlsplay  wlth a very  rapid  and  flexible 
cross-reference  between  aircraft   ldentlflcatlon,  al t l tude,   and position, and 
a positive  hookup  between  the  target  posltlon  and  the  four  other  assoclated 
data  elements 

_ _ _ _ _ _ _ _ _ - - _ - _ - - _ _ - _ - - - - - - - - - - - - - - - - - - - - -  
"Tlrey K Vickers,  "Codmg  Requirements  for  the  ATC  Radar  Beacon 

System, I' IRE  Transactions on Aeronautlcal  and  Navlgational 
Electronics,  Volume  ANE-4,  Number 3 ,  Spetember,  1957 
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Over  the  years of the simulation program,  much  work was 
accomplished  on  dlsplays  for  the  interim  perlod One of the  f lrst   was 
PANOP  (Panoranlc  Presentatlon) a pictorial dlsplay  for  procedural 
(non-radar)  control  Thls  was a l a rge  XY dlsplay  usmg a horlzontal 
table-top  as a plottmg  surface  Pertlnent  fllght  data  for  each  alrcraft  was 
printed on a small boat-shaped  marker ,  known as a "shrlmp  boat"  The 
marke r  was  positioned  manually on the  map  surface to colnclde w t h  the 
approximate  posltlon of the  alrcraft   in  the  system, as determmed  f rom 
posit ion  reports  received  from  the  pllots 

The  main  advantage of thls  system  was its saving  in  paperwork, 
s lnce all pertinent  lnformation  about  the  flight  was  carrled on a slngle 
target   marker ,   Instead of belng  tabulated on a large  number of fllght  pro- 
g re s s   s t r l p s  Although  this  dlsplay  worked  very  well  at  low  trafflc 
denslt les,  It was  not  well  suited  to  hlgh-density  operatlons  due to the  clutter 
problem  and  to  the  dlfflculty of checking  the  requlred  data  from so many 
points on the map surface,  for  the  preplannmg  operatlon  whlch 1s so 
necessary  for   procedural   control  

In  an  army alrllft pro~ec t '~   the   "shr imp  boa t"   marker   was   adapted  
for  an X2 (route  versus  alt l tude)  dlsplay whlch  functioned  very  well  in  the 
highly  regimented  operatlon  for  whlch  It  was  deslgned  The alrllft sys tem 
had a ve ry  small number of routes  These  were  represented  schematlcally 
by  tracks  on  the  Inclined  dlsplay  surface  whlch 1s shown  ln  Flgure 28 The 
representation  was  repeated  for  each  useable  alt l tude  level  Flight  infor- 
matlon  was  carrled on "shr imp  boat"   markers ,  which were  manually 
posltloned  on  the  approprlate  track  segments, to  show  schematlcally a 
proflle of the  entire  alrway  traffic situation This  type of dlsplay  may  have 
future  applicatlon  In  future  Interurban  hellcopter  ATC  operations 

The  "shrlmp  boat"  concept was also  applled  to  proJected  radar 
displays as shown  in  Flgure 29  However,  the  characterlstlc  dlfflculty 
of projected  radar  displays  was  the  llghtlng  problem  The  display  was of 
no  value  unless  the  symbollc  target  data  could  be  read  Getting  enough 
llght  In  the  room  to  read  the  data  usually  tended  to  obllterate  the  radar 
plcture  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
2,  Tl rey  K Vlckers  "Slmulatlon  Tests of a Tactlcal   Alrl lf t   System, 'I 

Technlcal  Development  Report No 279,  October, 1955 



FIG 28 - TRACK L A Y O U T  OF SCHEMATIC DISPLAY 



FIG 29 - PROJECTED M D A R  DISPLAY USING "SHRIMP BOAT" MARKERS 
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By passing  the  lighting  problems  which  had  plagued  ATC  radar 
operatlons io1 years,   French  radar-to-television  scan  conversion  techni- 
ques were used  to  develop  the  Spanrad  (Superimposed  Panoramic  Radar) 
display  Spanrad 1s a manual- t racking  dev~ce whlch superimposes a 
television  picture of manually-posit ioned  target  markers,   with  their  
associated  radar   targets ,  on a large  brlght-tube  display 

For  ATC  use,  this  device  was  integrated  wlth  standard  communi- 
cations equlpment  and  fllght  progress  boards, as shown  in  Fig  16,  with 
each  sector  manned by two controllers One handled  the  interphone 
communicatlons  and  data  posting  functlons  The  other  handled  the  air/ 
ground  communlcations  and  control  decision  functions He also  maintamed 
target  ldentlt les  by  re-posit ioning  the  target  markers  to  coincide  wlth 
their   associated  radar   targets   The  target   markers   carr ied  only  a i rcraf t  
Identlflcatlon,  altltude  and destination data  All   supplementary  data 
was tabulated on the  flight  progress  boards  This  procedure  functioned 
very  well  In a large  number of simulation  tests 

Two  types of electro-mechanlcal  data  transfer  equlpments  were 
tested  durlng  the  simulation  program  The  f irst ,  whlch was quite  elemen- 
tary,   was  installed  to  determine  the  basic  requlrements  for  such  equipmen; 
The  second  type was a more  elaborate  model  which  handled  the  display  and 
t ransfer  of symbolic  data  from  the  ARTC  Center to two approach  control 
sectors,   thence  to a final  appraoch  (PAR)  controller,   thence,   to a ground- 
control  posltlon  whlch  normally would be  located  In a control  tower  cab 
Provision  was  also  made  to  handle  missed  approaches Part of the 
equipment is shown  in  Flg 15 Although  this  system  functioned  very 
well  in  the  installation  for  which It was des1  ned. It was relatlvely  Inflex- 
ible  for  adaptation  to  other  system  layouts 2 1  

Decision  Maklng 

The  decision-making  functlon IS the  most  Important  Job of the  entlre 
control  operation  Observations  made  during  high-density  simulation  tests 
indicate  that  controller  Judgement 1s a residual   e lement   af ter   the   mental  
energy  utllized  in  thinking  about  other  things has  been  deducted  For 
example, If the  attention of an  approach  controller 1s concerned  with 

24- 
_ _ _ _ - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

"Operational  Evaluation of the Union Swltch  and  Signal  Limited  Data 
Dlsplay  and  Transfer  System".  Technical  Development  Report No 373, 
October, 1958 
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establishing  and  mamtainlng  ldentlflcation of a large  number of targets ,  he 
will   have  less  t ime  for  making  cri t ical   declslons  regardmgZ8Ircraft   spacing, 
with  the  result  that  his  spacing  will  become  less  accurate 

Six  general  principles  have  been  developed,  during  the  slmulatlon 
program,  for  reducing the  workload of making  control  decisions 

1 Deslgn  the  route  layout  and  control  procedures  to  reduce  the 
number of decisions  required  Usually,  this 1s accomplished 
by reducmg  the  number of posslbllltles  for  convergence, as 
previously  detailed 

2 Reduce  the  number of variables  which  must  be  considered  in 
making a decision  This simplification not  only reduces  the 
time  required  for  the  decision,  but  also  tends  to  increase 
safety  by  decreasing  the  posslblllty of overlookmg  an  import- 
ant  factor  Metering  the  traffic  flow  to  the  final  approach 
path 1s an  important  means of reducing  the  number of slmultan 
eous  variables  and  thus  keeping  the  control  operatlon  within 
manageable  limits 

Avoiding  the  use of excessively  long  approach  paths 1s 
another  method of slmpllfylng  the  control  workload, as shown  in 
Figure 30 In this  example,  the  use of a long  approach  path 
requires  the  slmultaneous  control of a large  number of a i rc raf t  
in  order  to  keep  the  approach  path  full  This  increases  the 
communications  workload  and  the  radar  ldentlflcatlon  problem, 
further  dividing  the  controller's  attention 

Worst of all, i t   sets  the  stage  for a possible  cham  reaction 
If one  of the  aircraft  slows down unexpectedly,  the  controller 
must  be  prepared  to  take  immediate  actlon  to  correct  the  spac- 
1ng of all the  aircraft  behind  it With a short  approach  path,  the 
posslbillty of such  an  lncldent 1s lower,  and  the  workload  in- 
volved  in  correcting  the situation is much less To  protect 
himself  against  these  effects,  the  controller  will  tend  to  utilize 
additional  separation  between  aircraft on a long  common  path 
This  in  turn  decrease6  the  acceptanc6  rate in accordance  with 
the N = V/S  formula 

'O-C M Anderson  and T K Vlckers,  "Appllcatlon of Slmulatlon  Technl- 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - ~ - - - - - - - - - - - - - - - - - -  

ques  in  the  Study of Terminal-Area  Air  Traffic  Control  Problems, ' I  

Technlcal  Development  Report No 192, November, 1953 
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N =  NUMBER OF AIRCRAFT  REQUIRED TO BE  ENROUTE  SIMULTANEOUSLY 

D=  DISTANCE  BETWEEN  HOLDING  FIXES  AND  APPROACH  GATE 
S-DESIRED  SPACING  BETWEEN  AIRCRAFT 

BETWEEN  HOLDING FIXES AND  APPROACH  GATE 

FIG. 30 - EFFECT O F  DISTANCE BETWEEN  APPROACH  GATE AND 
HOLDING FIXES 

These  effects  are  graphed In Figure 31, whlch shows the 
resul ts  of a s e r l e s  of simulation tests  in whlch a steady  supply 
of Jet   a i rcraf t   was  fed Into an  alrport  from  holdlng altitudes of 
20, 0 0 0 ,  10, 000,  and 4, 000 feet  Here  the  communlcatlons 
decreased  and  the  acceptance  rate  increased,  as  the  length of 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
4Paul T Astholz  and  Tiery K Vlckers, "A Prellmlnary  Report   on  the 

Slmulatlon of Proposed  ATC  Procedures  for  Clvil   Jet   Ancraft" CAA 
Technlcal  Development  Report No 352 ,  December, 1958 
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AVERAGE  COMMUNICATIONS  TIME  PER  AIRCRAFT-SECONDS 
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FIG 31 - EFFECT  OF   JET  HOLDING ALTITUDE ON COMMUNICATIONS 
ANDACCEPTANCERATE 

the  approach  path  decreased  from  about 45 m d e s  (wlth  the 2 0 , 0 0 0  
foot  pattern) to  about 15 miles  (with  the 4 ,  000 foot  pattern) 

3 Increase  the  controller's  perceptlon of relevent  data  Here,  the 
deslgn of flltered  dlsplays, In accordance  wlth  the  prlnclples 
prevmusly  descrlbed, 1s an  important  factor  Gettlng  the  radar 
controllers out of the  dark  room,  through  the  use of brlght-tube 
displays, 18 a further  step  in  this  dlrectlon  Selectlvlty of 
perception, In dlscrlmmatlng  qulckly  between  relevant  and 
Irrelevant  bits  of information, 16 the   mark of an  experienced 
controller  The  quality  can  be  improved by proper  training 

4 Relleve  the  controller of extraneous  dutles, to  provide  more 
tlme  for  declslon  making 
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5 Provide  feedback so the  controller  can  observe  lmmedlately  the 
effects of hls  declslon  From  the  standpolnt of controller  work 
load, I t  1s very  deslrable  that   the  radar  dlsplay  be  able  to 
malntaln  contlnulty  in  the  dlsplay of each  target  track  Com- 
paratlve  slmulatlon  tests  made  wlth  and  without  radar  trals 
showed  that  the  presence of t ra l ls  1s a dlstlnct  advantage  to  the 
control ler   as  an  aid 1n the  ldentlflcation of speclflc  targets  when 
these  targets  have  been  asslgned  dlfferent  headlngs  Trails 
give  a  very good lndlcatlon of speed, wmd d rd t ,  and  relatlve 
motlon  In  addition,  they  maintam  contlnulty In the  trafflc 
picture,  under  condltions  where  targets  cannot  be  observed 
continuously,  and  provlde  the  controller  wlth  an  early  lndlcatlon 
as  to  whether or not certain  lnstructmns  are  belng  followed by 
the  pilot 

Slmulatlon  tests  showed  the  superlorlty of large-ecale 
displays  over  small-scale  displays,  in  the  approach  spacing 
operatlon With the  large-scale  dlsplay.   small   changee In a1-r- 
craft  headlngs  or  separatlons  could be detected  sooner, thus 
result ing In more  precise  spaclng  and  hlgher  acceptance rates 

6 Provide  the  controller wlth alds  to  Judgment In radar   approach 
operations.  the  proper  spacing of a l rc raf t  on  the f lnaI  approach 
path 18 a declslvely  important  functlon  For  safety,  the  spacing 
must  be  enough t o  malntaln  adequate  separatlon all the  way  down 
to  the  runway,  taklng  Into  account  the  expected  approach  speeds 
of the successive a l rc raf t  and  the  posslble  devlatlons  from  these 
speeds  that  could  concernably  occur  However,  too  much  spac- 
ing wlll reduce  the  acceptance  rate of the  approach  system 

Usmg a se r l e s  of pre-computed  paths,  an  electronlc 
computer  was  developed  to  handle  the  metering  and  spaclng 
operation  Details of thls  system, known as EMTAC (Electronlc  
Multl  Track  Approach  Computer)  are  shown In h g s  32, and 33 
The  system  functloned  very well in  slmulatlon tests 

However,  during  the  tlme  the  computer  was  bemg  bullt, 
an  Improved  manual  spacing  procedure wafi developed,  utlllz- 
Ing the  spaclng  table  shown In h g  34, and  a s e r l e s  of concentrlc 
reference  lmes  marked on the  radar  scope, as shown  in  Flg 35 
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NOTE 

FLYING  MILES TO THE  OUTER  MARKER 
THE  NUMBERS ON ENTRY  ROUTES  AND  TRACKS  ARE  APPROXIMATE 

THE  NUMBERS  IN  PARENTHESIS  ARE  TRACK  NUMBERS  ASSOCIATED 
WITH  THE  INNER  FIXES,  A, 8, AND  C 

FIG, 32 - TRACK LAYOUT FOR EMTAC SYSTEM 



FIG 3 3  - CONTROL  PANEL FOR EMTAC SYSTEM 
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OPTIMUM 
blRCRAFT  SPbClNG 

DISTANCE,  APPROACH  GATE 
TO TOUCHDOWN. 5 MILES 

FIG 34 - APPROACH  SPACING  TABLE 

3- ~ 

- -7 

NOTE 
DESIREO SPACING SMILES 

I GATE 

h 40 

aIRCRAFT 

TURN LEFT 
HEADING 015 

I 
2 I / 

TIME  IN SECONDS 

FIG 35 - EXAMPLE  OF  APPROACH  SPACING  PROCEDURE, USING 
CONCENTRIC  REFERENCE  LINES MARKED ON SCOPE. 
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It  was  found  that  controllers  using  these  simple  aids  could  attain 
a slightly  higher  preclslon  in  spacing  approaches,  and  thus a 
slightly  higher  acceptance  rate,  than  the  electronlc  computer 3, 25 

In the  operation of complex  terminal  areas,   the  demarcation 
of deflnlte  boundary  lmes  and  buffer  zones  between  aaacent  radar 
vector areas has  been  found  very  helpful  in  allowing  controllers 
to  make  better  use of available  alrspace  in  their  radar  vectoring 
operations 

Communications 

As  previously  indicated,  the  time  spent  in  communicatlons  reduces 
the  time  avallable  for  decision  making  It  can  also limit the  number of 
aircraft   which a controller  can  handle  simultaneously,  and  can  form a 
limltlng  factor  to  system  capacity,  particularly  in  actlvltles  such as the 
ladderlng-down  function  shown  in  Figure 2,  where  the  start  of one opera-  
tion  must wai t  for the com;letlon of the  proceeding  operation  Therefore 
the  reduction of cornmunlcatlons  workload  per  aircraft 1s an  important 
obJectlve of ATC  systems  design 

Since  communicatlons 1s so essential  in  the  data  acqumltlon,  de- 
cision  making,  and  command  (clearnace)  functions,  any  slmplification 
which  can  be  made  in  these  other  fields  tends  to  reduce  the  amount of 
communications  workload  For  example,  the  elimmation of convergence 
points  and  restrictions  to  secure a long  uninterrupted  climb  area on a 
busy  departure  route will  tend  to  reduce  the  amount of communicatlons 
required  for   departmg  a l rcraf t ,  by  reducing  the  opportunities  for  such 
aircraft   to  affect   any  other  aircraft   In  the  area.  

Similarly,  the design of better  displays  tends  to  reduce  the 
amount of coordination  required  by  the  controller  in  assembling  the 
various  bits of information  he  needs  for  the  decision  making  function 

Simulation  tests  show  that  the  establlshment of clean-cut  lines 
of Jurlsdlctlon  between  adJacent  sectors  greatly  reduces  the  amount of 
co-ordination  requlred 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
3S M Berkowitz  and  Ruth R Doering,  "Analytical  and  Simulation  Studles 

of Several   Radar  Vectoring  Procedures in the  Washington, D C 
Terminal  Area",  CAA Technical  Development  Report No 222, Aprll. 
1954 

25Samuel M Berkowitz  and  Edward L Fritz  "Analytical  and  Simulation 
Studies of Terminal-Area  Air  Traffic  Controll '   Technlcal  Development 
Report No 251, May,  1955 
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In the  operation of high-capaclty  twin-stack  approach  system,  feed- 
Ing  into a common  approach  path,  coordlnatlon  can  be  reduced  under 
saturated  trafflc  condltlons,  when  controllers  feed  two  alrcraft  from one 
stack,  followed by two aircraft   from  the  other  Thls  reduces  the  amount 
of coordination  by 50 per  cent,   and  also  sets up a very  convenient  work 
cycle,  lees  fatlgulng to operate  over  long  periods  than a f l r s t -come,   f l r s t -  
served  system 

Where a large  number of Interdependent  declslons  by two controllcrs 
must  be  made, it has  been  found  desirable  to  place  these  controllers 
adJacent  to  each  other,  to  speed  the  transfer of pertinent  data  and  come 
to  faster  agreement  This  prlnclple  has  been  used  with  conslderable 
success  in simulation tests  of common IFR roome 

CONCLUSION 
It is concluded  that 

1. ATC simulation  has  grown  from a mere  idea  Into a highly 
specialized  and  useful  field  during  the  eight  years  covered  by  the  report. 
Approxlmately 50 Technical  Development  Reports  have  been  prepared  on 
the  various  tasks  handled  by  elmulation  studies,  and  the  conclusions  and 
recommendations  In  these  reports  can  be  consldered as p a l t  of this  report  

2 The expansion of the  ATC simulation program,  usmg  graphlc,  
dynamic,  and  fast-tlme  techniques,  should  be a major  effort  in  the  estab- 
l lshment of new  facllities  in  the FAA's Bureau of Research  and 
Development 

3 Thls  report ,   and  the  l isted  references  and  reports,   can  be  used 
to acquaint  the  new  organlzatlon  mth  the  work  completed  on  previous 
programs  and  help  ease  the  translt lon of these  programs from the  Technl- 
cal  Development  Center  to  the  new  facllltes of the  Bureau of Research  and 
Development 
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ADDITIONAL  TDC  SIMULATION  REPORTS 

NO TITLE  DATE 

147 

187 

191 

235 

237 

239 

245 

270 

289 

297 

315 

Evaluation of Proposed  Air  Traffic  Control 
Procedures   in  the  Washington  Termlnal 
Area  by  Simulation  Technlcs  July 1951 

Preliminary  Study of Traffic  Control  Systems 
for  the  Proposed  Washington  Supplemental 
Airport  Using  Slmulation  Techniques  November 1952 

Development of a Dynamic  Air  Trafflc  Control 
Simulator 

Development of Traffic  Control  Procedures 
for  Tactical  Alrllft  Operatlons 

Dynamic-Simulation  Tests of Several  
Proposed  Dual-Airport  Traffic  Control 
Systems  for  Washington  Terminal  Area 

Dynamic-Simulation  Tests of Several  
Traffic  Control  Syatems  for  the 
Fort   Worth-Dal las   Terminal   Area 

Evaluatlon by Slmulatlon  Techniques of 
a Proposed  Traff lc   Control   Procedure 
for  the  New York Metropolltan  Area 

Dynamic Simulation  Tests of Several  
Traffic  Control  Systems  for  the  Chicago 
Metropolitan  Area 

Development of a Portable  Radar 
Simulator 

Summ5ry of Joint  FIL-TDC  Sirnulation 
Activities  in  Air  Traffic  Control 

Simulation  Tests of IFR  Operations  at 
the  Proposed  Davldsonvllle  Naval  Air 
Statlon 

October 1953 

April  1954 

May  1954 

August 1954 

August 19 54 

April 1955 

September 1956 

March 1957 

June 1957 
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316 

318 

332 

341 

356 

372 

375 

385 

386 

398 

405 

Dynamlc  Slmulatlon  Teete of Baltimore 
Frlendehlp  Airport  at Increased 
Trafflc  Deneltlee 

Slmulatlon TeEtE of the  Northrop  Sky 
Screen  ae  an  Alr  Trafflc  Control 
Dieplay 

Alr  Trafflc  Slmulatlon  Teats of Three 
Propoeed  Sltee  for  the  Waehlngton 
Supplemental  Alrport 

Slmulation  Teste of the  Factore  Affectmg 
IFR  Traffic  Capaclty  at   Chlcago  O'Hare 
Alrport  

Dynamrc  Teate of Several   Traffic  Control 
Syeteme  for  the LOE Angelen A r e a  

Simulation TeEtE of Inatrument   Flqht   Rule  
Operatione  in  the  Detroit  Metropolitan 
A r e a  

Evaluation of a Three-Dimeneional 
Plctorial   Air  Traffic  Control  Display 

Dynamic Simulation Teste of Several  
Trafflc  Control  Syatemr  for  the 
Jackeonville  Area 

Slmulatron  Teatu of Air  Traffic  Operations 
in  the  Seatt le-Tacoma  Area 

Dynamic  Slmulatron  Tertr of Severa l   Ai r  
Traffic  Control  Syrtemn  for  the  Kanear 
Ci ty   Area 

Slmulatlon  Terta of Proposed  ATC 
Procedure0  Applicable  to  Future 
Operatione  in  Waehrngton  Termlnal 
A r e a  

July 1957 

July 1957 

November 1957 

February1958 

June 1958 

October  1958 

November 1958 

February  1959 

February  1959 

March 1959 

April  1959 
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401 Simulation  Tests of Air  Traffic  Control 
Operations  In the Tampa  Termina l   Area   Apr l l  1959 

411 Simulation Tests  of Alr  Traffic  Control 
Operations  in  the  Denver-Colorado 
Springs  Area  May 1959 


