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Abstract 

Recent observational work of controller behavior in simulations of air traffic control sessions 

suggest s tha t  controller s formulat e an d modif y thei r  plan s i n term s o f  cluster s o f  aircraft ,  rathe r 

tha n individua l  aircraft ,  an d tha t  the y cluste r  aircraf t  base d o n thei r  closenes s i n a n abstrac t 

cognitiv e space ,  rathe r  tha n simpl e separatio n i n physica l  space .  A  mathematica l  mode l  o f  tha t 

spac e i s presente d a s a  backgroun d fo r  furthe r  wor k t o determin e th e cognitiv e strategie s tha t 

controller s us e t o navigat e tha t  space .  Th e mode l  i s topological s tha t  neighborhoo d constraint s 

pla y a  centra l  role ;  i t  i s  dynami c i n tha t  mor e tha n on e topolog y interac t  t o defin e it s essentia l 

characteristics ;  an d i t  i s  parametri c i n tha t  a n entir e clas s o f  space s ca n b e obtaine d b y varyin g 

th e value s o f  som e parameters . 

With the presented model as background, some hypotheses as to controller strategies are 

suggeste d an d example s give n t o illustrat e them .  Fo r  example ,  controller s appea r  t o segmen t 

thei r  wor k int o episode s define d i n term s o f  th e interaction s o f  cluster s an d t o prioritiz e \h e sub -

task s withi n thes e episodes ,  wit h differen t  strategie s fo r  differen t  sub-tasks .  S o m e specifi c 

question s suggeste d b y th e hypothese s ar e raised ,  an d som e theoretica l  an d practica l 

implication s ar e pointe d out .  Fo r  example ,  controller s appea r  t o chang e thei r  plan s consequen t 

upo n change s i n perceive d clustering :  deliberat e cognitiv e act s ar e triggere d b y presente d 

change s i n conceptualization .  Thi s ha s implication s fo r  too l  development ,  i n tha t  i t  underscore s 

th e nee d t o limi t  th e exten t  t o whic h automate d aid s shoul d b e allowe d t o deviat e fro m actua l 

controlle r  practice . 

^  Supported ,  i n part ,  b y Contrac t  No .  N G T 47-003-029 ,  NASA-Langle y Researc h Center , 

Hampton ,  VA .  I  woul d lik e t o than k Her b Armstrong ,  Hug h Bergeron ,  Gre g Bonadies ,  Rand y 

Harris ,  Gar y Lohr ,  Renat e Rofske-Hofstrand ,  an d Georg e Steinmet z fo r  invaluabl e assistanc e o n 

th e empirica l  wor k tha t  underlie s th e theoretica l  mode l  presente d here .  I  als o than k Eri c Braude , 

Rober t  Kuhns ,  an d especiall y Caro l  Munro e fo r  ver y helpfu l  comment s o n a n earlie r  draft . 
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1.  Background .  Recen t  observationa l  wor k o n controlle r  behavio r  i n ai r  traffi c  contro l 

simulatio n session s suggest s tha t  controller s formulat e an d modif y thei r  plan s I n term s o f  cluster s 

of  aircraft ,  rathe r  tha n individua l  aircraft ,  an d tha t  the y cluste r  aircraf t  base d o n thei r  closenes s i n 

an abstrac t  cognitiv e space ,  rathe r  tha n simpl e separatio n i n physica l  spac e (Gushing ,  1989 ;  als o 

se e Bregma n e t  al. ,  1988 ;  Gushing ,  1990 ;  N A S A / O A S T ,  1988 ;  Roske-Hofstrand ,  1988 ;  Roske -

Hofstran d etal. ,  1989 ;  an d Wesson ,  1977 ;  fo r  furthe r  backgroun d an d discussion) .  I n thi s pape r  a 

mathematica l  mode l  o f  tha t  spac e i s presente d base d o n tha t  wor k an d a s backgroun d fo r  furthe r 

wor k t o determin e th e cognitiv e strategie s tha t  controller s us e t o navigat e tha t  space .  Th e mode l 

i s topologica l  i n tha t  neighborhoo d constraint s pla y a  centra l  role ;  i t  i s  dynami c i n tha t  mo r e 

tha n on e topolog y interac t  t o defin e it s essentia l  characteristics ;  an d i t  i s  parametri c i n tha t  a n 

entir e clas s o f  space s ca n b e obtaine d b y varyin g th e value s o f  s o m e externa l  parameters .  Th e 

severa l  topologie s ar e als o distinguishe d b y th e value s o f  interna l  parameters .  Th e parameter s 

ar e presente d i n Sectio n 2  an d th e mode l  itsel f  i n Sectio n 3 .  Wit h i t  a s background ,  s o m e 

hypothese s a s t o controlle r  strategie s ar e suggeste d i n Sectio n 4 ,  alon g wit h s o m e example s tha t 

illustrat e the m an d s o m e specifi c  question s fo r  furthe r  investigation . 

2. The Parameters. The essence of the model is illustrated in Figures 1-9. Arriving aircraft 

ar e identifie d wit h (a n initia l  segmen t  of )  th e se t  Z + o f  positiv e integers ,  an d th e controller' s tas k i s 

modelle d a s th e constructio n o f  a  permutatio n X  o n Z + .  I n othe r  words ,  aircraf t  tha t  ar e 

presente d i n a n orde r  o f  arriva l  mus t  b e safel y rearrange d int o a n orde r  fo r  landing .  Th e 

constructio n o f  a n appropriat e X  i s subjec t  t o constraint s tha t  ar e centra l  t o th e structur e o f  th e 

space .  Aircraf t  tha t  ar e withi n a  neighborhoo d o f  eac h othe r  i n arriva l  orde r  mus t  b e kep t  withi n a 

neighborhoo d o f  eac h othe r  i n landin g order ,  wit h th e respectiv e neighborhood s define d b y th e 

parameter s t u a  a n d 7 t  | .  Similarly ,  aircraf t  tha t  ar e withi n a  neighborhoo d o f  eac h othe r  i n arriva l 

tim e mus t  b e kep t  withi n a  neighborhoo d o f  eac h othe r  i n landin g time ,  wit h th e respectiv e 

neighborhood s define d b y th e parameter s t g a n d t| .  Th e topologie s tha t  ar e determine d b y 

thes e neighborhoo d constraint s partiall y  characteriz e th e structur e o f  th e space . 

Neighborhood constraints defined in terms of six other parameters determine further 

topologie s tha t  complet e tha t  characterization .  Fou r  o f  these ,  likeTU g a n d 7t| ,  ar e numerica l 

parameters :  th e m i n i m u m separatio n (i.e. ,  physica l  distance )  ct  tha t  mus t  b e maintaine d a t  al l 

time s betwee n an y tw o aircraft ,  th e m a x i m u m orde r  differenc e c o an d m a x i m u m cognitiv e 

distanc e k  fo r  aircraf t  t o b e i n a  cluster ,  an d th e m i n i m u m duratio n interva l  i  tha t  a n 

aircraf t  ca n b e i n a  cluster .  I n actua l  practice ,  a  ha s th e valu e 3. 0 (miles )  fo r  goo d weathe r  an d 

5. 0 fo r  bad .  A  possibl e refinemen t  woul d b e t o allo w a  furthe r  paramete r  a h fo r  "heavy "  aircraft , 

whic h requir e greate r  separation ,  bu t  thi s ca n b e avoide d i f  th e tw o separatio n value s ar e take n t o 

be systematicall y related ,  e.g. ,  b y a  constan t  differenc e o r  ratio .  Th e valu e o f  i  depend s o n short -

ter m memor y capacit y an d perceptio n threshold s an d ca n thu s b e expected ,  lik e c o a n d k ,  t o 

var y fro m controlle r  t o controller ,  i n contras t  t o th e value s o f  a ,  whic h ar e se t  b y regulation . 
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Finally ,  w e hav e tw o functiona l  parameters :  th e physica l  distanc e ( > an d th e 

cognitiv e distanc e % .  W e ca n reasonabl y assum e tha t  (j )  i s  uniqu e an d full y understood ,  bu t 

determinin g th e characte r  o f  x  i s  intricatel y intertwine d wit h th e relate d proble m o f  determinin g 

th e cognitiv e strategie s i n whic h i t  i s  use d an d thus ,  othe r  tha n bein g require d t o b e a  distanc e 

metric ,  i s  beyon d th e scop e o f  th e presen t  paper. 2 An y o f  th e parameter s ca n b e varie d a t  wil l 

fo r  purel y investigativ e purposes ,  i.e. ,  modeling ,  simulation ,  o r  th e like . 

3. The Model. Since we identify aircraft with their positions in arrival and landing order, i.e., 

befor e an d afte r  permutatio n b y th e controller ,  th e parameter s tha t  boun d thei r  neighborhood s an d 

cluster s ar e naturall y take n als o t o b e integers .  Physica l  o r  cognitiv e distance s o r  times ,  however , 

ar e mor e reasonabl y take n t o b e real-valued .  W e thu s begi n a s follows : 

Stipulation: Numerical Parameters. Ctioose fixed values 

7U a .  TT I ,  CO e  Z+ , 

X a .  'C| ,  O  ,  I ,  K  G  R + . 

Safety requires, first and foremost, that the physical distance between aircraft not be permitted to 

attai n a  valu e les s tha n a  specifie d minimum ,  identifie d abov e a s th e minimu m separatio n a  . 

It  i s  apparen t  fro m controlle r  behavior ,  however ,  tha t  a  ver y differen t  measur e o f  cognitiv e 

distanc e als o play s a  rol e i n determinin g whic h aircraf t  ar e take n a s bein g "clos e enough "  t o b e 

considere d togethe r  a s a  cluster ,  a s illustrate d i n Figure s 4  an d 5 .  Eve n aircraf t  whos e arriva l 

occur s a t  opposit e end s o f  th e controller' s scree n an d ar e thu s widel y separate d physicall y ca n b e 

groupe d togethe r  i n planning ,  a s th e require d permutatio n i s constructed .  W e thu s continu e a s 

follows : 

Stipulation: Functional Parameters. Choose distinct fixed values 

() )  ,  X  :Z + X Z + X  R + ^ R , 

subjec t  t o th e followin g constraint : 

Fo r  S  e  {<{ )  .  X  } ,  V  p^ ,  pg ,  P 3 e  Z  +  ,  t  g  R + , 

0 < 5(Pi ,P2, t ) , 

S ( P i ,  P2 ,  t )=8(P2,Pi , t ) , 

5 (  Pi ,  P2 ,  t )  <  6  (  Pi ,  P3 ,  t )  +  5(P3 ,  P2 ,  t) . 

2 Compar e th e analogou s difference ,  i n physics ,  betwee n claimin g tha t  th e univers e i s a 

four-dimensiona l  differentiabl e manifol d an d claimin g tha t  i t  i s  a  particula r  suc h manifol d or ,  i n 

linguistics ,  betwee n claimin g tha t  languag e i s characterize d b y a n underlyin g autonomou s 

universa l  synta x an d claimin g tha t  tha t  synta x i s embodie d i n grammatica l  rule s o r  principle s o f  a 

particula r  form .  Thoug h equall y non-trivial ,  th e tw o sort s o f  claim s diffe r  substantiall y  i n strength , 

th e firs t  providin g th e backgroun d fo r  investigatin g th e second ,  furthe r  refinement s o f  whic h ca n 

eventuall y lea d t o th e confirmatio n o f  bot h (o r  not) .  Th e spac e propose d her e emt>odie s a  clai m o f 

th e forme r  sort ;  furthe r  characterizin g % woul d involv e successiv e refinement s o f  claim s o f  th e latter . 
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Thi s i s th e standar d definitio n o f  distanc e metri c i n a  metri c space ,  bu t  relativize d t o time s an d 

wi h a n interna l  paramete r  b  tha t  take s th e tw o function s 0  a n d % s s instances ,  thereb y 

definin g tw o differen t  topologie s o n th e space .  Not e tha t  th e stipulate d relativizatio n allow s 5  itsel f 

t o var y wit h time ,  wit h differen t  result s possibl e a t  differen t  time s fo r  th e sam e orderin g o r  spatia l 

arrangemen t  o f  aircraft .  Thoug h no t  sufficientl y constrainin g fo r  physica l  distance ,  thi s flexibilit y  i s 

desirabl e fo r  cognitiv e distance ,  whic h ca n b e expecte d t o var y wit h tim e o f  day ,  wor k load ,  stress , 

and th e like ,  a s thes e affec t  th e controller' s menta l  state . 

The difference in arrival order, Pg - p^, is a further distance metric, nof dependent on 

time ,  that ,  alon g wit h % ,  constrain s th e formatio n o f  clusters ,  i t  i s  th e occurrenc e o f  clusterin g 

tha t  make s controlle r  cognitio n a  non-trivia l  problem .  I f  aircraf t  wer e treate d entirel y a s individuals , 

it  woul d b e a  simpl e matter ,  a t  leas t  i n principle ,  t o automat e th e process ,  b y assignin g eac h aircraf t 

a dedicate d processo r  t o maintai n separatio n a  fro m ever y other ,  a s i s apparen t  fro m th e 

Figures .  Wit h eac h aircraf t  capabl e o f  fendin g fo r  itself ,  ai r  traffi c  contro l  woul d b e rendere d 

superfluous .  Clusterin g reflect s th e need ,  however ,  t o pla n ahea d i n maintainin g o  ,  no t  jus t 

now,  bu t  throughou t  \h e permutatio n process .  I t  i s  thu s i n th e interna l  logi c o f  cluster s tha t  w e ca n 

most  reasonabl y expec t  t o fin d indication s o f  ho w thi s plannin g proceeds . 

Definition: Neighborhood. Let D e {Z+ R+}. V d^, dg, p e D, 

dg i s i n a  p - n e i g h b o r h o o d o f  d.,,Np(d^,d2) ,  i f  I d g - d j < p  . 

Corollary: (1) Reflexive. V d, p g D, Np(d,d). 

(2 )  Symmetric .  V  d .̂dg ,  P  e  D.  N p (d̂ .dg )  = > NpCdg.d^) . 

(3 )  Intransitive .  3  d .̂dg.dg ,  p  e  D.  Np(di,d2) A NpCdg ,  dg )  a  ^Np(d^ ,  da) . 

Again, this is a standard definition of neighborhood in a metric space, but with the domain D 

and th e neighborhoo d boun d p  a s parameter s interna l  t o th e model ,  takin g Z + o r  R + an d 

th e externa l  parameter s k  a ,  7t| ,  X g ,  X| ,  orc o a s values ,  respectively ,  i n variou s place s i n 

th e model .  Th e corollar y i s als o standar d an d serve s mainl y t o disqualif y N p fro m bein g a n 

equivalenc e relation . 

Definition: Clustering. A function c: Z+ X R+ ^ 2^* is a (ca i,k, x)-clustering 

if  i t  satisfie s th e followin g constraints : 

(1)(a) V p  €  Z  +  , 3 tp3 .  tp, e R+ ,  V  t  e  R+ , 

[t  e  [tp_3,tp, ]  = *  p  e  c(p,t )  1  A  [ t  «? [tp3.,tp, ]  = ^  c(p,t )  =  0 ] , 

(b) V Pi ,  P g e Z  +  , V t G R+,[P 2 e  c(Pi,t)= ^  p ^  e  cip .̂X)] , 

(C) V p, ,  P2 ,  p g e Z  +  ,  V  t  e  R+ , 

[P 2 e  c(Pi,t )  A  p g e  c(P2,t) ]  = > P 3 e  C(Pi,t) , 
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(2 )  (a )  V  P i . p g e Z  +  .  t G R + [ P 2 e c(Pi.t)= > N^Cp^.Pg)] , 

(b )  V  p^ ,  P 2 G Z  +  .  t 6 R + [p 2 G  c(p .̂t )  = ^  X(Pi .  P2 .  0  <k1 , 

(3 )  V  p G Z  +  ,  \ e R  + 

[C(p.t);^ 0 = > [ 3 t^.tg G R+ ,  t2 - t i ^ l .  t G [ti.t2] , 

V t  G  (ti.t2).[c(p.tV 0 = > c(p.r )  =  c(p,t)]]] . 

A clustering assigns to each aircraft (in Z+) a set of aircraft, its cluster, (in 2^*) that can 

cfiang e a s tim e (i n R + )  passes ,  subjec t  t o thre e constraints .  Constrain t  (1 )  say s tha t 

being-clustered-with ,  unlik e being-in-a-neighborhood-cf ,  i s a n equivalenc e relatio n a t  a 

tim e t  o n set s o f  aircraf t  wit h overlappin g salienc e interval s [tp^ ,  tpj] :  a n aircraf t  i s  alway s i n it s 

own cluste r  betwee n it s arriva l  tim e an d it s landin g time ,  bu t  ha s n o genuin e cluste r  (i.e. ,  it s  cluste r 

= 0  )  otherwise .  Outsid e tha t  interval ,  a n aircraf t  i s  o f  n o cognitiv e interest ,  i n th e presen t 

context ;  i t  nee d no t  b e worrie d abou t  befor e i t  arrive s an d afte r  i t  lands .  Assignin g i t  a  cluste r  o f  0 

simplifie s th e formulation s b y avoidin g th e nee d fo r  partia l  functions .  A n aircraf t  ca n b e viewe d a s 

comprisin g it s o w n cluste r  wheneve r  i t  i s  treate d individually .  Constrain t  (2 )  relate s clusterin g t o 

th e tw o non-physica l  distanc e metric s o f  th e mode l  b y imposin g proximit y constraints :  on e aircraf t 

ca n b e i n th e cluste r  o f  anothe r  aircraf t  onl y i f  the y ar e withi n c o o f  eac h othe r  i n arriva l  orde r 

an d withi n k  o f  eac h othe r  i n cognitiv e distance .  Th e actua l  value s o f  c o a n d k  wil l  depen d 

on th e individua l  controller ,  bu t  the y ca n b e expecte d t o b e intimatel y connecte d t o limit s o n 

short-ter m memory .  Characterizin g cognitiv e distanc e amount s t o solvin g simultaneousl y th e 

condition s o f  th e definitio n fo r  suitabl e function s x  - ^  Constrain t  (3 )  say s tha t  a  clusterin g ca n 

assig n a  particula r  se t  o f  aircraf t  a s th e cluste r  o f  a  particula r  aircraf t  a t  a  salien t  tim e onl y i f  i t 

assign s tha t  se t  a s th e cluste r  o f  tha t  aircraf t  withi n a n interva l  tha t  contain s tha t  time ,  o f  widt h n o 

les s tha n i .  Thi s guarantee s a  degre e o f  {I.e. ,  step-wise )  continuit y s o tha t  change s i n 

clusterin g remai n realistic ,  withou t  diminishin g th e flexibilit y  tha t  make s thos e change s useful . 

The parameters co and i serve to define upper bounds on the size and the number of 

cluster s an d o n th e numbe r  o f  time s the y ca n change ,  a s follows : 

Theorem: Let Cbe thie set of all (w, i, k, x)-clusterings. 

(1 )  V  p  G  Z + ,  t G R + ,  C G C , 

|c(p,t)|<2c o - 1 . 

(2 )  V  P G Z + t  G  [tp,a.tp,|l . 

|{c(p,t) |  C G C}|<22(--i) . 

(3 )  V  p  G  Z  +  ,  C G C , 

K M t G [tp .̂tp,) ,  3  e e R + c(p.t-e)^c(p.t-he)} | 

< ( ( V i - W / o * 2 . 

3 Se e not e 2 . 
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Proof :  (1 )  Plane s availabl e lo r  p' s cluste r  rang e fro m p  -  (t o -  1 )  throug h p  +  (a > -  1 )  ,  includin g p  itself : 

.- .  (CO -  1 )  +  ((0 -  1 )  +  1  -  2(1 )  1 . 

(2 )  Cluster s generall y availabl e fo r  p  includ e al l  subset s o f  th e se t  o f  plane s i n (1 )  tha t  contai n p : 

. :  (1/2)(2 '̂ -  V 2 ' "  -2_22( - - i ) . 

The <  i s  required ,  rathe r  tha n = ,  becaus e o f  th e curren t  indeterminac y o f  %,  whic h ca n b e expected ,  whe n 

determined ,  t o rul e ou t  possibl e cluster s tha t  ar e permitte d b y th e othe r  constraints ,  an d also ,  independentl y o f  % , 

becaus e o f  th e fac t  tha t  tw o differen t  plane s wil l  no t  hav e identica l  salienc e interval s (se e landin g sequenc e below) . 

(3 )  A  plane' s cluste r  become s non-nul l  upo n arriva l  an d ca n the n chang e a t  an y tim e thereafter .  Afte r  th e firs t  change , 

eac h cluste r  mus t  the n persis t  fo r  a n interva l  o f  a t  leas t  i  i n duration .  Le t  L  =  ( t  .  - 1 )  an d assum e eac h interva l 

has duratio n exactl y i .  I f  i  exactl y divide s L ,  ther e ar e L  /  i  chang e point s i f  t  g  begin s a n interva l  o f  lengt h 

I ,  an d ( L /i )  +  1  otherwise .  I f  i  doe s no t  exactl y divid e L ,  ther e ar e [( L /  i )  - f  1 ]  chang e point s i f  t 

begin s a n interva l  o f  lengt h i ,  an d [( L /1 )  -t -  2 ]  otherwise ,  wher e [x ]  i s  th e greates t  intege r  i n x .  I f  on e o r  mor e 

interval s ha s duratio n greate r  tha n i ,  th e numbe r  o f  chang e point s doe s no t  increase . 

In Other words, the number of distinct aircraft that are in the cluster of a particular aircraft at a 

particula r  tim e i s b o u n d e d abov e b y 2 o )  -  1 ;  th e n u m b e r  o f  distinc t  potentia l  cluster s tha t  ar e 

availabl e t o b e associate d wit h a  particula r  aircraf t  a t  a  particula r  time ,  b e t w e e n th e tim e i t  arrive s 

a n d th e tim e i t  lands ,  i s  b o u n d e d abov e b y 2 ^ ^ ^  '  "" ^  ;  an d th e n u m b e r  o f  distinc t  time s tha t  a 

controlle r  assign s a  n e w non-nul l  (henc e th e " ) "  i n [ t  g -  V  i ^  ̂®'̂ ® ^  cluste r  t o a  particula r  aircraf t 

i s  bounde d a b o v e b y ((tp ,  -  t p g )  / 1 )  +  2 . 

Finally, we can characterize the controller's task as follows: 

Definition: Landing Sequence. A permutation X onZ+, i.e., a bijection >. :Z+ ^ Z+, 

i s a  (jig ,  7C| ,  tg ,  T,)-landin g s e q u e n c e i f  i t  satisfie s th e followin g constraint : 

V Pi .  P 2 e  2+ , 

[[Nn3(Pi-P2)= ^  N;c,( ^  (Pi) .  ̂ (P2)) l 

A [Nx3(tp .̂a.tp3.a)=^N,,(tp ,̂„tp .̂,) ] 

A [P i^P2= > tp î̂ ^tp^,]] . 

Controller's Task: Construct a clustering and a landing sequence 

subjec t  t o th e followin g constraint : 

V P i ,  P 2 e  Z + t  e  [tp^,a.tp^. J n  [tp^.a-V^. J .  <t )  ( P v P2 .  t )  ̂  CJ . 

In other words, aircraft that are "near" each other in arrival order or time must be "near" each other 

i n landin g orde r  o r  time ,  respectively ,  thoug h th e "nearness "  criteri a fo r  arriva l  a n d landin g nee d 

not  b e th e s a m e a n d th e landin g time s mus t  b e different .  Furthermore ,  n o matte r  h o w the y ge t 

permute d o r  wha t  clusterin g i s used ,  tw o aircraf t  mus t  neve r  b e permitte d t o approac h eac h othe r  t o 

withi n a  physica l  distanc e o f  a  .  Constructin g a  landin g sequenc e i s th e explici t  requiremen t  o f 

th e controller' s task ;  th e nee d t o construc t  a  clusterin g arise s fro m th e inheren t  complexit y o f  tha t 

tas k i n th e contex t  o f  h u m a n cognition . 
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4.  Furthe r  W o r k I n Progress .  T h e abov e mode l  provide s th e genera l  cognitiv e 

Uamework withi n whic h controller s appea r  t o d o thei r  work .  Th e nex t  tas k i s t o determin e th e 

cognitiv e strategie s tha t  controller s us e t o navigat e th e spac e th e mode l  characterizes .  Wor k thu s 

fa r  ha s suggeste d th e followin g hypothese s (Gushing ,  1989) : 

(1) Controllers segment their work temporally and dynamically into {sometimes overlapping) 

episode s an 6 sut>episocle s define d i n term s o f  th e interaction s o f  aircraf t  clusters ; 

(2 )  Controller s prioritiz e th e s u b - t a s k s withi n thei r  e p i s o d e s , 

wit h differen t  strategie s fo r  differen t  sub-tasks ;  an d 

(3 )  Controller s chang e plan s consequen t  upo n change s i n perceive d clustering : 

deliberat e cognitiv e act s ar e triggere d b y presente d change s i n conceptualization . 

Hypothesis (1) is illustrated throughout the Figures. As an example of hypothesis (2), a controller in 

a simulatio n sessio n check s tha t  separatio n o f  aircraf t  i s  adequat e bot h befor e an d afte r  doin g a n 

artificia l  "side-task "  consistin g o f  readin g extraneou s informatio n abou t  th e weather ,  bu t  i s  les s 

thoroug h i n checkin g befor e scannin g t o accep t  responsibilit y  fo r  a n aircraf t  tha t  i s  bein g hande d of f 

t o hi m b y anothe r  controller .  Thi s suggest s tha t  h e consider s th e latte r  tas k t o b e mor e importan t 

an d i n nee d o f  mor e immediat e attentio n w h e n i t  arises .  Hypothesi s (3 )  ha s particula r  implication s 

fo r  too l  development ,  i n tha t  i t  underscore s th e nee d t o limi t  th e exten t  t o whic h automate d aids , 

suc h a s exper t  syste m o r  decisio n suppor t  tools ,  shoul d b e allowe d t o deviat e fro m actua l  controlle r 

practice .  Furthe r  wor k i s neede d t o quantif y an d tes t  thes e hypotheses . 

In particular, the following questions need to be answered: (1) What factors other than 

arriva l  orde r  pla y a  rol e i n clusterin g ? 4 (2 )  Doe s th e controlle r  chec k aircraf t  separatio n i n 

preparatio n fo r  doin g th e "side-task, "  o r  doe s h e d o th e "side-task "  afte r  havin g checke d 

separation ? (3 )  T o wha t  exten t  doe s th e controlle r  maintai n separatio n o f  clusters ,  an d t o wha t 

exten t  i s h e willin g t o shuffl e (i.e. ,  modif y an d mix )  them ? (4 )  H o w ofte n an d w h y doe s th e 

controlle r  sca n bac k t o aircraf t  tha t  ar e alread y line d u p fo r  landing ,  whil e focusin g primaril y o n a 

late r  cluster ,  an d h o w ofte n an d w h y doe s h e sca n t o outlier s beginnin g a  n e w cluster ,  whil e 

focusin g primaril y o n a n earlie r  one ? 

It is anticipated that the pursuit of answers to these and related questions will lead to 

refinement s i n th e abov e model ,  a s th e strategie s i t  support s ar e unraveled .  I t  wil l  b e necessar y t o 

investigat e th e exten t  t o whic h controller s diffe r  i n thei r  choic e o f  strategies ,  bot h fro m eac h othe r 

an d fro m non-controlle r  contro l  subjects ,  i n orde r  t o determin e th e exten t  t o whic h th e strategie s 

use d ar e learned ,  rathe r  tha n corollarie s o f  inheren t  propertie s o f  h u m a n perceptua l  an d 

cognitiv e mechanisms .  H o w thi s questio n get s answere d ha s implication s fo r  trainin g methods , 

eve n asid e fro m th e developmen t  o f  suppor t  tool s fo r  assistin g controller s o n th e job . 

^  I.e. ,  jus t  wha t  i s i t  tha t  distinguishe s (b )  fro m (a )  i n conditio n (2 )  o f  th e clusterin g definition ? 
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Rgur e 1 :  A  typica l  AT C amV* /  cltuation : 
Aircraf t  arrivin g frof n aeverM i  direction * 

muat  b e line d u p fo r  iarxling . 

Figur e 4 :  Aircraf t  ar e clualeredb y 
"cloaenes a '  i n a n abstrac t  cognib v space , 

rathe r  tha n i n actua l  phyeica l  apace . 

Figur e 7 :  AT C spac e ha s a 
dynami c topolog y tha t  reflect s 

th e interactio n o f  multipl e faclorw . 

Figur e 2 :  Minimu m —peredo n 
muat  b e maintaine d betwee n 
any tw o tircref t  a t  an y time . 
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Rgut « 3 :  Dielant ,  bu t 

contemporaneoua ,  arrlvsi s 
sr e tresle d togethe r  I n planning . 

U'i i  'rtt ^  1 

Figur e S :  Cognitiv e "cloaeneaa"\ » messure d 
by a  epalio-tempora l  metri c diatlnc t  fro m 

arriva l  orde r  arv d pttyaica l  aeparation . 

Figur e 6 :  Ctusterlt>g s ca n change ,  du s t o 
unfonaeee n circumetanc— :  Alrcrsf t  ca n 

leav e on e dusls r  sn d ente r  aiwthsr . 

Rgur e 8 :  Change s i n clualerin g 
correlat e wit h change s I n plan , 

I n reapona e t o ne w circumstances . 

Rgur e 9 :  Alrcrsf t  merg e o n fina l  t o for m 
s singl e cluster :  Tfi e landin g orde r  i s 

s permutatio n o f  th e arriva l  order . 
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