
Planning in the World of the A i r T r a f f i c Con t ro l l e r 

Abstract 
An enroute a i r t r a f f i c con t ro l (ATC) s imulat ion 
has provided the basis f o r research i n t o the 
marriage of d i sc re te s imu la t ion and a r t i f i c i a l 
i n t e l l i g e n c e techniques. A program which 
s imu la tes , using r e a l world data, the movement of 
a i r c r a f t in an ATC environment forms a robo t ' s 
world model. Using a product ion system to respond 
to events in the simulated wor ld , the robot is 
able to look ahead and form a plan of i ns t ruc t i ons 
which guarantees safe, expedient a i r c r a f t t r a n s i t . 
A d i s t i n c t i o n is made between the rea l wor ld , 
where p i l o t s can make mistakes, change t h e i r 
minds, e t c . , and an idea l i zed plan-ahead world 
which the robot uses; the o v e r - a l l s imula t ion 
a l t e rna tes between updating the rea l world and 
planning in the i dea l i zed one to i nves t iga te the 
robo t ' s a b i l i t y to plan in the face o f 
unce r ta i n t y . 

Introduction 
Emphasis w i t h i n problem so lv ing research has 

recen t l y been based on rea l -wor ld problems and 
environments. Product ion systems incorpora t ing an 
extensive base of expert knowledge (MYCIN [ 1 ] , 
DENDRAL [ 2 ] ) have performed we l l in spec ia l ized 
environments; other systems not usual ly regarded 
as problem so l ve rs , such as Wilensky's na tura l 
language s to ry understander [ 3 ] , also show 
i n t e r e s t i n g problem so lv ing a b i l i t i e s . Many 
problems any complex robot must face, however, 
have yet to be examined in depth. Fikes, Hart , 
and Ni lsson [4] discussed a number of these, 
i nc lud ing (1) avo id ing negative goals as we l l as 
achiev ing p o s i t i v e ones, (2) planning w i th 
c o n s t r a i n t s , and (3) operat ing in dynamic 
environments w i t h m u l t i p l e , independent processes 
not f u l l y c o n t r o l l e d and/or recognized by the 
robo t . Of these three areas, (1) and (2) have 
been hard ly touched, and (3) is the only area to 
have received s i g n i f i c a n t a t t e n t i o n . Hendrix 
proposed an event -dr iven process model [5 ] based 
on the STRIPS approach of add- and de le te -se ts . 
Howe, in h i s s tud ies of cogn i t i ve development, 
uses techniques taken from s imu la t ion languages 
such as SIMULA and GPSS [ 6 ] . Both i l l u s t r a t e 
these reasonably general theor ies of problem 
representa t ion using we l l -de f ined but s tark 
subsets of a c h i l d ' s perceptual wor ld . Other 
robot problem-solv ing systems have been surveyed 
by S i k l o s s y [ 7 ] . 

Robert B. Wesson 
Department of Computer Sciences 

The Un ivers i t y of Texas at Aust in 
Aust in , Texas 78712 

The work reported here is an attempt to 
address several of these problem areas in a 
r e a l i s t i c , i n fo rma t i on - r i ch subset o f the rea l 
wor ld . The o r i g i n a l p ro jec t emphasis—the 
app l i ca t i on of well-known problem so lv ing 
techniques in a complex world—has given way to 
the more i n t e r e s t i n g task of c rea t ing a program 
which can, in the same complex wor ld , create a 
plan based on i t s expectat ions, execute tha t p lan , 
and modify i t i f unexpected events occur dur ing 
execut ion. I t must have the a b i l i t y to recognize 
and pred ic t the course of on-going processes, only 
a few of which it may c o n t r o l . It must 
s e l e c t i v e l y exercise tha t con t ro l to cor rec t 
undesirable s i t ua t i ons and improve o thers . 

The. Air Traffic Controller's World 
The world chosen f o r t h i s is tha t of a low 

a l t i t u d e radar-ass is ted enroute a i r t r a f f i c 
c o n t r o l l e r . When an a i r c r a f t f l i e s from one 
a i r p o r t to another under instrument f l i g h t ru les 
(as a l l a i r l i n e s and m i l i t a r y a i r c r a f t do) , i t 
passes through a number of c o n t r o l l e r s ' 
j u r i s d i c t i o n s : from ground con t ro l through tower 
and departure con t ro l to a succession of enroute 
c o n t r o l l e r s who t rack the f l i g h t on radar in l e v e l 
f l i g h t . The enroute c o n t r o l l e r ' s task is to keep 
the a i r c r a f t w i t h i n h is sector proceeding along 
t h e i r desired paths (according to i n d i v i d u a l 
f l i g h t plans f i l e d before departure) subject to 
numerous cons t ra in t s . Many of these cons t ra in t s 
are generated by governmental ru les ( f o r example, 
two a i r c r a f t w i t h i n f i v e mi les of each other must 
be assigned a l t i t u d e s at leas t 1000 fee t a p a r t ) . 
The c o n t r o l l e r a lso has obvious cons t ra in ts of 
expediency (an a i r c r a f t dec lar ing an emergency 
must get p r i o r i t y over a l l other a i r c r a f t ) , 
physical l i m i t a t i o n s ( a i r c r a f t cannot t u rn or 
cl imb ins tantaneous ly ) , and p l a i n common sense (an 
a i r c r a f t must not be assigned an a l t i t u d e too 
close to hazardous t e r r a i n or above i t s 
c a p a b i l i t i e s ) . V i o l a t i o n o f these cons t ra i n t s 
causes a c o n f l i c t which he must reso lve . 

Standardized methods are used to c o n t r o l the 
a i r c r a f t paths. The c o n t r o l l e r i s i n con t i nua l 
rad io contact w i th a l l the a i r c r a f t i n h i s sec to r . 
He can con t ro l the a i r c r a f t s ' pos i t i ons both 
v e r t i c a l l y (c l imb to f e e t , descend to f ee t ) 
and h o r i z o n t a l l y ( t u r n r i g h t / l e f t to heading, 
ad jus t speed to kno ts ) . P i l o t s are requ i red to 
obey these commands except under unusual 
circumstances. Thus, using h i s knowledge of the 
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airway s t r u c t u r e and the a i r c r a f t i n ten t i ons and 
c a p a b i l i t i e s , the c o n t r o l l e r must decide when to 
issue commands which "op t im ize" performance whi le 
s a t i s f y i n g a l l c o n s t r a i n t s . 

This min i -wor ld seems to be a good veh ic le 
f o r A I i n v e s t i g a t i o n . I t i s h igh ly 
s t r uc tu red—sta te changes in the world are 
we l l - de f i ned over time and space. Con t ro l l e r 
a c t i v i t i e s are l i m i t e d to the issuance o f a i r c r a f t 
commands drawn from a very small standardized se t . 
Optimal performance is simple to judge in terms of 
a i r c r a f t t r a n s i t t imes, number and kind of 
commands issued, and the l i k e . Yet i t o f f e r s a 
s i g n i f i c a n t l y r i c h e r environment than the AI 
worlds of the past . I t is dynamic, so tha t the 
model l ing of time becomes a paramount issue. It 
i s non-precise—the simple desc r ip t i ve techniques 
used fo r blocks worlds are inadequate because of 
r e a l world uncer ta in ty about object pos i t i ons and 
the e f f e c t s of act ions (commands). The robot 
( c o n t r o l l e r program) is ne i ther omniscient nor 
omnipotent. Expected events may not occur (an 
a i r c r a f t may f l y at a d i f f e r e n t speed, heading, or 
a l t i t u d e than expected) whi le unexpected ones may 
(new a i r c r a f t may a r r i v e in the s e c t o r ) . 

Con t ro l l e r S imu la t ion Desc r ibe 

ATC World Simulation 

Since one of the main ob jec t i ves of t h i s work 
is the app l i ca t i on of problem so lv ing techniques, 
the s imu la t ion must c lose ly dup l i ca te the rea l 
wor ld , making as few i d e a l i z a t i o n s as poss ib le . 
The in fo rmat ion normally present on a c o n t r o l l e r ' s 
radar scope had to be stored i n t e r n a l l y , updated 
p e r i o d i c a l l y , and presented i n t e r a c t i v e l y on a 
graphics t e rm ina l . 

The f i r s t phase of the p ro jec t began w i th the 
development of such a world model. In format ion 
about a i r p o r t l o c a t i o n s , rad io beacon l o c a t i o n s , 
airway s t ruc tu re ( i nc lud ing minimum a l t i t u d e s ) , 
con t r o l j u r i s d i c t i o n s , and the l i k e was taken from 
cur ren t aeronaut ica l cha r t s , reduced to t y p i c a l 
x-y coord inates, and stored on data f i l e s . This 
data s t r uc tu re is designed to be eas i l y modi f iab le 
f o r modular use by any c o n t r o l l e r s t a t i o n 
world-wide and f o r ease of maintenance. 

A f l i g h t p l a n l i s t " d r i ves " the s imu la t i on . 
I t contains every th ing an updating rou t ine needs 
to determine an a i r c r a f t ' s movement as the 
s imu la t ion progresses. The most important dynamic 
data s t ruc tu re is the wor ld , an instantaneous 
snapshot i nc lud ing t ime, a l l the a i r c r a f t ac t i ve 
w i th t h e i r assigned and cur rent speeds, a l t i t u d e s , 
and headings, and any commands and/or events 
c u r r e n t l y occu r r i ng . I t a lso inc ludes a l i n k to 
past worlds recorded at s t r a t e g i c po in t s , so tha t 
updat ing can be complemented by backdating to any 
t ime. These s t ruc tu res are dec la ra t i ve and serve 
as data f o r procedures which perform the mechanics 
of the s imu la t i on . 

A human can perform act ions in order to 
change h is f u tu re in a des i rab le way. Many 
ac t ions are react ions to cur rent s i t u a t i o n s , 
mani fest in the form of learned responses to 
s p e c i f i c stored pa t te rns . These can become h igh ly 
complex and can r e s u l t in h igh l eve l s of 
performance. Habits and memorized behavior (such 
as p lay ing the piano) are examples of t h i s . Not 
normal ly regarded as problem s o l v i n g , i t 
nevertheless is responsible f o r much of human 
expe r t i se . I t i s imp laus ib le , however, tha t 
h i g h - l e v e l cogn i t i ve tasks can be accomplished 
so le l y by reac t i ng to cur rent s i t u a t i o n s . By 
augmenting t h i s product ion system approach w i t h a 
look-ahead c a p a b i l i t y , a c leare r p i c t u r e of 
t ime-or ien ted problem so lv ing behavior emerges. 
It can be described as f o l l o w s : using a model of 
the world as i t is cu r ren t l y perceived and learned 
ru les f o r descr ib ing the changes which may occur 
in tha t wor ld , a human const ructs a continuous 
s imu la t ion o f the wor ld . With in t h i s s imu la t i on , 
he is able to note events which w i l l occur w i thout 
h i s i n t e r v e n t i o n . He can h y p o t h e t i c a l l y perform 
ac t i ons , observing how these act ions a f f e c t the 
o r i g i n a l event, whether new events are created, 
and how the ac t ion f i t s i n t o h is g loba l s t ra tegy . 
A person's l e a r n i n g , in p a r t , cons is ts of 
c o n t i n u a l l y reducing the number of surpr ises he 
faces day to day by adding more and more ru les to 
t h i s s imu la t ion model of the wor ld . These 
in fo rmal ru les enable him to c o r r e c t l y p red ic t the 
na tu ra l world and how h i s , and o t h e r s ' , act ions 
per turb i t . 

In the world o f a i r t r a f f i c , a c o n t r o l l e r 
qu i ck l y learns to sense a i r c r a f t ra tes of speed, 
a l t i t u d e change, and heading change. This 
knowledge, procedural in na ture , enables him to 
speed up time in h is mind, look ing ahead to 
p red i c t p o t e n t i a l c o l l i s i o n s and events which 
requ i re h is i n t e r v e n t i o n . I n t h i s f u tu re wor ld , 
he can t r y out h is var ious opt ions and se lec t the 
commands most l i k e l y to produce the best r e s u l t s . 
I t is t h i s behavior which we attempt to model. 

Problem solving with Simulation The c o n t r o l l e r c l e a r l y has an i n t e r n a l world 
model which he uses to t r y out h is proposed 
s o l u t i o n s . This model, der ived from the r e a l 
world but qu i te separate from i t , g ives r i s e to 
the dual s imu la t ion i n t e g r a l to t h i s c o n t r o l l e r 
model l ing program: A s imu la t ion of the rea l world 
(hence fo r th , the rea l world or RW) a l lows the 
programmer to const ruc t r e a l i s t i c scenarios w i th 
which the c o n t r o l l e r program, or problem so lve r , 
i n t e r a c t s ; the problem so lver i t s e l f has i t s own 
independent and somewhat i dea l i zed s imu la t ion of 
the world ( the problem s o l v e r ' s world or PW) based 
on a snapshot of the RW, the a i r c r a f t f l i g h t 
p lans, and i t s own expectat ions of t h e i r behavior. 
I t uses t h i s i dea l i zed world to look ahead in t ime 
to spot impending t roub le areas and i nves t i ga te 
the r e s u l t s o f i t s ac t i ons . 
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The r e s u l t of t h i s look-ahead is a plan of 
ac t ions it proposes f o r the RW—commands to be 
given paired w i t h issuance t imes. A monitor in 
the RW issues these commands at the appropr iate 
t imes and checks f o r circumstances which would 
render the plan i n v a l i d . Note tha t the forward 
time threshold of the PW must always be 
s i g n i f i c a n t l y beyond the current RW t ime, because 
unforeseen events may requ i re a l t e r a t i o n of the 
p lan . Suppose, f o r example, that the planner 
looks ahead f o r 20 minutes. Suppose, f u r t h e r , 
t ha t a c o l l i s i o n is imminent at minute 21 which 
requ i res commands to be given at minutes 14 and 17 
to aver t i t . C lear ly the plan is not a 20-minute 
plan at a l l but is v a l i d f o r perhaps 10 minutes of 
r e a l t ime at most. (These f i gu res of 20 minutes 
f o r the look-ahead and 10 minutes fo r the 
expectat ion were chosen emp i r i ca l l y fo r the s e r i a l 
p lan-ahead. .execute . . sequence s imu la t ion ; an 
ac tua l implementation would be a time-shared 
planner/RW monitor program w i th the planner almost 
cont inuously a c t i v e . ) This procedure of 
a l t e r n a t e l y planning ahead a l o t , then updating 
the RW a l i t t l e , leav ing a large po r t i on of the 
plan un-executed, can be best expresssed by the 
f o l l o w i n g PASCAL-like program: 

SIMULATOR: 
begin 

input i n i t i a l RW desc r ip t i on and f l i g h t p l a n s ; 
i n i t i a l i z e t ime, a i r c r a f t pos i t i ons ; 
repeat 

PW <— RW; 
PLAN-AHEAD using PW fo r next 20 minutes, 

generat ing the plan of 
command-time pa i r s ; 

repeat 
UPDATE world one time s tep; 
ISSUE commands from plan f o r t h i s t ime; 

until have updated 10 minutes (normal 
te rminat ion) or something unexpected 
occurs (an a i r c r a f t r e j e c t s a command; 
a new a i r c r a f t enters the sector ; e t c . ) 
o r a l l a i r c r a f t terminated 

u n t i l a l l a i r c r a f t terminated 
end. 

Emphasis here is on c rea t ing a r e a l i s t i c 
s imu la t ion w i t h which the planner can work. A 
t y p i c a l mix of c o n t r o l l a b l e and uncon t ro l l ab le , 
f a s t and slow, high and low a i r t r a f f i c is used 
f o r a l l exerc ises. A i r c r a f t movement in the RW is 
randomized by the updating rou t ine to r e f l e c t the 
output c h a r a c t e r i s t i c s of a d i g i t i z e d radar 
system. This s t ruc tu re is a prototype which can 
a l low f u r t h e r development f o r ac tua l ATC 
implementat ion by extending i t s knowledge base 
along estab l ished l i n e s and rep lac ing the RW 
s imula tor above w i t h a rea l - t ime monitor . 

Looking Ahead 

With in t h i s s t r uc tu re i s the c a p a b i l i t y f o r 
f u l l y exerc i s ing the planner, where the 
" i n t e l l i g e n c e " o f the system l i e s . This r o u t i n e ' s 

task is to create a minimal sequence of a i r c r a f t 
commands which guarantees a spec i f i ed time per iod 
f ree from c o n f l i c t s based on the cur rent world 
s ta te and known a i r c r a f t i n t e n t i o n s . It uses a 
look-ahead technique which is again incrementa l , 
updating the world s tep-by-step through t ime. 
Actions taken in the planner are caused by the 
a c t i v a t i o n of one or more event-response p a i r s . 
A f te r every update, pre-def ined events are checked 
f o r , such as a v i o l a t i o n of the 1000 fee t or 5 
mi le separat ion r u l e , or an a i r c r a f t descending 
too low. I f one of these events occurs, i t is 
placed on an event l i s t w i th parameters descr ib ing 
the spec i f i cs of the event. A f te r a l l the events 
have been noted f o r a s p e c i f i c world s t a t e , 
responses are made which u l t i m a t e l y generate 
command act ions to be inser ted i n t o the p lan . 
This planning behavior is best described as 
fo l l ows : 

PLAN-AHEAD: 
repeat 

CHECK-EVENTS and note occurrences on e v e n t l i s t ; 
i f e v e n t l i s t is non-nu l l then 
begin 

pre-process events as requ i red ; 
TRY-OUT a l l responses to h i g h e s t - p r i o r i t y 

event using lookahead w i th eva luat ion 
and select "bes t " ; 

if time of response < current time then 
BACKDATE world to time of response; 

post-process events as required 
end; 
ISSUE commands as required from p lan; 
UPDATE world one time step 

until looked ahead 20 min. 

This scheme is s i m i l a r to a product ion system 
in that act ions are generated by the 
event-response pa i r s : i f an a i r c r a f t approaching 
an a i r p o r t is higher than the designated approach 
a l t i t u d e , then a descend command w i l l be 
generated. New knowledge can be eas i l y added by 
i n s e r t i n g new event-response p a i r s . The 
t r a d i t i o n a l product ion approach of implementing 
knowledge in manageable kernels has been used 
qu i te success fu l l y . 

However, the planner departs from the usual 
product ion system technique in a number of 
s i g n i f i c a n t areas. Where most product ion systems 
have employed a pattern-matcher operat ing w i th 
s t a t i c , desc r ip t i ve cond i t i on -ac t i on r u l e s , the 
event-response ru les in t h i s system are 
implemented procedura l l y . While t h i s technique 
has i t s drawbacks, such as r e q u i r i n g 
re -compi la t ion whenever new ru les are added, i t s 
advantages are numerous. Note tha t a l l the events 
are checked fo r w i th every update. Compiled event 
descr ip t ions al low event recogn i t i on to be much 
f a s t e r . Both event and response procedures become 
more powerful w i th the f u l l g e n e r a l i t y of a 
programming language behind them and thus fewer 
are needed. Highly s t ruc tu red data and procedure 
cons t ruc t ion techniques are fo l l owed , so t h a t the 
r e s u l t i n g event-response ru les are qu i t e 
t ransparent and easy to cons t ruc t . 
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The ma in advan tage o f t h e s e p r o c e d u r a l r u l e s , 
however , comes i n t h e way responses a r e h a n d l e d . 
Many p r o d u c t i o n sys tems d i s a l l o w more t h a n a 
s i n g l e r esponse f o r each e v e n t p a t t e r n ; i f 
a l l o w e d , m u l t i p l e responses g e n e r a l l y r e s u l t i n 
b l i n d d e p t h - f i r s t s e a r c h e s . I n t h e ATC p l a n n e r , 
m u l t i p l e r esponses a r e n o t o n l y a l l o w e d b u t 
e n c o u r a g e d . These responses may be proposed f o r 
any w o r l d s t a t e — p a s t , p r e s e n t , o r f u t u r e . Some 
e v e n t s may b e c o n f l i c t s i n t h e p r e s e n t , r e q u i r i n g 
b a c k - u p and responses i n t h e p a s t f o r r e s o l u t i o n ; 
o t h e r e v e n t s may b e e x p e c t e d f u t u r e c o n f l i c t s , 
r e q u i r i n g responses i n t h e p r e s e n t o r nea r f u t u r e . 
A r esponse s e l e c t i o n p r o c e d u r e " t r i e s o u t " each 
p o s s i b l e s p e c i f i c response b y p e r f o r m i n g t h a t 
r e s p o n s e on a w o r l d copy o f t h e a p p r o p r i a t e t i m e 
and u p d a t i n g i n t h e u s u a l manner. T h i s u p d a t i n g 
c o n t i n u e s u n t i l a n o t h e r e v e n t o c c u r s , f o r m i n g a 
" l e v e l " o r b ranch i n t h e d e v e l o p i n g sea rch t r e e . 
E v e n t s o c c u r r i n g t h i s way a r e r e s o l v e d b y 
r e c u r s i v e c a l l s t o t h e response s e l e c t i o n 
p r o c e d u r e u n t i l a p r e - s e t l e v e l has been r e a c h e d , 
whereupon a n e v a l u a t i o n i s p e r f o r m e d . T h i s 
e v a l u a t i o n i s based upon t h e c u r r e n t w o r l d s t a t e 
( t i m e , d i s t a n c e a i r c r a f t a r e f r om t h e i r g o a l s , 
number and s e v e r i t y o f c u r r e n t c o n f l i c t s , e t c . ) 
and t h e p a t h t o i t (number and t y p e o f commands 
i s s u e d i n t h e p a s t ) . Note t h a t l e v e l s a r e 
s e p a r a t e d b y t i r q e f t h a t s t a t e s o f a g i v e n l e v e l 
can have w i d e l y d i f f e r e n t t i m e s and t h a t i n f a c t 
s t a t e s w i t h a h i g h e r l e v e l number do n o t 
n e c e s s a r i l y have l a t e r t i m e s . For examp le , a 
r esponse a t l e v e l 2 m i g h t r e q u i r e a back -up to a 
t i m e b e f o r e l e v e l 0 and cause new e v e n t s to o c c u r 
i m m e d i a t e l y . T h i s wou ld r e s u l t i n a l e v e l 3 t i m e 
b e f o r e t h e l e v e l 0 t i m e and i l l u s t r a t e s a n 
a t t e m p t e d s o l u t i o n d e s t r o y i n g a p r e v i o u s l y 
s u c c e s s f u l p a r t o f t h e p l a n . 

T h i s app roach t o response s e l e c t i o n f r om a 
number o f c a n d i d a t e s by u s i n g a " m i n i - l o o k - a h e a d " 
works f a i r l y w e l l . I t seems t o e f f e c t i v e l y 
c a p t u r e t h e human n o t i o n o f immed ia te o r l o c a l 
knowledge s o e f f e c t i v e i n p r u n i n g s e a r c h t r e e s . A 
c o n t r o l l e r can i m m e d i a t e l y choose t o v e c t o r a n 
a i r c r a f t t o t h e l e f t when t h e r i g h t s i d e o f i t s 
f l i g h t p a t h i s l i t t e r e d w i t h t r a f f i c ; t h i s 
p l a n n e r can make t h e same d e c i s i o n f o r t h e same 
r e a s o n s . Even i n complex s i t u a t i o n s , t h e response 
p r o c e d u r e a l m o s t a l w a y s p i c k s t h e b e s t r e s p o n s e , 
r e s u l t i n g i n v e r y l i t t l e was ted s e a r c h and v e r y 
e f f i c i e n t p l a n g e n e r a t i o n . 

A s i d e f r o m t h e knowledge w i t h i n t h e 
p r o d u c t i o n s , t h e p l a n n e r a l s o uses d i r e c t l y coded 
h e u r i s t i c "common s e n s e " . Fo r examp le , 
g e o g r a p h i c a l l o c a t i o n s o f t h e e v e n t s e n a b l e t h e 
p l a n n e r t o d i v i d e t h e w o r l d i n t o s u b s e t s o f 
a i r c r a f t wh i ch a r e t h e n examined s e p a r a t e l y b y t h e 
response p r o c e d u r e s . T h i s i s s o m e t h i n g humans do 
o n l y i n a l i m i t e d manner : d i r e c t e d a t t e n t i o n i s 
d e f i n i t e l y n e c e s s s a r y , b u t ou r a b i l i t y t o remember 
complex s o l u t i o n s f r o m one a r e a , compute one f o r 
a n o t h e r , and merge t h e two s o l u t i o n s i n t i m e i s 
d i s m a l . The p l a n n e r a l s o has r u l e s f o r p r e v e n t i n g 
c i r c u l a r s o l u t i o n p a t h s o r d e a d l o c k s . A l l o f t h i s 
know ledge , i n a d d i t i o n t o e v e n t p r i o r i t i e s and 
bookkeep ing t a s k s , i s imp lemen ted a s e v e n t p r e -

and p o s t - p r o c e s s i n g i n t h e p l a n n e r . 

SEPARATION CONFLICT: N111JD SWAN-1 
SEPARATION CONFLICT: N3953T AA-21 
AA-21 TOO HIGH FOR APPROACH HAND-OFF 

EXPECTED AT 17:30 

The no ta t ion is tha t used in a i r t r a f f i c 
con t r o l d i sp lays . The hexagons and plus depic t 
rad io f i x e s ; the s o l i d l i n e s connecting them are 
ai rways; the dotted l i n e separates approach 
c o n t r o l ' s a i rspace. N111JD is a Lear Jet heading 
southeast at about 400 knots; SWAN-1 is a 
m i l i t a r y j e t heading southwest then west along the 
airways at 600 knots; N3953T is a s ing le-engine 
Piper heading the same d i r e c t i o n at 200 knots; 
and AA-21 is an American A i r l i n e s 707 heading east 
at 400 knots . A l l a i r c r a f t are at 11000 f e e t . 
The rea l world t ime is 17:10; the plan-ahead 
world time is 17:20 and two c o n f l i c t s are 
occur r ing whi le a t h i r d is expected to occur at 
17:30. The event- response pa i rs responsib le f o r 
n o t i n g / s o l v i n g c o n f l i c t s i n t h i s scenario are 
i n f o r m a l l y s ta ted as f o l l ows : 
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event 2 
f o r a l l a i r c r a f t i : 

i f next f i x i s approach con t ro l 
and assigned a l t i t u d e > 6000 fee t 
then add " i too high f o r approach hand-off" 

t o e v e n t l i s t 

response: 
1. descend a i r c r a f t i to 6000 fee t or below 

event 3 
f o r a l l a i r c r a f t i : 

i f d i s t a n c e d , f l i g h t p l a n t rack) > 4 mi les 
then add " i o f f t r ack " to e v e n t l i s t 

1. t ry "turn i back toward track" 
2. i l distanced,next radio f i x ) < 40 miles 

then t ry "direct i to next radio f i x " 
3. t ry doing nothing 

Notice tha t the f i r s t and t h i r d events have 
m u l t i p l e possib le responses whi le the second has 
only one. As each response is t r i e d , i t s spec i f i c 
parameters ( t ime to g ive command, spec i f i c 
a l t i t u d e , heading, speed, e t c . ) are computed from 
the nature of the event. A so l u t i on to t h i s 
scenar io proceeds as f o l l ows : 

Event pre-processing would separate the 
e v e n t l i s t i n t o three subsets, each conta in ing a 
s i ng le event, based on geographical separat ion. 
It would then g ive the RESPOND procedure world 
copies w i th only the geographical ly re levant 
a i r c r a f t a c t i v a t e d . The f i r s t event would cause 
the twelve poss ib le responses to a separat ion 
c o n f l i c t to be t r i e d ou t . A search t ree of two 
l e v e l s (genera l l y ) would be generated and the 
te rmina l nodes evaluated. The response chosen 
would be "descend N111JD to 10000 fee t at 17:19" 
because i t prevents the c o n f l i c t at 17:20 and the 
eva lua t ion parameters, i n s imu la t ing c o n t r o l l e r s ' 
preferences, favor descend commands given to 
slower a i r c r a f t . The second event would then be 
processed s i m i l a r l y , but the r e s u l t would be " t u r n 
N3953T r i g h t 45 degrees at 17:17" because the 
program would c o r r e c t l y see dur ing look-ahead tha t 
such a radar vector would a l low N3953T to cut 
across the dog- leg formed by the rad io beacon and 
proceed along a shor ter path toward i t s 
d e s t i n a t i o n . The f i n a l event would cause no 
look-ahead, merely a "descend AA-21 to 6000 fee t 
at 17:25" command to be inser ted i n t o the plan 
w i t h the other two. The search t ree generated 
whi le processing the second event is p a r t i a l l y 
presented in Figure 1 . V e r t i c a l l i nes ind ica te 
normal updat ing wi thout c o n f l i c t s . Hor izonta l 
l i n e s i nd i ca te a l t e rna te worlds w i t h the l i s t e d 
commands issued. C i rc les i nd i ca te worlds where 
the numbered c o n f l i c t s occurred and backdating was 
necessary, or where evaluat ions took p lace. The 
diagram ind ica tes normal updating u n t i l 17:20, 
when a type 1 (separat ion) c o n f l i c t occurred. The 
best computed s o l u t i o n path is darkened. Only the 
i n i t i a l command of the path is recorded in the 
p lan . 

The t o t a l plan-ahead world would then be 
back-dated to 17:17 ( the time of the e a r l i e s t 
command) and then updated normal ly , w i th these 
commands being given at 17:17, 17:19, and 17:25. 
With every update a f t e r 17:26, the event "N3953T 
o f f t rack" would t r i g g e r an attempt to t u rn i t 
back to the airway, but SWAN-1 w i l l have caught up 
w i th N3953T by then and prevent tha t choice of 
a c t i o n . Only a f t e r SWAN-1 has safe ly passed w i l l 
the command " t u r n N3953T 45 degrees l e f t ; 
i n te rcep t the airway and proceed on course" be 
inser ted i n t o the p lan . At 17:23, when N111JD has 
the approach con t ro l rad io f i x as i t s next one, 
the event "N111JD too high fo r approach 
hand-off—expected at 17:30" would i n s e r t "descend 
N111JD to 6000 at 17:25". Cont inuing, at 17:25 
both N111JD and AA-21 would be given descents to 
6000, only to c o n f l i c t at 17:29. The best 
r e s o l u t i o n , "descend AA-21 to 5000 fee t at 17:24", 
would be added to the plan and the "17:25 descend 
AA-21 to 6000" command deleted by event 
post-processing. With t h i s f i n a l a d d i t i o n , 
updating proceeds past 17:30 and PLAN-AHEAD 
re turns the fo l l ow ing plan to the rea l wor ld : 

17:17 tu rn N3953T r i g h t 45 degrees 
17:19 descend N111JD to 10000 
17:24 descend AA-21 to 5000 
17:25 descend N111JD to 6000 
17:28 tu rn N3953T l e f t 45 degrees 

to i n te rcep t airway 

The plan can be improved by descending N111JD 
to 6000 at 17:19, thus saving a command, but t h i s 
behavior accurately r e f l e c t s the c o n t r o l l e r ' s 
tendency to s t a i r - s t e p a i r c r a f t down, so lv ing 
c o n f l i c t s on a l o c a l bas is . 

Implementation 

This problem-solving s imu la t ion has been 
working as described at the Un ivers i t y of Texas 
f o r about a year now. The c o n t r o l l e r ' s d isp lay 
was simulated on an IMLAC PDS-1d graphics termina l 
using l o c a l l y - w r i t t e n sof tware; the s imu la t ion 
and planner both run on a DEC-10 in te r faced w i t h 
the IMLAC. The language chosen f o r 
implementat ion, PASCAL, seems the best compromise 
between concerns of e f f i c i e n c y and g e n e r a l i t y . 
With a l l the knowledge discussed so f a r 
implemented, the program runs in 40K words of 
core. Typica l s imulat ions of up to twenty 
a i r c r a f t , w i th up to ten ac t i ve at any one t ime, 
i nvo l v i ng f i f t e e n to twenty commands requ i red over 
about one hour of simulated t ime, can be run in 30 
CPU seconds. These s i t u a t i o n s correspond roughly 
to a 100$ sector load f a c t o r , as def ined by ATC 
centers fo r t r a i n i n g purposes. Contr ived 
s i t u a t i o n s i nvo l v i ng m u l t i - a i r c r a f t separat ion 
c o n f l i c t s ( a l l a i r c r a f t a t the same plaoe at the 
same time at the same a l t i t u d e ) take cons iderab ly 
longer : a f i v e a i r c r a f t c o n f l i c t r e s o l u t i o n takes 
two minutes; a seven a i r c r a f t one takes t h ree . 
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This performance degradation is caused by the 
sharp increase in the number of possib le responses 
examined: a separat ion c o n f l i c t has the most 
general response procedure w i t h s i x p o t e n t i a l 
responses f o r each a i r c r a f t i nvo lved . As more 
experience is gained w i th the system, perhaps t h i s 
s i n g l e event can be broken down i n t o more s p e c i f i c ' 
events r e q u i r i n g less search to produoe responses. 
In any case, separat ion c o n f l i c t s i n v o l v i n g over 
two or three a i r c r a f t are extremely rare and are 
d i f f i c u l t f o r humans as w e l l . 

In add i t i on to these "abso lu te" performance 
t e s t s , the program has a lso been tes ted against an 
expert human c o n t r o l l e r . Data was taken from a 
near-by ATC center dur ing c o n t r o l l e r t r a i n i n g 
sessions. Photographs of the ac tua l radar scope, 
recordings of p i l o t - c o n t r o l l e r communications, and 
f l i g h t p l a n s t r i p s enabled a complete 
re - cons t ruc t i on of several hour- long secnarios and 
af forded the means to d i r e c t l y compare the 
program's performance to tha t of a h i g h l y - t r a i n e d 
c o n t r o l l e r . The program was able to handle 
v i r t u a l l y a l l o f the c o n f l i c t s i t u a t i o n s recorded, 
al though m u l t i p l e c o n f l i c t s hard f o r the human 
proved to requ i re extensive back-up and execut ion 
t ime in the program as w e l l . Using f a i r l y common 
c r i t e r i a such as number of commands requ i red , 
a i r c r a f t t r a n s i t t imes, and the l i k e , the program 
was able to do as w e l l as or be t te r than the 
c o n t r o l l e r on a l l of the scenar ios. In one 
p a r t i c u l a r l y tough scenar io, the program issued 15 
commands to the c o n t r o l l e r ' s 40, and in 16 out of 
19 i n d i v i d u a l a i r c r a f t cases equal led or exceeded 
c o n t r o l l e r performance. 

Program performance so f a r ind ica tes tha t 
p r a c t i c a l implementation could be considered. The 
magnitude of the problem is tremendous indeed, yet 
the marked success of t h i s one-man prototype 
system w i t h i t s smal l s ize and run times ind ica tes 
t h a t the essen t ia l s are present upon which to 
expand. If a commitment were made to deploy such 
a system, i t s inpu t would be c u r r e n t l y ava i l ab le 
d i g i t i z e d radar data, and i t s output ( the 
commands) could be relayed to the p i l o t s by a 
human c o n t r o l l e r , a CRT or data l i n k i n s t a l l e d in 
the a i r c r a f t , or a computer-generated vo ice . The 
program would requ i re an a b i l i t y to recognize 
problems it cannot solve in a reasonable time and 
ask the-human c o n t r o l l e r f o r he lp ; i t s knowledge 
of a i r c r a f t and environment s p e c i f i c s would have 
to be increased s u b s t a n t i a l l y ; i t would have to 
be the epitome of r e l i a b i l i t y . These problems 
appear to be manageable. The most d i f f i c u l t 
problems any implementor would face w i l l probably 
be in the realm of engineer ing and management: 
i n t e r f a c i n g the p lanning computers w i t h the f l i g h t 
p lan processing and data reduct ion ones, 
main ta in ing the data bases requ i red , designing a 
f a i l - s a f e man-machine i n t e r f ace and back-up 
system. In a d d i t i o n , the psychologica l problems 
of p i l o t , c o n t r o l l e r , and pub l i c acceptance appear 
to be the most potent of a l l . 

Conclusions and Directions 

The a i r t r a f f i c c o n t r o l l e r system described 
here is another example of a problem so lver which 
performs w i th a high l e v e l of competence in a very 
l i m i t e d environment. I t s ac tua l c a p a b i l i t i e s have 
been d i f f i c u l t to judge to date; f i n d i n g 
scenarios which t r u l y "cha l lenge" i t i s j u s t one 
of the problems here. There should be bene f i t s 
from t h i s research, however, extending beyond the 
world o f a i r t r a f f i c c o n t r o l . The concepts t h i s 
system embodies are general enough tha t t h e i r 
a p p l i c a b i l i t y in more t r a d i t i o n a l robot worlds 
should be exp lored. Constra int s a t i s f a c t i o n is a 
s i g n i f i c a n t par t o f the p lanner 's task. I t 
d i f f e r s from more t r a d i t i o n a l work in t h i s area 
[ 8 ] in tha t both the degree of freedom and the 
des i re to minimize the number of "s teps" in the 
s o l u t i o n path are much g rea te r . 

The success of t h i s planner concerning 
time-dependent problems is notable as w e l l . The 
idea of making decis ions based on l o c a l knowledge, 
then s imu la t ing forward in t ime to observe how the 
r e s u l t s conform to a g loba l s t ra tegy is qu i te 
i n t u i t i v e . Before now, the problem of time has 
compounded the more general frame problem of robot 
problem solvers [ 9 ] ; t h i s d i sc re te s imu la t ion 
approach has the decided advantage of s i m p l i c i t y 
and appears to be psycho log ica l l y reasonable as 
w e l l . I t could be appl ied to any world r equ i r i ng 
p lanning and execut ion under uncer ta in ty and 
complex i ty . 
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