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SUMMARY 

A study w a s  undertaken t o  inves t iga te   appl ica t ions  of  Cockpit  Display of 
Traffic  Information (CDTI)  in   the   opera t ion  of current,   conventionally  equipped 
t ranspor t   a i rc raf t .   S ince   f l igh t   decks  of t h e   c u r r e n t   t r a n s p o r t - a i r c r a f t   f l e e t  
probably w i l l  not   be   reconfigured  to  accommodate a spec ia l   d i sp lay   dedica ted   to  
this  purpose,  the  weather-radar  cathode-ray  tube (CRT) is  the  prime contender 
fo r   t he   p re sen ta t ion  of CDTI. However, unique  problems may result from the  use 
of the  weather-radar CRT f o r  CDTI, s i nce   t he  CRT s i z e  is  not  optimized  for CDTI 
appl ica t ions  and t h e  CRT is not   in   the  pi lot ' s   pr imary  visual   scan area. 

The primary  objective of t h i s   s t u d y  w a s  to   assess   the   impact  of d i sp lay  
s i z e  on t h e   a b i l i t y  of p i l o t s  t o  u t i l i ze   t he   t r a f f i c   i n fo rma t ion   t o   ma in ta in  a 
specified  spacing  interval  behind a l ead   a i r c ra f t   du r ing  an approach  task. The 
f ive   d i sp l ay   s i ze s   cons ide red   a r e   r ep resen ta t ive  of t he   d i sp l ay  hardware  con- 
f igu ra t ions  of airborne  weather-radar  systems. A t o t a l  of 8 0  simulated 
approaches  were  flown  during this  evaluation  and,  through  the  use of p i l o t  
quest ionnaires  and  performance  data,  the  following  results were obtained. From 
a p i l o t ' s   s u b j e c t i v e  workload  viewpoint,  even the   smal les t   d i sp lay   s ize  was 
usable  for  performing  the  self-spacing  task.  From a performance  viewpoint,  the 
mean spacing  values,  which a re   i nd ica t ive  of how w e l l  t h e   p i l o t s  were a b l e   t o  
perform  the  task,   exhibi t   the  same t r ends ,   i r r e spec t ive  of d i sp l ay   s i ze ;  how- 
ever ,   the   s tandard   devia t ion  of the  spacing  intervals  decreased  (performance 
improves) as the  display  s ize   increased.   Display  s ize ,   therefore ,   does  have a 
s i g n i f i c a n t   e f f e c t  on p i l o t  performance. 

INTRODUCTION 

The Federal  Aviation  Administration ( F A A )  and the  National  Aeronautics  and 
Space  Administration ( N A S A )  have  undertaken a program to  explore   the  conceptual  
implementation  and  application  aspects of the  Cockpit  Display of T r a f f i c  
Information ( C D T I )  through  par t ia l  and f u l l  workload  system  studies. A s  a part 
of t h i s  program, the  NASA Langley  Research  Center is inves t iga t ing  CDTI 
appl ica t ions   in   the   opera t ion  of current ,   convent ional ly   equipped,   t ransport  
a i r c r a f t .  For th i s   t ype  of a i r c r a f t ,   t h e  prime  contender  for  the  presentation 
of the   t ra f f ic   in format ion  is  the  weather-radar  cathode-ray tube ( C R T ) .  (See 
f ig .  1.) In c o n t r a s t   t o  advanced a i rc raf t   concepts   where in   the   t ra f f ic  
information w i l l  probably be presented on an e l ec t ron ic   ho r i zon ta l   s i t ua t ion  
display,  unique  problems may result from the  use of the  weather-radar CRT f o r  
CDTI. The weather-radar CRT s i z e  is not  optimized  for CDTI appl ica t ions  and 
the  CRT is not   in   the   p i lo t ' s   p r imary   v i sua l   scan   a rea .  

The primary  objective of th i s   s tudy  w a s  to   assess   the   impact  of d isp lay  
s ize   ( the  physical   v iewing  area of a CDTI) on p i l o t   a b i l i t y  t o  in t e rp re t   and  
u t i l i z e   t h e   t r a f f i c   i n f o r m a t i o n  t o  maintain a spec i f ied   spac ing   in te rva l   behind  
a l ead   a i r c ra f t   du r ing  an approach  task. The f ive   d i sp l ay   s i ze s   cons ide red  



ranged  from 7.62-cm (3-in.)  high by  10.16-cm (4-in.)  wide t o  a 16.51-cm 
(6.5-in.)  square  and  are  representative of the  display  hardware  configurations 
i n   c u r r e n t  and  proposed  airborne  weather-radar  systems. 

The primary p i lo t  t a s k   f o r   t h i s   s t u d y  w a s  t o  maintain a spec i f ied   spac ing  
interval   behind a cockpit-displayed  lead  aircraft   while  conducting a simulated 
approach. A secondary p i lo t  t a s k  w a s  monitoring  the  additional  surrounding 
t r a f f i c   t o   i n su re   adequa te   s epa ra t ion .  Each of four  pi lots  flew 20 approaches 
i n t o  a simulated  Denver-Stapleton  environment  (fig. 2 ) .  Data  were taken  in   the 
form  of  tracking-performance  measurements  and p i lo t   ques t ionna i r e s .  

U s e  of t r ade  names o r  names of manufacturers  in  this  report   does  not con- 
s t i t u t e  an o f f i c i a l  endorsement  of  such  products  or  manufacturers,  either 
expressed  or  implied,  by the  National  Aeronautics  and  Space  Administration. 

RESEARCH  SYSTEM 

General  Description 

This  study employed a fixed-base  simulator  configured as a two-engine, 
convent ional ly   equipped  t ransport   a i rcraf t   ( f ig .  1 ) .  It should  be  noted  that, 
al though  the  simulator  cockpit  had f o u r   t h r o t t l e   c o n t r o l s ,   t h e s e   c o n t w l s  were. 
mechanical ly   pinned  together   in   pairs   to   represent   the two-engine  configura- 
t ion .  The hos t  computer fo r   t h i s   s imu la t ion  was a Control Data CYBER 175 com- 
puter  system, which con ta ined   t he   a i r c ra f t  dynamics, navigat ion,  and f l i g h t  
direct ion  a lgori thms.  The s imula ted   a i rc raf t  dynamics  modeled  were those of a 
Boeing 737 and included  nonl inear  aerodynamic data  and  atmospheric  effects. 
Conventional  navigation  instruments, which inc luded   hor izonta l   s i tua t ion   ind i -  
c a t o r s ,   f l i g h t   d i r e c t o r ,  and distance  measuring  equipment ( D M E ) ,  were provided 
in   t he   cockp i t .  Normal terminal-area  navigation  procedures were used  through- 
out   the test. Neither  autopilot   nor  automatic  f l ight-control  system was pro- 
v ided   t o   t he   p i lo t .   I n   add i t ion ,  no attempt w a s  made t o   d u p l i c a t e  any spec i f i c  
a i rc raf t   cockpi t   conf igura t ion   or   cont ro l -wheel - force   fee l   charac te r i s t ics .  

Traffic  Generation Scheme 

The d i s p l a y e d   t r a f f i c  was generated from data  previously  recorded  using 
t h e  Langley Real-Time Simulation System. S p e c i f i c a l l y ,   t h e   t r a f f i c   d a t a  were 
c rea ted  by using a p i lo ted   s imula t ion   capabi l i ty ,   where in   f l igh ts  were made 
along  each of the  routes  that   corresponded t o  the   a i rway  s t ruc ture   p rescr ibed  
by the  test scenarios .  These ind iv idua l   f l i gh t s  were recorded  and  then merged 
i n t o  a set of d a t a   t h a t  w a s  pos i t ion  and t i m e  co r re l a t ed .  The output of these 
merged data  w a s  the   representa t ion  of numerous airplanes  fol lowing  several  
f l i g h t   p a t h s  and landing  with a nominal separat ion of 3 n.mi. a t   t h e  runway 
threshold.   This  traffic-generation  technique w a s  developed  for  use  in  the 
s tudy  descr ibed  in   reference 1. 
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CDTI DISPLAY 

General 

The d isp lay   used   as   the  CDTI f o r   t h i s   s t u d y  w a s  an 875-raster- l inef  mono- 
chromatic,  cathode-ray tube, which could  provide  higher  resolution  than most 
weather-radar CRT ' s .  The tube measured 25.4 c m  ( I O  in . )   across   the  diagonal  
and w a s  loca ted   behind   the   th ro t t le   quadrant ,  which i s  the  normal l o c a t i o n   f o r  
a weather-radar  display on many a i r c r a f t   ( f i g .   1 ) .  This CRT w a s  dr iven by 
an Adage Graphics  System, which in   t u rn   r ece ived   da t a  from the   hos t  computer. 
I n   o r d e r   t o   o b t a i n   t h e   d i s p l a y   s i z e s   f o r   t h i s   s t u d y ,   f i v e  opaque masks were 
used t o  reduce  the  physical   d isplay  s ize  of t he  CRT. Th i s   r e su l t ed   i n   f i ve  
displays  with  the  following  dimensions: 

Height , cm ( i n .  Width, cm ( i n .  ) 

16.51 (6.5) 16.51 (6.5) 
12.70 ( 5 . 0 )  10.16 ( 4 . 0 )  
10.16 (4 .0 )  10.16 ( 4 . 0 )  
7.62 (3.0) 10.16 ( 4 . 0 )  

10.16 ( 4 . 0 )  diameter   (c i rcu lar )  

The general   format  for  the CDTI was a "track-up"  display  with a f ixed-  
pos i t ion ,  own-ship symbol t h a t  was cen te red   l a t e ra l ly  on the   d i sp lay  and was 
located  longi tudinal ly   such  that   two-thirds  of the   longi tudina l   d i s tance  was 
always  ahead of t h e  own-ship symbol. The CDTI included a moving map which 
appeared t o  have  continuous  motion  relative t o   t h e  own-ship symbol and  which 
showed the  nominal  ground path  €or  the  ship.  This path was an e l e c t r o n i c  
representa t ion  of t he  ILS runway 35R approach t o   t h e  Denver-Stapleton a i r -  
port .  (The actual  published  approach i s  shown i n  f i g .  2,  and f i g .  3 is  an 
i l l u s t r a t i o n  of t h e  CDTI representa t ion  of t h e   i n i t i a l   p o r t i o n  of t h e  
approach.) 

S i x  map scales ,   ranging from 0.4 t o  12.6 n.mi./cm (1 .0  t o  32.0 n.mi./in.) 
were ava i l ab le   t o ,  and con t ro l l ab le  by, the   eva lua t ion   p i lo t s .  These s i x  map 
scales   are   as   fol low: 

Scale  number n.mi./cm n.mi./in. 

0 e 4  

-8  
1 a6 
3.2 
6.3 

12.6 

1 .o 
2.0 
4.0 
8.0 

16.0 
32.0 

'Adage Graphics System: Registered  trademark  of Adage, Inc. 
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Used in   conjunct ion  with  the own-ship symbol w a s  a lubbe r   l i ne ,  which 
began a t  the  own-ship symbol and w a s  p ro jec ted   d i rec t ly   ahead   to  a sca led  
l eng th   equ iva len t   t o  5 n.mi. (With the   smal les t  map scale f ac to r   s e l ec t ed ,   t he  
lubber   l ine  only  extended  to  3 n.mi. , s ince  a t  greater ranges,   the  5-n.mi. end 
of t he   l ubbe r   l i ne  would be  physical ly   off   the   display.)  In addition,  range 
a rc s  were displayed on the   lubber   l ine   a t   sca led   ranges  of 3 and 5 n.mi. (which 
were the   p rescr ibed   spac ing   in te rva ls   for   the  t e s t )  i n  a manner t h a t   t h e   a r c s  
were b isec ted  by the  lubber   l ine.  

Figures 3 and 4 are representa t ive  of the  general  CDTI  format  used i n   t h i s  
study. 

T ra f f i c  Symbology 

A s  with  the moving map, t h e   t r a f f i c   a i r c r a f t  symbology moved r e l a t i v e   t o  
t he  own-ship symbol. Unlike  the map, however, t h e   t r a f f i c  symbology data  were 
updated a t  4-sec intervals   to   s imulate   data   obtained  f rom a terminal-area  radar 
system.  This  updating  interval gave t h e   t r a f f i c  symbology the  appearance of 
be ing   f ixed   to   the  moving map between updates and then  " leaping"  to  i t s  new 
pos i t i on   a t   t he   upda te .  

The t r a f f i c  symbology w a s  obtained from the  work of reference 2 and 
e x p l i c i t l y   i d e n t i f i e d   t h e   t r a f f i c ' s   a l t i t u d e   r e l a t i v e   t o  own-ship. T ra f f i c  
within an a l t i t u d e  band  of  f150 m (500 f t )  was d e f i n e d   t o  be  "at" own-ship 
a l t i t u d e .  In a d d i t i o n ,   t h e   t r a f f i c  symbology included a t rend   vec tor ,   pas t  
pos i t i on   i nd ica to r s ,  and  an a i r c ra f t   da t a   b lock   ( f ig .   5 ) .  The t rend  vector  was 
a function of a i rc raf t   heading  and  ground  speed  and w a s  an est imate  of where 
t h e   a i r c r a f t  would be   i n  60 sec. The posi t ion  his tory  depicted  three  previous 
a i r c r a f t   p o s i t i o n s  ( a t  every  other  update;   8-sec  intervals).  An a i r c r a f t   d a t a -  
block  opt ion,   se lectable  by t h e   s u b j e c t   p i l o t  from the  cockpit ,   caused  the  data 
b locks   fo r   a l l   t he   d i sp l ayed   a i r c ra f t   t o   appea r .  A l l  alphanumeric  characters 
and t h e  symbols were of constant  s i z e s ?  regard less  of t h e  map sca l e  used. 

Traff ic   Scenario 

Three t r a f f i c   s c e n a r i o s  were developed  for   this   s tudy.  Two of the  sce- 
narios  involved a t o t a l  of 13 a i r c r a f t ,  and the  third  involved 15. Each of t h e  
scena r ios   con ta ined   a i r c ra f t   t ha t  were t ak ing   o f f ,   l and ing ,  and f lying  over   the 
t e rmina l   a r ea   a t   h igh   a l t i t udes .   A i rc ra f t   t ak ing   o f f  and   landing   u t i l i zed  
runways 35L ( l e f t )  and 35R ( r i g h t )   i n  a paral le l ,   but   not   s imultaneous,   opera-  
t i o n a l  manner. The f l i g h t   p a t h  of t h e   a i r c r a f t   t a k i n g   o f f   s i m u l a t e d   t h e   f l i g h t  
of the  published  Standard  Instrument  Departure  (SID)  procedures  for  the 
Stapleton-Internat ional   Airport ,  Denver,  Colorado. The l a n d i n g   a i r c r a f t  
simulated  either  the  published  instrument  approach  or  radar  vectoring  to  the 
f i n a l  approach  course. 

In  each of t h e   s c e n a r i o s ,   t h e   i n i t i a l   p o s i t i o n   f o r   t h e   l e a d   a i r c r a f t  was 
the  Kiowa VORTAC ( I O C ) ,  with a heading of 253O, a speed  of 250 knots,  and  an 
a l t i t u d e  of 4267 m ( 1 4  000 f t ) .  The published  approach was flown by t h i s   a i r -  
c r a f t   t o  runway 35R ( f i g .  2 ) .  The fo l lowing   a i rc raf t   in   the   l anding   sequence  
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w a s  always  own-ship, with an i n i t i a l   p o s i t i o n  5 n.mi. beh ind   t he   l ead   a i r c ra f t ,  
a t  the  same heading,  airspeed,  and  alt i tude.  A l l  of the   scenar ios  w e r e  
designed to   p rovide  a minimum spac ing   in te rva l  of 3 n.mi. between sequent ia l  
a i r c r a f t   a t   t h e  runway threshold.  

P i l o t  Task 

Eighty  simulated  instrument  approaches were flown by four  NASA research  
p i lo t s ,   wi th   each   p i lo t   f ly ing   four   s imula tor   sess ions   cons is t ing  of f i v e  
approaches. The f i r s t  approach  for  each  session w a s  a l l o c a t e d   f o r   p i l o t  
r e fami l i a r i za t ion  and  used  the  largest  (16.51 X 16.51 c m )  mask s ize .  The da ta  
from  each  of these   in i t ia l   runs ,   whi le   recorded ,  were not   used  in   the compara- 
t i v e  ana lys i s  of d i sp lay   s ize .  The l a r g e s t  mask w a s  a l s o  used on the  las t  
approach for  each  session. It was t h i s   l a t e r  set of d a t a   t h a t  was used t o  
obta in   the   compara t ive   resu l t s   for   th i s  mask size.   This  testing  sequence w a s  
chosen t o  g ive   t he   p i lo t s  a bas i s   for   the i r   subjec t ive   ana lys i s   dur ing   each  
test period. Given i n   t a b l e  I i s  the  sequence i n  which the  mask s i z e s  were 
evaluated by each  pi lot .  Both q u a l i t a t i v e  and quant i ta t ive   da ta  w e r e  taken 
during  the  evaluation:  the  quali tative  data  in  the form  of p i lo t   ques t ionna i r e s  
(appendix A )  and comments and the   quan t i t a t ive   da t a   i n   t he  form  of spacing 
interval   parameters .  

The p i l o t ' s   o p e r a t i o n a l  task was t o   e s t a b l i s h  and maintain a prescr ibed 
spacing  interval   behind  the  lead  a i rcraf t   whi le   execut ing an instrument 
approach  and t o  maintain  posi t ive  separat ion from o t h e r   t r a f f i c   i n   t h e   t e r m i n a l  
area.  The simulated  approach  profile i s  shown i n   f i g u r e  2,  and the  spacing 
i n t e r v a l  was established  using  information from the  CDTI  display.   In  "flying" 
the  approach,   the   pi lots  were p r e i n s t r u c t e d   t o   m a i n t a i n   t h e   i n i t i a l  5-n.mi. 
i n t e r v a l  and t o  descend t o  an a l t i t u d e  of 10 000 f t  (3648 m )  a t   h i s   d i s c r e -  
t ion .  A t  a d i s tance  of 20 n.mi. outward bound from,the Kiowa VORTAC ( a s   i n d i -  
ca ted  on the   cockpi t  D M E ) ,  t h e   p i l o t ' s   t a s k  was t o  make a r i g h t   t u r n ,   i n t e r c e p t  
the  runway-35R l o c a l i z e r  and  reduce h i s   spac ing   i n t e rva l   t o  3 n.mi. The t a s k  
ended when own-ship crossed  the  middle  marker. 

An a d d i t i o n a l   p i l o t   t a s k  was t o  moni tor   the   d i sp lay   for   po ten t ia l   t ra f f ic  
c o n f l i c t s ,  even  though  no p o s i t i v e   c o n f l i c t s  were programmed i n t o   t h e   t r a f f i c  
scenarios.  The test  subjec ts  had not  been t o l d   t h a t   t h e y  were  working  with 
conf l ic t - f ree   scenar ios ,   bu t   ra ther  had  been p r e i n s t r u c t e d   t o  be alert  f o r  
c o n f l i c t s .  

In  performing  these  experiments,  the  test  engineer  functioned as a pseudo 
f i r s t   o f f i c e r  and  performed  such manual t a s k s   a s   f l a p  and landing  gear  actua- 
t ion   p lus   rad io   tun ing   in   accordance   wi th   the   "ca l l -out"  by t h e  test  subjec t .  
During these tests, the   t e s t   eng inee r   d id   no t   a s s i s t   t he  test sub jec t   i n  con- 
t r o l l i n g   t h e   s i m u l a t e d   a i r c r a f t ,   m o n i t o r i n g   t h e   t r a f f i c   d i s p l a y ,  or performing 
any decision-making  process. 
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RESULTS AND DISCUSSION 

Display  Factors 

Map scale.- Throughout  these tests, t h e   t e s t   s u b j e c t s   c o n s i s t e n t l y  used 
the  smallest scale f a c t o r  (greatest p o s i t i o n   r e s o l u t i o n )   t h a t  would keep t h e  
lead   a i rc raf t   wi th in   the   v iewing   a rea  of t h e  CDTI d isplay  (e .g . ,   wi th   the 
7.62-cm X 10.16-cm (3.0-in. X 4.0-in.) mask and the  0.8-n.mi./cm 
(2.0 n .mi . / in . )   sca le ,   the   fur thes t   the   p i lo t   could  "see" ahead  of  own-ship w a s  
4 n.mi.1. The da ta   po in ts  shown i n   f i g u r e s  6 and 7 indicate   the  percentage of 
t i m e  t h a t  a s p e c i f i c  map s c a l e   ( p l o t t e d  on the   o rd ina te )  was used a s  a function 
of t he   d i sp l ay   he igh t   (p lo t t ed  on the   absc i s sa ) .  It should  be  noted  that  
d i sp lay   he ight  was used  as a pr imary   var iab le   in   the   da ta   ana lys i s ,   s ince   th i s  
was t h e   c r i t i c a l   d i s p l a y  dimension for   the   se l f - spac ing   task .  The 5-n.mi. and 
3-n.mi. boundaries shown i n   t h e s e  two f igu res ,   r e spec t ive ly ,   de f ine   t he  lower 
map-scale limits tha t   t he   t e s t   sub jec t s   cou ld   u se  and s t i l l  observe  the  lead 
a i r c r a f t .  The only   t ime  the   t es t   subjec ts   used   the   l a rger  map-scale f a c t o r s  
was  when they  needed t o  mon i to r   t he   t r a f f i c   s i t ua t ion   fo r   po ten t i a l  con- 
f l i c t s .  In   order   to   accomplish  this   monitor ing  funct ion,   the   tes t   subjects  
would s e l e c t   l a r g e r  map-scale fac tors   and ,   thus ,   update   the i r   s i tua t iona l  
awareness.  These l a r g e r  map-scale f ac to r s  were s e l e c t e d   a t  1- t o  2-min i n t e r -  
va ls  and for   per iods   usua l ly   l ess   than  10 sec.  

This resu l t  is  consis tent   with a s i m i l a r   r e s u l t  found i n   t h e   f l i g h t   s t u d y  
repor ted   in   re fe rence  3. In tha t   f l i gh t   s tudy ,   t he   t e s t   sub jec t s   gene ra l ly  
prefer red   the   smal le r  map-scale fac tors ,   except   for  when they  "per iodical ly  
s e l e c t e d   t h e   l a r g e s t   s c a l e   f a c t o r   t o   o b t a i n  a s t r a t e g i c  view  of t h e  t r a f f i c  
s i t u a t i o n .  'I 

Data  blocks.- The t r a f f i c   da t a   b locks   ( a s  shown i n   f i g .  5) conta ined   ca l l -  
s ign ,   a l t i tude   (above  mean s e a   l e v e l ) ,  and ground-speed information. Through- 
o u t   t h e s e   t e s t s ,   t h e  tes t  subjects  constantly  kept  the  data-block  information 
on the  display,  even  though they were provided  with an op t ion   t o   de l e t e   t he  
data  blocks from the   d i sp lay .  The primary  reason,  as  expressed by t h e   t e s t  
subjects ,   for   cont inuously  displaying  the  data   blocks was that  they  needed  the 
t r a f f i c  ground-speed  information  for  both  establishing a c l o s u r e   r a t e   t o   o b t a i n  
the  prescr ibed  spacing  interval   and,  once obta ined ,   to   main ta in   the   in te rva l  by 
matching  own-ship  ground  speed t o   t h a t  of t h e   l e a d   a i r c r a f t .  Thus, it was 
found  from th is   exper iment   tha t   t a rge t  ground-speed information i s  an important 
data-block  element  for  the  self-spacing t a s k .  

This result is  somewhat d i f f e r e n t  from the  corresponding  resul t   obtained 
i n  a p rev ious   f l i gh t   s tudy   ( r e f .   3 ) .  In  t ha t   f l i gh t   s tudy ,   t he   da t a -b lock  
information was used   pr imar i ly   for   conf l ic t   reso lu t ion ,  and the  primary  infor- 
mation  element  used was a l t i t u d e .  However, it is  be l i eved   t ha t   t hese  are not  
contradictory  f indings  because of the   d i f fe rences   in   the   p r imary   tasks .  In  t h e  
f l i g h t   s t u d y ,  merging was the  primary  operational  task,   followed by a very 
shor t  ( 1  t o  2 n.mi.1 spacing  task.  In the  s imulat ion  s tudy,   the   self-spacing 
t a s k  was continuous  over two, consecutive,  20-n.mi. segments.  This  leads  to 
the  conclusion  that   the   re la t ive  importance of the  individual  element  within a 
data  block i s  d i r e c t l y   r e l a t e d   t o   t h e   s p e c i f i c   o p e r a t i o n a l   t a s k .  
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Traff ic   update   interval . -  A s  prev ious ly   i nd ica t ed ,   t he   r e l a t ive   pos i t i on  
of the   sur rounding   t ra f f ic  w a s  updated a t  4-sec i n t e r v a l s .  One cons i s t en t  
comment from  one  of t h e  tes t  sub jec t s  w a s  t ha t   t h i s   upda te  rate, coupled  with 
the   phys ica l   loca t ion  of t he   t r a f f i c   d i sp l ay ,   caused  him t o  "spend too  much 
t i m e  away from his   p r imary   f l igh t   d i sp lays ."   Fur thermore ,   th i s  w a s  one of t h e  
NASA r e s e a r c h   p i l o t s  who served as a test  subjec t  on the   p rev ious   f l i gh t   s tudy  
( r e f .  3)  and  had not  noted  update  rate/location  as a problem. A l s o  i n   t h a t  
f l i g h t   s t u d y ,   t h e   t r a f f i c   d i s p l a y  w a s  loca ted  on the   e l ec t ron ic   ho r i zon ta l  
s i t u a t i o n   i n d i c a t o r  (EHSI),  which w a s  loca ted  i n  the  primary scan pa t t e rn  of 
t he  test  subjec t ,  as contrasted  with  the  Simulation  study. A n  add i t iona l  con- 
t r i b u t o r  w a s  the   opera t iona l   t ask .  A s  previous ly   ind ica ted ,   the   opera t iona l  
t a sk   fo r   t he   f l i gh t   s tudy  w a s  b a s i c a l l y  a merge task  followed by a very  br ief  
spac ing   task ,   as  compared with a prolonged  spacing  task  in   the  s imulat ion 
study. The primary  conclusion  that  can be drawn from t h i s  comment is  t h a t  
t he re  may be a r e l a t i o n s h i p  between display  update rate, d i sp l ay   l oca t ion ,  and 
the   opera t iona l   t ask .  

Disp lay   c lu t te r . -   In   the   p rev ious   f l igh t   s tudy   ( re f .  31, d i s p l a y   c l u t t e r  
w a s  found t o  be a major  problem. In th i s   s imula t ion   s tudy ,   d i sp lay   c lu t te r  was 
less of a problem,  primarily  because  there were  fewer t a r g e t   a i r c r a f t  on t h e  
CDTI d isplay.   This   re la t ive  decrease  in   the number of t a r g e t   a i r c r a f t  was 
caused by t h e   t e s t   s u b j e c t ' s   d e s i r e   t o  have the   h ighes t   pos i t i on   r e so lu t ion ,  
which r e su l t ed   i n   t he   u se  of smal le r   sca le   fac tors .  However, when t h e   t e s t  
sub jec t s   swi t ched   t o   l a rge r   s ca l e   f ac to r s   t o   mon i to r   t he   s t r a t eg ic   t r a f f i c  
s i t ua t ion ,   t he   d i sp l ay   d id  become severe ly   c lu t te red ,   wi th  many of t he   da t a  
blocks becoming unreadable,  as one overlayed  another. From a t h e o r e t i c a l  view- 
po in t ,   t he   d i sp l ay   c lu t t e r  problem  should  increase  with a reduct ion  in   display 
s ize   because,   for  a given  task,   the s a m e  information  content is  p laced   in  a 
smaller display  area.  

Workload  and Spacing  Performance 

In par t ia l -workload  s imulat ion  s tudies  it is  impossible t o   s i m u l a t e   t h e  
full-workload  conditions  associated  with a "real-world"  operational  task.   In 
t h i s   s t u d y   t h e   p i l o t  was not   required t o  communicate with an a i r  t r a f f i c  con- 
t r o l l e r   n o r  w a s  he  required  to  perform normal procedural  checks  (before  landing 
check l i s t ,  etc.) .  However, fo r   t h i s   s imu la t ion   s tudy ,   t he   sub jec t   p i lo t ' s  
workload w a s  e leva ted  above a normal par t ia l -workload  level  by r equ i r ing  him t o  
funct ion  as  a s i n g l e   p i l o t ;   t h a t  is, he w a s  r equ i r ed   t o   exe rc i se  to ta l  manual 
cont ro l  of the   s imula ted   a i rc raf t   wi thout   us ing  any au top i lo t   f ea tu re s ,  was 
required  to   perform a l l  of the  t raff ic   display  monitor ing,   and w a s  f u r t h e r  
required  to   perform a l l  decision-making  functions. It is  be l ieved ,   therefore ,  
t ha t   t h i s   s imu la t ion   t a sk   t ended   t o   e l eva te   t he  test subjec t  workload  equal t o  
o r  above t h a t   r e q u i r e d   i n   t h e  "real world." 

Display  size  impact on t a sk   d i f f i cu l ty . -  As a p a r t  of t h e   p i l o t ' s  ques- 
t i onna i r e   fo r   t h i s   s tudy ,   t he  tes t  subjec ts  were asked t o  mark, on a bar  graph, 
t h e i r   r a t i n g  of t h e   t a s k   d i f f i c u l t y  of the  self-spacing and t ra f f ic -moni tor ing  
tasks   for   each   d i sp lay   s ize .  The results of t hese   r a t ings  have  been  combined 
f o r   a l l  p i lots  and the  dis t r ibut ions  normalized t o  percentage  values,  which are 
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shown i n   f i g u r e  8. One primary result of t h e s e   r a t i n g s  w a s  t h a t  even the  smal- 
lest d i s p l a y   s i z e  (7.62 c m  X 10.16 c m  (3.0 i n .  X 4.0 i n . ) )  w a s  judged t o   b e  
usable ,   though  re la t ively more d i f f i c u l t ,   t o   t h e  tes t  subjects   for   performing 
the   spec i f i ed  tasks. This result i s  cont ra ry  t o  an i n i t i a l   h y p o t h e s i s   t h a t   t h e  
sma l l e s t   d i sp l ay   s i ze  would be   too  small t o  provide  the  posi t ion  resolut ion 
needed t o  perform a spacing  task,  and it is s i g n i f i c a n t   t h a t   t h i s   h y p o t h e s i s  
was found t o  be  untrue. 

In  further  reviewing  the combined da ta  shown i n   f i g u r e  8, t he  test  sub- 
jects ind ica ted  a preference   for   the   l a rger   d i sp lays .  As suggested by t h e  
o r ig ina l   hypo thes i s ,   t h i s  was an expected  resul t  and  probably  can  be  attributed 
to   t he   i nc reased   pos i t i on   r e so lu t ion   r e su l t i ng  from  an increased  display 
s i ze .  Another f a c t o r  which may have c o n t r i b u t e d   t o   t h i s   t r e n d  was t h a t   t h e  
larger   display  s izes   a l lowed  the test s u b j e c t s   t o   s e l e c t   s m a l l e r  map-scale 
f a c t o r s ,  which in   tu rn   reduced   the   apparent   d i sp lay   c lu t te r .  

Task e f f e c t  on workload.-  During t h i s   s t u d y ,   t h e   t e s t   s u b j e c t s  commented 
t h a t  a s i g n i f i c a n t  part of t h i s  workload  could  be  attributed t o  the   p rec is ion  
speed  control  required by the  t a s k .  Spec i f i ca l ly ,   t hey   i nd ica t ed   t ha t  a high 
level   of   concentrat ion was needed t o  make the  precis ion  speed  adjustments  
r equ i r ed   t o   ob ta in  and  maintain  the  spacing  intervals   prescr ibed  in   the 
tests. In  conducting  these tests, the  test sub jec t s  were t o l d   t h a t   t h e i r  spac- 
i n g   p r e c i s i o n   ( t h e i r   a b i l i t y   t o   a c c u r a t e l y   m a i n t a i n   t h e   p r e s c r i b e d   s p a c i n g  
i n t e r v a l )  would be  recorded  and  used as a performance  measure.  This  precision 
control  element of the  s imulat ion  task may not   represent  a r e a l i s t i c   r e q u i r e -  
ment i n  a "real-world"  operating  environment where high  spacing  precision would 
not  be  required  for  prolonged  periods of t i m e .  

Spacing  performance.- The spacing  performance  results  for  the  various 
display  heights  are shown i n   f i g u r e s  9 t o  12. (There w a s  no s t a t i s t i c a l   d i f -  
ference found  between the  10.16-cm (4.0-in.)  square mask and t h e  10.16-cm 
(4.0- in . )   c i rcular  mask a t   t h e  90-percent  confidence  interval;  thus,  these two 
s e t s  of da ta  were combined.)  In these   f i gu res ,   a l l   o f   t he   da t a   ob ta ined   fo r  a 
par t icu lar   d i sp lay   he ight  were merged toge ther   in   o rder   to   ana lyze   the   spac ing  
i n t e r v a l   a s  a funct ion of t i m e .  These f igu res ,   t hen ,   a r e   p lo t s  of the  spacing 
i n t e r v a l ' s  mean and s tandard  deviat ion  versus  t i m e  for  each of the   d i sp lay  
heights .  A comparison  of t he  mean r e s u l t s   ( f i g s .  9 t o  12 )  i n d i c a t e s   t h a t   t h e  
mean spacing  values  exhibit   the same p r o f i l e   t r e n d s ,   i r r e s p e c t i v e  of d i sp lay  
s i ze .  For  example, t he  3-n.mi. spac ing   in te rva l   ( f igs .  9 t o  12)  cons i s t en t ly  
approached 3 '/4 n.mi. f o r   a l l  of t he   d i sp l ay   he igh t s   u t i l i zed .  

It should   be   no ted   tha t   th i s  3 '/4 -n.mi. spac ing   i n t e rva l   r e f l ec t ed  a con- 
se rva t ive   r e su l t ,   cons ide r ing   t ha t  a 3-n.mi. i n t e r v a l  was t h e   s p e c i f i e d   i n t e r -  
val .  These longer-than-specified  spacing  intervals  (which were a l so   no ted   in  
the  5-n.mi. spacing  segment) may have  been  caused by the   t r a f f i c   i n fo rma t ion  
update  process. Between t a rge t   upda te s ,   t he   t a rge t s   a r e   f i xed   w i th   r e spec t   t o  
the  moving map, which causes a reduct ion   in   the   perce ived   spac ing   in te rva l   for  
an in- t ra i l   s i tuat ion.   Other   factors ,   such as t h e   p i l o t ' s   i n h e r e n t   d e s i r e   n o t  
to   overshoot   the  prescr ibed  spacing  interval ,  may have a l s o   c o n t r i b u t e d   t o   t h i s  
bias  value.  
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The standard  deviation  envelopes,  also shown i n   f i g u r e s  9 t o  12, i nd ica t e  
a cons is ten t   increase   in   the   s tandard   devia t ion   va lues   as   the   d i sp lay   s ize  is  
reduced. By f u r t h e r  examining t h e  3-n.mi. spacing  interval ,  it can be seen 
that   the   increase  in   the  s tandard  deviat ion  envelopes  (which implies a decrease 
i n  performance)  appears t o  be greatest for  the  incremental   change from t h e  
12.70-cm (5.0-in.) t o   t h e  10.16-cm (4.0-in.)  display  height  and may i n d i c a t e  a 
range   of   d i sp lay   he ights   (and   sca le   fac tors )   for  which a d i s c r e t e  change i n  
spacing  performance would be  seen. 

The mean and  s tandard  deviat ion  values   for   the 5-n.mi. and 3-n.mi. seg- 
ments w e r e  fur ther   analyzed as a funct ion of display  height .  In t h i s   a n a l y s i s ,  
t he   da t a  were p a r t i t i o n e d  by the  prescribed  spacing-interval  parameter,   with 
the   ana lys i s   fo r   t he  5-n.mi. i n t e r v a l   s t a r t i n g  180 sec af te r   the   da ta   run  w a s  
i n i t i a t e d  and t e r m i n a t i n g   j u s t   p r i o r  t o  i n i t i a t i o n  of t he   c losu re  t o  t h e  
3-n.mi. spacing  interval .  For t h e  3-n.mi. i n t e rva l ,   t he   da t a   ana lys i s  w a s  
s t a r t e d   a t   t h e   c o m p l e t i o n  of the   c losure  maneuver and terminated when the   l ead  
a i rc raf t   l anded .  Mean spacing  values were then  obtained by combining a l l  of 
t h e  performance  data  for  each  combination of spacing  interval  and d isp lay  
height .  These mean spacing  values ,   together   with  their   respect ive  s tandard 
deviations,   are  given  in  appendix B and a r e   p l o t t e d   i n   f i g u r e  13. In a l l  
ins tances ,   the  mean values were  always greater   than  the  prescr ibed 5- and 
3-n.mi. spacing. 

The standard  deviation  values,   taken from  appendix B,  a r e   p l o t t e d   i n   f i g -  
ure 14. For the  3-n.mi. spac ing   in te rva l   ( f ig .   14(b) ) ,   the   da ta   appear  t o  f a l l  
on t w o  separa te  and distinct  curves,   depending on t h e   s c a l e   f a c t o r s  used. 
Extending t h i s   a n a l y s i s   t o   t h e  5-n.mi. spacing, a l i nea r   r eg res s ion  computa- 
t i o n ,   a p p l i e d   t o   t h e  0.8-n.mi./cm ( 2 . 0  n.mi./in.)  scale  factor  data,  produced a 
coe f f i c i en t  of determination of 1.000 ( i nd ica t ive  of a nea r   pe r f ec t   l i nea r  
f i t ) .  Both instances  indicate   that   s tandard  deviat ion  decreases   (performance 
improves)  as  the  display  height  increases,  and it is concluded  from th is   ana ly-  
sis t h a t   p i l o t  performance is  s i g n i f i c a n t l y   a f f e c t e d  by the   sca le   fac tors   used ,  
which a r e  a funct ion of the  display  height  and the   spac ing   in te rva l .  That is ,  
t h e r e   e x i s t s  an i n t e r r e l a t i o n s h i p  between pi lot   t racking  performance and t h e  
spac ing   in te rva l ,   the   d i sp lay   he ight ,  and the  map-scale f ac to r s .  

CONCLUSIONS 

A f l igh t   s imula t ion   s tudy  w a s  conducted t o  determine  the  effect  of d i sp lay  
s i z e  on t h e   p i l o t ' s   a b i l i t y   t o   u t i l i z e  a Cockpit  Display  of  Traffic  Information 
(CDTI)  f o r  a self-spacing  task.  Based on these results the  following  conclu- 
s i o n s  a r e  drawn: 

1. P i lo t   sub jec t ive   da t a   i nd ica t ed   t ha t ,  from a workload  viewpoint, even 
the   smal les t   d i sp lay   s ize  w a s  usable  for  performing  the  self-spacing  task.  

2. According t o  p i lo t  commentary, t h e   t r a f f i c   d a t a   u p d a t e  rate a f f e c t s   t h e  
amount of t i m e  t h a t   t h e   p i l o t ' s   v i s u a l   a t t e n t i o n  is  away from his  primary 
f l i gh t   i n s t rumen t s  when the   t r a f f i c   i n fo rma t ion  i s  presented on a d i s p l a y   t h a t  
is  outs ide  the  pi lot ' s   pr imary  visual   scan  pat tern.  
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3. A s i g n i f i c a n t   p o r t i o n  of t h e  workload  associated  with  the  self-spacing 
t a s k  w a s  a t t r i b u t e d  t o  the  precis ion  speed  control   required  to   maintain  the 
prescr ibed   spac ing   in te rva ls .  

4. The mean spacing  values   exhibi ted  the same t r e n d s   i r r e s p e c t i v e  of dis-  
play s i z e ,  bu t   the   s tandard   devia t ion  of the   spac ing   in te rva ls   decreased   (per -  
formance  improves) as   the   d i sp lay   he ights   increased;   thus ,   d i sp lay   s ize   appears  
t o  have a s i g n i f i c a n t   e f f e c t  on p i l o t  performance. 

5. For the   se l f - spac ing  task,  t he  subject p i l o t s   c o n s i s t e n t l y  used the  
smallest  map-scale f ac to r   (h ighes t   pos i t i on   r e so lu t ion )   t ha t  would keep t h e  
lead   a i rc raf t   wi th in   the   v iewing   a rea  of t he  CDTI. Therefore ,   the   spec i f ic  map 
scale used w a s  a funct ion of t h e   t r a f f i c   s p a c i n g   i n t e r v a l  and the   he ight  of t h e  
d i   s p l a y  . 
Langley  Research  Center 
National  Aeronautics and  Space Administration 
Hampton, VA 23665 
June  23, 1981 
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APPENDIX A 

PILOT  QUESTIONNAIRE: 

The ques t ions   t ha t  w e r e  i n   t h e  pi lot  quest ionnaire  are given i n   t h i s  
appendix. The appendix is not   in tended   to   be  a dupl ica te  of the  quest ionnaire;  
the   ques t ions   a re   the  same but   the  space allowed  for  answers  has  been  deleted. 
The d isp lay   s ize   ques t ions  were repeated  for  each  simulation  session  for  each 
d isp lay  mask employed. 

1. 

2. 

3 .  

4. 

5. 

6. 

7. 

8. 

1. 

2. 

GENERAL QUESTIONS 

what f ea tu res  of t he   d i sp l ay  do you consider most des i rab le?  

what f ea tu re s  of the   d i sp lay  do  you cons ide r   l ea s t   des i r ab le?  

Comment  on the   quan t i ty  and qua l i ty  of the  displayed  information: 

( a )  C l u t t e r  

(b)   Cont ras t ,   reso lu t ion ,  and br ightness  

(c )  Symbol s i z e  

( d )  Character  size 

( e )  Other 

What impact  might  use  of  color  have on problems i d e n t i f i e d ?  

Do you f e e l   t h a t  you needed more control   over   display  content?  

Given a s o l u t i o n   t o   t h e  wake vortex  problem, would you be w i l l i n g   t o   a c c e p t  
reduced  separation  for  this test  configurat ion?  I f  yes,  by how much? 

Did you f ee l   t ha t   t he   t r a f f i c   i n fo rma t ion   a f f ec t ed  your t r a d i t i o n a l  
p i lo t ing   t a sk?   I f  so, did it degrade  or  enhance  the  task?  Elaborate. 

To what extent   did  workload  affect   t raff ic   monitor ing? 

DISPLAY SIZE QUESTIONS 

Which s c a l e   f a c t o r ( s )   d i d  you p re fe r  and why? 

Were the  map coverage  and  s i tuat ion  resolut ion  sat isfactory a t  t h e  
p r e f e r r e d   s c a l e   f a c t o r ( s ) ?  
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3.  With  this  size  display,  how  difficult  was  the  tracking  task  at  the  scale 
factor ( s )  used? 

easy [WJ hard 

4. With  this  size  display,  how  difficult  was  the  monitoring  task  at  the  scale 
factor ( s 1 used? 

easy m j  hard 

5. Did  your  interpretation  of  the  display  create,  at  any  time,  a  feeling of 
uncertainty  with  respect  to  need  for  evasive  action? 

6. How  often  did  you  check  the  traffic  information? 

7. Did  you  at  any  time  perceive  the  need  for  an  alerting  device  to  direct 
your  attention  to  the  traffic  information?  If so, what  type  of  device/ 
technique  would  you  prefer? 
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APPENDIX B 

STATISTICAL  ANALYSIS 

An analysis  of  the  variance  for  a  two-factor  experiment  with  replication 
was  applied to the  spacing-interval  data  obtained  from  this  study.  The  ele- 
ments  of  consideration  in  this  analysis  were  pilot  effects  and  display-height 
effects.  The  following  results  were  obtained:  display-height  effects  for  the 
5-n.mi.  prescribed  spacing  interval  was  found  to  be  significant  at  the 
95-percent  confidence  interval;  display-height  effects  for  the  3-n.mi., 
prescribed  spacing  interval  was  found  to be significant  at  the  99-percent 
confidence  interval;  and  pilot  effects  were  found  not to be  significant  at  the 
90-percent  confidence  interval  for  either  spacing  interval. 

Also computed  in  the  statistical  analysis  were  the  mean  and  the  standard 
deviation  values  for  both  prescribed  spacing  intervals  as  functions  of  display 
height.  The  results  of  this  computation  are  as  follows: 

5-n.mi  prescribed  spacing 

Display  height,  cm  (in.) Standard  deviation,  n.mi. Mean,  n.mi. 

16.51  (6.5) 0.1898 5.291 
12.70  (5.0) 

2639 5 262 7.62  (3.0) 
.2296  5.274 10.16 ( 4 . 0 )  
.2104  5.226 

3-n.mi.  prescribed  spacing 

I Display  height,  cm ( in. ) I Mean,  n.mi. 1 Standard  deviation,  n.mi. I 
16.51  (6.5) 

.1643 3.077 12.70  (5.0) 
0.314  3.197 

10.16 (4 .0 )  
.2825  3.165 7.62  (3.0) 
.2668  3.077 

I 

Additionally,  frequency  histograms  are  shown  in  figures  15  and 16 for  both 
the  5-n.mi.  and  3-n.mi.  prescribed  spacing  intervals,  respectively.  These 
figures  graphically  illustrate  the  increase  in  the  spacing  dispersion  (and 
standard  deviation)  as  the  display  height  is  reduced. 
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TABLE 1.- TEST SEQUENCE 

P i l o t  1 I 
RUn 

number 

1 
2 
3 
4 
5 
16 
17 
18 
19 
20 
46 
47 
48 
49 
50 
56 
57 
58 
59 
60 

Mask 
number 

1 
5 
5 
5 
1 
1 
3 
3 
3 
1 
1 
2 
2 
2 
1 
1 
4 
4 
4 
1 

Pi lo t  2 
~- 

Run 
number 

6 
7 
a 
9 
10 
1 1  
12 
13 
14 
15 
36 
37 
38 
39 
40 
66 
67 
68 
69 
70 

Mask 
number 

~~ 

1 
3 
3 
3 
1 
1 
2 
2 
2 
1 
1 
4 
4 
4 
1 
1 
5 
5 
5 
1 

T Run number 
~ 

26 
27 
28 
29 
30 
51 
52 
53 
54 
55 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 

Mask 
number 

1 
2 
2 
2 
1 " 

1 
4 
4 
4 
1 
1 
5 
5 
5 
1 
1 
3 
3 
3 
1 

P i l o t  4 

Run ' 
number 

21 
22 
23 
24 
25 
31 
32 
33 
34 
35 
41 
42 
43 
44 
45 
61 
62 
63 
64 
65 

Mask 
number 

1 
4 
4 
4 
1 
1 
5 
5 
5 
1 
1 
3 
3 
3 
1 
1 
2 
2 
2 
1 

Mask 
height X width number 

Display  s ize ,  

1 

3 
12.70 c m  X 10.16 c m  (5.0 i n .  X 4.0 i n . )  2 
16.51 c m  X 16.51 c m  (6.5 in .  X 6.5 i n . )  

7.62 c m  X 10.16 c m  (3.0 in .  X 4.0 i n . )  5 
10.16 c m  diameter (4.0 i n . )  4 
10.16 c m  X 10.16 c m  (4.0 in .  X 4.0 in . )  

I 
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L-80-7799.1 .. . 

Figure 1.- Simulator  cockpit  with  Cockpit  Display of Traff ic  
Information (CDTI ) . 
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Figure 6 . -  Preferred map-scale factors  for 5-n.mi. 
self-spacing  task. 
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Figure 7 . -  Preferred map-scale factors  for 3-n.mi. 
self-spacing  task. 
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