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SUMMARY AND CONCLUSIONS 

The fo l lowing  i s  a synops is  of t h e  r e p o r t  by chapter  and a 

l i s t i n g  of t h e  major conclusions.  So t h a t  t h e  conclusions may 

be  understood i n  t h e  contex t  and i n  t h e  sequence i n  which they  

are reached,  they  have been incorpora ted  w i t h i n  the  synops is .  

For ease of i d e n t i f i c a t i o n  t h e  conclus ions  are under l ined .  

CHAPTER I 
The head-up d i s p l a y  (HUD) i s  a device  which p resen t s  i n f o r -  

mation about t h e  a c t u a l  and d e s i r e d  s i t u a t i o n  of an a i r c r a f t  

i n  such a way t h a t  t h e  p i l o t  can view bo th  t h e  d i sp lay  and t h e  

n a t u r a l  e x t e r n a l  scene a t  t h e  same t i m e .  The name de r ives  from 

t h e  f a c t  t h a t  t h e  d i s p l a y  i s  v i s i b l e  t o  t h e  p i l o t  wh i l e  he  i s  

"head-up", looking out  of t h e  cockp i t .  

The d i s t i n g u i s h i n g  f e a t u r e s  of t h e  head-up d i s p l a y  are: 

o The d i s p l a y  i s  presented  as a co l l ima ted  image, 

o Because t h e  image i s  co l l ima ted  and because i t  i s  

which i s  t o  say  an  image focused a t  o p t i c a l  i n f i n i t y .  

p ro j ec t ed  on a t r a n s p a r e n t  s u r f a c e ,  t h e  d i s p l a y  is  
superimposed on (and appears  t o  be  a t  t h e  same d i s -  
t ance  a s )  t h e  e x t e r n a l  v i s u a l  background. 

0 .  The image i s  luminous, i . e . ,  i t  i s e v i s i b l e  because 
i t  e m i t s  l i g h t  n o t  because it r e f l e c t s  l i g h t .  

o The d i sp lay  i s  pos i t i oned  s o  t h a t  i t  w i l l  l i e  i n  
t h e  p i l o t ' s  c e n t r a l  ( fovea l )  f i e l d  of view when he  
i s  looking  ahead o u t s i d e  t h e  a i r c r a f t .  

While t h e  HUD has found ex tens ive  a p p l i c a t i o n  i n  m i l i t a r y  

a v i a t i o n ,  i t  has  no t  gained acceptance (except i n  theory)  i n  c i v i l  



a v i a t i o n .  However, t h e r e  i s  a s t r o n g  - i n t e r e s t  i n  t h e  IIUD as a 

s o l u t i o n  t o  c u r r e n t  and p r o j e c t e d  o p e r a t i o n a l  problems i n  c i v i l  

a v i a t i o n .  Therefore ,  t h i s  s tudy  w a s  undertaken wi th  t h r e e  

o b j e c t i v e s  i n  mind: 

1. T o  t a k e  s t o c k  of t h e  s i t u a t i o n .  

2. To provide  informat ion  on developments and t r e n d s  

3.  To assess t h e  p o t e n t i a l  of t h e  HUD f o r  c i v i l  a v i a t i o n  

i n  t h e  f i e l d .  

uses .  

B a s i c a l l y ,  t h i s  i s  an a n a l y t i c  s tudy  of t h e  r e sea rch  lit- 

e r a t u r e  and publ i shed  commentary on t h e  s u b j e c t  of a i r c r a f t  

ope ra t ing  problems and t h e  head-up d i sp lay .  Supplementary 

informat ion  gained from in t e rv i ews  wi th  r e sea rch  workers ,  p i l o t s ,  

and d i s p l a y  e x p e r t s  (both i n  t h e  U.S. and abroad) has  been used 

t o  round o u t  t h e  p i c t u r e  of c u r r e n t  t h ink ing  on head-up d i s p l a y s .  

CHAPTER I1 

Three gene ra l  requirements  which w i l l  govern t h e  acceptance 

and use  of t h e  HUD i n  c i v i l  a v i a t i o n  are s a f e t y ,  p r a c t i c a l i t y  

( o p e r a t i o n a l  u t i l i t y ) ,  and economy. A review of s a f e t y  statis-  

t ics  shows t h a t  commercial and l a r g e  g e n e r a l  a v i a t i o n  a i r c ra f :  

may be t r e a t e d  as a s i n g l e  class, a l though t h e  s a f e t y  problem 

f o r  t h e  l a t t e r  i s  somewhat more severe. 

shows t h a t  t h e  problems e x i s t  i n  bo th  VFR and I F R  cond i t ions  

and t h a t  they  s t e m  l a r g e l y  from human e r r o r s  i n  pe rce iv ing  and 

The s a f e t y  record  a l s o  

i n t e r p r e t i n g  informat ion  from e x t e r n a l  v i s u a l  sources  and from 

ins t ruments .  The HUD, which p u r p o r t s  t o  f a c i l i t a t e  t h e  process  

of a s s i m i l a t i n g  informat ion  from t h e s e  two sources ,  could con- 

t r i b u t e  both t o  t h e  o v e r a l l  s a f e t y  of c iv i l  a v i a t i o n  ope ra t ions  

and t o  t h e  e f f i c i e n c y  of p i l o t  performance. The f i n a l  acceptance 

of t h e  HUD i n  c iv i l  a v i a t i o n  w i l l  be  governed by how t h e  i n d u s t r y  

equates  t h e s e  p o t e n t i a l  b e n e f i t s  w i th  c o s t  cons ide ra t ions .  

-2- 
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CHAPTER III 
Opera t iona l  problems and requirements  can be i d e n t i f i e d  

f o r  several s p e c i f i c  areas of c i v i l  a v i a t i o n .  The major problem, 

and t h e  area where t h e  HUD could make t h e  g r e a t e s t  p o t e n t i a l  

c o n t r i b u t i o n ,  is  i n  approach and landing .  The n a t u r e  of t h e  

p i l o t ' s  t a s k  and h i s  guidance and c o n t r o l  problems are analyzed 

ex tens ive ly  f o r  t h i s  phase of l i g h t .  

d e t a i l e d ,  a n a l y s i s  i s  presented  f o r  o t h e r  f l i g h t  phases which 

pose guidance and c o n t r o l  d i f f i c u l t i e s .  These are t a k e o f f ,  

missed approach, and t a x i i n g  i n  ve ry  low v i s i b i l i t i e s .  A l s o  

considered are t h e  e f f e c t s  of a i r c r a f t - p e c u l i a r  v a r i a b l e s  such 

as type  of p ropu l s ion ,  s i z e ,  and f l i g h t  c h a r a c t e r i s t i c s .  Par- 

t i c u l a r  emphasis i s  placed on t h e  problems expected t o  be  

encountered wi th  jumbo j e t  and supe r son ic  t r a n s p o r t  a i r c r a f t .  

A similar, b u t  n o t  s o  

CHAPTER I V  

The n a t u r e  of t h e  p i l o t ' s  v i s u a l  t a s k  and t h e  v i s u a l  cues 

To h e  uses  f o r  guidance i n  approach and landing  are examined. 

c o n t r o l  t h e  approach and landing  pa th  t h e  p i l o t  needs informat ion  

on t h e  displacement ,  rate of displacement ,  and a c c e l e r a t i o n  

( r a t e  a t  which displacement  rate i s  changing) of t h e  a i r c r a f t  

w i th  r e s p e c t  t o  t h e  d e s i r e d  pa th  i n  t h e  h o r i z o n t a l  and vertical  

dimensions -7 making a t o t a l  of s i x  v a r i a b l e s .  

accomplishment of t h e s e  c o n t r o l  t a s k s  by v i s u a l  r e fe rence  a lone  

depends p r imar i ly  upon t h e  p i l o t ' s  a b i l i t y  t o  see and i n t e r p r e t  

cues der ived  from t h e  r e l a t i v e  p o s i t i o n  and movement of t h e  

ho r i zon ,  t h e  extended runway c e n t e r l i n e ,  t h e  zero-ve loc i ty  p o i n t  

(X-point), and t h e  aiming p o i n t  on t h e  runway. Supplementary 

informat ion  i n  t h e  form of in s t rumen ta l  i n d i c a t i o n s  of a l t i t u d e ,  

rate of descen t ,  and a i r speed  may be  needed t o  co r robora t e  t h e s e  

v i s u a l  judgments. The e f f e c t  of reduced v i s i b i l i t y  i s  t o  ob- 

s c u r e  o r  confuse t h e  r e q u i s i t e  v i s u a l  cues ,  c r e a t i n g  c o n t r o l  

Success fu l  

problems -- p r i m a r i l y  i n  t h e  v e r t i c a l  dimension, This  l e a d s  t o  

-3- 



t h e  conclus ion  t h a t  some way i s  needed t o  enhance t h e  v i s u a l  

cues o r  t o  r e p l a c e  them s o  as t o  a s s u r e  t h e  s a f e t y  of VFR as w e l l  

as IFR approach and landing .  

CHAPTER V 

P resen t  a i d s  and s o l u t i o n s  t o  t h e s e  long-recognized v i s u a l  

problems are examined t o  determine t h e i r  shortcomings and t o  

i d e n t i f y  s p e c i f i c  areas where t h e  HUD could make a c o n t r i b u t i o n .  

The conclus ions  are t h a t  t h e  p r e s e n t  approach and runway l i g h t i n g  

system i s  adequate  f o r  lateral  guidance,  except  i n  very low 

v i s i b i l i t i e s  such as those  a s s o c i a t e d  wi th  Category I11 of IFR, 

The approach and runway l i g h t s ,  however, do no t  provide  adequate  

r e f e r e n c e  f o r  vertical  f l i g h t  p a t h  c o n t r o l .  The Visua l  Approach 

Slope I n d i c a t o r  (VASI) r e p r e s e n t s  a v a l u a b l e  a d d i t i o n  t o  t h e  

system by extending t h e  v i s u a l  g l i d e  s l o p e  o u t  s e v e r a l  thousand 

f e e t  from t h e  th re sho ld ,  b u t  t h e  VASI l o s e s  i t s  e f f e c t i v e n e s s  i n  

low v i s i b i l i t i e s ,  where t h e  need f o r  guidance i s  t h e  g r e a t e s t .  

Fu r the r  t h e  VASI i s  no t  s u f f i c i e n t l y  f l e x i b l e  t o  provide  vertical  

guidance when t h e  p i l o t  must a l te r  t h e  approach pa th  t o  compensate 

f o r  v a r i a t i o n s  i n  a i r c r a f t  s i z e ,  weight ,  and t r i m  cond i t ion  o r  

f o r  v a r i a t i o n s  i n  runway l eng th  and s u r f a c e  cond i t ions .  The 

ILS. which i s  t h e  pr ime source  guidance i n  IFR. is d e f i c i e n t  

i n  t h r e e  r e s p e c t s .  

a b l e  as t h e  s o l e  sou rce  of guidance. The a u a l i t v  of ILS informa- 

It h a s  i n h e r e n t  e r r o r s  which make i t  unsui t -  

t i o n  d e t e r i o r a t e s  r a p i d l y  below 100 f e e t  of a l t i t u d e ,  and t h e  

ILS is  unusable a l t o g e t h e r  below 50 f e e t  where t h e  f i n a l  s t e p s  

of t h e  landing  are undertaken. F i n a l l y ,  t h e  placement of t h e  

ILS g l i d e  s l o p e  o f t e n  r e s u l t s  i n  t h e  p i l o t  be ing  d i r e c t e d  along 

an ins t rument  approach pa th  which i s  u n l i k e  t h a t  h e  is  accustomed 

t o  i n  VFR. The consequence is  a c o n f l i c t  between ins t rument  

and v i s u a l  r e f e r e n c e  a t  t h e  moment of breakout  i n  low v i s i b i l i t y  

approaches. P resen t  pane l  ins t ruments  are d e f i c i e n t  f o r  s e v e r a l  

-4- 



reasons .  They are n o t  adequately i n t e g r a t e d ;  t h e i r  s c a l e  

f a c t o r s  are sometimes i n a p p r o p r i a t e  f o r  t h e  p r e c i s i o n  wi th  which 

t h e  p i l o t  must c o n t r o l  t h e  a i r c r a f t ;  they  are no t  p rope r ly  

l o c a t e d  i n  r e l a t i o n  t o  t h e  area of prime i n t e r e s t  during l and ing ;  

and they  are o f t e n  mismatched i n  i l l u m i n a t i o n  both  among them- 

s e l v e s  and i n  r e l a t i o n  t o  t h e  e x t e r n a l  v i s u a l  scene. 

t h e  ch ie f  problem i s  l o c a t i o n ,  which f o r c e s  t h e  p i l o t  t o  abandon 

ins t rument  guidance a t  t h e  moment of going head-up on t h e  approach. 

This  t r a n s i t i o n  is  a s e r i o u s  s a f e t y  problem because of t h e  t i m e  

l o s t  i n  v i s u a l  adap ta t ion  and accommodatian and i n  psychologica l  

adjustment  and o r i e n t a t i o n  t o  an e x t e r n a l  frame of r e fe rence .  

The o p e r a t i n g  procedures  adopted t o  compensate f o r  d e f i c i e n c i e s  

i n  p r e s e n t  ground a i d s  and a i r c r a f t  equipment are n o t  wholly 

adequate ,  and they o f t e n  s e r v e  t o  complicate  t h e  e x i s t i n g  

guidance and c o n t r o l  problems. 

O f  t h e s e ,  

CHAPTER YI 
The r o l e  of t h e  HUD i n  so lv ing  t h e  problems i d e n t i f i e d  i n  

The conclusions as t h e  preceeding  t h r e e  chap te r s  i s  o u t l i n e d .  

t o  the a p p l i c a b i l i t y  and use fu lness  of t h e  KUD are: 

1. 

2. 

I n  VFR t h e  HUD would b e  of v a l u e  as a s u b s t i t u t e  

c e r t a i n  ins t rument  in format ion  would provide  corrobor-  
a t i o n  of t h e  v i s u a l  guidance a v a i l a b l e  from t h e  HUD and 
e x t e r n a l  sources .  A f i n a l  u s e f u l  a d d i t i o n  would b e  
guidance f o r  t h e  execut ion  of t h e  f l a r e  and decrab 
maneuvers. 

I n  IFR Categor ies  I and I1 t h e  HUD would be  of 
enormous va lue  i n  t h a t  i t  would enab le  t h e  p i l o t  
t o  r e t a i n  ins t rument  guidance wh i l e  i n  a head-up 
p o s i t i o n .  This  would no t  on ly  e l i m i n a t e  t h e  transi- 
t i o n  problem, which is t h e  major danger i n  p re sen t  
Category 1/11 o p e r a t i o n s ,  it would assist t h e  p i l o t  
i n  i n t e r p r e t i n g  and us ing  v i s u a l  r e f e r e n c e  from t h e  
d e c i s i o n  h e i g h t  on t o  touchdown. 
r e p r e s e n t s  t h e  primary j u s t i f i c a t i o n  f o r  adopt ing 
t h e  HUD i n  c i v i l  a v i a t i o n .  

This  a p p l i c a t i o n  
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3. The use of t h e  HTJD i n  Category 111 is  problemat ica l .  
The ques t ion  is  n o t  s o  much one of d i s p l a y  technology 
as i t  i s  of f i n d i n g  s u i t a b l e  informat ion  t o  p re sen t  
on the d i sp lay .  Providing an improved ILS i s  developed 
and a redundant ,  independent sou rce  of guidance can be  
found t o  r e p l a c e  t h e  v i s u a l  r e f e r e n c e  l o s t  i n  b l i n d  
l and ing ,  t h e  HUD would b e  a va luab le  device  f o r  Category 
I11 use.  
assessment of t h e  p o t e n t i a l  r o l e  of t h e  HUD i n  near-  
ze ro  v i s i b i l i t y  ope ra t ions  are the c u r r e n t  con t rove r s i e s  
over manual vs. automatic  c o n t r o l  of t h e  approach and 
landing  and t h e  consequent lack of c e r t a i n t y  about 
t h e  proper  r o l e  of t h e  p i l o t  i n  t h e s e  condi t ions .  
S t i l l ,  the main problem, and t h e  one upon which t h e  
p o t e n t i a l  a p p l i c a t i o n  of  t h e  HUD rests, i s  t h a t  of  
developing a s a t i s f a c t o r y  independent landing  monitor .  

Addi t iona l  f a c t o r s  which complicate  t h e  

4 .  Other r o l e s  f o r  the HUD inc lude  provid ing  guidance 
f o r  r o l l o u t  and tax i ,  f o r  t a k e o f f ,  and f o r  missed 
approach. None of t h e s e  uses  c o n s t i t u t e  a s u f f i c i e n t  
r eason  f o r  adopt ing the HUD, b u t  they  are s t r o n g  
a n c i l l a r y  arguments since t h e s e  modes of o p e r a t i o n  
could easily b e  added t o  a HUD used c p r i m a r i l y  f o r  
approach and landing .  

CHAPTER V I 1  

The s tudy  concludes wi th  a n  examination of c e r t a i n  t e c h n i c a l  

and p r a c t i c a l  problems which must b e  so lved  be fo re  t h e  NUD can 

ga in  f i n a l  acceptance i n  c iv i l  a v i a t i o n .  

c l a s s e d  as t echno log ica l ,  human f a c t o r s ,  d o c t r i n a l ,  and commercial. 

To some e x t e n t  t hey  r ep resen t  disadvantages of  t h e  HUD, n o t  as 

a concept ,  b u t  as an  o p e r a t i o n a l  device.  On the o t h e r  hand, 

they  may b e  regarded as no more than  t h e  normal d i f f i c u l t i e s  t o  

These concerns may b e  

b e  overcome i n  developing any device  f o r  t h e  improvement of 

s a f e t y  and e f f i c i e n c y  i n  a v i a t i o n .  The o v e r a l l  judgment i s  t h a t  

t h e  p o t e n t i a l  va lue  of t h e  NUD j u s t i f i e s  t h e  expendi ture  of 

e f f o r t  necessary  t o  r e so lve  t h e  remaining implementation problems. 
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CHAPTER I 

INTRODUCTION 

BACKGROUND 

The head-up d i s p l a y  (HUD) i s  a device  which p r e s e n t s  

in format ion  about t h e  a c t u a l  and d e s i r e d  s i t u a t i o n  of an air- 

c r a f t  i n  such a way t h a t  t h e  p i l o t  can view bo th  t h e  d i s p l a y  

and t h e  n a t u r a l  e x t e r n a l  scene a t  t h e  same t i m e .  The name 

d e r i v e s  from t h e  f a c t  t h a t  t h e  d i s p l a y  is  v i s i b l e  t o  t h e  p i l o t  

wh i l e  h e  i s  "head-up", looking o u t  of t h e  cockpi t .  

I n  common usage t h e  t e r m  head-up d i s p l a y  has  come t o  have 

t h e  narrower meaning of a device  whereby a co l l ima ted  v i r t u a l  

image i s  p r o j e c t e d  on a t r a n s p a r e n t  s u r f a c e  w i t h i n  t h e  p i l o t ' s  

e x t e r n a l  f i e l d  of view. Nearly a l l  t h e  head-up d i sp lays  de- 

veloped f o r  a i r c r a f t  have been of t h i s  t ype ,  and i t  i s  i n  t h i s  

s ense  t h a t  head-up d i s p l a y  and HUD are used i n  t h i s  r e p o r t .  

The d i s t i n g u i s h i n g  f e a t u r e s  of t h e  head-up d i s p l a y  are: 

The d i s p l a y  is  p resen ted  as a co l l ima ted  image, which 
i s  t o  say  an image focused a t  o p t i c a l  i n f i n i t y .  

Because t h e  image is  co l l ima ted  and.because i t  i s  
p r o j e c t e d  on a t r a n s p a r e n t  s u r f a c e ,  t h e  d i s p l a y  i s  
superimposed on (and appears  t o  b e  at  t h e  same d i s t a n c e  
a s ) t h e  e x t e r n a l  v i s u a l  background. 

63 The image i s  luminous, i . e . ,  it i s  v i s i b l e  because 
i t  e m i t s  l i g h t  n o t  because it r e f l e c t s  i t .  

The d i s p l a y  i s  pos i t i oned  s o  t h a t  it w i l l  l i e  i n  
t h e  p i l o t ' s  c e n t r a l  ( fovea l )  f i e l d  of view when h e  
h s  looking  ahead o u t s i d e  t h e  a i r c r a f t ,  

e 

Q 
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S p e c i f i c a l l y  excluded by t h i s  d e f i n i t i o n ,  t h e r e f o r e ,  are 

t h r e e  o t h e r  types  of d i s p l a y s  which are sometimes c a l l e d  "head- 

up." 

designed s o  as no t  t o  be  seen  i n  t h e  p i l o t ' s  c e n t r a l  cone of 

s i g h t  ahead of t h e  a i r c r a f t  b u t  a t  t h e  edge of h i s  v i s u a l  f i e l d  -- 
t h a t  i s ,  i n  t h e  e x t r a f o v e a l  r a t h e r  t han  t h e  f o v e a l  f i e l d  of 

view. Also excluded are ins t ruments  mounted e i t h e r  i n s i d e  o r  

o u t s i d e  of t h e  a i r c r a f t  w i t h i n  t h e  area framed by t h e  windshield.  

Because they  are l o c a t e d  a t  r e l a t i v e l y  s h o r t  d i s t a n c e s  from t h e  

p i l o t ' s  eyes  and because they are not  co l l ima ted ,  such d i s p l a y s  

do n o t  appear  at t h e  same f o c a l  d i s t a n c e  as t h e  e x t e r n a l  back- 

ground. 

of t h e  p i l o t ' s  a t t e n t i o n  f o r  ease of r e f e r e n c e .  F i n a l l y ,  t h e  

d e f i n i t i o n  i m p l i c i t l y  excludes v i s u a l  a i d s ,  such as t h e  VASI ,  

which are n o t  i n  t h e  a i r c r a f t  b u t  on t h e  ground. 

types  of d i s p l a y s  are n o t  head-up i n  t h e  c l a s s i c a l  sense, and 

they are n o t  covered i n  t h i s  r e p o r t .  

One i s  t h e  so -ca l l ed  p e r i p h e r a l  v i s i o n  d i s p l a y ,  which i s  

They are simply s i t u a t e d  i n  proximity t o  t h e  c e n t e r  

All t h r e e  

H i s t o r i c a l l y ,  t h e  head-up d i s p l a y  evolved from t h e  gun- 

s i g h t s  used i n  m i l i t a r y  a i r c r a f t  of t h e  World War I1 per iod .  

These devices  employed an i l l u m i n a t e d  reticle t o  produce an 

image which w a s  co l l ima ted  and p r o j e c t e d  on a small p l a t e  of 

g l a s s  s i t u a t e d  i n  t h e  p i l o t ' s  l i n e  of a i m  t o  a t a r g e t .  

E s s e n t i a l l y  they w e r e  s t a t i c  s i g h t i n g  dev ices  whose purpose 

w a s  t o  a i d  i n  e s t i m a t i n g  d e f l e c t i o n  ang le  and range. 

About 1953 t h e  Royal A i r c r a f t  Establ ishment  a t  Farnbarough, 

England undertook experiments w i th  a head-up d i s p l a y  i n  which 

a CRT w a s  used i n  p l a c e  of an i l l u m i n a t e d  r e t i c l e  as t h e  image 

source  so  as t o  g e t  a d i s p l a y  of greater f l e x i b i l i t y .  

o r i g i n a l  i n t e n t  w a s  t o  develop an improved guns ight  f o r  t h e  

h ighe r  speed a i r c r a f t  w i th  more complex weaponry then  coming 

The 

1-2 



i n t o  use.  A second m i l i t a r y  a p p l i c a t i o n  envisaged a t  t h a t  t i m e  

w a s  a d i s p l a y  f o r  low a l t i t u d e  h igh  speed f l i g h t .  The i n t e r e s t  

a t  RAE Farnborough soon widened t o  o t h e r  f l i g h t  regimes,  no tab ly  

approach and l and ing  where the  HUD w a s  suggested as a p o s s i b l e  

s o l u t i o n  t o  t h e  problem of ope ra t ion  i n  l o w  v i s i b i l i t y .  

t o t y p e  approach and landing  d i s p l a y  w a s  eva lua ted  f i r s t  a t  

Farnborough and then by t h e  Bl ind  Landing Experimental  Unit 

(BLEU) of t h e  Royal A i r c r a f t  Establ ishment ,  Bedford. (Refs .  1,2)* 

Numerous i n v e s t i g a t i o n s  of t h e  m i l i t a r y  and c ivi l ian uses  of t h e  

HUD have been c a r r i e d  ou t  a t  t h e s e  two fac i l i t i es  i n  t h e  i n t e r -  

vening 17  y e a r s ,  and they  are s t i l l  major centers of  HUD r e sea rch .  

A pro- 

The development of head-up d i s p l a y s  i n  t h e  United S t a t e s  

began s l i g h t l y  later than  i n  England and followed s imilar  lines. 

The o r i g i n a l  impetus came from the d e s i r e  t o  develop improved 

d i s p l a y s  f o r  m i l i t a r y  a i r c r a f t ,  p a r t i c u l a r l y  f o r  weapon d e l i v e r y  

and terrain fo l lowing ,  and much of  t h e  e a r l y  r e sea rch  w a s  per- 

formed under m i l i t a r y  auspices .  I n i t i a l  i n v e s i t g a t i o n s  of a HUD 

f o r  u se  i n  c i v i l  a v i a t i o n  were c a r r i e d  out  by t h e  Sperry Gyroscope 

Company as an outgrowth of t h e i r  Zero-Reader d i s p l a y ,  which had 

been developed i n  t h e  e a r l y  1950s. 

v a r i e t y  of techniques i n  t h e  pe r iod  1955-1960, and company-spon- 

so red  f l i g h t  tests were conducted f o r  several pro to types .  

1, 3, 4 )  While none of t h e s e  w e r e  accepted f o r  a i r l i n e  use ,  t h e  

Sperry program he lped  t o  r e f i n e  t h e  HUD concept and con t r ibu ted  

t o  the s o l u t i o n  of some of t h e  b a s i c  t echno log ica l  problems. 

Sperry experimented w i t h  a 

(Refs.  

A t h i r d  major program which had a s u b s t a n t i a l  i n f l u e n c e  on 

t h e  e a r l y  development of t h e  head-up d i s p l a y  concept w a s  t h e  

Army Navy Ins t rumenta t ion  Program (ANIP) e I n i t i a t e d  i n  1953, 

* References are l i s t e d  a t  t h e  end of each chapter., A more 
ex tens ive  b ib l iography i s  provided i n  Appendix B ,  
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ANIP sought t o  develop improved in s t rumen ta t ion  f o r  m i l i t a r y  

a i r c r a f t ,  The emphasis w a s  on an i n t e g r a t e d ,  panel-mounted 

d i s p l a y  known as t h e  con tac t  ana log ,  which w a s  t o  serve as a 

s u b s t i t u t e  f o r  f l i g h t  by v i s u a l  r e fe rence .  (Ref. 5) Although 

no t  concerned wi th  t h e  head-up d i s p l a y  per se, ANIP d i d  much 

t o  advance t h e  understanding of what v i s u a l  cues  t h e  p i l o t  

uses  t o  c o n t r o l  an  aircraft  and thereby  he lped  d e f i n e  t h e  form 

and content  of f u t u r e  head-up d i sp lays .  

From t h e s e  beginnings t h e  evo lu t ion  of head-up d i s p l a y s  

proceeded wi th  i n c r e a s i n g  momentum dur ing  t h e  1960s. 

many head-up d i s p l a y s  are produced and marketed by U.S. f i rms ,  

among which are Autonet ics ,  Bendix, Conductron, Kaiser, Norden, 

S inger ,  and Sperry.  I n  Europe t h e  major HUD manufacturers  in- 

c lude  Specto (Smiths) and E l l i o t t  i n  England, CSF i n  France,  

and SAAB i n  Sweden. The f a c t  remains,  however, t h a t  t h e  main- 

stream of HUD development h a s  been i n  m i l i t a r y  f i g h t e r  and 

attack a i r c r a f t .  Head-up d i s p l a y s  have been developed o r  are 

i n  the process  of des ign  f o r  t h e  F-111A, F-111B, A-7D/E, F-14, 

and F-15 a i r c r a f t  i n  the U.S. and f o r  t h e  Harrier, Hunter,  

Meteor, Jaguar ,  and Sea Vixen aircraft i n  England. Within t h e  

p a s t  two o r  t h r e e  yea r s  i n t e r e s t  has  a l s o  developed i n  head-up 

d i s p l a y s  f o r - m i l i t a r y  t r a n s p o r t  aircraft -- C-141, C-5A and t h e  

B r i t i s h  Belfast. 

Today 

I n  c iv i l  a v i a t i o n  the head-up d i s p l a y  is  s t i l l  l a r g e l y  an 

exper imenta l  device.  

p l ay  on a i rcraf t  i n  passenger  o r  cargo service, and no a i r c r a f t  

manufacturer o f f e r s  a head-up d i s p l a y  as a p a r t  of t h e  s t anda rd  

in s t rumen ta t ion  f o r  commercial o r  gene ra l  a v i a t i o n .  

i n  t h e  HUD, however, i s  q u i t e  h i g h  -- e s p e c i a l l y  as an a i d  f o r  

approach and landing  i n  cond i t ions  of reduced v i s i b i l i t y .  The 

f i r s t  government program t o  e v a l u a t e  t h e  HUD f o r  c i v i l  a v i a t i o n  

No U.S.  a i r l i n e  now ‘uses a head-up d i s -  

I n t e r e s t  
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was conducted wi th  a Sperry d i s p l a y  by t h e  FAA a t  t h e  Nat iona l  

Avia t ion  F a c i l i t i e s  Experimental  Center  (NAFEC) 1P64-65, Sub- 

sequent  f l i g h t  t e s t i n g  of va r ious  head-up d i s p l a y s  has  been 

c a r r i e d  o u t  by t h e  FAA and NASA, and f u r t h e r  t r ia ls  are planned 

by bo th  agencies .  I n  add i t ion ,  programs t o  develop and e v a l u a t e  

head-up d i s p l a y s  f o r  c iv i l  a v i a t i o n  have been undertaken p r i -  

v a t e l y  by several d i s p l a y  and a i r c r a f t  manufacturers .  

f o r  example, Reference 7.) 

i n  the next  gene ra t ion  of commercial a i r c r a f t  r ep resen ted  by 

t h e  Boeing 747 ,  Douglas DC-10, Lockheed 1011, and the SST. 

(See,  
The HUD i s  be ing  cons idered  f o r  use 

STUDY OBJECTIVES 

I n  l i g h t  of r e c e n t  advances i n  d i s p l a y  technology and 

extensive i n t e r e s t  i n  t h e  a p p l i c a t i o n s  of t h e  HUD i n  c i v i l  

a v i a t i o n ,  th i s  s tudy  was undertaken w i t h  t h r e e  o b j e c t i v e s  i n  

mind : 

LB To t a k e  s t o c k  of t h e  s i t u a t i o n  

To provide  informat ion  on developments and t r ends  
i n  t h e  f i e l d .  

To assess t h e  p o t e n t i a l  of t h e  HUD f o r  c i v i l  a v i a t i o n  
uses .  

To a t t a i n  t h e s e  o b j e c t i v e s  t h i s  r e p o r t  addresses  i t s e l f  t o  t h e  

fo l lowing  s p e c i f i c  ques t ions :  

Wha; are t h e  ope ra t ing  problems which t h e  HUD could 
b e  expected t o  s o l v e ?  

What r o l e  could t h e  HUD p lay  i n  each of  t h e s e  
s i t u a t i o n s ?  

i n  each of t h e s e  r o l e s ?  
e' What are t h e  performance requirements  f o r  t h e  HUD 

8 What i s  t h e  p r e s e n t  s ta te  of HUD technology? 

Q What are the r e l a t e d  t e c h n i c a l  and p r a c t i c a l  
concerns which w i l l  i n f l u e n c e  f u t u r e  development 
and use  of t h e  HUD? 

re sea rch  
e What are the major t o p i c s  f o r  f u r t h e r  

1-5 



METHOD 

B a s i c a l l y ,  t h i s  s tudy  i s  a review and a n a l y s i s  of t h e  

t e c h n i c a l  l i t e r a t u r e  publ ished on t h e  t o p i c  of head-up d i s p l a y s  

dur ing  t h e  p a s t  f i f t e e n  yea r s  o r  so .  The volume of documents ' 

i s  cons ide rab le ,  amounting t o  over  500 r e p o r t s ,  art icles,  and 

s c i e n t i f i c  papers  t o t a l l i n g  several thousand pages. The p r in -  

c i p a l  source  materials c o n s i s t  of r e p o r t s  of r e sea rch  s t u d i e s ,  

s imu la t ion  experiments ,  and f l i g h t  tests. Other va luab le  

sou rces  of in format ion  are des ign  s t u d i e s  f o r  p a r t i c u l a r  d i s -  

p l ays  and manufacturers '  t e c h n i c a l  d e s c r i p t i o n s  and p u b l i c i t y  

materials. F i n a l l y ,  because t h e  head-up d i s p l a y  has  been t h e  

s u b j e c t  of l i v e l y  deba te  f o r  a long  t i m e ,  t h e r e  are numerous 

articles i n  t e c h n i c a l  and t r a d e  j o u r n a l s  and r e p o r t s  of con- 

f e r e n c e  proceedings which provide  informed comment on t e c h n i c a l  

s u b j e c t s  and on t h e  more gene ra l  matters of d i sp l ay  philosophy 

and usage. 

The b ib l iog raphy  appended t o  t h i s  r e p o r t  i s  n o t  a complete 

l i s t i n g  of a l l  t h e  documents reviewed. It is  l i m i t e d  t o  those  

which, i n  t h e  a u t h o r ' s  e s t i m a t i o n ,  are s i g n i f i c a n t  and v a l u a b l e  

t o  an understanding of t h e  s u b j e c t .  Among t h e  i t e m s  e l imina ted  

are minor t e c h n i c a l  n o t e s ,  magazine articles of gene ra l  interest  

on ly ,  r e p o r t s  dea l ing  wi th  engineer ing  d e t a i l s  of s p e c i f i c  

systems,  documents conta in ing  informat ion  a v a i l a b l e  i n  b e t t e r  

form i n  o t h e r  r e p o r t s ,  and documents o b t a i n a b l e  only  from 

pr iva t .e  sources  

With a body of l i t e r a t u r e  s o  l a r g e  and wi th  such a v a r i e t y  

of sources ,  t h e  au thor  makes no p r e t e n s e  t o  have s t u d i e d  i t  

a l l  i n  d e t a i l ,  no r  even t o  have unearthed i t  a l l .  It w a s  nec- 

ces sa ry  t o  skim r a t h e r  qu ick ly  through some m a t e r i a l s ,  e s p e c i a l l y  

those  d a t i n g  back beyond t e n  y e a r s  ago and those  of marginal  
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relevance. Undoubtedly some documents were overlooked, and 

apology is  o f f e r e d  i f  any s i g n i f i c a n t  work seems t o  have been 

s l i g h t e d  o r  omi t ted .  
I 

To supplement t h e  informat ion  a v a i l a b l e  i n  t h e  l i t e r a t u r e ,  

i n t e rv i ews  were h e l d  wi th  persons active i n  head-up d i s p l a y  

r e sea rch .  V i s i t s  w e r e  made t o  NASA, FAA, Army, Navy, and A i r  

Force research and f l i g h t  test c e n t e r s  t o  d i scuss  work i n  

p rogres s  and t o  o b t a i n  background informat ion  on previous  pro- 

jects .  The au thor  w a s  a l s o  p r i v i l e g e d  t o  spend t h r e e  weeks i n  

England and France v i s i t i n g  government and i n d u s t r y  research 

f ac i l i t i e s  wi th  an  i n t e r e s t  i n  head-up d i sp lays .  A l i s t  of 

t h e  o rgan iza t ions  and agencies  v i s i t e d  i n  t h e  course  of t h e  

s tudy  i s  provided i n  Appendix A. 

Acknowledgement must a l s o  b e  made t o  Captain Harvey M. 

Thompson, D i rec to r  of F l i g h t ,  and Captain Edward Burke -- 
both  of Allegheny A i r l i n e s  -- f o r  t h e i r  a s s i s t a n c e  i n  making 

a v a i l a b l e  a somewhat unusual b u t  h i g h l y  va luab le  sou rce  of 

in format ion .  Captains Thompson and Burke arranged f o r  t h e  

au tho r  t o  r i d e  i n  the cockpi t  on several r e g u l a r l y  scheduled 

Allegheny f l i g h t s  s o  as t o  observe a t  f i rs t  hand t h e  problems 

of a i r c r a f t * o p e r a t i o n  under a v a r i e t y  of weather condi t ions .  

This exper ience  a ided  measurably i n  understanding the p i l o t ' s  

v i s u a l  tasks and i n  a s ses s ing  t h e  p o t e n t i a l  of t h e  head-up 

d i s p l a y .  

SCOPE OF THE REPORT 

To set t h e  ques t ion  of head-up d i s p l a y s  w i t h i n  t h e  o v e r a l l  

con tex t  of c i v i l  a v i a t i o n  ope ra t ions ,  t h e  r e p o r t  begins  w i t h  

an examination of gene ra l  o p e r a t i o n a l  requirements  and of spec i -  

f i c  requirements  f o r  c r i t i c a l  f l i g h t  phases (Chapters I1 and 111). 
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Chapter I V  p r e s e n t s  an a n a l y s i s  of t h e  p i l o t ' s  v i s u a l  tasks and 

pe rcep tua l  problems i n  c r i t i c a l  f l i g h t  phases .  This  i s  followed 

i n  Chapter V by an  inventory  of t h e  p re sen t  a i d s  and methods of 

s a t i s f y i n g  t h e s e  requirements ,  w i t h  p a r t i c u l a r  emphasis on t h e i r  

inadequacies  and l i m i t a t i o n s  e 

These f o u r  chap te r s  form t h e  background f o r  a d i scuss ion  

i n  Chapter V I  of t h e  r o l e s  which t h e  head-up d i s p l a y  could p l ay  

and the way i t  might be  expected t o  s o l v e  s p e c i f i c  o p e r a t i o n a l  

problems. 

equipment requirements ,  HUD technology,  and some t e c h n i c a l  and 

p r a c t i c a l  concerns which are n o t ,  s t r i c t l y  speaking,  d i s p l a y  

problems b u t  which w i l l  i n f l u e n c e  t h e  f u t u r e  development and 

a p p l i c a t i o n  of head-up d i sp lays .  The r e p o r t  concludes w i t h  a 

summary of t h e  c a p a b i l i t i e s  and l i m i t a t i o n s  of head-up d i s p l a y s  

and w i t h  a s t a t emen t  of t h e  problems which remain t o  b e  so lved  

by f u t u r e  research. 

Chapter V I 1  covers  several d i v e r s e  t o p i c s  -- d i s p l a y  

The scope of t h i s  r e p o r t  i s  n e c e s s a r i l y  broad s i n c e  head-up 

d i s p l a y s  cannot b e  t r e a t e d  as an  i s o l a t e d  problem of technology. 

To assess t h e  a p p l i c a b i l i t y  of the HUD i n  c iv i l  a v i a t i o n  invo lves  

more than  j u s t  examining t h e  t e c h n i c a l  f e a s i b i l i t y  of a p a r t i c u -  

lar  type  o f - d e v i c e  f o r  use  i n  a i r c r a f t .  It i s  a l s o  necessary  t o  

cons ider  how t h e  HUD i s  t o  be  used and how it  must f i t  i n  w i t h  

o t h e r  elements of t h e  i n c r e d i b i l y  complex system of c i v i l  
a v i a t i o n .  This i s  the reason  f o r  devot ing almost h a l f  t h e  re- 

p o r t  t o  t o p i c s  which have l i t t l e  t o  do w i i h  t h e  narrow ques t ion  

of d i s p i a y  technology, b u t  which are h i g h l y  r e l e v a n t  t o  the 

r o l e  of the HUD and i t s  p r a c t i c a l  va lue .  

The r e p o r t ,  t h e r e f o r e ,  d e a l s  w i th  system problems and wi th  

t h e  human f a c t o r s  a s s o c i a t e d  w i t h  t h e  use  of t h e  HUD i n  c i v i l  
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a v i a t i o n .  This  i s  a r e s u l t  of the au tho r ' s  conv ic t ion  t h a t  

t h e  ch ie f  concern is  not  s o  much whether a HUD can be  developed 

t o  m e e t  c e r t a i n  s p e c i f i c a t i o n s ,  b u t  what k ind  of d i sp l ay  i s  

needed t o  serve t h e  p i l o t ' s  needs and how i s  i t  t o  b e  used. 

This  i s  no t  t o  minimize t h e  problems of d i s p l a y  engineer ing  b u t  

t o  i n d i c a t e  t h a t  they  are secondary t o  t h e  ques t ions  of d i s p l a y  

philosophy and usage, 
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CHAPTER I1 

GENERAL REOUIREMENTS 

Any system o r  i t e m  of equipment in tended  f o r  u se  i n  c iv i l  

a v i a t i o n  must s a t i s f y  t h r e e  g e n e r a l  requirements .  

safe? It must be  p r a c t i c a l .  It must b e  economical. 

It must be 

S a f e t y  is  t h e  f i r s t  and dominant concern f o r  everyone and 

every th ing  connected wi th  c ivi l  a v i a t i o n .  S a f e t y  is  the touch- 

s t o n e  i n  des igning  aircraft and a i r c r a f t  equipment. 

ope ra t ion  i s  t h e  b a s i c  p r i n c i p l e  of  t r a i n i n g  programs f o r  

f l i g h t  and ground personnel .  S a f e t y  i s  t h e  b a s i s  f o r  most of 

t h e  r u l e s  and procedures  of c iv i l  a i r  carriers, 

the r e g u l a t o r y  s t r u c t u r e  e s t a b l i s h e d  by t h e  I n t e r n a t i o n a l  Civ i l  

Avia t ion  Organiza t ion  and t h e  Fede ra l  Avia t ion  Adminis t ra t ion.  

It is  n o t  t o o  sweeping a statement t o  assert t h a t  eve ry th ing  

done i n  an  aircraft ,  bo th  i n  f l i g h t  and on t h e  ground, 

u l t i m a t e l y  reverts f o r  j u s t i f i c a t i o n  t o  t h e  ques t ion  of s a f e t y .  

Every i t e m  of equipment, every human a c t i o n ,  every procedure o r  

p r a c t i c e  must either promote s a f e t y  o r  -- as a m i n i m u m  -- n o t  

j e o p a r d i z e  human l i f e  and proper ty .  

Sa fe ty  of 

Sa fe ty  u n d e r l i e s  

It i s  t h e r e f o r e  proper  t o  set down s a f e t y  as the f i r s t  

requirement  f o r  the head-up d i s p l a y  and t o  i n q u i r e  how t h e  

head-up d i s p l a y  can serve the ends of s a f e t y .  

ments most o f t e n  advanced i n  f avor  of the HUD i s  tha t  i t  w i l l  

promote s a f e t y  by t ak ing  some of the r i sk  o u t  of ope ra t ions  such 

as approach, landing ,  o r  missed approach ( e s p e c i a l l y  i n  condi- 

t i o n s  of reduced v i s i b i l i t y )  where t h e  o v e r a l l  s a f e t y  of the 

One of t h e  argu- 



e x i s t i n g  system of in s t rumen ta t ion  and guidance is most s e v e r l y  

taxed. Those who are s k e p t i c a l  of t h e  HUD a l s o  have r e f e r e n c e  

t o  s a f e t y  i n  p o i n t i n g  out  i t s  shortcomings. They contend t h a t  

t h e  r e l i a b i l i t y ,  i n t e g r i t y ,  accuracy,  and o t h e r  c o n s t i t u e n t s  of 

s a f e t y  have no t  been s u f f i c i e n t l y  e s t a b l i s h e d  f o r  t h e  HUD t o  

warran t  i t s  use i n  c i v i l  a v i a t i o n .  (See,  f o r  example, Ref e 1) 

How s a f e  is t h e  head-up d i sp lay?  N o  one r e a l l y  knows. Is 

It i s  h a r d  t o  it the key t o  s a f e r  ope ra t ion  i n  low v i s i b i l i t y ?  

say. 

which can be  proven by l o g i c a l  deduct ion.  It can only  be 

i n f e r r e d  from empi r i ca l  evidence.  

be demonstrated b y . s t a t i s t i c s  based on ope ra t ing  exper ience .  

t h e  case of t h e  HUD such empi r i ca l  evidence does nut  y e t  exist 

because t h e  HUD h a s  not  been sub jec t ed  t o  t h e  t r i a l  of day-to- 

day usage. 

The reason i s  t h a t  s a f e t y  i s  no t  a system c h a r a c t e r i s t i c  

The s a f e t y  of a system can only  

I n  

While it i s  t r u e  t h a t  a cons ide rab le  number of hours of 

f l i g h t  exper ience  have been amassed wi th  exper imenta l  systems 

t h i s  i s  no t  t h e  same as r e g u l a r  ope ra t ions .  Test a i r c r a f t  

equipment is  tuned t o  f i n e r  t o l e r a n c e s ,  maintenance p r a c t i c e s  

are more s p e c i a l i z e d ,  p i l o t s  are more experienced and s k i l l e d ,  

and t h e  t o l e r a b l e  element of r i s k  is h i g h e r  i n  f l i g h t  t e s t i n g  

then  i n  r e g u l a r  commercial service o r  i n  gene ra l  a v i a t i o n .  

The m i l i t a r y  s e r v i c e s  a l s o  have exper ience  wi th  head-up 

d i s p l a y s ,  and some of it has  been under c'onditions more n e a r l y  

l i k e  those  c h a r a c t e r i s t i c  of c iv i l  a v i a t i o n .  However, h e r e  

t o o ,  cau t ion  is r equ i r ed .  S a f e t y ,  a l though a major concern 

i n  m i l i t a r y  systems,  i s  no t  always t h e  prime concern, I n  com- 

b a t  ope ra t ions  accomplishing t h e  miss ion  comes f i r s t ,  and t h i s  

w i l l  permi t  t ak ing  r i s k s  which are unacceptab le  i n  c i v i l  
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a v i a t i o n .  This  i s  no t  t o  say t h a t  t h e  m i l i t a r y  s e r v i c e s  are 

i n d i f f e r e n t  toward s a f e t y .  Rather ,  t h e i r  p r i o r i t i e s  are no t  

t h e  same as those  of c i v i l  a v i a t i o n ,  and t h e  more s t r enuous  

uses ' to  which m i l i t a r y  a i r c r a f t  are p u t  (both f o r  combat and 

t r a i n i n g  purposes) d i c t a t e  lower margins of s a f e t y .  S ince  t h e  

ope ra t ion  i s  e s s e n t i a l l y  r i s k i e r ,  t h e  s a f e t y  of m i l i t a r y  crew- 

men i s  as su red  i n  a d i f f e r e n t  way, For i n s t a n c e ,  f i g h t e r  and 

a t t a c k  a i r c r a f t  are equipped wi th  e j e c t i o n  systems.  

else f a i l s ,  t h e  crew can escape  from t h e  a i r c r a f t .  The same is 

no t  t r u e  of c iv i l  a v i a t i o n ,  d i scount ing  t h o s e  few gene ra l  avia- 

t i o n  a i r c r a f t  which may b e  equipped wi th  parachutes .  M i l i t a r y  

t r a n s p o r t  a i r c r a f t  come much c l o s e r  t o  c iv i l  a i r c r a f t  i n  t h e i r  

o p e r a t i n g  phi losophy;  b u t  as noted  i n  Chapter I, no exper ience  

wi th  head-up d i s p l a y s  has  Yet been accumulated i n  m i l i t a r y  t r a n s -  

p o r t  ope ra t ion .  

too  f a r  i n  e x t r a p o l a t i n g  from m i l i t a r y  exper ience .  

I f  a l l  

For t h e s e  reasons  i t  seems prudent  no t  t o  go 

It is  reasonable  t o  conclude t h a t  t h e  case  of t h e  head-up 

d i s p l a y  w i l l  have t o  be  t r i e d  i n  l a r g e  measure on t h e  ques t ion  

of s a f e t y .  I n  t h e  subsequent examination of head-up d i s ? l a y s  

i n  this r e p o r t  s a f e t y  is  a paramount f a c t o r  t o  be considered.  

The q u e s t i o n  of t h e  head-up d i s p l a y  involves  more, however, 

t han  s a f e t y  of f l i g h t .  To p lay  a r o l e  i n  c iv i l  a v i a t i o n ,  t h e  

HUD must a l s o  ga in  acceptance on p r a c t i c a l  grounds; and 

p r a c t 5 c a l i t y  imp l i e s  many t h i n g s .  

t h e  matter of u t i l i t y .  

t o t a l  a i r c r a f t  system. 

c a p a b i l i t y  of t h e  a i r c r a f t  o r  enable  

t a s k s  w i t h i n  t h e  p re sen t  o p e r a t i o n a l  envelope more e a s i l y ,  more 

a c c u r a t e l y  o r  more c o n s i s t e n t l y ,  To pu t  i t  another  way, t h e  HUD 

must q u a l i f y  on t h e  same grounds as every o t h e r  i t e m  of i n s t r u -  

F i r s t  .and foremost t h e r e  i s  

The HUD must be  a working p a r t  of t h e  

It must e i t h e r  extend the  o p e r a t i o n a l  

t h e  p i l o t  t o  accomplish 
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mentat ion which h a s  been in t roduced  i n t o  t h e  cockpi t  over t h e  

yea r s  -- i t  must l e a d  t o  some improvement i n  system performance. 

There are o t h e r  a s p e c t s  of p r a c t i c a l i t y  t o  be  considered.  

I f  the HUD is  t o  b e  used as a supplement t o  o r  a s u b s t i t u t e  f o r  

e x i s t i n g  f l i g h t  ins t ruments ,  i t  must have a t  least t h e  same degree 

of v a l i d i t y  and i n t e g r i t y  as t h a t  which i s  now i n  t h e  cockpi t .  

If t h e  HUD is t o  permit  c o r r e c t  and p r e c i s e  c o n t r o l  of t h e  air- 

c r a f t  f l i g h t  p l an ,  i t  must b e  accu ra t e .  I f  i t  i s  t o  serve as 

t h e  p i l o t ' s  primary f l i g h t  r e f e r e n c e ,  t h e  HUD must perform as 

needed and when needed, i .e . ,  it must b e  r e l i a b l e .  F i n a l l y ,  i t  

must b e  p o s s i b l e  t o  keep t h e  HUD i n  an  ope ra t ing  state and ( i n  

case of  f a i l u r e )  t o  r e t u r n  i t  t o  an ope ra t ing  s ta te  wi th  a modi- 

cum of maintenance a c t i v i t y .  That i s ,  t h e  HUD must e x h i b i t  t h e  

two c h a r a c t e r i s t i c s  of good m a i n t a i n a b i l i t y  -- high  MTBF and 

low J!l'TTR. 

The c r i t e r i a n  of p r a c t i c a b i l i t y ,  t h e r e f o r e ,  embraces 

several system engineer ing  characteristics. Among these are: 

U t i l i t y  - t h e  use fu lness  and o p e r a b i l i t y  of t h e  HUD; 

I n t e g r i t y  - t h e  " t ru th fu lness"  of the HUD as a 

Accuracy - t h e  p r e c i s i o n  w i t h  which the HUD i n d i c a t e s  

R e l i a b i l i t y  - t h e  degree  of confidence one may have 

f l i g h t  ins t rument ;  

t h e  f l i g h t  s i t u a t i o n ;  

i n  the HUD cont inuing  t o  func t ion  
c o r r e c t l y ;  

M a i n t a i n a b i l i t y  - t h e  a c t i v i t y  necessary  t o  keep the 
HUD i n ,  o r  r e s t o r e  it t o ,  working 
o rde r .  

I n t e g r i t y ,  accuracy,  and r e l i a b i l i t y  w e r e  mentioned earlier 

as f a c t o r s  r e l a t i n g  t o  t h e  s a f e t y  of t h e  head-up d i s p l a y ,  and 

it may seem l o g i c a l l y  i n c o n s i s t e n t  t o  c i t e  them aga in  h e r e  as 
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elements  of p r a c t i c a l i t y .  Ac tua l ly ,  t h e r e  i s  a case  t o  be made 

f o r  i n c l u d i n g  them under e i t h e r  heading,  For example, t h e  

r e l i a b i l i t y  of t h e  head-up d i sp lay  a f f e c t s  i t s  s a f e t y .  

d i s p l a y  f a i l s  dur ing  a l and ing ,  t h e  p i l o t  may b e  p laced  i n  a 

s i t u a t i o n  from which h e  cannot e x t r i c a t e  h i m s e l f ,  w i th  r e s u l t i n g  

jeopardy  o r  even c a t a s t r o p h e  f o r  t h e  passengers  and t h e  a i r c r a f t .  

On t h e  o t h e r  hand, r e l i a b i l i t y  a l s o  h a s  an impact on t h e  use- 

f u l n e s s  and p r a c t i c a l i t y  of t h e  HUD. A d i s p l a y  t h a t  does n o t  

work prope r ly  i s  simply s o  much excess  baggage i n  t h e  cockp i t .  

The p i l o t  cannot use  it. And it poses an e x t r a  burden of work 

and c o s t  f o r  t h e  ground crews t o  main ta in  it. 

unsafe  - and i m p r a c t i c a l  t o  p l a c e  one ' s  confidence i n  a d i s p l a y  

which f a i l s  too  f r e q u e n t l y .  

and i n t e g r i t y ,  and t h e r e  is  l i t t l e  t o  be  gained i n  contending 

t h a t  t hey  are e i t h e r  s a f e t y  f a c t o r s  o r  p r a c t i c a l  f a c t o r s  when they 

are s o  c l e a r l y  both .  

I f  t h e  

It i s  p l a i n l y  

The same can b e  s a i d  f o r  accuracy 

S a f e t y  and p r a c t i c a l i t y  are n o t  mutua l ly  e x c l u s i v e  s t anda rds .  

They are merely two ways of looking  a t  a system. 

q u e s t i o n  is What  r i s k s  do I run i n  us ing  t h e  system?" 

o t h e r ,  " W i l l  t h e  system make my t a s k s  easier o r  w i l l  i t  a l low 

me  t o  accomplish something I cannot now do a t  a l l?"  

t h e  e v i d e n c e - i s  p e r t i n e n t  t o  both  q u e s t i o n s ,  s o  much t h e  b e t t e r .  

I f  s a f e t y  and p r a c t i c a l i t y  involve  some of t h e  same considera-  

t i o n s ,  i t  is merely a r e f l e c t i o n  of t h e  way i n  which system 

characteristics are i n t e r r e l a t e d ,  sometimes t o  t h e  p o i n t  where 

they  cannot b e  n e a t l y  e x t r i c a t e d .  

I n  one case  t h e  

I n  t h e  

I f  some of 

The t h i r d  gene ra l  requirement  t o  b e  set a longs ide  s a f e t y  

and p r a c t i c a l i t y  i s  economy.' Before t h e  d i r e c t o r s  of an a i r l i n e  

o r  t h e  owners of gene ra l  a v i a t i o n  a i r c r a f t  buy t h e  head-up 

d i s p l a y ,  even i f  wholly persuaded of i t s  merits on t h e  grounds of 
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s a f e t y  and p r a c t i c a l i t y ,  i t  i s  reasonable  t o  expect  them t o  

ask how much i t  w i l l  c o s t .  

The head-up d i s p l a y  is a r e l a t i v e l y  expensive ins t rument .  

It may run  between $15,000 and $35,000 p e r  u n i t ,  depending upon 

t h e  complexity of t h e  d i s p l a y  and t h e  q u a n t i t y  purchased 

Moreover, f o r  t h e  f o r e s e e a b l e  f u t u r e  t h e  HUD i s  no t  in tended  as 

a replacement f o r  any of t h e  e x i s t i n g  cockpi t  i n s t rumen t s ,  b u t  

as a supplement t o  them. 

i t e m  of expense which cannot be o f f s e t  by sav ings  on o t h e r  cock- 

p i t  equipment. 

c a l l i n g  f o r  s p e c i a l i z e d  maintenance procedures  and t o o l s .  Thus, 

t h e  HUD r e p r e s e n t s  an  add-on cos t  i n  o u t  f i t t i n g  t h e  a i r c r a f t  

i n i t i a l l y  and i n  main ta in ing  i t  i n  good working o rde r ,  It seems 

l i k e l y ,  t h e r e f o r e ,  t h a t  t h e  r e l u c t a n c e  of commercial and gene ra l  

a v i a t i o n  t o  accept  t h e  HUD stems, at least i n  p a r t ,  from a very  

real concern about i t s  c o s t .  

This  means t h a t  t h e  HUD i s  an  extra 

Fur the r ,  t h e  HUD i s  a complex piece o f  equipment, 

Cost,  however, i s  n o t  a concern which is  unique t o  c i v i l  

a v i a t i o n .  

procurement of m i l i t a r y  systems. One of t h e  puzz l ing  f a c t s  about 

t h e  head-up d i s p l a y  i s  t h a t  of t h e  two major p o t e n t i a l  u s e r s  of 

t h e  head-up d i s p l a y ,  t h e  m i l i t a r y  services and t h e  c i v i l i a n  a i r  

carriers, one seems t o  have accepted t h e  HUD concept wholly and 

t h e  o t h e r  h a s  been r e l u c t a n t  t o  g i v e  it even a l i m i t e d  t r i a l .  

The usua l  exp lana t ion  i s  t h a t  " th ings  are d i f f e r e n t  between 

Cost is  a l s o  an important  f a c t o r  i n  dec i s ions  on t h e  

m i l i t a r y  and c i v i l i a n  opera t ions" .  

t o  a degree.  An e n l i g h t e n i n g  comparison of m i l i t a r y  and 

c i v i l i a n  a v i a t i o n  h a s  been o f f e r e d  by C.O. Miller ( R e f .  2 ) ,  t h e  

major elements of which are -set f o r t h  i n  Table  I. 

This  may be  t r u e ,  b u t  on ly  

Although Miller w a s  address ing  t h e  s u b j e c t  of system s a f e t y ,  
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two of h i s  major p o i n t s  apply gene ra l ly  t o  t h e  d i f f e r e n c e s  

between m i l i t a r y  and c i v i l  a v i a t i o n  p o i n t s  of view, F i r s t ,  

t h e  purpose,  mot iva t ion ,  and bus iness  r e l a t i o n s h i p  p re sen t  i n  

t h e  a i r  carrier system produce a c o s t  consciousness f a r  g r e a t e r  

and less f l e x i b l e  than  i n  t h e  m i l i t a r y ,  This  means t h a t  proof 

of c o s t  s av ing  through inc reased  ope ra t ing  e f f i c i e n c y  o r  i m -  

proved system s a f e t y  i s  more e s s e n t i a l  i n  t h e  commercial a i r  

carrier system. Second, there i s  a d e f i n i t e  l a c k  of a systems 

approach i n  t h e  r e l a t i o n s h i p  

t h e  a i r l ine ope ra to r ,  and t h e  Fede ra l  Avia t ion  Adminis t ra t ion .  

Each t ends  t o  view t h e  ope ra t ion  of  t h e  system wi th  a p a r o c h i a l  

i n t e r e s t  -- sales f o r  the manufacturer ,  p r o f t a b l e  o p e r a t i o n  f o r  

t h e  a i r  carrier, and r egu la to ry  r e s p o n s i b i l i t y  f o r  the FAA. 

S ince  i t  i s  the a i r  carrier who must purchase the equipment -- 
head-up d i s p l a y  o r  whatever -- i t  is  n a t u r a l  that the acqu i s i -  

t i o n  and ope ra t ing  c o s t s  should b e  r e l a t e d  t o  t h e  a i r  carriers' 

prime concern,  t h e  p r o f i t a b i l i t y  of  a i r  t r a n s p o r t a t i o n  service. 

among the equipment manufacturer ,  

A s imple  c a l c u l a t i o n  w i l l  i l l u s t r a t e  t h e  p o i n t .  Assuming 

t h a t  a head-up d i s p l a y  c e r t i f i c a t e d  f o r  commercial air  carrier 

use  would c o s t  about  $35,000 pe r  u n i t  ( i nc lud ing  the pro- ra ted  

c o s t  o f  s p e c i a l  maintenance equipment) and assuming t h a t  100 

u n i t s  would b e  needed t o  equip a f l e e t  and have a s u i t a b l e  

reserve of s p a r e s ,  the i n i t i a l  a c q u i s i t i o n  would b e  on the 

o rde r  of $3.5 m i l l i o n .  This  amount i s  about the same as t h e  

purchase p r i c e  of  a medium-size j e t  a i r c r a f t .  

an expendi ture  t h e  a i r l i n e  would have t o  f i n d  some rea l i s t ic  

way of equat ing  t h e  p o t e n t i a l  revenue of  an a d d i t i o n a l  a i r c r a f t  

i n  the f l e e t  (less purchase and ope ra t ing  c o s t s )  w i t h  t h e  bene- 

f i t s  expected t o  accrue  from us ing  the head-up d i s p l a y  ( a l s o  

less purchase and ope ra t ing  c o s t s ) .  The b e n e f i t s  of t h e  HUD 

might t a k e  t h e  form of inc reased  ope ra t ing  e f f i c i e n c y  f o r  the 

To j u s t i f y  such 
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TABLE I 

ITEM MIL I TARY CIVILIAN 
- 

1. National defense 
Ob j e ctive 

Air transportation service 
to the community at a profit 

2. USAF' alone flies about 7 US carriers operate a little 
Size of Operation million hours per year over 3 million hours per year 

3, 
System Elements 

a. Personnel 

b. Operational 
Procedures 

c. Test and 
Acceptance 
Programs 

Relatively low paid; 
Transient assignments; 
Average skill level lower 

Can and will compromise 
safety as mission require- 
ments dictate; 
Procedures planned early 
in program life cycle 

A negotiated effort to spe- 
cific requirements for a 
given program; 
Usually more rigid than 
previous programs 

Can be highly selective; 
Stable employment at rela- 
tively high cost and skill 
level 

Safety is foremost consider- 
at ion ; 
Criteria do not fluctuate 
appr e ci ab 1 y ; 
Procedures often not develop- 
ed until after aircraft de- 
livery 

Adherence to minimum stand- 
ards ; 
Evaluated by a regulatory 
agency not necessarily the 
customer 

4. A major system rarely de- Private enterprise in rela- 
Business Rela- veloped and sold except in tively pure sense; 
tionship Between response to a specific pro- Product is developed on 
Contractor and posal request; company funds ; 
Customer Development costs not a Capital risk is extensive; 

high risk to the contractor Extreme competition on price 

5. Total package managed by a Relatively sharp dividing 
Management single command at least line between acquisition and 
Concept through acquisition phase operation; 

and early operations; Varied customer desires pro- 
Integrated transition be- duce very complicated base- 
tween acquisition and oper- lines for system control 
ation phases; 
Contractors deal with only 
one customer at a time 

6. Usually highly rigid and FAA provides minimum stand- 
Specifications/ comprehensive - almost to ards which are exceeded only 
Standards a fault as dictated by the conscience 

and technical excellence of 
the contractor or operator 

7. (1) Mission accomplishment (1) Economics 
Motivation for ( 2 )  Economics ( 2 )  Moral 
Safety (in order) ( 3 )  Moral ( 3 )  Mission accomplishment 

(Adapted from Miller, Ref. 2) 
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a i r c r a f t  so  equipped o r  t h e  less t a n g i b l e  (and h a r d e r  t o  prove) 

advantage of improved s a f e t y .  Somehow t h e  t rade-of f  would have 

t o  b e  made. It would b e  s u r p r i s i n g  t h a t  a management as cos t -  

conscious as an a i r l i n e ,  wi th  exper ience  i n  c a l c u l a t i n g  c o s t  and 

revenue down t o  t h e  seat-mile, would accept  t h e  head-up d i s p l a y  

wi thout  some very  sound evidence as t o  i t s  va lue .  

The c o s t  of t h e  head-up d i s p l a y  may b e  an  even more s i g n i f i -  

can t  cons ide ra t ion  i n  gene ra l  a v i a t i o n .  Although it  i s  ha rd  t o  

g e n e r a l i z e  bacause of t h e  v a r i e t y  of motives f o r  which gene ra l  

a v i a t i o n  aircraft  are owned and ope ra t ed ,  i t  can be  s a i d  t h a t  

gene ra l  a v i a t i o n  is  n o t  a revenue-producing a c t i v i t y .  

craft  are flown e i t h e r  f o r  p l easu re ,  f o r  convenience,  o r  -- i n  

a f e w  cases -- f o r  t h e  purpose of economizing on a i r  travel c o s t s .  

The f i n a n c i a l  resources  of g e n e r a l  a i r c r a f t  owners., e i t h e r  

i n d i v i d u a l l y  o r  c o l l e c t i v e l y ,  are less than  those  of commercial 

The air- 

air  carriers. With smaller budgets  and wi th  no o f f s e t t i n g  

revenue from t h e  a i r c r a f t ,  gene ra l  a v i a t i o n  tends  t o  be s k e p t i c a l  

of any new i t e m  of equipment ( e s p e c i a l l y  one as c o s t l y  as t h e  

head-up d i s p l a y ) .  Unless i t  can be shown t h a t  t h e  advantages 

i n  terms of s a f e t y  and inc reased  ope ra t ing  c a p a b i l i t y  are s i g -  

n i f i c a n t  and c l ea r - cu t ,  i t  i s  l i k e l y  t h a t  gene ra l  a v i a t i o n  w i l l  

r ega rd  t h e  head-up d i s p l a y  as a p r o h i b i t i v e l y  expensive i t e m .  

A r e p r e s e n t a t i v e  of t h e  Nat iona l  Business A i r c r a f t  Assoc ia t ion  

has s t a t e d  t h a t  NBAA. members t end  toward the view t h a t  the 

head-up d i s p l a y  is  "n ice  t o  have b u t  n o t  necessary".  

This  a t t i t u d e  i s  probably c h a r a c t e r i s t i c s  a l s o  of o t h e r  p o r t i o n s  

of the gene ra l  a v i a t i o n  community. 

(Ref. 3 )  

To summarize, t h e  head-up d i s p l a y  must s a t i s f y  t h e  t h r e e  

gene ra l  requirements  of s a f e t y ,  p r a c t i c a l i t y ,  and economy i f  it 

is  t o  ga in  acceptance i n  c i v i l  a v i a t i o n .  From some of t h e  
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d i scuss ion  i n  t h i s  chap te r ,  p a r t i c u l a r l y  t h a t  concerning c o s t ,  

it may seem t h a t  t h e s e  t h r e e  requirements  pose a dilemna. 

is, t h e  ques t ion  may appear  t o  b e  how t o  weigh s a f e t y  and 

p r a c f i c a l i t y  vs. economy. This  i s  too  s imple  a view. S a f e t y ,  

p r a c t i c a l i t y ,  and economy are n o t  a n t a g o n i s t i c ,  even though they  

are n o t  always f u l l y  compatible.  

t o  b e  considered.  They are bu t  t h r e e  elements  i n  a complex 

equat ion .  

That 

Ndr are they  t h e  only f a c t o r s  

They are three general criteria by which tc? 

judge t h e  m e r i t s  o f  t h e  head-up d i s p l a y ,  b u t  they  are n o t  t h e  

only  cri teria.  

and t e c h n i c a l  ques t ions ,  r e l a t i n g  t o  the a p p l i c a b i l i t y  of  t h e  

HUD t o  c i v i l  a v i a t i o n .  The nex t  chap te r  d e a l s  w i t h  some of 

t h e  problems of a i rcraf t  ope ra t ion  i n  s p e c i f i c  f l i g h t  phases 

and environmental  condi t ions  and sets f o r t h  some a d d i t i o n a l  

requirements  f o r  the head-up d i sp lay .  

A t t en t ion  must now b e  d i r e c t e d  t o  more s p e c i f i c  

However, b e f o r e  emb.arking on a d i scuss ion  of technical 

s u b j e c t s ,  a b r i e f  examination of some s t a t i s t i c s  i s  i n  o rde r  

t o  e s t a b l i s h  t h e  magnitude of t h e  s a f e t y  problem and t o  iden- 

t i f y  areas where t h e  head-up d i s p l a y  might make c o n t r i b u t i o n s  

of g r e a t e s t  s i g n i f i c a n c e .  

Table! I1 i s  a summary of a v i a t i o n  acc iden t s  i n  1967 and 

1968, t h e  last  two yea r s  f o r  which f i g u r e s  are a v a i l a b l e .  O f  

the 127,164 afrcraft i n  use  i n  1968, about 98% w e r e  g e n e r a l  

a v i a t i o n  a i r c r a f t .  

a l l  t h e  a c c i d e n t s  (95.6% i n  1967 and 98.6% i n  1968).  

f a t a l  acc idan t s  occur red  i n  similar p ropor t ion ,  g e n e r a l  a v i a t i o n  

account ing f o r  about 98% i n  bo th  yea r s .  Comparison of acc iden t  

rates p e r  100,000 hours  of ope ra t ion ,  however, shows a dramat ic  

d i f f e r e n c e  between g e n e r a l  and commercial a v i a t i o n ,  The acc iden t  

rate i n  gene ra l  a v i a t i o n  i s  about  20 t i m e s  t h a t  i n  commercial 

avi a t  i on 

General a v i a t i o n  a l s o  accounted f o r  n e a r l y  

Likewise, 
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TABLE I1 

1967 

ACTIVE. AIRCRAFT 
General Aviat ion (est .)  114 , 186’ 
A i r  Carrier 2,595 
Total 116 I 781 

ACCIDENTS ( a l l  types)  
General Aviat ion 
A i r  Carrier 
Total 

6 115 
70 

6,185 

FATAL ACCIDENTS 
General Avia t ion  603 
A i r  Carrier 1 2  
T o t a l  615 

ACCIDENT RATE (per 100,000 h r s . )  
General  Avia t ion  27.6 
A i r  Carrier 1.18 

FATAL ACCIDENT RATE (per 100,000 h r s . )  
General  Avia t ion  2.7 

1968 

124 , 237’ 
2,927 

127 , 124 

4 ,9682 
72 

5,040 

692 
16 

708 

20. 62 
1.11 

2.9 
A i r  Carrier 0.203 0.246 

Inc ludes  g l i d e r s  h e l i c o p t e r s  , b a l l o o n s  and blimps. 

A s  of 1 January 1968, t h e  d e f i n i t i o n  of a c c i d e n t  w a s  
made more r e s t r i c t i v e ,  w i t h  t h e  r e s u l t  t h a t  some minor 
a c c i d e n t s  inc luded  i n  s t a t i s t i c s  for  1967 were excluded 
i n  1968. 

Refers t o  t h e  number of  a c c i d e n t s  involv ing  a f a t a l i t y ,  
n o t  t h e  number of persons k i l l e d .  

’ (Based on NTSB and FAA s t a t i s t i c s )  
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These comparisons are somewhat decept ive ,  however, s i n c e  

t h e  gene ra l  a v i a t i o n  category inc ludes  such a wide v a r i e t y  of 

a i r c r a f t  and impl i e s  a very  broad range of p i l o t  s k i l l s ,  main- 

tenance p r a c t i c e s ,  and types  of ope ra t ion .  Table  111, which 

p r e s e n t s  acc iden t s  by f l i g h t  phases ,  s eg rega te s  s m a l l  from 

l a r g e  fixed-wing aircraft  and excludes o t h e r  g e n e r a l  a v i a t i o n  

v e h i c l e s  such as g l i d e r s ,  h e l i c o p t e r s ,  ba l loons ,  and blimps. 

The l a r g e  fixed-wing category (maximum gross  t akeof f  weight 

over 12,500 l b s . )  i nc ludes  most ly  co rpora t e  and bus iness  

a i r c r a f t  and r e p r e s e n t s  a class much more l i ke  air carriers 

i n  terms of s i z e ,  maintenance p r a c t i c e s ,  amount of instrumenta-  

t i o n ,  p i l o t  exper ience  and s k i l l ,  and type  of use.  

Table I11 shows that the l a r g e r  gene ra l  a v i a t i o n  a i r c r a f t  

and a i r  carriers had roughly 

1967 and 1968 and t h a t  t h e s e  acc iden t s  were s i m i l a r l y  d i s t r i b u t e d  

wi th  r e spec t  t o  t h e  f l i g h t  phase when they  occurred.  In  a l l  

cases b u t  one (a i r  carrier i n - f l i g h t  a c c i d e n t s  1968) ,  approach 

and landing  acc iden t s  outnumber those  i n  any o t h e r  ca tegory .  

Approach and landing  account f o r  between 40% and 60% of t h e  

acc iden t s  f o r  a l l  k inds  of a i r c r a f t  i n  bo th  yea r s .  The only  

o t h e r  phase c l o s e  t o  landing  i n  t h e  number and percentage  of 

acc iden t s  is  f l i g h t ,  which i n  t h e  d e f i n i t i o n  used by t h e  Na t iona l  

T ranspor t a t ion  Sa fe ty  Board i n  compiling t h e s e  s t a t i s t i c s  

inc ludes  descent  from a l t i t u t d e  and t h e  i n i t i a l  p o r t i o n  of t h e  

approach. I f  t h i s  i s  taken  i n t o  account ,  approach and landing  

is  the most dangerous p o r t i o n  of f l y i n g ,  * This i s  borne  o u t  

by o t h e r  NTSB f i g u r e s  which i n d i c a t e  that over  h a l f  of a l l  

acc iden t s  occur  w i t h i n  5 miles of t h e  a i r p o r t .  (Refs. 4,5)  

the same number of acc iden t s  i n  

Three a d d i t i o n a l  s ta t i s t ica l  f ind ings  are of i n t e r e s t .  

Over 90% of a l l  acc iden t s  occur  i n  VFR cond i t ions .  About 85% 
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TABLE I11 

~ FLIGHT 

STATIC 

TAXI 

I 
FLIGHT3 

LANDING4 

UNKNOWN 

TOTAL L 

1967 

General 
Aviat ion’  

Small 
Fixed 
Wing 

54 

364 

955 

1206 

3186 

45 

5810 

Large 
Fixed 
Wing 

1 

0 

12  

18 

23 

2 

56 

A i r  
Car- 
r i e r  

0 

5 

6 

28 

31 

0 

70 

1968 

General 
Avia t ion  

S m a l l  
Fixed 
Wing 

30 

19  9 

812 

1179 

2380 

65 

Large 
Fixed 
Wing 

0 

2 

9 

7 

24 

0 

4665 I 42 

A i r  
Car- 
rier 

6 

5 

4 

29 

28 

0 

72 

Accidents  involv ing  g l i d e r s ,  h e l i c o p t e r s ,  ba l loons ,  and blimps 
are excluded. 

Less t h a n  12,500 l b s .  maximum gross  takeoff  weight.  

Inc ludes  climb t o  c r u i s e ,  c r u i s e ,  and descent  t o  approach. 

Inc ludes  f i n a l  approach. 
- 

(Based on NTSB and FAA s t a t i s t i c s )  
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of a l l  acc iden t s  happen i n  day l igh t  hour s ,  P i l o t  e r r o r  i s  

a cause o r  a c o n t r i b u t i n g  f a c t o r  i n  about 80% of t h e  cases. 

These g e n e r a l i z a t i o n s  hold  t r u e  f o r  commercial as w e l l  as gene ra l  

a v i a t i o n ,  and they  have been s u b s t a n t i a l l y  t h e  same over  t h e  p a s t  

few yea r s .  

Three major p o i n t s  emerge from t h e s e  statist ics.  F i r s t ,  

i n  terms of t h e  s a f e t y  r eco rd ,  l a r g e  gene ra l  a v i a t i o n  a i r c r a f t  

are n o t  d i s t i n g u i s h a b l e  from commercial a i r  carriers. By 

i n f e r e n c e  it can b e  concluded t h a t  whatever may be  s a i d  about 

t h e  problems of commercial av iae ion  w i l l  apply t o  l a r g e  g e n e r a l  

a v i a t i o n  a i r c r a f t  as w e l l .  Fu r the r ,  whatever s o l u t i o n s  t h e  

head-up d i s p l a y  may o f f e r  f o r  p a r t i c u l a r  ope ra t ing  problems w i l l  

b e  r e l e v a n t  t o  both  of these classes of a i r c r a f t .  Second, i t  

is clear from t h e  s a f e t y  r eco rd  that  most of t h e  ope ra t ing  

problems are r e l a t e d  t o  approach and landing .  This  i s  no su r -  

p r i s e  s i n c e  t h e  research l i t e r a t u r e  and informed comment i n  t h e  

a v i a t i o n  i n d u s t r y  stress t h e  problems of approach and l and ing  

above a l l  o t h e r  phases of f l i g h t .  

f o r e  be  taken  as a d d i t i o n a l  confirmation of t h e  prime importance 

of approach and landing  problems. Thi rd ,  t h e s e  problems exist 

i n  bo th  t h e  VFR and IFR regimes,  a l though c e r t a i n l y  t o  d i f f e r e n t  

The s a f e t y  record  may there-  

degrees .  Approach and landing  i n  cond i t ions  of reduced vis i -  

b i l i t y  have rece ived  by fa r  t h e  g r e a t e s t  s h a r e  of a t t e n t i o n ,  

and most of t h e  i n d u s t r y  e f f o r t  has been d i r e c t e d  toward 

improving IFR systems; b u t  t h e  s a f e t y  r eco rd  c l e a r l y  shows 

that  approach and landing  in VFR a l s o  poses  s e r i o u s  problems. 

For these reasons t h i s  s tudy  w i l l  address  i t s e l f  t o  both  com- 

mercial and gene ra l  a v i a t i o n  a p p l i c a t i o n s  of t h e  head-up d i s p l a y  

and w i l l  concen t r a t e  on bo th  VFR and IFR approach and landing .  

An a d d i t i o n a l  i n d i c a t i o n  of t h e  n a t u r e  of t h e  problems t o  
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. considered and of t h e i r  consequences i s  a f fo rded  by a r e c e n t l y  

'Lished a n a l y s i s  of 20 a i r l i n e  a c c i d e n t s ,  (Ref. 7) A summary 

1 t h i s  a n a l y s i s  i s  presented  i n  Table I V .  I n  most of t h e  

acc iden t s  considered t h e  i n v e s t i g a t o r s  s t a t e d  o r  s t r o n g l y  impl ied  

t h a t  t h e  "human f a c t o r "  con t r ibu ted  t o  t h e  acc iden t .  I n  about 

h a l f  of t h e  cases t h e  probable  cause w a s  a combination of e v e n t s ,  

each of l i t t l e  consequence by i t s e l f ,  b u t  dangerous when taken  

toge the r .  

t o  pe rce ive  o r  observe c e r t a i n  e lements  of in format ion  o r  t h e i r  

f a i l u r e  t o  comprehend t h e  meaning i n  t i m e  f o r  c o r r e c t i v e  a c t i o n .  

The b a s i c  problem, as cha rac t e r i zed  by t h e  au tho r  of t h e  

re ferenced  s tudy ,  w a s  " information t r a n s f e r  and processing".  

That i s ,  a f a i l u r e  occurred i n  the l i n k  between man and h i s  

source  of in format ion  e i t h e r  o u t s i d e  o r  i n s i d e  the cockpi t .  

The human f a c t o r  en te red  through the crew's i n a b i l i t y  
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TABLE I V  

CARRIER & LOCATION ACCIDENT REPORT STATEMENT 
AIRCRAFT & DATE OF PROBABLE CAUSE 

American New York Misread a l t i m e t e r .  Human ten- 
Electra 2-8-59 dency t o  assume conformance. 

American New York C r e w  f a i l e d  t o  recognize  and 
B-707 8-15-59 c o r r e c t  development of excess  

yaw, which r e s u l t e d  i n  subse- 
quent  l o s s  of c o n t r o l .  

Delta A t l a n t a  A l a r g e  amount of yaw t o  t h e  
CV-880 5-23-60 r i g h t  w a s  p r e s e n t  a long  wi th  

cons ide rab le  s k i d  o r  s l i p .  
The a i r c r a f t  s t a l l e d ,  f o r  
reasons  undetermined, a t  a n  
a l t i t u d e  too  low t o  e f f e c t  
recovery.  

Sabena Brusse l s  It w a s  imposs ib le  i n  t h e  t i m e  
B- 70 7 2-15-61 a v a i l a b l e ,  and under t h e  c i r -  

cumstances i n  which t h e  crew 
found i t s e l f ,  t o  i d e n t i f y  
wi th  c e r t a i n t y  t h e  f a i l u r e s  
wi th  which i t  w a s  confronted.  

KLM Por tuga l  Not p o s s i b l e  t o  e s t a b l i s h .  It 

more e s s e n t i a l  t han  ever  t h a t  
t h e  e n t i r e  complex of cockp i t  
equipment and cockp i t  proce- 
du res  should be such as t o  
ensure  t h e  t imely d e t e c t i o n  
of any d e f e c t s  i n  ins t ruments  
o r  p i l o t  e r r o r s .  

DC-8 5-30-61 w a s  recommended t h a t  i t  b e  

A i r  France Morocco P i l o t  made t h e  e r r o r  of 1000 
Carave l l e  9-11-61 f t  a t  t h e  beginning of t h e  

descen t ,  t hen  gave h i s  f u l l ,  
a t t e n t i o n  t o  reading  t h e  
p o i n t e r .  

KLM Lisbon Pilot-in-command's d e r e l i c -  
DC-8 10-29-61 t i o n  wi th  respect t o  approv- 

a1 of an excess ive ly  low ap-  
proach. 

American New York C r e w  f a i l e d  t o  d e t e c t  m a l -  

p a r t u r e  procedures.  Excel- 
l e n t  weather cond i t ions .  

B-707 3-1-62 func t ion ,  d i s t r a c t e d  by de- 

Northwest M i a m i  Causal  area involved man- 
B-720B 2-12-63 machine environment rela- 

t i onsh ips .  A c l a s s i c  i l l u s -  
t r a t i o n  of t h e  man-machine 
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CHAPTER I11 

S P E C I F I C  OPERATIONAL PROBLEMS 
AND REQUIREMENTS 

S e c i f i c  o p e r a t i o n a l  problems and requirement are d i  cussed 

i n  t h i s  chapter  under t h r e e  main headings:  Approach and Landing, 

Other F l i g h t  Phases ,  and A i r c r a f t - P e c u l i a r  Requirements, No 

a t tempt  i s  made t o  o f f e r  a r igo rous  and complete a n a l y s i s  of 

a i r c r a f t  o p e r a t i o n s  nor  t o  p r e s e n t  a comprehensive l i s t  of r equ i r e -  

ments. Rather ,  t h e  i n t e n t  i s  t o  i d e n t i f y  on ly  t h e  major e lements  

of t h e  f l i g h t  s i t u a t i o n  which a f f e c t  c o n t r o l  of t h e  a i r c r a f t  

and which consequently Pnfluence pi l -ot  performance. The pur- 

pose of t h i s  d i scuss ion  is  t o  s i n g l e  ou t  problem areas and t o  

d e s c r i b e  t h e  circumstances where t h e  head-up d i s p l a y  might con- 

t r i b u t e  t o  s a f e r  o r  more e f f e c t i v e  a i r c r a f t  c o n t r o l .  These are 

requirements  i n  t h e  sense  t h a t  they  r e p r e s e n t  d e s i r e d ,  o r  d e s i r -  

a b l e ,  u ses  f o r  t h e  head-up d i s p l a y .  An examination of how t h e  

head-up d i s p l a y  might meet t h e s e  requirements  i s  de fe r r ed  u n t i l  

Chapter V I ,  

APPROACH AND LANDING 

The S i t e  

A d i s c u s s i o n  of t h e  approach and l and ing  problem must beg in  

wi th  a d e s c r i p t i o n  of t h e  si te,  t h e  runway i t s e l f .  This  i s  t h e  

p i l o t ' s  v i s u a l  t a r g e t ,  and i t  c o n s t i t u t e s  t h e  s i n g l e  most impor- 

t a n t  element of t h e  approach and landing  s i t u a t i o n .  

There i s  no such t h i n g  as a s t anda rd  runway. There are only 

minimum s t anda rds  f o r  runways, depending upon t h e  type  of air- 

c r a f t  which may use  them and t h e  cond i t ions  of v i s i b i l i t y  i n  which 
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they may b e  used. 

Avia t ion  Adminis t ra t ion  i n  t h e  form of recommendations t o  t h e  

p u b l i c  i n  t h e  i n t e r e s t  of s a f e t y ,  r e g u l a r i t y ,  o r  e f f i c i e n c y  of 

a i r c r a f t  ope ra t ions .  (Ref, 1) General ly ,  t h e r e  are th.ree types  

These s t anda rds  are set down by t h e  Fede ra l  

of runways: 

1. Basic Runway - used f o r  ope ra t ions  under Visua l  

2. Instrument  Runway - served  by a non-visual nav iga t ion  

F l i g h t  Rules.  

a i d  and in tended  f o r  landings  
under ins t rument  weather  cond i t ions .  

3. All-Weather Runway - served  by non-visual p r e c i s i o n  
approach a i d s ,  such as ILS, and 
cha rac t e r i zed  by s p e c i a l  opera- 
t i o n a l  requirements .  

The conf igu ra t ion  of t h e  t h r e e  types  of runways and t h e i r  char- 

acterist ic ma&ings are shown i n  F igu re  1. 

Despi te  t h e  apparent  r e g u l a r i t y ,  t h e r e  is a c t u a l l y  a g r e a t  

d e a l  of  v a r i a t i o n  i n  runway c h a r a c t e r i s t i c s .  Runway l e n g t h  may 

range from 5,000 t o  10,000 feet, o r  even longe r  i n  a few cases. 

Runway width may b e  between 100 and 200 feet. The consequences 

of t h i s  are t h a t  t h e  shape of t h e  runway, as viewed from t h e  

p i l o t ' s  vantage p o i n t  on t h e  approach, varies i n  i t s  c r i t i c a l  

dimensions. That i s ,  wh i l e  t h e  runway always assumes an apparent  

t r a p e z o i d a l s h a p e  when viewed i n  p e r s p e c t i v e ,  t h e  h e i g h t  of t h e  

t r apezo id  (runway l eng th )  and the width of t h e  base  (runway 

width a t  t h e  approach end) are n o t  n e c e s s a r i l y  t h e  same from one 

runway t o  another .  

I f  t h i s  were t h e  only  sou rce  of v a r i a t i o n  i n  apparent  run- 

way geometry, there would b e  no problem, However, t h e  apparent  

s i z e  of t h e  runway i s  a l s o  a func t ion  of o t h e r  parameters  which 

are h i g h l y  important  i n  managing t h e  approach. 

which t h e  p i l o t  has under h i s  c o n t r o l ,  i n  c o n t r a s t  t o  t h o s e  of 

These parameters  
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BASIC RUNWAY 

I N S T R U M E N T  RUNWAY 

ALL -WEATHER RUNWAY 

\ NON-LANDING PORTION OF RUNWAY / 
ISPLACED THRESHOL 

LANDING PORTIO 
OF RUNWAY rq----- 

BASIC RUNWAY INSTRUMENT AND 
ALL-WEATHER RUNWAY 

DISPLACED THRESHOLD MARKINGS 

(Adapted from FAA, Ref.1) 

Figure  1 
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t h e  runway which h e  does n o t .  

t h e  runway, t h e  angle  of t h e  approach s l o p e ,  and a l t i t u d e .  Thus, 

t h e  v a r i a b i l i t y  of runway l eng th  and width in t roduces  an ele- 

ment of ambiguity i n  t h e  p i l o t ' s  v i s u a l  r e fe rence .  

knowledge of t h e  a c t u a l  p h y s i c a l  dimensions of t h e  runway and 

some exper ience  wi th  a runway of t h i s  s i z e ,  t h e  p i l o t  cannot 

be c e r t a i n ,  from v i s u a l  r e f e r e n c e  a lone ,  whether t h e  apparent  

shape of t h e  runway is  due t o  runway v a r i a b l e s  o r  t o  t h e  a l t i -  

tude,  d i s t a n c e  t o  t h e  runway, and ang le  of t h e  approach s l o p e .  

I l l u s t r a t i o n s  of t h i s  ambiguity of shape are g iven  i n  F igures  

2 and 3. 

Among t h e s e  are t h e  d i s t a n c e  t o  

Without 

Many r e p o r t s  i n  t h e  l i t e r a t u r e  which d i s c u s s  approach and 

l and ing  make r e f e r e n c e  t o  a so-ca l led  "s tandard" runway. 

po in ted  o u t ,  t h e  "standard" runway does no t  exist. Usually 

what i s  meant i s  t h e  All-Weather Runway shown i n  F igure  1 above. 

For t h e  sake of s i m p l i c i t y  and cons is tency  wi th  t h i s  p r a c t i c e ,  

t h i s  r e p o r t  w i l l  use  t h e  All-Weather Runway as t h e  b a s i c  model 

f o r  subsequent a n a l y s i s  of t h e  approach and landing  problem. 

The All-Weather Runway, which i s  shown i n  pe r spec t ive  view i n  

F igure  4 ,  s h a l l  b e  assumed t o  b e  10,000 f e e t  long and 150 f e e t  

wide. I n  f a c t ,  i t  may be 7,000 t o  10,000 f e e t  i n  l eng th .  It 

i s  general ly .  150 f e e t  wide, a l though some may be  wider  (up t o  

200 f e e t ) .  According t o  FAA s t anda rds ,  t h e  All-Weather Runway 

i s  marked wi th  r e f l e c t i v e  wh i t e  p a i n t  in tended  t o  m a k e  t h e  

landing  area more conspicuous and t o  provide  enhanced v i s u a l  

i n d i c a t i o n s  f o r  approach and landing  e These markings, shown 

i n  F igure  4 ,  i n c l u d e  t h e  t h r e s h o l d ,  runway d i r e c t i o n  number, 

c e n t e r l i n e ,  l anding  zone b a r s ,  and s i d e  s t r i p e s .  (Ref. 2) 

As 

It must be emphasized t h a t ,  whi le  t h e  All-Weather Runway 

w i l l  be  used as a model, it i s  n o t  t h e  most common type of 

runway. Probably no more than  15% of t h e  runways used by c i v i l  
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HORIZON I 

O'  / 

0°45' 

Runway geometry as seen under each 
of the following conditions 

A B C D 

RUNWAY LENGTH 6000 ft 8000 ft 10,000 ft 10,000 ft 

RUNWAY WIDTH 10 0 ', f t 150 ft 150 ft 200 ft 

DISTANCE TO RUNWAY 1300 ft 2000 ft 2000 ft 2700 ft 

ALTITUDE 100 ft 130 ft 157 ft 210 ft 

GLIDE SLOPE 2 l/ZO 2 1/20 3 O  3 1/4" 

Figure  3 
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CENTE RL I N E  MARK1 NGS 

-STABILIZED SHOULDER OR 
UNSTmNGTHENED A N A S  OF 
RUNWAY 

LANDING ZONE MARKINGS 
(500 f t  APART) 

S I D E  STRIPE MARKING 

RUNWAY DIRECTION NUMBER 

T H m S H O L D  MARKINGS 

BLAST PAD, OVERRUN OR 
RELOCATED THRESHOLD 
MARKINGS 

( A d a p t e d  f r o m  White, R e f .  2 )  

Figure 4 
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a i r c r a f t  are of t h e  a l l -weather  type.  

of cons is tency  wi th  t h e  l i t e r a t u r e ,  t h i s  runway h a s  been 

s e l e c t e d  as a model because i t  r e p r e s e n t s  a bes t -case  condi t ion .  

That is ,  t h e  All-Weather Runway i s  t h e  b e s t  t h a t  t h e  p i l o t  can 

expect  t o  encounter ,  and any subsequent d i scuss ion  of t h e  v i s u a l  

problems i n  us ing  t h i s  type  of runway w i l l  apply equa l ly  t o  

o t h e r  runway types  of lesser q u a l i t y .  

Aside from t h e  reasons  

The Approach 

Approach i s  a broad term which may cover a p o r t i o n  of t h e  

decent  from en  r o u t e  a l t i t u d e  and p e n e t r a t i o n  of t h e  t e r m i n a l  

area as w e l l  as t h e  f i n a l  approach t o  t h e  runway. This  d i s -  

cuss ion  i s  confined t o  t h e  f i n a l  approach, which under VFR condi- 

t i o n s  r e f e r s  t o  t h e  f l i g h t  p a t h  of t h e  a i r c r a f t  i n  t h e  d i r e c t i o n  

of l and ing  along t h e  extended runway c e n t e r l i n e  from t h e  b a s e  

l e g  t o  t h e  runway. 

pa th  of t h e  a i r c r a f t  inbound t o  t h e  a i r p o r t  on a f i n a l  i n s t r u -  

ment approach course ,  beginning at  t h e  f i n a l  approach f i x  and 

extending t o  t h e  a i r p o r t .  (Ref. 1) 

The f i n a l  approach f o r  IFR is  t h e  f l i g h t  

E s s e n t i a l l y ,  bo th  t h e  VFR and IFR f i n a l  approaches are 

s t r a i g h t  l i n e  f l i g h t  p a t h s  t o  t h e  runway commencing a t  a d i s -  

t a n c e  of between 4 and 7 m i l e s  from t h e  runway and a t  an a l t i -  

tude  between 1000 and 2000 f e e t  above t h e  runway e l e v a t i o n .  

The v a r i a t i o n  i n  d i s t a n c e  from t h e  runway and a l t i t u d e  a t  which 

t h e  f i n a l  approach is  begun i s  t h e  r e s u l t  of d i f f e r e n c e s  i n  

a i r p o r t  sites, t h e  a i r c r a f t ,  t h e  type  of approach (VFR o r  IFR) 

and t h e  angle  of t h e  approach s l o p e ,  A t y p i c a l  approach geometry 

is i l l u s t r a t e d  i n  F igure  5. 

t a n t  parameters  of t h e  approach. 

Table  V shows some of t h e  impor- 

The p i l o t ' s  t a s k s  i n  c o n t r o l l i n g  t h e  a i r c r a f t  on t h e  
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216 

144 

96 

48 

236 

157 

105 

52 

6879 

4586 

3440 

2293 

1146 

6258 

4172 

3129 

2086 

1043 

TABLE V 

A. SLANT RANGE TO RUNWAY 
AIWOINT ( f t )  

B. ALTITUDE AT SELECTED DISTANCES 
FROM THRESHOLD* (f t) 

GLIDE SLOPE GLIDE SLOPE 
D I STANCE 

(ft)  

3500 

2000 

1000 

0 

2 i / 2 0 1 2  30 
~~ 

19 7 

131 

87 

44 

5733 

3822 

2866 

1911 

956 

300 

200 

150 

100 

50 

* Aiming point is assumed to be 
1000 f t  beyond th re sho ld  

C. RATE OF DESCENT 
( f t Imin) 

D. TIME FROM 200 f t  ALTITUDE UNTIL 
OVER THRESHOLD (sec)  

GLIDE SLOPE GLIDE SLOPE 

2 112" 3" 2 112" 2 314" 3" 2.314" 

440 

486 

535 

583 

630 

680 

7 30 

~~ 

18.6 

16.7 

15.2 

13.9 

12.9 

12.0 

11.2 

90 

100 

110 

120 

130 

140 

150 

475 

530 

585 

636 

690 

742 

795 

90 

100 

110 

120 

130 

140 

150 

23.5 

21.2 

19.2 

17.2 

16.2 

15.1 

14 .1  

20.9 

18.7 

17 .O 

15.6 

14.4 

13.4 

12.5 

400 

442 

485 

530 

575 

620 

665 
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approach can b e  d iv ided  i n t o  two classes: 

cal p l ane  and c o n t r o l  i n  t h e  h o r i z o n t a l  p lane .  

ments of c o n t r o l  i n  t h e  ver t ical  p l ane  are a i r speed ,  angle  of 

a t t a c k ,  a l t i t u d e ,  rate of descent ,  and f l i g h t  pa th  ang le ,  

speeds vary  f o r  d i f f e r e n t  aircraft  and f o r  t h e  same aircraf t  

w i t h  changes i n  weight .  For l a r g e  j e t  t r a n s p o r t s  approach speeds 

of 130-140 kno t s  are typical . ,  Approach speeds f o r  smaller, 

p r o p e l l e r  a i r c r a f t  are gene ra l ly  lower;  110-120 knots  i s  t y p i c a l ,  

b u t  approach speeds may b e  under 100 knots  f o r  aircraft  wi th  

g ross  landing  weights  of 12,000 t o  15,000 pounds. 

c o n t r o l  i n  t h e  verti- 

The major ele- 

Approach 

Speed, rate of descent ,  and f l i g h t  pa th  ang le  are 

i n t e r r e l a t e d  such t h a t ,  g iven  a speed and rate of descent ,  a 

certain f l i g h t  pa th  angle  w i l l  r e s u l t .  

can b e  seen  t h a t  an approach speed of 140 kno t s  and a rate 

of descent  of 620 f e e t  p e r  minute w i l l  produce a f l i g h t  p a t h  

ang le  ( g l i d e  s lope )  of 2-1/2'. Conversely, a g iven  speed and 

g l i d e  s l o p e  w i l l  determine t h e  rate of descent .  Again refer- 

r i n g  t o  Table  V c  a speed of 120 kno t s  on a 3" g l i d e  s l o p e  w i l l  

produce a rate of descent  of 636 feet p e r  minute ( o r  about 

10-1/2 feet p e r  second) .  

Thus, from Table V c  i t  

Speed 'a l so  p l ays  a p a r t  i n  determining another  important  

f a c t o r  of aircraft  c o n t r o l  i n  t h e  vertical  dimension, ang le  of 

a t t a c k .  Angle of attack is  the angle  formed by t h e  chord of 

the a i r f o i l  (wing) and the relative a i r  v e l o c i t y  (relative 

wind) .  Angle of a t t a c k ,  p i t c h  a t t i t u d e ,  and f l i g h t  pa th  ang le  

are r e l a t e d  as fo l lows:  
a = @ = T  

where: ci = ang le  of a t t a c h  

0 = p i t c h  a t t i t u d e  

= f l i g h t  pa th  angle  
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More impor tan t ly ,  a given speed ( t h r u s t )  and p i t c h  a t t i t u d e  w i l l  

produce a p a r t i c u l a r  angle  of at tack, and hence f l i g h t  p a t h  angle .  

Angle of attack i s  e s p e c i a l l y  important  i n  t r a n s p o r t  j e t  

aircraft because of t h e i r  c h a r a c t e r i s t i c  h igh  angle  of a t t a c k  

i n  the approach conf igu ra t ion .  That i s ,  approach i n  a jet  air- 

craft i s  conducted i n  a nose-up a t t i t u d e  wh i l e  on a descending 

f l i g h t  pa th .  Thus, f o r  approach on a 3" g l i d e  s l o p e  a l a r g e  

j e t  may f l y  at 5" t o  6" ang le  of a t t a c k  (a 2" t o  3" nose-up 

a t t i t u d e )  . This approaches the u n s t a b l e ,  semi-stall cond i t ion  

sometimes c a l l e d  " f ly ing  t h e  back s i d e  of t h e  power curve." 

Rais ing  t h e  nose  causes  t h e  a i r c r a f t  t o  d e c e l e r a t e  t o  a lower 

speed where more power i s  r equ i r ed  t o  s t a b l i l i z e .  I f  no more 

power i s  a v a i l a b l e ,  t h e  a i r c r a f t  can accelerate only by l o s i n g  

a l t i t u d e .  (Ref. 3 )  To p u t  i t  another  way, any mismanagement of 

power o r  undetected l o s s  of .speed on the approach can r e s u l t  i n  

an inc reased  ang le  of attack (assuming t h e  a i r c r a f t  does n o t  change 

p i t c h  a t t i t u d e )  and a consequent increase i n  the rate of descent  

(a s teepening  of t h e  f l i g h t  pa th  ang le ) .  

a l t i t u d e ,  it can r e s u l t  i n  landing  s h o r t  of the runway. For 

example, an i n c r e a s e  of 2" i n  ang le  of at tack w i l l  increase t h e  

rate of descent  by about 5 f e e t  p e r  second. I f  t h i s  took p l a c e  

on a 3" g l i d e  s l o p e  a t  an  a l t i t u d e  of 200 f e e t  and were allowed 

t o  go uncorrec ted ,  i t  would r e s u l t  i n  a touchdown about 275 f e e t  

s h o r t  of t h e  runway. 

If t h i s  occurs  a t  low 

To summarize, c o n t r o l  of t h e  a i r c r a f t  i n  t h e  ver t ical  p l ane  

duking t h e  approach is  a p r e c i s e  and demanding task, probably 

one of t h e  most i n  c iv i l  a v i a t i o n .  It calls f o r  very  d e l i c a t e  

management of speed and r a t e ' o f  descent  (o r  ang le  of at tack and 

f l i g h t  pa th)  i n  a circumstance which a l lows  very  l i t t l e  margin 

f o r  e r r o r  and t i m e  f o r  r e a c t i o n ,  A t  t y p i c a l  j e t  approach speeds 
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t h e  t i m e  f o r  t h e  a i r c r a f t  t o  descend from an a l t i t u d e  of 200 

f e e t  t o  t h e  p o i n t  where it c r o s s e s  t h e  runway th re sho ld  is  on t h e  

o rde r  of 12-14 seconds. During t h i s  time t h e  a i r c r a f t  has  

t r a v e l l e d  a d i s t a n c e  along t h e  ground of about 3000 f e e t .  
! 

The o t h e r  a spec t  of managing t h e  a i r c r a f t  i n  t h e  approach 

i s  c o n t r o l  i n  t h e  h o r i z o n t a l  p l a n e ,  This involves  two major 

e lements:  ho ld ing  a proper  r o l l  a t t i t u d e  (wings l e v e l )  and 

main ta in ing  t h e  lateral  alignment of t h e  f l i g h t  pa th  (ground 

t r a c k )  wi th  t h e  extended runway c e n t e r l i n e .  The la t ter  t a s k ,  

whi le  probably no t  as d i f f i c u l t  as c o n t r o l  i n  t h e  v e r t i c a l  

p l ane ,  can be extremely complicated i f  t h e  a p p r o a c h , i s  made i n  

a crosswind. 

compensate f o r  a crosswind in t roduces  d i f f i c u l t y  i n  t h e  t a s k  of 

e s t i m a t i n g  ground t r a c k  and alignment w i t h  t h e  runway cen te r -  

l i n e ,  p a r t i c u l a r l y  under cond i t ions  of reduced v i s i b i l i t y .  

Moreover, s i n c e  wind speed and d i r e c t i o n  are seldom cons tan t  

dur ing  t h e  approach, t h e  p i l o t  must c o n t i n u a l l y  reassess and 

coun te rac t  t h e  e f f e c t  of crosswind. 

The c rab  ang le  which t h e  p i l o t  must h o l d  t o  

The problem of a i r c r a f t  c o n t r o l  i n  wind i s  f u r t h e r  com- 

p l i c a t e d  by wind s h e a r  and backing.  Captain D. M. White, an 

a i r l i n e  p i l o t ,  o f f e r s  t h e  fo l lowing  d i s c u s s i o n  of t h e  d i f f i -  

c u l t i e s  a s s o c i a t e d  wi th  t h e s e  phenomena. (Ref. 4 )  

"Wind s h e a r  i s  t h e  change of v e l o c i t y  of t h e  
wind i n  d i r e c t i o n  o r  speed wi th  e i t h e r  h o r i -  
z o n t a l  d i s t a n c e  o r  v e r t i c a l  d i s t a n c e ,  o r  
both.  It i s  expressed i n  kno t s  p e r  hundred 
f e e t .  For example, i f  t h e  v e l o c i t y  changed 
from a 10-knot headwind a t  100 f e e t  t o  a 5- 
knot headwind on t h e  s u r f a c e ,  t h i s  would be  
a 5-knot shea r .  Wind s h e a r  w i l l  a f f e c t  an 
a i r p l a n e  on both  landing  and t akeof f  and 
may be  experienced along a cold  f r o n t  o r  a 
p r e s s u r e  t rough,  i n  t h e  v i c i n i t y  of thunder- 
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s torms ,  when n o c t u r n a l  i n v e r s i o n s  occur ,  and 
p a r t i c u l a r l y  where t h e r e  i s  a t i g h t  p r e s s u r e  
g r a d i e n t  o r  a s t e e p  tempera ture  i n v e r s i o n  
near t h e  s u r f a c e .  

I 

“Due t o  t h e  i n t e r t i a  of a l a r g e  a i r p l a n e ,  any- 
t i m e  i t  traverses an area where i t  encounters  
a change from one wind v e l o c i t y  t o  t h a t  of 
another  i n  less t i m e  t han  it t a k e s  f o r  t h e  
a i r c r a f t  m a s s  t o  become a d j u s t e d  i n  speed t o  
t h e  new environment,  t h e r e  w i l l  b e  a r e s u l t a n t  
change i n  t h e  p l ane ’ s  a i r s p e e d .  
i f  an a i r p l a n e  were descending a t  140 kno t s  
IAS with  a d i r e c t  20-knot t a i l w i n d ,  i t s  ground 
speed would be  160 kno t s .  
encountered a calm wind cond i t ion ,  due t o  the 
i n a b i l i t y  of t h e  a i r c r a f t  t o  immediately over- 
come it  i n e r t i a ,  t h e  ground speed would t end  
t o  remain a t  160 knots  a l s o .  I f  t h e  a i r c r a f t  
is n o t  p rope r ly  d e c e l e r a t e d ,  t h e r e  w i l l  be  a 
r e s u l t a n t  i nc reased  ang le  of a t t a c k ,  a h igh  
f l i g h t  p a t h  over  t h e  t h r e s h o l d ,  excess ive  
a i r s p e e d  t o  be  b l e d  o f f ,  and a l and ing  w e l l  
down t h e  runway from t h e  d e s i r e d  touchdown 
po in t .  

For example, 

I f  i t  ins t an taneous ly  

“Conversely, i f  an a i r c r a f t  w e r e  descending 
at 140 kno t s  a i r speed  w i t h  a 20-knot headwind, 
i t s  ground speed would b e  120 knots .  I f  it 
ins t an taneous ly  experienced a calm wind con- 
d i t i o n ,  t h e  ground speed would tend  t o  remain 
s u b s t a n t i a l l y  t h e  same, b u t  t h e  i n d i c a t e d  air- 
speed would tend  t o  drop o f f  toward 120 k n o t s .  
To overcome t h e  i n t e r t i a  of a l a r g e  tu rbo  
j e t  i n  t h i s  ca se ,  t h e r e  must b e  an a p p l i c a t i o n  
of power t o  r e g a i n  a i r s p e e d  p l u s  a s p e c i a l  
e f f o r t  t o  keep t h e  nose up, o r  t h e  a i r p l a n e  
w i l l  s i n k  below t h e  g l i d e  s l o p e  and l a n d  s h o r t  
of t h e  touchdown a i m  p o i n t .  

“Most of t h e  wind s h e a r  encountered is  n o t  
of t h i s  i n s t an taneous  n a t u r e ,  and i n  most non- 
s e v e r e  wind s h e a r s ,  r a p i d  r educ t ion  o r  
a p p l i c a t i o n  of power, as t h e  case may be ,  has  
prevented an i n c i d e n t  o r  an a c c i d e n t .  
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" I n t e r r e l a t e d  wi th  wind s h e a r ,  t h e r e  may a l s o  
b e  t h e  problem of t h e  backing of t h e  wind. 
I n  t h e  f r e e  atmosphere, t h e  wind blow approx- 
imate ly  p a r a l l e l  w i th  t h e  i s o b a r s ,  t h e  lower 
p r e s s u r e  be ing  t o  t h e  l e f t .  Descending 
below t h e  g r a d i e n t  level, s u r f a c e  f r i c t i o n  
w i l l  no t  on ly  reduce t h e  wind speed, b u t  w i l l  
cause t h e  d i r e c t i o n  t o  flow somewhat ac ross  
t h e  i s o b a r s  toward t h e  lower p r e s s u r e .  This  
counter-clockwise backing of t h e  wind w i l l  
occur  from about 3,000 f e e t  t o  approximately 
300 f e e t ,  and as h igh  as a 70-degree change 
has  been noted. A descending a i r c r a f t  
under t h e s e  cond i t ions  would b e  exper ienc ing  
a c o n s t a n t l y  changing e f f e c t i v e  wind compon- 
e n t  t h a t ,  when coupled wi th  a d e f i n i t e  wind 
s h e a r ,  could e a s i l y  f u r t h e r  compound t h e  
problem by causing la teral  displacement  from 
t h e  c e n t e r l i n e  e " 

Although h o r i z o n t a l  and ver t ical  c o n t r o l  have been t r e a t e d  

h e r e  as s e p a r a t e  aspects of t h e  p i l o t ' s  o v e r a l l  management of 

t h e  approach, t hey  are obvious ly  i n t e r r e l a t e d .  A i r c r a f t  dynamics 

are such t h a t  any p e r t u r b a t i o n  i n  one a x i s  of c o n t r o l  produces 

e f f e c t s  i n  t h e  o t h e r .  White h a s  o f f e r e d  t h e  example of how 

wind v e l o c i t y  i n f l u e n c e s  a i r s p e e d  and, hence,  t h e  vertical  f l i g h t  

pa th  angle .  The converse i s  a l s o  t r u e .  Any change made by t h e  

p i l o t  i n  t h e  power s e t t i n g  w i l l  a f f e c t  a i r s p e e d ,  which i n  

turn w i l l  a l te r  t h e  crab ang le  necessary  t o  main ta in  la teral  

alignment wi th  t h e  runway i n  a crosswind. 

heading (bank angle)  changes made t o  c o r r e c t  f o r  ground t r a c k  

e r r o r  w i l l  produce momentary changes i n  angle  of a t t a c k  and, 

consequent ly ,  f l i g h t  pa th  angle .  

I n  a s i m i l a r  f a s h i o n ,  

Hor i zon ta l  and v e r t i c a l  c o n t r o l  must be  considered as 

i n t e r r e l a t e d  and s imultaneous t a s k s  f o r  t h e  p i l o t ,  However, i n  

pas s ing  i t  should b e  noted  t h a t ,  wh i l e  p i l o t s  do a t t e n d  t o  both 

c o n t r o l  t a s k s  c o n t i n u a l l y ,  they  tend t o  a s s i g n  them d i f f e r e n t  
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p r i o r i t i e s  a t  success ive  p o i n t s  a long t h e  approach pa th .  

During t h e  i n i t i a l  p a r t  of t h e  approach p i l o t s  u s u a l l y  concen- 

t ra te  pn ob ta in ing  a s a t i s f a c t o r y  la teral  alignment wi th  t h e  

runway f i r s t .  They then  a t t e m p t  t o  ho ld  t h i s  alignment wh i l e  

s h i f t i n g  t h e i r  primary a t t e n t i o n  t o  c o n t r o l  i n  t h e  vertical 

p lane .  This  i s  sometimes r e f e r r e d  t o  as " g e t t i n g  l i n e d  up 

and then  s t a r t i n g  down t h e  g l i d e  slope".  Vertical c o n t r o l  

remains t h e  dominant concern u n t i l  t h e  t h r e s h o l d  i s  neared and 

f l a r e  i s  i n i t i a t e d .  A t t en t ion  t h e n  reverts t o  t h e  h o r i z o n t a l  

c o n t r o l  t a s k  f o r  decrab ,  touchdown, and r o l l o u t ,  This  i s  n o t  

t o  say  t h a t  e i t h e r  a spec t  of c o n t r o l  i s  concent ra ted  upon t o  

trhe exc lus ion  of t h e  o t h e r .  It only  sugges t s  which r ece ives  

p r i o r i t y  a t  v a r i o u s  t i m e s  i n  t h e  approach. 

The reasons  f o r  t h i s  tendency are no t  d e f i n i t e l y  known. 

It may have something t o  do wi th  t h e  relative d i f f i c u l t y  of t h e  

h o r i z o n t a l  and vertical  c o n t r o l  t a s k s .  Unless wind cond i t ions  

are extremely adverse ,  c o n t r o l  i n  t h e  h o r i z o n t a l  p l ane  is, on 

t h e  whole, easier than  v e r t i c a l  c o n t r o l .  P i l o t s ,  t h e r e f o r e ,  

may a t t e n d  t o  l a te ra l  alignment wi th  t h e  runway f i r s t  i n  o r d e r  

t o  g e t  t h i s  element of t h e  approach under s a t i s f a c t o r y  c o n t r o l  

be fo re  t a c k l i n g  t h e  more demanding t a s k  of v e r t i c a l  f l i g h t  pa th  

c o n t r o l ,  That i s ,  they  may p r e f e r  t o  s o l v e  t h e  elements of 

the c o n t r o l  problem s e q u e n t i a l l y  by s t a b i l i z i n g  t h e  a i r c r a f t  i n  

one dimension and then  hold ing  t h i s  s o l u t i o n  whi le  coping wi th  

t h e  problem of c o n t r o l  i n  t h e  o t h e r .  Stud5es of t r a c k i n g  be- 

hav io r  i n  gene ra l  sugges t  t h i s  i s  t h e  s t ra tegy-employed  by most 

persons i n  performing a mul t ip le -ax is  t r a c k i n g  t a s k .  

But why t h e  h o r i z o n t a l  dimension f i r s t ?  The r e l a t i v e l y  

g r e a t e r  s t a b i l i t y  of t h e  a i r c r a f t  i n  t h e  h o r i z o n t a l  p l ane  and 
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consequent ease of c o n t r o l  may b e  only p a r t  of t h e  answer, 

Another reason may be  t h e  shape of t h e  s p a t i a l  envelope i n t o  

w h i c h : t h e  p i l o t  i s  t r y i n g  t o  f i t  the a i r c r a f t .  I n  t h e  case  of 

t h e  ILS beam, a t  least ,  t h e  l a te ra l  dimension of t h e  f l i g h t  pa th  

envelope i s  about 6 t i m e s  g r e a t e r  t han  t h e  v e r t i c a l  dimension. 

A s i m i l a r  r a t i o  may e x i s t  f o r  t h e  conceptual  model used by t h e  

p i l o t  i n  t h e  VFR approach, a l though t h i s  i s  hard  t o  say  because 

it i s  a mental  cons t ruc t  which cannot b e  measured. Because t h e  

lateral  dimension is  g r e a t e r ,  i t  i s  l o g i c a l l y  and t e c h n i c a l l y  

sound t o  s o l v e  t h e  approach problem by o rde r ing  t h e  t a s k s  i n  

terms of descending magnitudes and t o l e r a n c e s .  

A t h i r d  reason  f o r  t h e  i n i t i a l  p r i o r i t y  of h o r i z o n t a l  over  

vertical c o n t r o l  may l i e  i n  t h e  n a t u r e  of t h e  v i s u a l  cues 

a v a i l a b l e  t o  t h e  p i l o t  at t h e  beginning  of t h e  approach. The 

l eng th  of t h e  runway ( t h e  h e i g h t  of t h e  t r a p e z o i d  as i t  appears  

t o  t h e  p i l o t )  i s  a f a i r l y  l a r g e  angular  dimension even a t  t h e  

beginning of t h e  approach. It i s  about 1' at a d i s t a n c e  of 5 

m i l e s .  The v i s i b l e  o r  e s t ima ted  c e n t e r l i n e  of t h e  runway 

( t h e  h e i g h t  of t h e  t r apezo id )  i s  used as t h e  major i ndex  of 

la teral  t r a c k  e r r o r .  That i s ,  i f  t h e  runway c e n t e r l i n e  is  per- 

pend icu la r  t o  t h e  hor izon ,  t h e  p i l o t  knows h e  i s  c o r r e c t l y  a l igned  

wi th  t h e  runway. By c o n t r a s t ,  t h e  v i s u a l  cues r e l a t e d  t o  con- 

t r o l  i n  t h e  v e r t i c a l  p l ane  subtend  much smaller angles  a t  t h e  

beginning of t h e  approach, and they  are much less e a s i l y  

d i sce rnab le .  

c o n t r o l  t a s k s ,  t h e r e f o r e ,  may b e  t h e  r e s u l t  of t h e  s u p e r i o r i t y  

of t h e  v i s u a l  cues r e l a t i n g  t o  t h i s  t a s k  a t  t h e  beginning of the 

approach. * 

The tendency t o  g i v e  f i r s t  a t t e n t i o n  t o  h o r i z o n t a l  

* A more d e t a i l e d  d i scuss ion  of visual  cues and how t h e  p i l o t  
uses  them i s  contained i n  Chapter I V .  
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B a s i c a l l y  t h e  p i l o t  Is c o n t r o l  t a s k s  dur ing  t h e  approach 

reduce t o  keeping t h e  a i r c r a f t  i n  a s p a t i a l  envelope of c o n s t a n t l y  

decreas ing  s i z e .  

e longated  funne l  whose smaller opening i s  s i t u a t e d  a t ,  o r  j u s t  

s h o r t  o f ,  t h e  runway th re sho ld .  The dimensions of t h e  envelope,  

based on ILS accuracy requi rements ,  are shown i n  F igure  6. To 

s t a y  w i t h i n  t h e s e  l i m i t s  t h e  p i l o t  must c o n t r o l  t h e  h o r i z o n t a l  

and vertical  components of t h e  f l i g h t  pa th  w i t h  i n c r e a s i n g  

l i n e a r ,  b u t  cons t an t  angular ,  p r e c i s i o n  as h e  nea r s  t h e  th re sko ld .  

In g e n e r a l  terms, t h e  cond i t ions  t o  b e  m e t  as t h e  a i r c r a f t  reaches  

t h e  t h r e s h o l d  are: 

The shape of t h i s  envelope i s  t h a t  of a f l a t t e n e d ,  

1. 

2. 

3. An aiming p o i n t  about 1000 f e e t  beyond t h e  

4 .  An over - threshold  a l t i t u d e  of about 50 f e e t ,  

5 .  A s t a b i l i z e d  (o r  a t  least n o t  i n c r e a s i n g )  rate 

6.  A s u f f i c i e n t  reserve of  speed f o r  maneuver, bu t  

A vertical  f l i g h t  pa th  ang le  of about 3", 

An a i r c r a f t  ground t r a c k  a l i g n e d  w i t h  t h e  extended 
runway c e n t e r l i n e ,  

t h r e s h o l d ,  

of descen t ,  

n o t  too much t o  b e  b l e d  o f f  dur ing  touchdown and 
r o l l o u t .  

Landing 

There i s  no clean-cut  d i v i s i o n  between approach and l and ing ,  

The process  is  e s s e n t i a l l y  cont inuous between t h e  time t h e  air- 

c r a f t  beg ins  t h e  approach at a d i s t a n c e  of 5 miles o r  s o  from 

the a i r p o r t  and t h e  t i m e  i t  taxies o f f  t h e  runway. For t h e  

purpose of a n a l y s i s  however, approach s h a l l  b e  considered t o  

end and l and ing  t o  begin  a t  t h e  t i m e  t h e  a i r c r a f t  c ros ses  t h e  

th re sho ld .  The t h r e s h o l d  has  been chosen as t h e  demarcation 

l i n e  because it i s  about h e r e  t h a t  a c e r t a i n  sequence of a c t i o n s  

a s s o c i a t e d  wi th  b r i n g i n g  t h e  a i r c r a f t  t o  rest on t h e  a i r p o r t  sur -  

f a c e  begins  t o  occur.  These a c t i o n s  are f l a r e ,  decrab ,  touchdown 

and r o l l o u t .  
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F l a r e  i s  a maneuver i n  t h e  ver t ica l  p l a n e ,  t h e  purpose of 

which is  t o  round o u t  t h e  f l i g h t  pa th  s o  as t o  make an  asymptot ic  

approach t o  t h e  runway su r face .  F l a r e  i s  e s p e c i a l l y  important  

i n  l a r g e  j e t  t r a n s p o r t s  because of t h e i r  h i g h e r  approach 

speeds and consequent ly  g r e a t e r  rates of descent .  I n  an i d e a l  

f l a r e  t h e  f l i g h t  pa th  would b e  p a r a l l e l  t o  t h e  runway s u r f a c e  

a t  t h e  moment t h e  wheels touched down. I n  p r a c t i c e ,  p i l o t s  

u s u a l l y  t r y  t o  conver t  the f l i g h t  pa th  from an  approach ang le  

of 3" o r  so  t o  about 1' t o  1-1/2", which w i l l  g ive  a rate of 

descent  of 4 t o  6 f e e t  p e r  second a t  touchdown, 

of descent  a t  t h e  completion of t h e  f lare  is  d e s i r a b l e  t o  

ensure  t h a t  t h e  a i r c r a f t  touches down promptly and does n o t  

" f l o a t "  a long above the runway, thereby  decreas ing  t h e  avail- 

b l e  runway l eng th  f o r  d e c e l e r a t i o n  a f te r  touchdown. 

A s m a l l  rate 

F l a r e  i s  cus tomar i ly  i n i t i a t e d  a t  an  a l t i t u d e  of about  

50 feet. Nominally, t h i s  i s  t h e  a l t i t u d e  a t  which t h e  a i r c r a f t  

c ros ses  t h e  t h r e s h o l d  on a 3" g l i d e  s l o p e ,  aiming f o r  a p o i n t  

1000 f e e t  beyond the th re sho ld .  I n  t y p i c a l  j e t  approaches wi th  

a rate of descent  of 1 2  feet p e r  second, the a i r c r a f t  c ros ses  

t h e  th re sho ld  about 4 seconds b e f o r e  t h e  wheels make con tac t  

w i t h  the runway i f  t h e  3' approach ang le  w e r e  maintained. 

e f f e c t  of t h e  f l a r e ,  however, i s  t o  make the f l i g h t  pa th  

sha l lower ,  w i th  the r e s u l t  t h a t  t h e  t i m e  u n t i l  touchdown is  

prolonged t o  about LO seconds.  F igure  7 is  a schematic  diagram 

of t h e  f l a r e  maneuver. 

The 

A p e r c e p t i v e  and in fo rma t ive  a n a l y s i s  of  t h e  f l a r e  maneuver 

has  been o f f e r e d  by Li tchford .  (Ref. 5) The main p o i n t s  of 

h i s  a n a l y s i s  are as fo l lows ,  The p i l o t  employs a dual-angle 

homing and guidance concept i n  conduct ing t h e  f l a r e .  H e  f i r s t  
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a i m s  h i s  f l i g h t  p a t h  toward a p o i n t  about 1000 f e e t  beyond 

t h e  runway t h r e s h o l d  ("approach aiming po in t " ) .  To start  t h e  

f l a r e  h e  uses  v i s u a l  cues f o r  guidance t o  r o t a t e  t h e  a i r c r a f t  

i n  p i t c h ,  seeking  a new " f l a r e  aiming poin t"  some 1000-1500 f e e t  

f u r t h e r  down t h e  runway. H e  ho lds  t h i s  aiming po in t  and f l i e s  

t o  touchdown on t h e  main-landing-gear wheels a f t e r  a r r i v i n g  at 

a s t a b l e  and q u i t e  sha l low f l i g h t  pa th  relative t o  t h e  runway 

s u r f a c e .  Then, about 3-1/2 seconds l a te r ,  o r  about 600 f e e t  

f u r t h e r  down t h e  runway, t h e  nose wheel touches down. 

L i t ch fo rd  f u r t h e r  observes  t h a t  some s o r t  of f l a r e  

a n t i c i p a t i o n  i s  needed by t h e  p i l o t .  

of about 3-5 seconds i s  necessary  s o  t h a t  when t h e  f l a r e  

a l t i t u d e  of 50 f e e t  i s  reached,  t h e  proper  f l i g h t  c o n t r o l  a c t i o n  

can t a k e  place s a f e l y  and wi thout  de lay .  

t h e  a n t i c i p a t o r y  cues,  o r  i n  responding t o  them, p l u s  t h e  i n e r t i a  

of a l a r g e  a i r c r a f t  w i l l  de lay  t h e  depa r tu re  of t h e  a i r c r a f t  

from t h e  s t r a i g h t  t r a j e c t o r y  of t h e  approach pa th .  

t h e r e f o r e  c r i t i ca l  f o r  a s u c c e s s f u l  f l a r e .  I f  i n i t i a t e d  t o o  

e a r l y ,  t h e  a i r c r a f t  w i l l  touchdown la te ,  i .e.,  too f a r  down t h e  

runway. I f  f l a r e  i s  i n i t i a t e d  too  late,  t h e r e  w i l l  no t  be  

s u f f i c i e n t  t i m e  f o r  t h e  aircraft  t o  overcome i t s  i n e r t i a  and 

decrease  t h e  f l i g h t  pa th  angle .  

descent  w i l l  be  excess ive .  

on one hand and t h e  danger of l and ing  s h o r t  and hard  on t h e  

o t h e r ,  t h e  p i l o t  has  -- a t  most -- a 2-3 second t i m e  i n t e r v a l  i n  

which t o  estimate h i s  a l t i t u d e  c o r r e c t l y  and execute  t h e  f l a r e  

maneuver. 

An a n t i c i p a t o r y  p e r i o d  

Delay i n  o b t a i n i n g  

Timing i s  

A s  a r e s u l t ,  t h e  ra te  of 

To avoid t h e  danger of landing  long 

The next  major s t e p  i n  t h e  l and ing  sequence is  decrab, 

i s  a maneuver i n  t h e  h o r i z o n t a l  p l ane  t o  b r i n g  t h e  l o n g i t u d i n a l  

a x i s  of t h e  a i r c r a f t  paral le l  t o ,  and d i r e c t l y  ove r ,  t h e  runway 

This  
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c e n t e r l i n e .  It i s  executed when t h e r e  is  a crosswind which 

has n e c e s s i t a t e d  crabbing i n t o  t h e  wind t o  c o r r e c t  f o r  d r i f t ,  

i . e . ,  t o  keep t h e  ground t r a c k  a l i g n e d  wi th  t h e  runway heading,  

Decrab (which i s  t e c h n i c a l l y  a forward s l i p  maneuver) custom- 

a r i l y  occurs  j u s t  a f t e r  f l a r e ,  i . e . ,  when t h e  a i r c r a f t  i s  

committed t o  a touchdown. The exact t iming  depends upon t h e  

magnitude of t h e  crosswind component and t h e  weight and handl ing  

c h a r a c t e r i s t i c s  of t h e  a i r c r a f t .  

Like f l a r e ,  decrab i s  a time-critical maneuver. I f  

executed too soon, t h e  a i r c r a f t  w i l l  b e  blown o f f  t h e  runway 

c e n t e r l i n e  by t h e  wind, c r e a t i n g  t h e  danger of going o f f  t h e  

runway shoulder  a t  touchdown o r  dur ing  r o l l o u t .  

ce rn  i s  t h a t  lateral  v e l o c i t y  a t  touchdown due t o  crosswind can 

produce undes i r ab ly  h i g h s  even dangerous, s i d e  loads  on t h e  

l and ing  gea r .  I f  decrab i s  c a r r i e d  ou t  too la te ,  s imilar  

hazards  w i l l  be  p r e s e n t .  I f  t h e  l o n g i t u d i n a l  axis of t h e  air- 

c r a f t  is  no t  i n  l i n e  wi th  t h e  r o l l o u t  pa th  along t h e  runway a t  

touchdown, undes i rab ly  h igh  corner ing  angles  and s i d e l o a d  

f a c t o r s  are c r e a t e d  i n  t h e  l and ing  gear .  

crabbed cond i t ion  w i l l  produce a r o l l o u t  which is no t  p a r a l l e l  

t o  t h e  runway c e n t e r l i n e ,  w i th  t h e  r e s u l t a n t  danger of going 

o f f  t h e  runway dur ing  r o l l o u t .  

gear  i s  50 f e e t  from t h e  edge of t h e  runway a t  touchdown and 

t h a t  t h e r e  i s  an e r r o r  of 2 O  t o  t h e  l e f t  i n  alignment wi th  

t h e  runway c e n t e r l i n e ,  t h e  a i r c r a f t  would- run  o f f  t h e  paved 

s u r f a c e  w i t h i n  a d i s t a n c e  of about 1400 f e e t  a f t e r  touchdown 

i f  no c o r r e c t i v e  a c t i o n  were taken .  

Of equa l  con- 

Also landing  i n  a 

Assuming t h a t  t h e  l e f t  main 

Thus, f l a r e  and decrab are las t - second,  t i m e - c r i t i c a l  

maneuvers which c a l l  f o r  f i n e  angu la r  d i s c r i m i n a t i o n s  by t h e  

p i l o t  and p r e c i s e  a l t i t u d e  judgments. I n  cond i t ions  of good 
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v i s i b i l i t y  n e i t h e r  causes  t h e  p i l o t  undue concern,  I n  low 

v i s i b i l i t y ,  o r  even at n i g h t ,  f l a re  and decrab become much more 

d i f f i c u l t  t o  execute  s a f e l y  and c o r r e c t l y  because of t h e  impov- 

er ishment  of t h e  p i l o t ' s  v i s u a l  cues.  

t h e  r equ i r ed  v i s u a l  cues and t h e  e f f e c t s  of darkness  and weather  

w i l l  b e  made i n  Chapter I V .  

A c l o s e r  examination of 

Touchdown, the next  s t e p  i n  t h e  l and ing  sequence, marks 

the p o i n t  of t r a n s i t i o n  f o r  t h e  a i r p l a n e  from an a i rbo rne  t o  a 

ground v e h i c l e .  

l and ing  r o l l ,  t h e  aircraft  i s  s t i l l  an  aerodynamically c o n t r o l l e d  

v e h i c l e .  

reversers t o  d e c e l e r a t e  below f l y i n g  speed,  t h e  a i r c r a f t  i s  

converted t o  the equ iva len t  of a high-speed, three-wheeled ground 

v e h i c l e .  The b a s i c  t a s k s  from touchdown through r o l l o u t  are 

t h e  same -- c o n t r o l l i n g  d i r e c t i o n  and speed through estimates of 

heading c e n t e r l i n e  displacement ,  runway remaining and rate of 

c l o s u r e  wi th  t h e  end of t h e  runway. However, t h e  means of  

c o n t r o l  change. I n i t i a l l y ,  f l i g h t  c o n t r o l s  are employed. As 

t h e  aircraft s lows,  d i r e c t i o n a l  c o n t r o l  i s  accomplished by 

nose wheel s t e e r i n g  and d i f f e r e n t i a l  b rak ing ;  and speed is  con- 

t r o l l e d  by a combination of  b rakes  and t h r o t t l e s .  The landing  

A t  touchdown and dur ing  t h e  i n i t i a l  p a r t  o f  t h e  

Through the use  of s p o i l e r s  t o  k i l l  l i f t  and t h r u s t -  

is  completed when the a i r c r a f t  t u r n s  o f f  t h e  runway onto a taxiway. 

An Approach and Landing Model 

In  t h e  preceeding d i scuss ion ,  approach and landing  have been 

t r e a t e d  l a r g e l y  as a model exercise, i .e . ,  i n  terms of nominal 

o r  average va lues  f o r  key parameters .  Table  V I  is  a summary of 

t h e  major requirements  of t h e  approach and landing  model. 

based on c h a r a c t e r i s t i c  performance va lues  f o r  l a r g e  j e t  t r ans -  

p o r t  a i r c r a f t  (Boeing 707, 707B, 720, 720B and 727, Douglas 

DC-8 and DC-9, and Convair 880) and corresponds t o  Approach 

It is  
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TABLE V I  

APPROACH 

FLIGHT PATH ANGLE 

RATE OF DESCENT 

SPEED 

ANGLE OF ATTACK 

LATERAL TRACK ERROR 

A n g u l a r  from Runway 

D i s p l a c e m e n t  from 

C e n t e r l i n e  

C e n t e r l i n e  

A t  5 m i l e s  

A t  1 m i l e  

AIMPOINT DISTANCE 
FROM THRESHOLD 

2 3 / 4  -11/4" 

1 2  rt2 f p s  

140 25 k t s  

5 +lo 

21 O 

21500 f t  

-1-210 f t  

1000 -1500 f t  

FLARE ANGLE 

RATE OF DESCENT AT 
TOUCHDOWN 

SPEED AT TOUCHDOWN 

ALTITUDE OVER 
THRESHOLD 

LATERAL TRACK ERROR 

D e c r a b  

D i s p l a c e m e n t  from 
Centerline 

A t  t h r e s h o l d  

A t  touchdown 

TOUCHDOWN DISTANCE 
FROM THRESHOLD 

LANDING 

1 11/2O 

3 +1 f p s  

125 15 k t s  

50 220 f t  

+lo 

135 f t  

225 f t  

L500 -1500 f t  
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Categor ies  C and D of FAR 97.3(b) .  

e i t h e r  t h e  commercial o r  gene ra l  a v i a t i o n  types  some of t h e s e  

requirements  may b e  extreme. For example, t h e  va lues  f o r  speed 

and rate of descent  on t h e  approach are t o o  h igh  f o r  smaller 

aircraft; 100 kno t s  and 10 f e e t  p e r  second would be  more repre-  

s e n t a t i v e .  Likewise,  t h e  accuracy t o l e r a n c e s  f o r  touchdown 

d i s t a n c e s  l a t e r a l l y  and along t h e  runway should b e  r e l axed  f o r  

smaller a i r c r a f t .  Pis ton-engine p i l o t s ,  f o r  i n s t a n c e ,  g e n e r a l l y  

t r y  f o r  a touchdown w i t h i n  t h e  f i r s t  t h i r d  of t h e  runway -- which 

on a 10,000 f o o t  runway would mean a touchdown a t  2000.+ - 1500 

f e e t  from t h e  th re sho ld .  

For smaller a i r c r a f t  of 

It is  imposs ib le  t o  l a y  down a s i n g l e  set of requirements  

f o r  a l l  aircraft. 

j e t  aircraft is  t o  provide  a real is t ic  b u t  somewhat severe 

p i c t u r e  of t h e  problems f aced  by p i l o t s  and of t h e  o p e r a t i o n a l  

contex t  i n  which t h e  head-up d i s p l a y  might b e  used. 

The purpose i n  bas ing  t h e  model on t h e  l a r g e r  

It is  a l s o  in tended  t h a t  t h e  model apply t o  ope ra t ions  i n  

bo th  VFR and IFR condi t ions .  This, t o o ,  may cast some doubt 

on t h e  v a l i d i t y  of t h e  model. 

t o o  severe f o r  approach and l and ing  on a dry runway i n  good 

clear weather.. On the o t h e r  hand, they  are probably n o t  

severe enough f o r  Category 111 opera t ions .  Compromises have 

been made, g e n e r a l l y  i n  t h e  d i r e c t i o n  of making t h e  requirement  

a p p l i c a b l e  f o r  cond i t ions  down t o  and inc lud ing  Category 11, 

Here, aga in ,  t h e  purpose i s  t o  p r e s e n t  a veiw of ope ra t ing  

problems i n  t h e i r  more d i f f i c u l t  forms. 

Some of t h e  requirements  may b e  

Alongside t h i s  l i s t  of a i r c r a f t  performance requi rements ,  

i t  is  p o s s i b l e  t o  set down a p re l imina ry  l i s t  of t h e  informat ion  

needed by the p i l o t  t o  c a r r y  o u t  h i s  tasks s a t i s f a c t o r i l y .  
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The basic informat ion  needed f o r  f l i g h t  i n  t h e  approach zone 

is  : 

1. I d e n t i f i c a t i o n  of t h e  l and ing  s i t e  

2. F l i g h t  p a t h  and a t t i t u d e  r e f e r e n c e  

3. A l t i t u d e  r e f e r e n c e  

4 .  Speed r e f e r e n c e  

5. Dis tance  t o  runway 

6.  P o s i t i v e  t h r e s h o l d  and aiming p o i n t  d e f i n i t i o n  

For t h e  p r e s e n t  it is  not  impor tan t  which, i f  any, of 

t h e  i t e m s  of in format ion  are supp l i ed  by ins t ruments .  It is  

impor tan t  though t h a t  they  b e  a v a i l a b l e  i n  a s imple  form, 

r e q u i r i n g  no i n t e r p r e t a t i o n ,  and that they  b e  ob ta inab le  

immediately when needed. 

A f t e r  c r o s s i n g  t h e  t h r e s h o l d ,  t h e  informat ion  needed f o r  

f lare,  decrab , touchdown, and r o l l o u t  i s  : 

1. I d e n t i f i c a t i o n  of  t h e  landing  s i t e  

2. F l i g h t  p a t h  and a t t i t u d e  r e fe rence  

3. D e f i n i t i o n  of t h e  runway s u r f a c e  p l ane  

4 .  Runway alignment r e fe rence  (and r o l l o u t  guidance) 

5 Runway d i s t a n c e  remaining 

The informat ion  needed f o r  l and ing  i s ,  t h u s ,  s imilar  t o  t h a t  

needed f o r  approach, a l though p r i o r i t i e s  and degree of need 

d i f f e r  between t h e  two f l i g h t  phases .  It should a lso b e  noted 

tha t ,  as v i s i b i l i t y  decreases  and i n s t r q e n t  systems b e a r  more 

of t h e  burden of supply ing  informat ion ,  the form i n  which t h e  

informat ion  i s  needed and t h e  degree of p r e c i s i o n  may be  

changed. (Ref. 6) 

The foregoing  lists of i n f o m a t i o n  requirements  i s  only  

p re l imina ry ,  and c e r t a i n  p o i n t s  w i l l  need a m p l i f i c a t i o n .  Fu r the r  



d i scuss ion ,  however, w i l l  b e  r e se rved  u n t i l  Chapter I V ,  where 

they  w i l l  b e  taken  up i n  connect ion wi th  t h e  p i l o t ' s  v i s u a l  

t a s k .  
I 

Before l eav ing  t h e  s u b j e c t ,  i t  is  i n  o r d e r  t o  ask  how 

a c t u a l  p i l o t  performance compares wi th  t h e  requirements  postu-  

l a t e d  i n  t h e  model. Seve ra l  s ta t i s t ica l  s t u d i e s  have been made 

of approach and landing  parameters  under ope ra t ing  cond i t ions .  

One of t h e  most comprehensive w a s  t h a t  publ i shed  by t h e  Fede ra l  

Avia t ion  Agency Bureau of F l i g h t  Standards i n  1962. (Ref. 7) 

This  w a s  based on measurements made a t  Chicago ( O ' H a r e ) ,  San 

Franc isco  I n t e r n a t i o n a l ,  Denver (S tap le ton)  , and Dallas (Love) 

a i r p o r t s .  

a i r c r a f t  (Boeing 707, 707B, 720, 720B, Convair 880, and 

Douglas DC-8).  

vert ical  f l i g h t  p a t h  p r o f i l e  i s  g iven  i n  F igure  8. 

Data w e r e  t aken  f o r  183  landings  by l a r g e  j e t  

A summary of t h a t  mean v a l u e s  found f o r  the 

Other  s t u d i e s ,  conducted a t  t h e  London, Los Angeles, and 

John F. Kennedy (New York) a i r p o r t s ,  have produced r e s u l t s  which 

are i n  s u b s t a n t i a l  agreement w i t h  t h e  FAA f i n d i n g s .  

A i rpo r t  s tudy  (Ref. 8) w a s  made by t h e  UK Air Regis t ry  Board 

(ARB), which measured 100 landings  by two types  of l a r g e  j e t  

a i r c r a f t .  NASA (Ref. 9) c o l l e c t e d  d a t a  i n  two samples,  taken 

e i g h t  months a p a r t ,  at Los Angeles I n t e r n a t i o n a l  A i rpo r t  i n  

1960. 

landings  by two types  of l a r g e  j e t  t r a n s p o r t s  and one type  of 

turboprop a i r c r a f t .  L i t ch fo rd  (Ref. 10)  r e p o r t s  a s tudy  made 

at John F. Kennedy A i r p o r t ,  where d a t a  were taken  f o r  97 landings  

by l a r g e  j.et a i r c r a f t .  All s t u d i e s ,  i nc lud ing  t h e  FAA s tudy ,  

w e r e  made under day l igh t  VFR cond i t ions  and comprise a t o t a l  

sample of about 700 landings .  

The London 

Touchdown condi t ions  were measured f o r  approximately 300 
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The FAA s tudy  showed, i n  agreement wi th  t h e  earlier ARB and 

NASA f i n d i n g s ,  t h a t  t h e  ang le  of t h e  approach s l o p e  ( f l i g h t  pa th  

angle)  averaged about 2,8' .  Jenks (Ref. 6) r epor t ed  i n  1956 

t h a t  random obse rva t ions  of v i s u a l  approaches i n d i c a t e d  t h a t  2 8' 

was a l s o  t h e  p r e f e r r e d  approach s l o p e  ang le  f o r  p i l o t s  of s i x  

types  of p r o p e l l e r  and turboprop t r a n s p o r t s .  Fu r the r ,  a s tudy  

by t h e  Air Line P i l o t s  Assoc ia t ion  (Ref. 11) concluded t h a t  2.8' 

w a s  t y p i c a l  of  l i n e  f l y i n g  i n  VFR weather  and would remain 

e s s e n t i a l l y  unchanged as an  average f o r  IFR weather  r e g a r d l e s s  

of minima. 

s e l e c t e d  wi th  t h e s e  s t u d i e s  i n  mind. 

i s  used i n  s e v e r a l  examples f o r  t h e  sake  of s i m p l i c i t y ,  i s  

s l i g h t l y  h igh  b u t  s t i l l  may b e  t aken  as r e p r e s e n t a t i v e .  

The v a l u e  of 2 / 3 4  -f- - 1 /4 '  given i n  Table V I  has  been 

The f i g u r e  of 3 ' ,  which 

Table  V I  i n d i c a t e s  t h a t  wheel h e i g h t  when c ross ing  t h e  

t h r e s h o l d  should  b e  on t h e  o rde r  of 50 f - 
which is  i n  accord wi th  FAA r e g u l a t i o n s ,  i s  de r ived  from cal- 

c u l a t i o n  of t h e  a l t i t u d e  which would r e s u l t  from f l y i n g  a 2.8' 

approach s l o p e  toward a touchdown p o i n t  1000 f e e t  beyond t h e  

th re sho ld .  The FAA, ARB, and JFK s t u d i e s  r evea led  t h a t  t h e  

a c t u a l  wheel h e i g h t  over t h e  th re sho ld  (runway edge) was  

cons iderably  lower -- only about 22 f e e t .  F igure  9 shows the 

composite of 'the wheel h e i g h t  d a t a  ob ta ined  i n  t h e s e  t h r e e  

s t u d i e s  

20 f e e t .  This  f i g u r e ,  

A f a c t o r  which may account f o r  t h e  low t h r e s h o l d  h e i g h t s  

observed i s  t h e  wheel-to-eye d i s t a n c e ,  The p i l o t ' s  eye l e v e l  

f o r  t h e  type  of a i r c r a f t  involved  i s  roughly 15-20 f e e t  above 

t h e  wheel h e i g h t .  S ince  t h e s e  l and ings  were made by v i s u a l  

r e f e r e n c e ,  t h e  p i l o t s '  e s t i m a t e s  of a l t i t u d e  would b e  co r re s -  

pondingly h i g h e r ,  i . e o 3  between 37 and 42 f e e t ,  
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Never the less ,  t h e  f a c t  remains t h a t  wheel h e i g h t s  when 

c r o s s i n g  t h e  approach end of t h e  runway are dangerously low i n  

a c t u a 1 , l i n e  f l y i n g ,  

t h a t  22 f e e t  is  an  average f i g u r e .  The maximum h e i g h t  i n  t h e  

FAA s tudy  w a s  65 feet and t h e  minimum w a s  3-1/2 f e e t .  I n  t h e  

JFK s tudy  t h e  range of t h re sho ld  c ros s ing  h e i g h t s  w a s  4 t o  45 
f e e t .  The ALPA s tudy  (Ref. 111, which reviewed t h e  FAA f i n d i n g s ,  

commented t h a t  w h i l e  t h e  low t h r e s h o l d  c r o s s i n g  h e i g h t s  were 

undoubtedly t y p i c a l  of l i n e  f l y i n g ,  t hey  must b e  considered 

margina l ly  safe. 

h e i g h t s  over  t h e  th re sho ld  may b e  t h e  r e s u l t  of a conscious 

o r  unconscious compromise between a s a f e  wheel-to-runway clear- 

ance and a d e s i r e  t o  minimize t h e  touchdown d i s t a n c e  from t h e  

th re sho ld .  That i s ,  a h i g h e r  a l t i t u d e  a t  the th re sho ld  would 

i n c r e a s e  the touchdown d i s t a n c e  and thereby  the o v e r a l l  l anding  

d i s t a n c e  and t h e  danger of overrun.  

t h a t  t h e  landings  considered i n  a l l  of t h e s e  s t u d i e s  were made 

i n  VFR condi t ions .  

a l t i t u d e  would probably b e  g r e a t e r  

This  i s  even graver  when one cons ide r s  

The ALPA s tudy  a l s o  sugges ted  t h a t  low 

It should a l s o  b e  noted  

I n  reduced v i s i b i l i t y  the th re sho ld  c l ea rance  

A f u r t h e r  examination of t h e  FAA, ARB, and NASA s t u d i e s  

shows t h a t ,  except  f o r  a l t i t u d e  ove r  t h e  t h r e s h o l d ,  a c t u a l  

p i l o t  performance is  s u b s t a n t i a l l y  i n  accord w i t h  t h e  requi re -  

ments of Table  V I .  For example, speeds average about 135 kno t s  

a t  the th re sho ld  (when t h e  a i r c r a f t  w a s  a l r eady  p a r t i a l l y  

f l a r e d )  and 125 kno t s  a t  touchdown. Table 'VI g ives  140 f - 5 

knots  and 125 + - 5 kno t s ,  r e s p e c t i v e l y ,  f o r  approach and landing  

speeds.  Rates of descent  on t h e  approach and a t  touchdown 

were no t  s p e c i f i c a l l y  measured i n  t h e  FAA and ARB s t u d i e s ,  

b u t  they  can be  c a l c u l a t e d  from t h e  approach s l o p e  and speed,  

The average rate of descent  w a s  about 11 f e e t  p e r  second on 
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t h e  f i n a l  s t a g e s  of t h e  approach and about 5 f e e t  p e r  second 

a t  touchdown. The rate of descent  a t  touchdown w a s  s l i g h t l y  i n  

excess of t h e  2-4 f e e t  p e r  second g iven  i n  Table  V I .  The 

d i f f e r e n c e  r e s u l t s  from t h e  somewhat s t e e p e r  f l i g h t  pa th  ang le  

a t  touchdown (1.6Oas compared t o  0.5' t o  1.5' i n  Table  V I ) .  

F igure  10 shows t h e  d i s t r i b u t i o n  of a l t i t u d e  vs. d i s t a n c e  

f o r  l and ings  observed i n  t h e  FAA s tudy .  

downs w e r e  w i t h i n  t h e  range of 100 t o  2000 f e e t  from th resho ld  

s p e c i f i e d  i n  Table  V I .  

from t h r e s h o l d  f o r  the FAA, ARB, and NASA s t u d i e s  was 1370 feet ,  

which i s  a l s o  i n  l i n e  w i t h  t h e  requirements  i n  Table V I .  

Over h a l f  of t h e  touch- 

The combined average touchdown d i s t a n c e  

From th is  b r i e f  examination of landing  s ta t is t ics  i t  i s  

p o s s i b l e  t o  conclude t h a t  t h e r e  i s  a remarkably h igh  degree of 

cons is tency  i n  p i l o t  performance under a c t u a l  ope ra t ing  condi- 

t i o n s ,  a t  least i n  VFR, Through y e a r s  of exper ience  q u a l i f i e d  

p i l o t s  have e s t a b l i s h e d  f i r m  o p e r a t i o n a l  p a t t e r n s  and Practices 

which are no t  l i k e l y  t o  change. A s  a r e s u l t ,  p i l o t s  have 

developed a n e a r l y  uniform mental  model which they  apply,  almost 

i n s t i n c t i v e l y ,  t o  each landing .  While t h e r e  may b e  v a r i a b i l i t y  

i n  execut ing  t h e  landing  ( t h e  alarming range of t h re sho ld  

c l ea rance  a l t i t u d e s  is  a case i n  p o i n t ) ,  t h e  model as shown by 

measures of c e n t r a l  tendency remains ve ry  much t h e  same from 

l and ing  t o  landing  and from p i l o t  t o  p i l o t  t o  p i l o t .  

impor tan t ly ,  th is  model has been developea under VFR condi t ions .  

I n  good v i s i b i l i t y  t h e  p i l o t  checks performance a g a i n s t  t h e  

model by us ing  t h e  a v a i l a b l e  v i s u a l  cues.  

he  env i s ions  h i s  performance i n  r e l a t i o n  t o  t h e  model by 

observing h i s  ins t ruments  u n t i l  such t i m e  as he  makes v i s u a l  con- 

tact  wi th  the l and ing  s i te .  The model remains, however, b a s i c a l l y  

a VFR model s i n c e  t h i s  i s  t h e  predominant experience.  It fo l lows ,  

More 

I n  poor v i s i b i l i t y  
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then,  t h a t  any system in tended  t o  a i d  t h e  p i l o t  i n  IFR cond i t ions  

must f o s t e r  performance which i s  c o n s i s t e n t  w i th  t h a t  t o  be 

expected i n  VFR cond i t ions .  
! 

The a i r c r a f t  l anding  s ta t is t ics  a l s o  provide  a reasonably  

exac t  i n d i c a t i o n  of t h e  p h y s i c a l  dimensions of t h e  approach and 

landing  model. Earlier, t h e  i n i t i a l  p a r t  of t h e  approach w a s  

l i kened  t o  f l y i n g  down a f l a t ,  e longated  funne l  whose narrow end 

p o i n t s  a t  t h e  approach end of t h e  runway. With i n c r e a s i n g  

p r e c i s i o n ,  t h e  p i l o t  i s  t r y i n g  t o  b r i n g  t h e  f l i g h t  pa th  of t h e  

a i r c r a f t  i n  l i n e  wi th  t h e  runway and t h e  d e s i r e d  approach s l o p e .  

That i s ,  he  i s  c o n t r o l l i n g  t h e  t r a j e c t o r y  of t h e  a i r c r a f t  s o  i t  

w i l l  pa s s  through a narrow, imaginary s p a t i a l  a p e r a t u r e  n e a r  o r  

at t h e  approach end of t h e  runway. The s i z e  of t h i s  a p e r a t u r e  

at an a l t i t u d e  of 100 f e e t ,  when t h e  a i r c r a f t  i s  nominally 1000 

f e e t  from t h e  th re sho ld ,  is roughly 140 f e e t  h o r i z o n t a l l y  and 

25 feet v e r t i c a l l y .  Considering t h e  dimensions of p r e s e n t  day 

j e t  t r a n s p o r t s ,  t h i s  i s  l i t e r a l l y  l i k e  t h r e a d i n g  a need le  a t  235 

f e e t  p e r  second. 

From an a l t i t u d e  of 100 f e e t  u n t i l  touchdown, t h e  pa th  of 

the a i r c r a f t  i s  roughly 3500 f e e t  long. 

speeds t h e  t i m e  t o  t r a v e r s e  t h i s  d i s t a n c e  i s  about 15 seconds,  

During t h i s  t i m e  t h e  f l i g h t  p a t h  ang le  is  reduced t o  about h a l f  

t h e  o r i g i n a l  approach ang le  by means of t h e  f l a r e  maneuver. When 

t h e  a i r c r a f t  c ros ses  t h e  t h r e s h o l d ,  it i s  a l r eady  i n  f l a r e  f l y i n g  

a t  a s l o p e  of 1.9' t o  1.5' t o  t h e  runway and descending a t  

about 6 t o  8 f e e t  p e r  second. A t  touchdown t h e  speed i s  roughly 

125 knots  and t h e  rate of descent  is  on t h e  o r d e r  of  2-4 f e e t  

p e r  second. 

presented  i n  Table  V I .  The comparison wi th  t h e  measurements made 

A t  t y p i c a l  j e t  approach 

The o t h e r  dimensions of t h e  l and ing  model have been 
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under r o u t i n e  o p e r a t i o n a l  cond i t ions  has  shown t h a t  t h e  r equ i r e -  

ments of Table V I  are c o n s i s t e n t  w i t h ,  and r e p r e s e n t a t i v e  o f ,  

a c t u a l  p i l o t  performance, The model w i l l ,  t h e r e f o r e ,  be used 

as t h e ,  test  case f o r  e v a l u a t i n g  both  p r e s e n t  approach and landing  

a i d s  and t h e  p o t e n t i a l  c o n t r i b u t i o n  of t h e  head-up d i s p l a y .  

OTHER FLIGHT PHASES 

This  s e c t i o n  con ta ins  a b r i e f  examination of t h r e e  o t h e r  

f l i g h t  phases i n  which t h e  head-up d i s p l a y  may be of a s s i s t a n c e  

t o  t h e  p i l o t .  They are t a k e o f f ,  missed approach, and t a x i .  

Here, as i n  t h e  preceeding  s e c t i o n  on approach and l and ing ,  no 

a t t e m p t  w i l l  be  made t o  o f f e r  a complete a n a l y s i s  of a i r c r a f t  

o p e r a t i o n s  dur ing  t h e s e  f l i g h t  phases .  Rather ,  t h e  i n t e n t  i s  

t o  i d e n t i f y  s p e c i f i c  performance problems and t o  d e s c r i b e  t h e  

n a t u r e  of t h e  p i l o t ' s  t a s k s  i n  p r e p a r a t i o n  f o r  Chapter V I  which 

w i l l  d i s c u s s  t h e  p o t e n t i a l  r o l e  of t h e  head-up d i s p l a y .  

To p l a c e  t a k e o f f ,  missed approach, and t a x i  i n  proper  

p e r s p e c t i v e ,  i t  should be  noted  t h a t  t h e  i n d u s t r y  tends  t o  

r ega rd  t h e  problems of t h e s e  f l i g h t  phases  as secondary i n  com- 

p a r i s o n  w i t h  approach and landing .  Except f o r  a few i s o l a t e d  

examples i n  t h e  r e sea rch  l i t e r a t u r e ,  almost no a t t e n t i o n  has  

been devoted- t o  any phase of f l i g h t  o t h e r  t han  approach and 

landing .  Most of t h e  e f f o r t  t o  provide  improved ins t rumenta-  

t i o n  and a i d s  has  been d i r e c t e d  toward t h e  approach and l and ing  

problem, and any a p p l i c a t i o n  of t h e  new equipment t o  o t h e r  

phases  of f l i g h t  h a s  been l a r g e l y  s e r e n d i p i t o u s  e 

It may w e l l  b e ,  as i n d u s t r y  opin ion  seems t o  ho ld ,  t h a t  

t akeof f  missed approach, and t a x i  a r e  r e l a t i v e l y  less d i f f i -  

c u l t  and demanding of p i l o t  s k i l l  and a i r c r a f t  c a p a b i l i t y .  A 

second, and more probable ,  reason  i s  t h a t  they  do no t  pose 
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problems except  i n  cond i t ions  of s e v e r e l y  reduced v i s i b i l i t y ,  

i * e . ,  i n  Categor ies  I1 and I11 of IFR. V i s i b i l i t y  of one- 

h a l f  m i l e ,  t h e  Category I minimum, is  g e n e r a l l y  considered 

adequate  f o r  t a x i i n g  an a i r c r a f t  o r  even f o r  t a k e o f f ,  both of 

which are c a r r i e d  o u t  almost wholly by v i s u a l  r e fe rence .  

a missed approach (go-around) from an a l t i t u d e  of 200 f e e t  ( t h e  

Category I d e c i s i o n  h e i g h t )  is  n o t  an excess ive ly  demanding man- 

euver ,  even wi th  a l a r g e  j e t  a i r c r a f t .  However, as t h e  i n d u s t r y  

seeks  t o  p e n e t r a t e  i n t o  t h e  lower reaches of Category I1 and 

even tua l ly  i n t o  Category I11 ( b l i n d  l a n d i n g ) ,  t h e  v i s u a l  cues 

a v a i l a b l e  on t h e  ground f o r  t a x i i n g  and t akeof f  w i l l  be  s h a r p l y  

reduced, and t h e  a l t i t u d e s  a t  which a go-around may b e  i n i t i a t e d  

w i l l  b e  100 f e e t  o r  lower. For t h i s  reason  i t  i s  reasonable  t o  

assume t h a t  problems w i l l  beg in  t o  emerge and t h e  need f o r  

supplemental  i n s t rumen t s  and a i d s  w i l l  beg in  t o  be f e l t .  

Therefore ,  t h e  fo l lowing  d i s c u s s i o n  of t a k e o f f ,  missed approach, 

and t a x i  w i l l  pay p a r t i c u l a r  a t t e n t i o n  t o  t h o s e  elements of 

guidance and c o n t r o l  which may b e  a f f e c t e d  by reduced v i s i b i l i t y .  

Executing 

Takeoff 

Takeoff i s  i n  many ways s imple r  t han  l and ing .  

t akeof f  r o l l  t h e  a i r c r a f t  i s  a ground v e h i c l e  w i th  fewer degrees  

of freedom than  la te r  on when it  becomes a i r b o r n e .  

t h e r e f o r e  a somewhat s imple r  problem. Even a f t e r  l i f t o f f ,  con- 

t r o l  is  no t  a h igh ly  demanding e x e r c i s e  because t h e r e  is no 

need t o  hold  a f l i g h t  p a t h  as p r e c i s e l y  a s . i n  landing .  

ove r ,  as t h e  t akeof f  progresses  and climbout i s  e s t a b l i s h e d ,  

t h e  c o n t r o l  t o l e r a n c e s  become more r e l axed ,  i n s t e a d  of t h e  

reverse which i s  t r u e  of landing .  

During t h e  

Cont ro l  i s  

More- 

A t  t h e  same t i m e ,  however, t akeof f  a l s o  poses some unique 

problems which are not  p r e s e n t  i n  l and ing ,  a t  l e a s t  t o  t h e  same 
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degree ,  Takeoff i s  c a r r i e d  ou t  e n t i r e l y  under manual c o n t r o l .  

The p r e s e n t  s ta te  of a u t o p i l o t  technology is such t h a t  t h e  

p i l o t  cannot t u r n  a p o r t i o n  of t h e  c o n t r o l  t a s k  over  t o  t h e  

a u t o p i l o t  as h e  can i n  t h e  approach and landing .  

c o n t r o l  must be  accomplished almost s o l e l y  by v i s u a l  r e fe rence .  

Radio a i d s ,  such as t h e  ILS l o c a l i z e r ,  are s i t u a t e d  s o  a s  t o  b e  

i n  an optimum p o s i t i o n  f o r  l and ing ,  w i th  t h e  r e s u l t  t h a t  t hey  

are of l i t t l e  o r  no use f o r  ho ld ing  runway heading during t a k e o f f .  

Thus, i n  terms of t h e  a v a i l a b l e  suppor t  and a s s i s t a n c e  t o  t h e  

p i l o t ,  t akeof f  i s  one of t h e  most p r i m i t i v e  phases of  modern c iv i l  

a v i a t i o n  ope ra t ions .  

Moreover, manual 

Takeoff c o n s i s t s  of t h r e e  major e lements:  ho ld ing  runway 

alignment dur ing  t akeof f  r o l l ,  monitor ing t h e  i n c r e a s e  of air- 

speed i n  r e l a t i o n  t o  s e l e c t e d  p o i n t s  a long t h e  runway, and 

r o t a t i n g  t h e  aircraft t o  t akeof f  and climbout a t t i t u d e s  when 

t h e  proper  speeds are reached.  To thase can b e  added a f o u r t h  

t a s k  which i s  assuming g r e a t e r  and g r e a t e r  importance f o r  take-  

o f f  from a i r p o r t s  i n  congested urban areas, This is  t h e  execu- 

t i o n  of n o i s e  abatement procedures ,  which invo lve  adjustments  

i n  speed and climbout angle  and adherence t o  s p e c i f i c  climbout 

c o r r i d o r s  ( inc lud ing  perhaps procedura l  t u rns )  

Lami (Ref. 12)  has  p re sen ted  a more d e t a i l e d  a n a l y s i s  of 

t h e  p i l o t ' s  c o n t r o l  t a s k  dur ing  t a k e o f f .  The fo l lowing  i s  an 

adap ta t ion  of h i s  expos i t i on .  

1. E s t a b l i s h  i n i t i a l  p o s i t i o n  and alignment wi th  
r e s p e c t  t o  t h e  runway centerline. 

r o l l .  

s t e e r i n g  and guid ing  on t h e  runway c e n t e r l i n e  
( f r e q u e n t l y  imaginary o r  obscured by tire marks). 

2.  Run up power, release b rakes ,  and beg in  takeoff  

3 e Maintain runway al ignment ,  using nose-wheel 
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4 .  Rel inquish  nose-wheel s t e e r i n g  a t  60-80 kno t s  
(depending on t h e  a i r c r a f t )  and main ta in  runway 
alignment by rudder  a c t i o n  and v i s u a l  guidance. 

5. I n  case of crosswind, u se  a i l e r o n s  t o  keep upwind 
from l i f t i n g  prematurely.  

6 .  Monitor speed and a c c e l e r a t i o n  i n  r e l a t i o n  t o  
runway checkpoints .  The speeds t o  be  monitored 
are : 

a. Minimum c o n t r o l  speed (Vmc), above 
which t h e  movable a i r c r a f t  s u r f a c e s  
become f u l l y  e f f e c t i v e  f o r  c o n t r o l l i n g  
t h e  a i r c r a f t  ; * 
VI, above which t h e  t akeof f  should b e  
cont inued i n  case of engine  f a i l u r e ;  

vr, t h e  speed a t  which t h e  a i r c r a f t  should 
be  r o t a t e d  t o  a takeoff  a t t i t u d e  (nose- 
wheel l i f t o f f )  ; 

V2, t akeof f  speed -- a l s o  t h e  speed which 
w i l l  g i v e  t h e  b e s t  i n i t i a l  rate of climb 
(main g e a r  l i f t o f f ) .  

b .  

c* 

d. 

7.  A t  l i f t o f f  main ta in  climbout pa th  along runway 
heading,  c o r r e c t i n g  f o r  crosswind as necessary .  

8. R e t r a c t  l and ing  gear  and a d j u s t  f l a p s  as r equ i r ed .  

9. Execute n o i s e  abatement procedures ,  which inc lude :  

a. Reduction of power; 

b .  Maintaining climbout c o r r i d o r ,  sometimes 

c .  Observance of climb ang le ,  bank ang le ,  

i nvo lv ing  procedura l  t u r n s ;  

and a l t i t u d e  r e s t r i c t i o n s .  

For j e t  a i r c r a f t  t h e  e n t i r e  o p e r a t i o n ,  from brake  release t o  

t h r o t t l i n g  back f o r  n o i s e  abatement, consumes about 60 seconds 

dur ing  which t i m e  t h e  a i r c r a f t  h a s  a c c e l e r a t e d  from 0 t o  a speed 

i n  excess  of 150 k n o t s .  

* Techn ica l ly ,  t h i s  i s  Vmc minimum c o n t r o l  speed on t h e  
There i s  a h ighe r  speed, Vmca, which i s  minimum g 9  ground. 

c o n t r o l  speed i n  t h e  a i r ,  
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Two major problems emerge from L a m i ' s  a n a l y s i s .  How does 

t h e  p i l o t  r e c e i v e  guidance f o r  t h e  takeoff  r o l l  and f o r  c o n t r o l l i n g  

a t t i t u d e  and f l i g h t  pa th  a f t e r  l i f t o f f ?  How does t h e  p i l o t  monitor  

a i r speed  and t a k e  a p p r o p r i a t e  a c t i o n ?  

The i n i t i a l  guidance f o r  t h e  takeoff  is v i s u a l ,  bo th  i n  VFR 

and i n  p re sen t  Category I IFR ope ra t ions .  

v i s u a l  r e fe rence  w i l l  a l s o  b e  t h e  only means of r e fe rence  i n  

p r o j e c t e d  Category I1 opera t ions .  I n  Category I11 (zero-zero) ,  

obvious ly ,  some o t h e r  means w i l l  have t o  be  found. 

runways at n i g h t  and even on t h e  b e s t  l i g h t e d  runways i n  reduced 

v i s i b i l i t y  (down t o  1200 f e e t )  v i s u a l  cues may b e  marginal .  A t  

t h e  speeds a t t a i n e d  dur ing  t h e  l a t t e r  p a r t  of t h e  t akeof f  r o l l  

and i n  v i s i b i l i t y  of 1200 f e e t ,  t h e  p i l o t ' s  forward view w i l l  

be  t h e  equ iva len t  of  on ly  about 6-7 seconds of h i s  p rogres s  down 

the runway. 

f o r  lesser v i s i b i l i t y  ranges (such as those  a s s o c i a t e d  w i t h  

Category 111) r e l i a n c e  on unaided v i s u a l  guidance w i l l  n o t  b e  

p r a c t i c a l  o r  safe. Hence, t h e  e x t e n t  and q u a l i t y  of t h e  p i l o t ' s  

v i s u a l  r e fe rence  is  a problem which w i l l  i n c r e a s e  i n  s e v e r i t y  

as ope ra t ions  are extended c l o s e r  and c l o s e r  t o  f u l l  zero-zero 

cond i t ions .  

It i s  a n t i c i p a t e d  t h a t  

On i l l - l i g h t e d  

This  i s  probably adequate ,  b u t  on ly  j u s t  s o ,  and 

Of equal  concern i s  that ,  a t  r o t a t i o n ,  the p i l o t ' s  view of 

t h e  runway is  obscured by the nose of t h e  a i r c r a f t ,  which a l s o  

covers  h i s  forward view of t h e  hor izon .  

v i s u a l  a t t i t u d e  r e f e r e n c e  (except  p e r i p h e r a l l y )  and must refer 

t o  the a t t i t u d e  i n d i c a t o r  on t h e  ins t rument  pane l  f o r  guidance 

i n  c o n t r o l l i n g  p i t c h  f o r  r o t a t i o n  and climbout.  Adjustment t o  

t h i s  new ins t rument  preference  is a process  which involves  

adap ta t ion  t o  a d i f f e r e n t  i l l u m i n a t i o n  l e v e l ,  accomodation 

t o  t h e  s h o r t e r  viewing d i s t a n c e ,  and t i m e  f o r  r e o r i e n t a t i o n  and 

The p i l o t  t hus  l o s e s  
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i n t e r p r e t a t i o n .  

sume up t o  3 t o  4 seconds,  which come a t  a c r i t i c a l  p o i n t  i n  the  

t akeof f .  This  problem is  f u r t h e r  complicated by t h e  f a c t  t h a t  

t h e  a t t i t u d e  r e fe rence  system i s  gyro - s t ab i l i zed  and t h e r e f o r e  

tends  t o  process  dur ing  t akeof f  a c c e l e r a t i o n .  This  means t h a t  

t h e  a t t i t u d e  i n d i c a t o r  w i l l  g ive  a f a l s e  p i t c h  reading which 

t h e  p i l o t  must be  aware of and make a p p r o p r i a t e  compensation 

f o r .  

Under adverse cond i t ions  t h i s  process  may con- 

I 

Because t h e  p i l o t ' s  view i s  o u t s i d e  t h e  cockpi t  u n t i l  very  

l a t e  i n  t h e  t akeof f  (ice., u n t i l  r o t a t i o n ) ,  t h e  monitor ing of  

a i r speed  -- which i s  a c r i t i c a l  t akeof f  parameter -- a l s o  becomes 

a problem. The common s o l u t i o n  i s  t o  have t h e  co-pi lot  r ead  

o f f  a i r s p e e d  dur ing  t akeof f  and cal l  o u t  t h e  c r i t i ca l  v a l u e s .  

During t y p i c a l  j e t  t a k e o f f s  t h e s e  speeds are reached i n  such 

r a p i d  success ion  t h a t  t h e  co-p i lo t  f r e q u e n t l y  cal ls  them o u t  

i n  a s i n g l e  b u r s t  ("V 1, Vr, V2") e 

looking  ou t  of t h e  cockpi t  f o r  v i s u a l  guidance t o  ho ld  runway 

al ignment ,  h a s  no way of moni tor ing  speed d i r e c t l y  o r  of a n t i -  

c i p a t i n g  when c r i t i ca l  speeds w i l l  b e  reached. 

r e l y  on exper ience  and t h e  "feel" of t h e  t a k e o f f .  This  is  a 

rough and ready method a t  b e s t .  Because of the v a r i a t i o n s  i n  

a c c e l e r a t i o n  due t o  takeoff  weight ,  t empera ture ,  and runway 

s u r f a c e  cond i t ions ,  t h i s  i s  a r a t h e r  complicated estimate which 

must b e  made at a t i m e  when much of  t h e  p i l o t ' s  a t t e n t i o n  i s  

focussed on guid ing  t h e  t akeof f  r o l l .  Furthermore,  t h i s  i s  

e n t i r e l y  a memory process .  Even though t h e  f l i g h t  crew has 

looked up t h e  c r i t i c a l  speeds i n  t a b l e s  p r i o r  t o  s t a r t i n g  t h e  

t akeof f  

The p i l o t ,  as long as h e  i s  

Mostly p i l o t s  

the re spons ib l e  crew member must remember and c a l l  

them o u t  c o r r e c t l y  as t h e  speeds are reached. 

Noise abatement i n t roduces  an a d d i t i o n a l  complicat ion i n  
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speed c o n t r o l .  Typica l  n o i s e  abatement procedures  c a l l  f o r  

main ta in ing  a speed only  10-20 knots  above V which n e c e s s i t a t e s  

a p r e c i s e  power r educ t ion  almost immediately a f t e r  t a k e o f f .  

S ince  ' tu rn ing  maneuvers a r e  f r e q u e n t l y  a p a r t  of n o i s e  abatement 

t h e  a i r c r a f t  can come comfortably c l o s e  t o  an u n s t a b l e  f l i g h t  

cond i t ion .  The fo l lowing ,  drawn from Clark (Ref. 13) are t y p i c a l  

i n s t r u c t i o n s  t o  f l i g h t  crews concerning n o i s e  abatement prooedures .  

2 '  

TURNS 

"With V + 10 kts e and a t  least 300 f e e t  

t h e  d e s i r e d  d i r e c t i o n .  
above t 2 e a i r p o r t ,  i n i t i a t e  15" bank i n  

Warning: Do no t  a l low bank ang le  t o  
exceed 20 " . 'I 

POWER REDUCTIONS 

"Climbout at V2 f 10 t o  400 f t .  

A t  400 f t .  select f l a p  20, b u t  do not a l low 
speed t o  i n c r e a s e .  
speed i s  only 3 k t s . )  

Should i t  become apparent  a f t e r  t h r o t t l i n g  
t h a t  t h e  a i r c r a f t  is  n o t  main ta in ing  
V $. 10 k t s .  wi thout  l o s s  of h e i g h t ,  then  
&e RPM should  b e  inc reased .  

Warning: 

(The change i n  s t a l l  

Thrus t  r e d u c t i o n  should no t  be 
s t a r t e d  b e f o r e  reaching  600 f t . "  

The implicat ' ion of t h e  warnings i s  s e l f  -evident  e 

A f u r t h e r  example, a l s o  drawn from Clark ,  w i l l  i l l u s t r a t e  

how c l o s e  t o  t h e  margin cond i t ions  may come. 

"Studies  of a c u r r e n t  j e t  t r a n s p o r t  i n d i c a t e  
t h a t  i f  a p i l o t  had t o  u t i l i z e  a 34" bank 
ang le  t o  avoid c o l l i s i o n  h e  would only  be  
4 knots  above t h e  1G s t a l l  speed a t  V For 
t h o s e  who q u e s t i o n  t h e  p r o b a b i l i t y  of t h e s e  
l o a d  f a c t o r s  occur r ing  w e  r e f e r  them t o  t h e  
NASA s tudy  on o p e r a t i o n a l  expe r i ences  which 
show t h a t  q u i t e  f r e q u e n t l y  j e t  a i r c r a f t  
have exceed t h e s e  l o a d  f a c t o r s . . . "  

2' 

- 
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Noise abatement i s  a thorny and somewhat emotional ly  

charged s u b j e c t  which need n o t  be pursued f u r t h e r  s i n c e  i t  is  

not  c e n t r a l  t o  t h e  p r e s e n t  d i scuss ion .  

it w a s  t o  b r i n g  o u t  an a d d i t i o n a l  i n d i c a t i o n  of t h e  c r i t i c a l i t y  

of t h e  p i l o t ' s  speed c o n t r o l  t a s k .  

The only  p o i n t  i n  r a i s i n g  

To sum up t h e  p i l o t  has  two p r i n c i p a l  concerns i n  t akeof f  a 

The f i r s t  is  t o  monitor  a i r speed ,  b u t  t h i s  cannot be  done 

d i r e c t l y  u n t i l  l a t e  i n  t h e  t akeof f  when h e  has  r e d i r e c t e d  h i s  

v i s i o n  from t h e  e x t e r n a l  world t o  t h e  ins t rument  panel.  

second concern i s  guidance f o r  t h e  takeoff  r o l l  and i n i t i a l  

cl imbout f l i g h t  p a t h ,  and t h i s  can be  obta ined  only by r e f e r r i n g  

t o  t h e  e x t e r n a l  world. The p i l o t  is  t h u s  confronted wi th  con- 

f l i c t i n g  demands f o r  h i s  a t t e n t i o n .  I n  cond i t ions  of poor 

v i s i b i l i t y  i n t e r p r e t i n g  t h e  a v a i l a b l e  v i s u a l  cues t o  a s s u r e  h e  

is  on t h e  c o r r e c t  pa th  can consume much of t h e  p i l o t ' s  a t t e n -  

t i o n .  

judge t h e  runway remaining and t h e  p rogres s  of t h e  t akeof f  i n  

r e l a t i o n  t o  i t .  A t  l i f t o f f  t h e  p i l o t  l o s e s  v i s u a l  r e f e r e n c e  

and must conver t  t o  (and a d j u s t  t o )  an ins t rument  frame of 

r e se renee  f o r  p a r t  of t h e  t akeof f  and ins t ruments  f o r  t h e  remain- 

der .  

d i r e c t l y  un le s s  h e  looks down at  t h e  ins t rument  pane l ,  w i th  t h e  

consequent l o s s  of o u t s i d e  r e fe rence .  To avoid g lanc ing  back 

and f o r t h  from t h e  runway t o  t h e  ins t rument  pane l ,  t h e  p i l o t  

must r e l y  on i n d i r e c t ,  v e r b a l  r e p o r t s  of a i r s p e e d  from another  

crew member. 

The 

Poor v i s i b i l i t y  a l s o  reduces t h e  p i l o t ' s  a b i l i t y  t o  

I n  t h e  case of a i r s p e e d  h e  has  no way of reading  i t  

Missed Approach 

A missed approach (go-around) i s  conducted whenever t h e  

p i l o t  is  not  c e r t a i n  t h a t  t h e  approach can b e  c a r r i e d  through 

t o  a s u c c e s s f u l  landing .  Excluding f a i l u r e  of a i r c r a f t  o r  
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ground equipment and s imilar  i n - f l i g h t  emergencies,  t h e  d e c i s i o n  

t o  i n i t i a t e  t h e  missed approach procedure i s  made f o r  one of two 

b a s i c  reasons : 
I 
1. The a i r c r a f t  i s  s o  f a r  o f f  t h e  r equ i r ed  h o r i z o n t a l  

o r  vertical  f l i g h t  pa th  t h a t  i t  cannot ,  i n  t h e  
p i l o t ' s  e s t i m a t i o n ,  be brought  back i n  l i n e  s a f e l y  
b e f o r e  reaching  t h e  runway. 

the approach p a t h ,  and t h e  p i l o t  has  no t  e s t a b l i s h e d  
t h e  r equ i r ed  v i s u a l  reference t o  cont inue  t h e  
approach t o  land .  

2 .  The a i r c r a f t  has  reached a s p e c i f i e d  a l t i t u d e  a long  

I n  e i t h e r  case t h e  p i l o t  h a s  t h e  s o l e  r e s p o n s i b i l i t y  f o r  

t h e  d e c i s i o n  t o  cont inue  o r  go around. To m a k e  t h i s  d e c i s i o n  

he must have informat ion  about t h e  f l i g h t  p a t h  of t h e  aircraft  

w i t h  r e s p e c t  t o  t h e  landing  s i te .  I f  t h i s  in format ion  l e a d s  

t h e  p i l o t  t o  b e l i e v e  t h e  f l i g h t  pa th  i s  o u t  of accep tab le  

t o l e r a n c e s ,  he must make a go-around. More impor tan t ly ,  t h e  

p i l o t  a l s o  must m a k e  a go-around i f  h e  does n o t  have v i s u a l  

con tac t  wi th  t h e  l and ing  s i te  by t h e  t i m e  he has reached a 

min imum a l t i t u d e ,  i . e . ,  i f  h e  is  n o t  c e r t a i n  _I_ from v i s u a l  

r e f e r e n c e  a lone  that. h e  can b r i n g  t h e  a i r c r a f t  down s a f e l y  on 

t h e  runway. 

The see-to-land concept is  t h e r e f o r e  b a s i c  t o  aircraft  

ope ra t ion  i n  either VFR o r  IFR cond i t ions ,  

tact  w i t h  t h e  runway i s  e s t a b l i s h e d  a t  t h e  beginning of t h e  

approach by ins t rument  r e fe rence  a lone  down t o  a minimum a l t i -  

t u d e  (Decis ion Height ) .  Beyond t h i s  m i n i m u m  a l t i t u d e ,  however, 

t h e  p i l o t  can cont inue  only  i f  he  has  v i s u a l  con tac t  w i t h  

known ground r e f e r e n c e s ,  which may b e  t h e  runway i t se l f  o r  a 

p o r t i o n  of t h e  approach and th re sho ld  marking c l e a r l y  i d e n t i -  

f i a b l e  wi th  t h e  runway. Visual  r e fe rence  is  requ i r ed  i n  t h e  

f i n a l  s t a g e  of an IFR approach bo th  t o  confirm t h e  accuracy of 

In  VFR, v i s u a l  con- 
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t h e  ins t rument  guidance system and t o  serve as primary guidance 

f o r  completing t h e  landing .  

: 
A s  might b e  expected,  v i s i b i l i t y  h a s  a d i r e c t  and dominant 

i n f l u e n c e  upon completing t h e  approach t o  land .  S t a t i s t i c s  on 

t h e  l and ing  success  rate ( t h e  r a t i o  of completed landings  t o  

those  at tempted)  shows a dramat ic  i n c r e a s e  i n  t h e  number of 

missed approaches as v i s i b i l i t y  worsens. The fo l lowing ,  drawn 

from Beck (Ref. 1 4 ) ,  i s  a t a b u l a t i o n  of missed approaches a t  

Heathrow A i r p o r t ,  London by a l l  a i r c r a f t  dur ing  1963, 1964, and 

1965. 

RUNWAY VISUAL RANGE PERCENTAGE MISSED APPROACHES 

700-600 meters (2300-1970 f t  .) 22 * 2% 

600-500 meters (1970-1640 f t .) 30.6% 

500-450 meters (1640-1475 f t  .) 40 a 5% 

450-400 meters (1475-1312 f t . )  45.5% 

Figure  11, which i s  based on d a t a  p re sen ted  t o  the I n t e r -  

n a t i o n a l  Civil  Avia t ion  Organiza t ion  All-Weather Operat ions 

Panel  (Ref. 1 5 ) ,  f u r t h e r  i l l u s t r a t e s  t h e  e f f e c t  of low v i s i b i l i t y .  

In Category I (2600 f e e t  Runway Visua l  Range and 200 f e e t  Deci- 

s i o n  Height) '  over  90% of t h e  approaches are s u c c e s s f u l l y  com- 

p l e t e d  t o  landing .  In Category I I B  (1200 f e e t  RVR and 100 feet 

DH) i t  i s  f o r e c a s t  t h a t  t h e  success  rate w i l l  drop t o  about  

50%. With 700 f e e t  RVR t h e  f o r e c a s t  is t h a t  on ly  about 20% of 

t h e  approaches w i l l  b e  s u c c e s s f u l .  

Reduced v i s i b i l i t y ,  t h e r e f o r e ,  has  several important  conse- 

quences f o r  missed approaches 

inc idence  of missed approaches can b e  expected t o  go up sha rp ly .  

The a l t i t u d e  at which t h e  missed approach d e c i s i o n  must b e  made 

As v i s i b i l i t y  decreases ,  the 
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is lowered as v i s i b i l i t y  decreases .  The e x t e n t  and q u a l i t y  of 

t he  p i l o t ' s  e x t e r n a l  v i s u a l  cues,  t h e  informat ion  upon which h e  

must base  t h e  dec i s ion ,  are p rogess ive ly  degraded. The n e t  

e f f e c t s  of reduced v i s i b i l i t y  are t o  diminish t h e  informat ion  

t h e  p i l o t  has  t o  work wi th ,  t o  s h o r t e n  t h e  t i m e  he has  t o  make 

a d e c i s i o n  be fo re  reaching t h e  ground, t o  weaken t h e  c e r t a i n t y  

of h i s  judgment, and t o  postpone t h e  s tar t  of t h e  go-around. 

An examination of t h e  n a t u r e  of t h e  missed approach maneuver w i l l  

f u r t h e r  c l a r i f y  t h e  impact of reduced v i s i b i l i t y  upon t h e  

p i l o t ' s  guidance and c o n t r o l  problem. 

I n  ca r ry ing  ou t  a missed approach t h e  p i l o t  has  t h r e e  

major concerns.  F i r s t ,  through a p p l i c a t i o n  o f  power and ro t a -  

t i o n  of t h e  a i r c r a f t  i n  p i t c h ,  t h e  descent  of  t h e  aircraft must 

b e  checked and a climbing f l i g h t  pa th  e s t a b l i s h e d .  Second, 

since t h e  missed approach i s  u s u a l l y  conducted a t  a l t i t u d e s  of 

200 f e e t  o r  lower,  a l t i t u d e  l o s s  must b e  k e p t  t o  a m i n i m u m  

between t h e  t i m e  t h e  p i l o t  makes t h e  go-around dec i s ion  and t h e  

t i m e  the a i r c r a f t  a c t u a l l y  responds and starts t o  climb. Th i rd ,  

p r e c i s e  c o n t r o l  of p i t c h  i n  r e l a t i o n  t o  a i r s p e e d  i s  requ i r ed  t o  

avoid o v e r r o t a t i o n  of t h e  a i r c r a f t ,  which would in t roduce  the 

danger of s t a l l .  C l e a r l y ,  t h e  missed approach i s  a c r i t i ca l  

maneuver whibh i s  as demanding of t h e  p i l o t ' s  s k i l l  and sense of 

t iming  as landing .  

I n  low v i s i b i l i t y  the p i l o t  has  a two-fold problem. 

he  must dec ide  whether he has  t h e  r equ i r ed  v i s i b i l i t y  t o  land .  

To do t h i s  h e  must look  ou t  of t h e  cockpi t  f o r  approach and 

runway markings. A s  po in ted  ou t  above, the promptness and 

co r rec tness  of h i s  dec i s ion  are e n t i r e l y  a f u n c t i o n  of t h e  

e x t e r n a l  cues a v a i l a b l e  t o  him and h i s  a b i l i t y  t o  i n t e r p r e t  

them. 

F i r s t ,  

The more obscured t h e  e x t e r n a l  scene ,  t h e  longer  h e  w i l l  
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take t o  reach a d e c i s i o n  and t h e  g r e a t e r  t h e  p o s s i b i l i t y  of 

e r r o r .  Once h e  has  decided t h a t  h e  does no t  have adequate 

v i s u a l  r e fe rence  o r  t h a t  h e  i s  no t  on t h e  c o r r e c t  approach p a t h ,  

t h e  p i l o t  must then  e f f e c t  t h e  go-around. 

in format ion  on t h e  p i t c h  a t t i t u d e ,  speed,  and a l t i t u d e  ( o r  verti- 

cal  v e l o c i t y )  of t h e  aircraft .  To o b t a i n  t h e  informat ion  h e  

must r e d i r e c t  h i s  v i s i o n  from t h e  e x t e r n a l  world t o  t h e  i n s t r u -  

ment pane l .  The p i l o t  i s ,  t h u s ,  p laced  i n  a s i t u a t i o n  where 

he must d i v i d e  h i s  a t t e n t i o n  between two d i f f e r e n t  in format ion  

sources ,  which impl i e s  no t  on ly  d i f f e r e n t  viewing d i s t a n c e s  

and levels of i l l u m i n a t i o n  b u t  a l s o  d i f f e r e n t  frames of r e fe rence .  

To do t h i s  h e  needs 

I n i t i a t i n g  t h e  go-around from an a l t i t u d e  of  200 feet ( t h e  

Category I m i n i m u m ) ,  a l though a demanding e x e r c i s e ,  does n o t  

appear  t o  cause p i l o t s  g r e a t  concern. The a l t i t u d e  cushion i s  

s u f f i c i e n t ,  even f o r  l a r g e  j e t s ,  provid ing  the dec i s ion  i s  

reached promptly and appropr i a t e  c o n t r o l  a c t i o n  i s  taken  w i t h  

minimal delay.  

Decis ion Height of 100 f e e t  i s  another  matter, as t h e  fo l lowing  

a n a l y s i s  shows. 

S t a r t i n g  the go-around a t  t h e  Category I1 

The customary approach procedures  i n  Category I1 cal l  f o r  

the p i l o t  t o  r l y  t h e  approach pa th  on instruments down t o  the 

Decis ion Height.  A t  t h i s  p o i n t ,  the p i l o t  s h i f t s  h i s  a t t e n t i o n  

o u t s i d e  t h e  cockpi t  t o  determine whether  he has  t h e  necessary  

v i s u a l  r e fe rence  t o  proceed and t o  assess t h e  p o s i t i o n  and 

movement of t h e  a i r c r a f t  w i t h  r e s p e c t  t o  t h e  d e s i r e d  approach 

path.  This  e n t a i l s  a complex v i s u a l  process  which inc ludes  

adap ta t ion  t o  a d i f f e r e n t  i l l u m i n a t i o n  level ,  accommodation f o r  

d i s t a n c e ,  and i n t e r p r e t a t i o n  of t h e  e x t e r n a l  v i s u a l  scene.  

Assuming t h a t  t h e  p i l o t  dec ides  a go-around must be  made, h e  

must t hen  revert t o  t h e  ins t ruments  f o r  in format ion  t o  guide  
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t h e  maneuver. That i s ,  he  must r e p e a t  t h e  v i s u a l  process  j u s t  

descr ibed .  

The r e sea rch  l i t e r a t u r e  con ta ins  clear evidence as t o  

t h e  t i m e  r equ i r ed  f o r  t h e  t r a n s i t i o n  from head-down t o  head-up 

and back t o  head-down aga in .  Beck (Ref. 16) r e f e r s  t o  s t u d i e s  

conducted by t h e  Royal A i r  Force I n s t i t u t e  of Avia t ion  Medicine 

which showed t h a t  the t i m e  l a p s e  averaged 2.39 seconds*. 

Corroborat ion of t h i s  f i g u r e  can b e  found i n  Wuifeck (Ref. 17)  

To t h e  t i m e  of 2.39 seconds a f u r t h e r  t i m e  l a p s e  must b e  added 

t o  account  f o r  d e c i s i o n  making. The t i m e  w i l l  vary according 

t o  t h e  s i t u a t i o n  and t h e  i n d i v i d u a l ;  2 seconds s h a l l  be  

assumed as a minimum va lue .  (Ref, 1 7 )  T h i s  means t h a t  t h e  t o t a l  

e l apsed  t i m e  t o  raise t h e  eyes  from t h e  ins t rument  pane l ,  t o  

a d j u s t  t o  and i n t e r p r e t  t h e  external scene, t o  make a dec i s ion ,  

and t o  r e t u r n  t h e  eyes  t o  the ins t rument  pane l  i s  on t h e  o r d e r  

of 4 . 4  seconds.  S ince  t h e  a i r c r a f t  on t h e  approach is descending 

a t  about 12  feet p e r  second, t h e  t i m e  l a p s e  can b e  equated wi th  

an a l t i t u d e  l o s s  of about 50 f e e t .  

A f t e r  reaching t h e  go-around dec i s ion ,  an a d d i t i o n a l  t i m e  

l a g  w i l l  occur  b e f o r e  t h e  f l i g h t  pa th  rounds ou t  and t h e  air- 

c r a f t  starts ,to climb. Cleary (Ref. 18) r e p o r t s  a s tudy  of 

two forms of ins t rument  guidance f o r  go-around, one t h e  conven- 

t i o n a l  f l i g h t  d i r e c t o r  and t h e  o t h e r  a p i t c h  command go-around 

system based on ang le  of a t t a c k  i n p u t s .  P i l o t s  were no t  t o l d  

i n  advance whether t o  cont inue t o  l and  o r  t o  conduct a missed 

approach. 

check p i l o t .  

The d e c i s i o n  w a s  made a t  a s e l e c t e d  a l t i t u d e  by t h e  

A l t i t u d e  l o s s  between announcing t h e  go-around 

* The parameters  used i n  t h i s  s tudy  were muscle movement, eye 
movement, f o v e a l  pe rcep t ion ,  d i s t a n c e  accommodation, recog- 
n i t i o n ,  and re-accommodation f o r  d i s t a n c e .  The l a r g e s t  t i m e  
components were those  involv ing  changes i n  accommodation. 
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dec i s ion  and e s t a b l i s h i n g  a climbing f l i g h t  pa th  averaged a 

l i t t l e  over  40 f e e t  f o r  each guidance system. The s t anda rd  

d e v i a t i o n  was about 13 f e e t  f o r  e i t h e r  method of guidance. The 

a i r c r a f t  w a s  a DC-7, which i s  prop-driven and h a s  an approach 

speed of about 125 kno t s  and a g r o s s  landing  weight only about 

two-thirds t h a t  of a t y p i c a l  l a r g e  j e t ,  The a l t i t u d e  l o s s  i n  

a l a r g e  j e t  a i r c r a f t ,  which i s  bo th  h e a v i e r  and f a s t e r ,  would 

probably be  somewhat l a r g e r  and c e r t a i n l y  no less, 

w i l l  b e  used, however, as a nominal f i g u r e .  Confirmation of 

t h e  appropr i a t eness  of t h i s  f i g u r e  can b e  found i n  Warren 

(Ref. 19), who i n d i c a t e s  t h a t  a l t i t u d e  l o s s e s  of 35-50 f e e t  

w e r e  observed i n  s imula to r  t r ia ls  of go-around i n  a supe r son ic  

t r a n s p o r t .  Warren a l s o  sugges ts  t h i s  compares roughly w i t h  

f i g u r e s  f o r  c u r r e n t  l a r g e  j e t  t r a n s p o r t  a i r c r a f t .  

40 f e e t  

Combining t h e  r e s u l t s  of t h e s e  two c a l c u l a t i o n s ,  t h e  

a l t i t u d e  l o s t  between reaching t h e  Decision Height and t h e  

es tab l i shment  of a p o s i t i v e  ver t ical  v e l o c i t y  i n  t h e  go-around 

would b e  about 90 f e e t ,  

f e e t ,  t h i s  would l e a v e  an average remaining a l t i t u d e  of on ly  

about 10 f e e t .  This  i s ,  however, an average f i g u r e .  C lea ry ' s  

r e s u l t s  i n d i c a t e  tha t  t h e  a l t i t u d e  l o s t  i n  ca r ry ing  ou t  t h e  

go-around may b e  as much as 66 f e e t  on a two-sigma b a s i s ,  i .e . ,  

about one t i m e  i n  40. F u r t h e r ,  th i s  a n a l y s i s  does n o t  take 

i n t o  account altimeter e r r o r s ,  which i n  a ba romet r i c  system 

can amount t o  approximately 35 f e e t ,  a l s o  on a two-sigma b a s i s .  

It is  apparent  t h a t  t h e  missed approach i s  f r augh t  w i th  r isk 

when t h e  a i r c r a f t  is  permi t ted  t o  descent  t o  a Decis ion Height 

of 100 f e e t .  A margin on only 10 f e e t  i s  n o t  adequate ,  

e s p e c i a l l y  s i n c e  i t  al lows no a l t i t u d e  cushion t o  compensate 

f o r  h ighe r  t han  normal s i n k  r a t e s  o r  f o r  displacement  of t h e  

a i r c r a f t  below t h e  g l i d e  s lope .  

S ince  t h e  process  w a s  s t a r t e d  a t  100 
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Since  h a l f  of t h e  a l t i t u d e  l o s s  i n  go-around is  a t t r i b u -  

t a b l e  t o  t h e  t i m e  involved i n  t h e  t r a n s i t i o n  from head-down t o  

head-up and back aga in ,  e l imina t ion  of t h i s  t i m e  l a g  would do 

much t o  improve t h e  s a f e t y  of t h e  missed approach maneuver at low 

a l t i t u d e s .  The n a t u r e  and s e v e r i t y  of t h e  t r a n s i t i o n  problem 

is e loquen t ly  i l l u s t r a t e d  by t h e  acc iden t  i n v e s t i g a t i o n  r e p o r t  

i s s u e d  a f t e r  t h e  c ra sh  of a DC-7B i n  November 1962 during an 

at tempted approach t o  runway 4R a t  New York I n t e r n a t i o n a l  Air- 

p o r t .  The Civ i l  Aeronaut ics  Board r e p o r t  s t a t e d :  

by t h e  c r e w  n e c e s s i t a t e d  a t r a n s i t i o n  t o  
ins t rument  r e f e r e n c e  due t o  t h e  l o s s  of 
v i s u a l  r e fe rence .  This  has  t o  b e  accom- 
p l i s h e d  a t  an extremely low a l t i t u d e .  There 
w a s  l i t t l e  t i m e  o r  margin f o r  e r r o r  i f  t h e  
maneuver was t o  b e  s u c c e s s f u l l y  accomplished. 

"The Board concludes t h a t  a d d i t i o n a l  aircraft  
r o t a t i o n  w a s  n o t  e f f e c t e d  due t o  a l a c k  of 
immediate ins t rument  o r i e n t a t i o n ,  and t h a t  
a d d i t i o n a l  power w a s  e i t h e r  no t  reques ted  o r  
delayed because of o t h e r  d u t i e s  

Execution of t h e  missed approach procedure I t  

( R e f .  20) 

A f u r t h e r  example of the problems and dangers of t h e  missed 

approach is  o f f e r e d  by Beck. (Refs. 21  and 22) A B r i t i s h  

European Airways Vangard a i r c r a f t  crashed a t  Heathrow A i r p o r t ,  

London i n  October 1965 w h i l e  a t tempt ing  t o  l a n d  i n  a heavy 

ground fog .  

a Decis ion Height  of 150 f e e t -  The r epor t ed  RVR a t  the t i m e  

of t h e  acc iden t  w a s  1200 f e e t .  Three approach a t tempts  were 

made, and t h e  Vangard's f l i g h t  r eco rde r  showed that each t i m e  

an a l t i t u d e  of 150 feet w a s  reached a missed approach w a s  

executed.  On t h e  t h i r d  go-around t h a t  a i rcraf t  crashed,  

k i l l i n g  a l l  on board.  Among t h e  conclus ions  reached by the 

acc iden t  i n v e s t i g a t i o n  board w a s  that  dur ing  r o t a t i o n  and p u l l -  

up i n  a missed approach the l a g  i n  p r e s s u r e  ins t ruments  (such 

BEA's minima a t  t h a t  t i m e  were 1200 f e e t  RVR and 
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as t h e  rate of climb i n d i c a t o r ,  t h e  a i r speed  i n d i c a t o r ,  and 

t h e  a l t i m e t e r )  w a s  of such a magnitude t h a t  they  gave an 

erroneous p i c t u r e  of t h e  performance of t h e  a i r c r a f t .  The 

p i l o t  Lhought he  w a s  climbing too  r a p i d l y ,  apparent ly  pushed 

forward on t h e  c o n t r o l  column, and crashed.  Other p e r t i n e n t  

p o i n t s  from t h e  i n v e s t i g a t i o n  are summarized by Beck as fo l lows:  

"1. 

"2. 

3. 11 

" 4 .  

P i l o t s  may exper ience  some d i f f i c u l t y  i n  t h e  
t r a n s i t i o n  from f l y i n g  on t h e  f u l l  f l i g h t  d i r e c t o r  
ins t rument  during a p r e c i s e  ILS approach t o  f l y i n g  
on t h e  same ins t rument  as a s imple  a r t i f i c i a l  h o r i -  
zon on a go-around. 

The range  of movement on t h e  p i t c h  scale is  so s m a l l  
t h a t  a l a r g e  change i n  t h e  a c t u a l  p i t c h  of t h e  air-  
c r a f t  w i l l  b e  shown as a r e l a t i v e l y  s m a l l  movement of 
t h e  p i t c h  i n d i c a t o r .  

The a i r speed ,  altimeter, and ver t ical  speed ind l -  
c a t o r ,  be ing  p r e s s u r e  opera ted  ins t ruments ,  are 
s u b j e c t  t o  l a g  and e r r o r  caused by r a p i d  changes 
of p i t c h  a t t i t u d e  of t h e  a i r c r a f t ,  and may b e  as 
long as 2-3 seconds.  

A go-around i s  much more hazardous than  w a s  pre- 
v ious ly  r e a l i z e d  " 

(Ref. 21) 

In  view of t h e  importance of t h e  missed approach maneuver 

and t h e  need f o r  p r e c i s e  c o n t r o l  and t iming  which i t  imposes, 

i t  i s  understandable  t h a t  t h e  a i r l i n e s  and t h e  FAA stress the 

missed approich i n  p i l o t  t r a i n i n g  and q u a l i f i c a t i o n .  The FAA 

q u a l i f i c a t i o n  procedure,  as o u t l i n e d  i n  Advisory C i r c u l a r  

120-20 f o r  Category I1 o p e r a t i o n s ,  g ives  missed approach t h e  same 

emphasis as landing  under reduced v i s i b i l i t y .  The FAA r e q u i r e s  

t h a t  two approaches be made "under t h e  hood" t o  t h e  Decis ion 

Height of 100 f e e t .  I n  one of  t h e s e  approaches t h e  hood i s  

removed and t h e  p i l o t  cont inues  t o  l and  by v i s u a l  performance. 

I n  the o t h e r  t h e  hood remains i n  p l a c e ,  and t h e  p i l o t  must exe- 

cu te  a missed approach on ins t ruments  wi th  a s imula ted  l o s s  of 

power i n  one c r i t i ca l  engine.  
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The realism and appropr i a t eness  of t h i s  q u a l i f i c a t i o n  pro- 

cedure has  been s u b j e c t  t o  criticism. Beck (Ref. 2 3 )  p o i n t s  ou t  

t h a t  $heck f l i g h t s  are almost always conducted under VFR condi- 

t i o n s ,  which means t h a t  t h e  p i l o t  w i l l  have u n r e s t r i c t e d  v i s u a l  

r e fe rence  from t h e  t i m e  t h e  hood i s  removed. Thus, t h e  amount 

and q u a l i t y  of  what t h e  p i l o t  sees at the Decis ion Height w i l l  

d i f f e r  v a s t l y  from t h e  v i s u a l  cues h e  would have i n  t r u e  

Category I1 cond i t ions  w i t h  fog  o r  s w i r l i n g  snow. I n  t h e  case 

of t h e  missed approach, t h e  p i l o t  conducts t h e  maneuver by 

reference t o  t h e  same ins t ruments  h e  h a s  used t o  reach t h e  

Decis ion Height ,  wi thout  ever t ak ing  h i s  eyes  o f f  them t o  

assess the e x t e r n a l  v i s u a l  s i t u a t i o n .  Again, t h i s  l a c k s  

realism because t h e  p i l o t  i s  no t  ob l iged  t o  revert from v i s u a l  

r e fe rence  t o  ins t ruments  a t  t h e  moment of t h e  go-around, as 

he would have t o  do i n  a c t u a l  Category I1 opera t ions .  Beck 

concludes : 

"In ne iqhe r  of t h e s e  two widely p r a c t i c e d  
maneuvers has  t h e  P i l o t  i n  Command been 
g iven  an  apprec i a t ion  of t h e  problems w i t h  
which h e  w i l l  b e  faced i n  low v i s i b i l i t i e s ,  
n o r  has  he been t r a i n e d  o r  checked i n  h i s  
judgment regard ing  a dec i s ion .  The d e c i s i o n  
has  a l r eady  been made f o r  him -- by t h e  Check 
P i l o t .  Ce r t a in ly  t h i s  i s  n o t  real is t ic  
t r a i n i n g  e 

Cane (Ref. 24)  has  expressed similar cri t icisms of the 

method of t r a i n i n g  and q u a l i f y i n g  p i l o t s  f o r  t h e  problems of 

approaches and missed approaches under cond i t ions  of low 

v i s i b i l i t y .  

"There is  no doubt t h a t  when t h e  d e c i s i o n  has  
t o  b e  made a t  a he igh t  of 30 metres (100 f e e t }  
as t o  whether a landing  i s  p o s s i b l e ,  i t  i s  t h e  
s o l e  r e s p o n s i b i l i t y  of one p i l o t  t o  make t h i s  
d e c i s i o n ,  In ca r ry ing  out  t h i s  t a s k  he  must 
assess t h e  v a l u e  of t h e  v i s u a l  cues  a v a i l a b l e ,  
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decide  whether t h e  a i r c r a f t  i s  c o r r e c t l y  pos i -  
t i oned  t o  cont inue  t h e  approach and whether t h e  
cues a v a i l a b l e  are s u f f i c i e n t  t o  enab le  him t o  
make a s u c c e s s f u l  f l a r e  and landing .  I f  h e  

1 decides  f o r  any reason t h a t  a l and ing  cannot b e  
made, then  an immediate ins t rument  overshoot* 
is requ i r ed .  It i s  no t  a f e a s i b l e  p r o p o s i t i o n  
f o r  t h e  same p i l o t  t o  t r a n s f e r  h i s  a t t e n t i o n  
from t h e  o u t s i d e  world back i n s i d e  t h e  a i r c r a f t  
i n  o r d e r  t o  commence f l y i n g  on ins t ruments .  
H e  cannot c a r r y  o u t  t h i s  t a s k  s a f e l y  i n  marginal 
cond i t ions  h imse l f ,  un le s s  f u l l  head-up over- 
shoot  guidance is  proved o r  au tomat ic  overshoot 
is  a v a i l a b l e  -- n e i t h e r  of t h e s e  f a c i l i t i e s  are 
provided i n  t h e  ma jo r i ty  of t h e  p r e s e n t  pro- 
p o s a l s  f o r  a Category I1 system. 

"The p a r t i c u l a r  problems a s s o c i a t e d  w i t h  t h e  
t r a n s i t i o n  phase from an ins t rument  approach 
t o  a v i s u a l  l and ing  a t  v e r y  l o w  dec i s ion  h e i g h t s  
and from an instrument  approach t o  an  i n s t r u -  
ment overshoot  are normally obscured by t h e  
p re sen t  g e n e r a l l y  accepted methods of t r a i n i n g  
p i l o t s  i n  t h i s  t y p e  of ope ra t ion .  Such t r a i n i n g  
i s  u s u a l l y  c a r r i e d  out  w i th  t h e  use  of s c reens  
e i t h e r  completely obscuring the p i l o t ' s  s i g h t  
of t h e  real  world,  o r  p e r m i t t i n g  him normal 
v i s i o n  from t h e  cockpi t .  H i s  a b i l i t y  t o  o p e r a t e  
t o  t h i s  30 metre (100 f e e t )  d e c i s i o n  h e i g h t  i s  
a s ses sed  by h i s  performance i n  l and ing  t h e  air- 
c r a f t  o r  overshoot ing,  i f  not c o r r e c t l y  p o s i t i o n e d ,  
when t h e  s c r e e n s  are removed, o r ' a l t e m a t i v e l y  
i n  ,overshoot ing on ins t ruments  a t  30 metres i f  
t h e  screens are n o t  removed, I n  t h e  former case, 
when t h e  sc reens  are removed, h e  u s u a l l y  has  a l l  
t h e  normal cues a v a i l a b l e  t o  him i n  t r u e  
v i s u a l  cond i t ions  and t h e r e f o r e  g e t s  no 
a p p r e c i a t i o n  of t h e  problems of d e c i s i o n s  
t h a t  he  w i l l  b e  faced  wi th  should he a c t u a l l y  
become v i s u a l  a t  t h i s  h e i g h t  w i t h  t h e  minimum 
a v a i l a b l e  v i s i b i l i t y  of 400 metres (1200 f e e t ) .  
I n  f a c t ,  t h e  dec i s ion  he has  t o  make i s  governed 
by t h e  same condi t ions  as those  i n  which he 
carries o u t  h i s  normal v i s u a l  l and ings ,  I n  
t h e  l a t t e r  case, t h e  s c r e e n s  remain i n  place 

* Overshoot,  i n  B r i t i s h  pa r l ance ,  means missed approach. 
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and h e  demonstrates  h i s  a b i l i t y  t o  overshoot  
on ins t ruments  from h i s  dec i s ion  h e i g h t  w i th  
one engine ou t  -- here  h e  has  no d e c i s i o n  t o  
m a k e .  From t h i s  i t  is  o f t e n  assumed by t h e  
i n d i v i d u a l  t h a t  he is  capable  of performing 
bo th  t a s k s  i n  t h e  real  world of r e s t r i c t e d  
v i s i b i l i t y .  U n t i l  a s u c c e s s f u l  system i s  
evolved of s imula t ing  low breakouts  i n  low 
v i s i b i l i t i e s  i t  is not  r e a l l y  p o s s i b l e  t o  
g i v e  a p i l o t  adequate t r a i n i n g  i n  t h i s  phase 
of o p e r a t i o n s ,  no r  t o  g ive  him a proper  
a p p r e c i a t i o n  of t h e  problems wi th  which he  
w i l l  be  faced ."  

Missed approach may b e  summarized as a maneuver of some 

i n h e r e n t  r i sk  -- the degree of r isk r i s i n g  i n  i n v e r s e  propor- 

t i o n  t o  t h e  a l t i t u d e  at  which it i s  i n i t i a t e d .  The r i s k  is  

compounded by p resen t  ins t ruments  and procedures  which r e q u i r e  

t h e  p i l o t  t o  s h i f t  h i s  a t t e n t i o n  from t h e  cockpi t  t o  t h e  o u t s i d e  

world,  and then  back aga in  i f  t h e  missed approach must be executed. 

F u r t h e r ,  t h e  ins t ruments  now used f o r  guidance of t h e  missed 

approach are d i f f i c u l t  t o  i n t e r p r e t  and may e x h i b i t  dangerous 

l a g s  i n  provid ing  informat ion  on the f l i g h t  p a t h  of t h e  a i r c r a f t .  

I n  low v i s i b i l i t y  o p e r a t i o n s ,  where t h e  d e c i s i o n  h e i g h t s  are 

low and t h e  a v a i l a b l e  v i s u a l  cues d i f f i c u l t  t o  d i s c e r n ,  t h e  

d e c i s i o n  as whether t o  make a missed approach may b e  delayed 

while t h e  p i i o t  t r ies t o  assess t h e  adequacy of h i s  v i s u a l  

r e fe rence  and t h e  co r rec tness  of h i s  f l i g h t  pa th .  An a d d i t i o n a l  

f a c t o r  which c o n t r i b u t e s  t o  t h e  danger of t h e  missed approach 

is  the de f i c i ency  of p r e s e n t  t r a i n i n g  methods which f a i l  t o  

g ive  t h e  p i l o t  adequate  f a m i l i a r i t y  w i t h  t h e  problems of low 

v i s i b i l i t y  and w i t h  t h e  demands of t h e  missed approach under 

a c t u a l  ope ra t ing  condi t ions .  

Taxi  - 
I n  p re sen t  c i v i l  a v i a t i o n  ope ra t ions  t h e  t a x i i n g  of air- 
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c r a f t  i s  guided e n t i r e l y  by v i s u a l  means wi th  supplemental  sur -  

f a c e  movement d i r e c t i o n  and t r a f f i c  advice  from t h e  ground con- 

t r o l l e r .  Visua l  guldance i s  l i k e l y  t o  remain t h e  primary (and 

probably t h e  s o l e )  method of guidance i n  p r o j e c t e d  Category I1 

o p e r a t i o n s ,  i n  which t h e  Runway Visua l  Range may be  as l o w  as 

1200 f e e t .  With t h e  p r e s e n t  system of a i r p o r t  l i g h t i n g ,  t a x i i n g  

is  n o t  considered t o  b e  a major problem, al though t h e r e  are 

some vexing a s p e c t s  t o  t r y i n g  t o  f i n d  one ' s  way around i n  

darkness  and fog ,  e s p e c i a l l y  a t  crowded a i r p o r t s .  Seve ra l  

a i r l i n e  cap ta ins  in te rv iewed dur ing  this  s tudy  commented on 

t h e  r i s k s . o f  making wrong t u r n s  on taxiways,  t a x i i n g  onto t h e  

active runway by mis take ,  and running o f f  t h e  taxiway a l t o -  

ge the r .  There have even been some i n s t a n c e s  of competent 

p i l o t s  becoming l o s t  on t h e  complex taxiways of un fami l i a r  

major a i r p o r t s .  On t h e  whole, however, i t  would appear t h a t  

t h e  p r e s e n t  system i s  adequate ,  though n o t  e n t i r e l y  s a t i s f a c t o r y ,  

and t h a t  no major e f f o r t  is forthcoming by t h e  government 3r 

t h e  a i r l i n e  i n d u s t r y  t o  e f f e c t  improvements i n  t h e  p r e s e n t  

methods of taxi  guidance f o r  Category I and I1 opera t ions .  

On t h e  o t h e r  hand, t h e r e  i s  s e r i o u s  concern and a recognized 

need f o r  improvement i n  t h e  methods of t a x i  guidance i n  condi- 

t i o n s  of ve ry  low v i s i b i l i t y .  The fo l lowing  d i scuss ion ,  there-  

f o r e ,  w i l l  examine the problems which can b e  expected t o  arise 

when c i v i l  a v i a t i o n  e n t e r s  t h e  realm of Category 111, where i t  

i s  contemplated t o  conduct ope ra t ions  i n  y i s u a l  ranges of 700 

f e e t ,  150 f e e t ,  and even tua l ly  0. 

/ 

The problem of t a x i i n g  a i r c r a f t  i n  ve ry  low v i s i b i l i t y  i s  

r e a l l y  t h r e e  problems. The f i r s t  i s  how t o  guide t h e  a i r c r a f t  

a long any g iven  pa th  on t h e  a i r p o r t  s u r f a c e ,  

blem is  how t o  determine which p a t h  is  t h e  c o r r e c t  one,  

The second pro- 

That i s ,  
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how does t h e  p i l o t  f i n d  h i s  way from t h e  a c t i v e  runway t o  t h e  

t e r m i n a l  and back aga in?  The f i n a l  element o f  t h e  t a x i  problem 

i s  avoiding p h y s i c a l  contac t  wi th  s t r u c t u r e s ,  ground v e h i c l e s  

and equipment, and o t h e r  a i r c r a f t  wh i l e  moving about t o  and 

from t h e  t e rmina l .  For convenience of r e f e r e n c e  t h e s e  t h r e e  

problems s h a l l  be  des igna ted  guidance,  d i r e c t i o n ,  and o b s t a c l e  

avoidance. 

The p resen t  system of t a x i  guidance f o r  n i g h t  and reduced 

v i s i b i l i t y  c o n s i s t s  of l i g h t s  of v a r i o u s  c o l o r s  and i n t e n s i t i e s  , 
e i t h e r  flush-mounted w i t h i n  t h e  t a x i  s u r f a c e  o r  r a i s e d  and 

p laced  a longs ide  t h e  pa th  of movement. As t h e  a i r c r a f t  com- 

p l e t e s  t h e  r o l l o u t  a f t e r  l and ing ,  t h e  f i r s t  l i g h t s  a v a i l a b l e  

f o r  t a x i  guidance are t h e  runway c e n t e r l i n e  l i g h t s  themselves. 

These are f l u s h  wl th  t h e  runway s u r f a c e .  

25-50 f e e t  a p a r t  and have a maximum i n t e n s i t y  of 2000 candela.  

The c o l o r  is  whi t e  u n t i l  a po in t  3000 f e e t  from t h e  f a r  end of 

t h e  runway, when r ed  and whi te  l i g h t s  are used a l t e r n a t e l y .  

The l i g h t s  are a l l  r ead  i n  t h e  l a s t  1000 f e e t  from t h e  end of 

t h e  runway. Turnoff p o i n t s  a long t h e  runway are marked by 

flush-momted l i g h t s  spaced a t  12.5-foot i n t e r v a l s ,  d e f i n i n g  

t h e  curved pa th  of a i r c r a f t  t r a v e l  from t h e  runway c e n t e r l i n e  t o  

t h e  e n t r y  onto  t h e  taxiway. These l i g h t s  are whi t e  and have 

an i n t e n s i t y  on t h e  o r d e r  of 200 candela.  

i s  marked wi th  b l u e  l i g h t s  spaced 12.5 t o  25 f e e t  a p a r t  and 

s i t u a t e d  along both  edges of t h e  paved s u r f a c e .  The t y p i c a l  

i n t e n s i t y  of t h e  taxiway l i g h t s  i s  100 candela.  

The l i g h t s  are spaced 

The taxiway i t s e l f  

(Ref. 25) 

It must be  emphasized t h a t  t h e  above l i g h t i n g  system i s  

employed only on a p r e c i s i o n  approach runway ( t h e  so -ca l l ed  

a l l -weather  runway). 

a i r p o r t s  f a l l s  cons iderably  s h o r t  of t h i s  s t a n d a r d  both  i n  spac ing  

Turnoff and taxiway l i g h t i n g  a t  many 
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and i n t e n s i t y .  However, s i n c e  t h e  concern h e r e  i s  wi th  

Cagetory 111 opera t ions ,  t h i s  l i g h t i n g  system may b e  taken  as 

r e p r e s e n t a t i v e  of t h a t  which w i l l  b e  a v a i l a b l e  t o  t h e  p i l o t  f o r  

t ax i  guidance i n  ve ry  low v i s i b i l i t i e s .  

noted t h a t ,  wh i l e  t h i s  system is  s t anda rd  i n  t h e  United States, 

it i s  n o t  used u n i v e r s a l l y  i n  o t h e r  p a r t s  of t h e  world.  

Genera l ly ,  however, t h e  a l l -weather  l i g h t i n g  system used by 

c o u n t r i e s  which contemplate e n t e r i n g  i n t o  Category I11 opera t ions  

i s  at least of t h i s  q u a l i t y .  

It should a l s o  b e  

Genera l ly ,  t h e  adequacy of t h e  taxiway marking system is  

a f u n c t i o n  of t h e  i n t e n s i t y  and spac ing  of t h e  l i g h t s .  That 

i s ,  t h e  l i g h t s  must b e  b r i g h t  enough t o  b e  seen, and a s u f f i c i e n t  

number must be i n  view at any t i m e  t o  g ive  a n  i n d i c a t i o n  of the 

pa th  t o  be  followed. Bressey (Ref. 26) has  po in t ed  ou t  t h a t  at 

some European a i r p o r t s  aircraft  are now c l e a r e d  f o r  t akeof f  i n  

v i s i b i l i t y  as low as 150 meters (about  500 f e e t ) ,  which i s  an 

RVR somewhat less than  the Category I I I A  minimum of 700 f e e t .  

I n  v i s i b i l i t y  of 500 f e e t  the range  a t  which taxiway l i g h t s  can 

b e  d iscerned  ("Taxiway Visua l  Range" i s  Bressey ' s  term) i s  only 

about 165 f e e t  because of t h e  lower i n t e n s i t y  of t h e s e  l i g h t s  

i n  comparison wi th  runway l i g h t s .  This  amounts t o  r educ t ion  

of v i s u a l  range on t h e  taxiway i n  comparison wi th  t h a t  on 

t h e  runway by a f a c t o r  of about three t o  one, a r e l a t i o n s h i p  

which ho lds  s u b s t a n t i a l l y  t r u e  throughout t h e  range of Category 

I11 cond i t ions  

I n  modern j e t  a i r c r a f t  t h e  downward v i s i b i l i t y  from t h e  

p i l o t ' s  eye p o s i t i o n  (cockpi t  cu to f f  angle)  i s  l i m i t e d  t o  about  

15% by t h e  nose of t h e  a i r c r a f t ,  

ang le  has  been inc reased  t o  18'. 

ground which t h e  p i l o t  can see ahead of t h e  a i r c r a f t  i s  somewhere 

I n  t h e  new jumbo je ts  t h i s  

The n e a r e s t  p o i n t  on t h e  
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between 35 and 90 f e e t ,  depending upon t h e  cockpi t  cu to f f  ang le  

and how f a r  above t h e  ground t h e  p i l o t  i s  s i t t i n g .  Thus, i n  

Category IIIA t h e  p i l o t  w i l l  be  a b l e  t o  see a segment of l i g h t s  

about '200  t o  150 f e e t  i n  l eng th  s t a r t i n g  a t  a d i s t a n c e  of 35 t o  

90 f e e t  from t h e  a i r c r a f t .  In Category IIIB h e  w i l l  b e  a b l e  

t o  see no, o r  a t  most one, taxiway l i g h t .  (See F igure  12) 

The Blind Landing Experimental  Unit  (BLEU) of t h e  Royal 

Aircraft Establ ishment ,  Bedford, has  conducted pre l iminary  

s t u d i e s  of t h e  p i l o t ' s  a b i l i t y  t o  taxi i n  s e v e r l y  l i m i t e d  

v i s i b i l i t i e s .  Coldwell (Ref. 27) r e p o r t s  a s imula to r  s tudy  

conducted a t  BLEU i n  which a i r l i n e  p i l o t s  were r e q u i r e d  t o  t ax i  

aircraft i n  cond i t ions  of v i s i b i l i t y  ranging  from 70 t o  220 f e e t .  

With a cockpi t  cu to f f  of 50 f e e t  t h i s  meant t h a t  f o r  some of 

t h e  runs  t h e  p i l o t s  were working w i t h  a v i s u a l  segment of only  

20 f e e t .  Two r e s u l t s  of i n t e r e s t  emerged from t h i s  s tudy .  

F i r s t ,  p i l o t s  t end  t o  a d j u s t  t h e i r  t ax i  speed i n  low v i s i b i l i t y  

s o  t h a t  they  can see a d i s t a n c e  ahead equ iva len t  t o  a cons t an t  

i n t e r v a l  of t i m e .  This  t i m e  v a r i e d  between 6 and 1 2  seconds 

f o r  t h e  p i l o t s  t a k i n g  p a r t  i n  t h e  s tudy .  A t  very  l o w  v i s u a l  

ranges where t h e  cockpi t  cu tof f  w a s  a l a r g e  p ropor t ion  of t h e  

v i s u a l  segment t h i s  r u l e  obviously broke  down, and tax i  speeds 

seldom exceeded 5 m i l e s  p e r  hour .  The second important  r e s u l t  

of t h e  s tudy  w a s  t h a t  p i l o t s  p r e f e r r e d  t o  see a t  least t h r e e  

t ax i  l i g h t s  a t  a l l  t i m e s  b u t  could taxi e f f e c t i v e l y  wi th  only  

two. Since l i g h t  spac ing  i s  dependent up.on v i s u a l  range, which 

i s  a func t ion  of l i g h t  i n t e n s i t y ,  t h e r e  can b e  some t rade-off  be- 

tween l i g h t  i n t e n s i t y  and t h e  i n t e r v a l  between l i g h t s .  

a l so  concluded t h a t  f o r  some t i m e  t o  come t h e  lower l i m i t  of 

RVR achievable  i n  Cagegory I11 w i l l  probably b e  determined by 

t h e  t ax i  guidance problem. An examination of Figure 12  would 

sugges t  t h a t  t h i s  l i m i t  i s  i n  t h e  neighborhood of Category IIIB, 

Coldwell 
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LIMIT OF VISIBILITY OF TAXI LIGHTS 
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The most s i g n i f i c a n t  consequence of t h e  BLEU s tudy  i s  t h a t  

t a x i  speed decreases  as v i s i b i l i t y  l e s s e n s .  The e f f e c t  of low 

speed t a x i i n g  w i l l  b e  a gene ra l  r educ t ion  of t h e  rate a t  which 

a i r c r a f t  can b e  processed by t h e  t e r m i n a l  f a c i l i t y ,  which i n  

t u r n  w i l l  have an e f f e c t  on t h e  acceptance rate a t  which a i r c r a f t  

can b e  handled i n  Category 111. 

minant of t h e  lowes t  a t t a i n a b l e  l i m i t  of Category I11 opera t ions  

w i l l  b e  no t  t h e  RVR a t  which a i r c r a f t  can l and  b u t  t h e  v i s u a l  

range r e q u i r e d  f o r  s a f e  and e f f i c i e n t  movement of an a i r c r a f t  

and c ra sh  and rescue  equipment on t h e  a i r p o r t  s u r f a c e .  

It may w e l l  b e  t h a t  t h e  d e t e r -  

Guidance, however, i s  only one p a r t  of t h e  problem. Another 

p a r t  is  d i r e c t i o n ,  i . e . ,  a s c e r t a i n i n g  t h a t  t h e  a i rcraf t  is  on 

t h e  c o r r e c t  p a t h  t o  o r  from t h e  terminal. A t  p r e s e n t  t h e  p i l o t  

relies on what h e  can see of t h e  taxiway p l u s  h i s  own knowledge 

of t h e  a i r p o r t  and vo ice  d i r e c t i o n  from t h e  ground c o n t r o l l e r  

i n  t h e  tower. The ground c o n t r o l l e r ,  i n  t u r n ,  bases  h i s  d i r e c t i o n  

on what h e  can see of t h e  a i r c r a f t  and t h e  taxiways o r  -- i n  

reduced v i s i b i l i t y  -- on r a d a r  in format ion  from Ai rpor t  Sur face  

Detec t ion  Equipment (ASDE). Even under Category I and I1 condi- 

t i o n s  today th i s  system does n o t  always prove s a t i s f a c t o r y .  

Taxiway l i g h t i n g  may cause confusion,  e s p e c i a l l y  when weather  

and darkness  -obscure o r  d i s g u i s e  a i r p o r t  landmarks. The need 

f o r  s t eady  v o i c e  communication w i t h  t h e  ground c o n t r o l l e r  

burdens t h e  vo ice  r a d i o  channels and may compound t h e  confusion 

when several a i r c r a f t  are be ing  d i r e c t e d  at  t h e  same t i m e .  

One w r i t e r  (Ref. 28) has  c h a r a c t e r i z e d  t h e  s t anda rd  U.S, taxiway 

l i g h t i n g  system as a "blueberry-pie maze of l i g h t s " .  

t h i s  may b e  a somewhat f a c e t i o u s  d e s c r i p t i o n ,  i t  does under- 

s c o r e  t h e  shortcomings of t h e  p re sen t  system of guidance and 

d i r e c t i o n  which relies almost e x c l u s i v e l y  on v i s u a l  means. 

While 
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London(Heathrow) A i r p o r t ,  which has  a h igh  p ropor t ion  of 

bad weather ,  uses  a very  advanced l i g h t i n g  system f o r  d i r e c t i o n  

and ground t r a f f i c  c o n t r o l .  The system c o n s i s t s  of green 

l i g h t s  i n  t h e  c e n t e r  of t h e  taxiways t o  i n d i c a t e  t h e  r o u t e  f o r  

i n d i v i d u a l  a i r c r a f t .  The p i l o t  has  only t o  fo l low t h e  green 

l i g h t s  t o  h i s  d e s t i n a t i o n .  A b a r  of r e d  l i g h t s  i s  d isp layed  

a c r o s s  t h e  taxiway, w i t h  t h e  green l i g h t s  d i scont inued  beyond, 

whenever t h e  a i r c r a f t  i s  t o  hold  a t  a given p o i n t .  I n  r e c e n t  

y e a r s  t h i s  system has  been supplemented w i t h  s t r o b e  l i g h t s  i n  

t h e  taxiway s u r f a c e  t o  g ive  another  and more prominent i n d i c a t i o n  

of d i r e c t i o n  and rou t ing .  (Ref. 29) 

In Category I11 even a system as advanced as t h a t  of the 

London Airpor t  w i l l  probably not  b e  adequate  because i t  relies 

on what t h e  p i l o t  can see at  one end and t h e  q u a l i t y  of p re sen t  

ASDE a t  t h e  o t h e r .  L i t ch fo rd  (Ref. 30) has s t a t e d  t h a t  d i r e c t i o n  

i s  one of t h e  major problems t o  b e  so lved  be fo re  Category I1 

opera t ions ,  much less Category 111, can be conducted r o u t i n e l y  

and s a f e l y .  The c o n t r o l  of  as many as 100 a i r c r a f t  moving 

about a multi-runway a i r p o r t  a t  moderate speeds ,  wi thout  v i s u a l  

con tac t  w i t h  each o t h e r  and w i t h  t h e  tower,  i s  a formidable  

undertaking.  * L i t c h f o r d  summarizes t h e  problem of d i r e c t i o n  and 

c o n t r o l  as fo l lows:  

"The c u r r e n t  requirements  f o r  e l e c t r o n i c  - 

fac i l t i es  f o r  s a f e  CAT-II-B l and ing  ope ra t ions  
d i s r e g a r d  ASDE (Airpor t  Sur face  Detec t ion  
Equipment) a 

t i o n s  w e  must have t h i s  short-range bu t  very- 
h igh- reso lu t ion  radar  ( j e t  o u t l i n e s ,  runway 
d e t a i l s  , taxiway occupancy, e tc .  are p ic tu red )  
t o  r e p l a c e  t h e  v i s u a l  cues t h e  tower normally 
uses  t o  c o n t r o l  t h e  s u r f a c e  t r a f f i c .  

But under l o w - v i s i b i l i t y  condi- 

ASDE f a c i l i t i e s  should b e  mandatory f o r  any- 
t h i n g  wi th  less v P s i b i l i t y  than  CAT 1, y e t  
ASDE's l i m i t a t i o n s  must a l s o  be  recognized.  
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Even though a hundred a i r c r a f t  presumably 
under s u r f a c e  c o n t r o l  may be  "seen" by t h e  
r a d a r ,  i t  i s  f a r  from ev iden t  j u s t  how they  
should be c o n t r o l l e d .  Semi-automated 
s e c t i o n s  of runways, taxiways,  g a t e s ,  e tc .  -- 
much l i k e  t h e  "block s igna l ing"  used f o r  
c o n t r o l  of r a i l r o a d  t r a f f i c  -- have been 
t e s t e d  and c u r r e n t l y  look  l i k e  t h e  b e s t  
approach t o  t h i s  problem. 
t r o n i c  element should sense  t h e  presence  and 
l o c a t i o n  of t h e  a i r c r a f t  and s i g n a l s  t h e  
informat ion  t o  t h e  c o n t r o l l e r ,  and what 
form i n s t r u c t i o n s  t o  t h e  p i l o t  should take, 
are s t i l l  open t o  ques t ion .  However, pro- 
v i d i n g  d i r e c t  guidance t o  each a i r c r a f t  
may a l s o  prove mandatory, s i n c e  t h e  i n t e r -  
a c t i o n  of a l l  t h e  r o u t i n g s  and c o n f l i c t s  
p o s s i b l e  on a massive supe r  j e t p o r t  of t h e  
f u t u r e  are beyond comprehension. 

J u s t  what elec- 

Thus a "Micro" s u r v e i l l a n c e ,  d e t e c t i o n ,  
n a v i g a t i o n a l ,  and c o n t r o l  system must be  
evolved f o r  a i r p o r t  s u r f a c e  c o n t r o l .  
ASDE o r  i t s  modernized v e r s i o n  should  be  
one of t h e  t h r e e  elements, t h e  o t h e r  two 
be ing  s u r f a c e  nav iga t ion  and semi-auto- 
mated s u r f a c e  c o n t r o l  of a i r c r a f t .  

Semi-automated d e c i s i o n s  of e f f i c i e n t  
r o u t i n g s ,  c ros s ings  of  active runways, 
and op t imiza t ion  of t r a f f i c  f low of 
perhaps 100 a i r c r a f t  t o  and from two, 
t h r e e ,  o r  even f o u r  p a r a l l e l  runways s p e l l  
o u t  a b i g  e l e c t r o n i c  engineer ing  cha l lenge  
f o r  a small p i e c e  of real estate. And w e  
are l e a r n i n g  a i r p o r t  real  estate i s  protsably 
t h e  most d i f f i c u l t  t h i n g  t o  o b t a i n  i n  our 
modern s o c i e t y .  What w e  have and what w e  
ga in  i n  a i r p o r t  real estate musr be  used t o  
t h e  utmost e f f i c i e n c y  and w i t h  complete 
s a f e t y .  

D i rec t ing  t h e  p a t t e r n  o'f movement of l a r g e  number of 

a i r c r a f t  a t  a busy a i r p o r t  i s  more than  j u s t  a problem of 

e l e c t r o n i c  d e t e c t i o n  and rou t ing .  There i s  a l s o  t h e  problem 
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of how t o  convey t h e  necessary  informat ion  t o  t h e  p i l o t .  Exper- 

iments have been conducted wi th  low v i s i b i l i t y  guidance and 

d i s p l a y  systems, p r i m a r i l y  i n  England where t h e r e  i s  a more 

immediate concern because of t h e  preva lence  of bad weather.  One 

such system makes use  of a cockpi t  i n d i c a t o r  t o  provide r i g h t ,  

l e f t ,  s t o p  and go s i g n a l s  der ived  from a cab le  bu r i ed  i n  t h e  

taxiway. Tr ia l s  have a l s o  been conducted of s p e c i a l l y  equipped 

ground v e h i c l e s  which can p i ck  up s i g n a l s  from a bur i ed  c a b l e  

and r e l a y  them t o  t h e  p i l o t  by v i s u a l  means. 

I 

(Refs.  31 and 32) 

whi le  i n i t i a l  r e s u l t s  w i th  bo th  methods are promising,  t h e  

expense of f u r n i s h i n g  an a i r p o r t  w i t h  t h e  cab le s  and a s s o c i a t e d  

equipment and of provid ing  t h e  a i r c r a f t  o r  ground v e h i c l e s  w i t h  

t h e  r equ i r ed  s e n s o r s  and d i s p l a y s  i s  of  enormous p ropor t ions .  

A t  p r e s e n t  t h e r e  is  no s o l u t i o n  which is  f u l l y  s a t i s f a c t o r y  on 

t e a h n i c a l  and economic grounds e 

Avoiding con tac t  w i th  ground o b s t a c l e s  and o t h e r  a i r c r a f t  

is  t h e  t h i r d  major element of t h e  problem of t a x i i n g  i n  reduced 

v i s i b i l i t y .  

and of warning markers and l i g h t s  f o r  s u r f a c e  s t r u c t u r e s  relies 

e n t i r e l y  upon t h e  p i l o t ' s  v i s i o n .  

can see only a few f e e t ,  o r  a t  most a few ya rds ,  from t h e  cockpi t  

t h e  p r e s e n t  kystem i s  p l a i n l y  inadequate .  

p o s s i b l e  t o  assume t h a t  t h e  p i l o t  can see and avoid o b s t a c l e s ,  

any system f o r  t a x i  guidance and c o n t r o l  i n  Category I11 must 

i n c l u d e  some o t h e r ,  non-visual method of Guaranteeing an invoi -  

l a b l e  envelope about t h e  a i r c r a f t  and of  d i r e c t i n g  movement so  

*at c o l l i s i o n s  do no t  occur .  

The p r e s e n t  system of  "see-and-be-seen" f o r  a i r c r a f t  

I n  cond i t ions  where t h e  p i l o t  

S ince  i t  w i l l  n o t  be 

AIRCRAFT-PECULIAR REQUIREMENTS 

Each type  of a i r c r a f t  has  p e c u l a i r  f l i g h t  c h a r a c t e r i s t i c s  

which impose s p e c i a l  requirements  f o r  proper  handl ing  and c o n t r o l  
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The consequences of t h e s e  d i f f e r e n c e s  are unhappi ly  i l l u s t r a t e d  

by t h e  a i r l i n e  s a f e t y  record ,  wh_lch shows a "spike" i n  t h e  acci- 

dent  rate curve whenever a major new class of  a i r c r a f t  is  

in t roduced  i n t o  service. One of t h e  l a r g e s t  and most d i f f i c u l t  

of t h e s e  adjustment pe r iods  accompanied t h e  changeover from 

p i s t o n  and turboprop a i r c r a f t  t o  j e t  a i r c r a f t .  A second such 

pe r iod  coincided w i t h  t h e  advent of t h e  s h o r t  h a u l  j e t s  such 

as the Boeing 727,  Douglas DC-9, BAG 111, and Carave l le .  A t  

t h e  p re sen t  t i m e ,  w i t h  t h e  jumbo jets coming i n t o  service and 

t h e  SST expected w i t h i n  a few y e a r s ,  it is  reasonable  t o  

assume t h e  un fami l i a r  performance c h a r a c t e r i s t i c s  of t h e s e  air- 

c r a f t  w i l l  produce new problems i n  t h e  areas of guidance and 

c o n t r o l  . 

It would be  i m p r a c t i c a l  and unnecessary t o  c a t a l o g  a l l  

t h e  performance d i f f e r e n c e s  among a i r c r a f t  t ypes .  The purpose 

of t h i s  s e c t i o n  i s  merely t o  ske tch  some of t h e  major d i f f e r -  

ences  and t o  trace t h e i r  consequences i n  terms of t h e  p i l o t ' s  

c o n t r o l  t a s k s .  Emphasis w i l l  be  p laced  upon t h e  problems pre-  

s e n t e d  by t h e  newer types such as t h e  jumbo j e t s  and supe r son ic  

t r a n s p o r t s .  However, t he  d i f f e r e n c e s  between je t s  and p r o p e l l e r  

a i r c r a f t  w i l l  a l s o  be touched upon because,  as j e t s  come i n t o  

wider  use  i n  gene ra l  a v i a t i o n  and f eede r  a i r l i n e  ope ra t ions ,  t h e  

h i s t o r i c a l  problems of p r o p e l l e r - j e t  t r a n s i t i o n  can be expected 

t o  r ecu r .  

One of t h e  major and most obvious d i f f e r e n c e s  between 

p r o p e l l e r  and j e t  a i r c r a f t  i s  t h e  l a t te r ' s  h ighe r  approach and 

l and ing  speeds.  Not only i s  t h e  whole e x e r c i s e  of approach 

and landing  more compressed Pn t i m e ,  t h e  c o n t r o l  of c r i t i ca l  

parameters  such as rate of descent ,  f l i g h t  p a t h  ang le ,  and 

ang le  of a t t a c k  i s  more demanding i n  j e t  a i r c r a f t .  T h i s  a spec t  
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of j e t  a i r c r a f t  performance was examined i n  some d e t a i l  earlier 

i n  t h i s  chapter  i n  connect ion w i t h  t h e  gene ra l  problem of 

approach and landing .  

except  t o  i n d i c a t e  t h a t  t h e  lower va lues  of speed and rate of 

descent  given i n  Table  V c  and Vd (pp 111-10) are r e p r e s e n t a t i v e  

of p r o p e l l e r  a i r c r a f t  wh i l e  t h e  h ighe r  va lues  are c h a r a c t e r i s -  

t i c  of je ts .  Thus, p r o p e l l e r  and j e t  a i r c r a f t  p re sen t  a 

performance spectrum i n  which m a x i m u m  va lues  are over  50% g r e a t e r  

than  minimum va lues .  

There i s  no need f o r  e l a b o r a t i o n  h e r e  

The d i f f e r e n c e s  between p r o p e l l e r  and j e t  a i r c r a f t  are 

a l s o  r e f l e c t e d  i n  app l i ed  p r a c t i c a l  aerodynamics. The f l i g h t  

c h a r a c t e r i s t i c s  of  swept-wing j e t  a i r c r a f t  d i f f e r  markedly 

from p r o p e l l e r  a i r c r a f t  i n  such areas as speed s t a b i l i t y ,  s t a l l  

onse t  and c o n t r o l ,  dutch r o l l  tendency,  response t o  tu rbu lence  

upse t ,  e f f e c t  of a symet r i ca l  power ope ra t ion ,  t h r u s t  ' r equi red  

vs t h r u s t  a v a i l a b l e  curves ,  and engine response ("spool.-up") 

t i m e s .  Thus, t h e  problems imposed by h i g h e r  approach and 

l and ing  speeds i n  je ts  are complicated f u r t h e r  by t h e  adverse  

e f f e c t s  of c e r t a i n  handl ing  q u a l i t i e s .  The net r e s u l t  i s  t o  

t i g h t e n  t h e  p i l o t ' s  performance requirements  and a t  t h e  s a m e  t i m e  

t o  i n t roduce  new and more c r i t i ca l  elements  i n  h i s  c o n t r o l  task. 

The ippor t ance  of t h e s e  d i f f e r e n c e s  w a s  emphasized by a 

p i l o t  i n  charge of t r a i n i n g  f o r  a major a i r l i n e .  During an 

in t e rv i ew i n  connect ion w i t h  t h i s  s tudy ,  h e , s t a t e d  that t h e  

major t r a i n i n g  problem faced  i n  teaching  p i l o t s  whose previous  

exper ience  w a s  confined t o  p r o p e l l e r  a i r c r a f t  w a s  how t o  manage 

approaches i n  j e t s  wi th  t h e i r  l onge r  bod ie s ,  g r e a t e r  i n e r t i a ,  

s t e e p e r  ang le s  of a t t a c k ,  and back-side-of-the-power-curve 

o p e r a t i o n ,  The need, as he  phrased i t ,  i s  f o r  a d i s p l a y  which 
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permi ts  a more prompt and accu ra t e  assessment of f l i g h t  

pa th  angle  and speed (angle  of a t t a c k )  i n  approach and landing ,  

I 
Another s e n i o r  a i r l i n e  p i l o t  (Ref. 33) h a s  remarked t h a t  

t h e  f o u r  most c r i t i ca l  maneuvers t o  b e  considered i n  t r a i n i n g  

p i l o t s  t o  ope ra t e  new types  of a i r c r a f t  are 1) engine f a i l u r e  

a t  t akeof f  a t  V 2) low a l t i t u d e  maneuvers o r  c i r c l i n g  approaches,  

3) 50% power l o s s  l and ings ,  and 4 )  missed approaches.  H e  based 

h i s  conclus ions  on i n d u s t r y  exper ience  wi th  new a i r c r a f t  i n  t h e  

p a s t  and specu la t ed  t h a t  t h e  very  same problems w e r e  l i k e l y  t o  

accompany t h e  i n t r o d u c t i o n  of t h e  jumbo jets.  It i s  h a r d l y  

c o i n c i d e n t a l  t h a t  f o r  a l l  t h e s e  maneuvers p r e c i s e  c o n t r o l  of 

f l i g h t  pa th  ang le  and speed are c r u c i a l  e lements  of t h e  p i l o t ' s  

task. Moreover, a l l  of t h e s e  maneuvers are conducted a t  p r e s e n t  

by v i s u a l  r e f e r e n c e ,  e i t h e r  wholly o r  i n  p a r t .  

1' 

Addi t iona l  commentary on t h e  d i f f e r e n c e s  between p r o p e l l e r  

and j e t  aircraft  is  o f f e r e d  by Beck (Ref. 34)  and L i t ch fo rd  

(Ref. 35). Both wri ters  stress t h e  r e l a t i o n s h i p  between approach 

and landing  accuracy and t h e  s lower  response t i m e  of l a r g e r  j e t  

a i r c r a f t .  Genera l ly ,  t h e  l a r g e r  t h e  a i r c r a f t  t h e  more t i g h t l y  

c o n t r o l l e d  and p r e c i s e  must be t h e  approach. For example, t h e  

t i m e  needed t o  c o r r e c t  f o r  la teral  displacement from t h e  d e s i r e d  

approach p a t h  ( t h e  s ide-s tep  maneuver) v a r i e s  d i r e c t l y  w i t h  

t h e  weight ( i n e r t i a )  of t h e  a i r c r a f t .  L i t ch fo rd  r e p o r t s  t h a t  

s t u d i e s  conducted by t h e  UK Minis t ry  of Avia t ion  i n  1961 showed 

t h a t  about 10 seconds w a s  r equ i r ed  f o r  a 50-foot s ide - s t ep  i n  

p r o p e l l e r  a i r c r a f t .  

response,  a la teral  c o r r e c t i o n  of t h i s  magnitude might t a k e  

as much as 15 seconds.  Since t h e  s ide - s t ep  must be completed 

be fo re  f l a r i n g  t h e  a i r c r a f t  and committing i t  t o  a touchdown, 

t h e  p i l o t  must c a r r y  o u t  t h e  s ide - s t ep  f u r t h e r  i n  advance 

For j e t  a i r c r a f t ,  w i th  a more "sluggish" :; 
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i n  j e t  than i n  p r o p e l l e r  a i r c r a f t .  This  leaves t h e  j e t  p i l o t  

one of two courses  of a c t i o n .  E i t h e r  he  must s tar t  t h e  s ide -  

s t e p  a t  a h ighe r  a l t i t u d e  (which may be imposs ib le  i f  he  i s  

ope ra t ing  i n  low v i s i b i l i t y  and cannot see t h a t  he needs t o  make 

a c o r r e c t i o n )  o r  he  must hold o f f  touching down u n t i l  t h e  

s ide-s tep  i s  completed. The consequences of  t h e  l a t te r  a re .a  

touchdown much f u r t h e r  down t h e  runway than  normal and a 

reduced d i s t a n c e  a v a i l a b l e  f o r  r o l l o u t  and d e c e l e r a t i o n .  Beck, 

i n  a s imilar  a n a l y s i s ,  concluded t h a t  a s ide-s tep  t o  c o r r e c t  

f o r  a 10-foot la teral  e f f o r t  i n  a j e t  a i r c r a f t  would r e s u l t  i n  

a touchdown over  900 f e e t  beyond t h e  normal d i s t a n c e  from t h e  

th re sho ld .  

Control  i n  t h e  ver t ical  dimension i s  l ikewise  a f f e c t e d  by 

t h e  d i f f e r e n c e s  between p r o p e l l e r  and j e t  a i r c r a f t ,  and even 

more s o  by d i f f e r e n c e s  i n  a i r c r a f t  s i z e .  Jets are g e n e r a l l y  

l a r g e r  and heav ie r  t han  p r o p e l l e r  a i r c r a f t .  Since inc reased  

weight a l s o  involves  inc reased  speed (rate of descent )  and 

s i n c e  downward i n e r t i a  i n c r e a s e s  wi th  t h e  squa re  of v e l o c i t y ,  t h e  

n e t  e f f e c t  f o r  j e t s  i s  a slower response f o r  ver t ica l  maneuvers 

such as f l a r e  and missed approach. Thus, n o t  only i s  t h e r e  a 

g r e a t e r  rate of descent  t o  be overcome, b u t  a l s o  t h e  t i m e  t o  

overcome i t  i s  prolonged by t h e  aerodynamics of l a r g e  a i r c r a f t  

w i th  j e t  propuls ion .  Concern w i t h  t h e  problems of mass i n t e r i a  

and t h e  slower response of j e t  engines  t o  power changes has  l e d  

t o  ex tens ive  experimentat ion w i t h  f a s t e r  and more e f f e c i t v e  

methods of c o n t r o l l i n g  l i f t  and l a r g e  j e t  a i r c r a f t .  A l l  of  t h e  

new jumbo je t s  employ s p o i l e r  mechanisms t o  provide  d i r e c t  l i f t  

c o n t r o l  a t  cons tan t  a i r speed  and p i t c h  angle  s o  t h a t  ver t ica l  

maneuver can be accomplished through t r a n s l a t i o n  r a t h e r  t han  

r o t a t i o n .  The presence of t h e s e  devices  r e f l e c t s  an awareness 

of t h e  more demanding v e r t i c a l  c o n t r o l  t a s k s  which come along 
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wi th  inc reased  s i z e  and weight .  There i s  equa l  awareness, b u t  

much less c e r t a i n t y  about t h e  s o l u t i o n ,  of t h e  problem of how 

t o  provide  t h e  p i l o t  wi th  t h e  f l i g h t  p a t h  guidance needed t o  

make b e s t  use of d i r e c t  l i f t  c o n t r o l .  

The s i z e  of t h e  a i r c r a f t  has  another  important  e f f e c t  upon 

t h e  p i l o t ' s  guidance and c o n t r o l  t a s k s .  The a i r c r a f t  grow l a r g e r ,  

b u t  t h e  dimensions of t h e  s p a t i a l  envelope i n t o  which t h e  

a i r c r a f t  must be  f i t t e d  remain n e a r l y  cons t an t .  Tolerances f o r  

la teral  and ver t ica l  displacement from t h e  approach s l o p e  do n o t  

change apprec iab ly  f o r  jumbo j e t s  i n  comparison wi th  l a r g e  .or  

medium je t s .  

However, i n  relative t e r m s  t h e s e  t o l e r a n c e s  grow t i g h t e r  as air- 

c r a f t  s i z e  i n c r e a s e s .  

The dimensions of t h e  runway remain t h e  same. 

For example, t h e  s i z e  of t h e  approach "window" a t  an 

a l t i t u d e  of 100 f e e t  ( t h e  Category I1 d e c i s i o n  he igh t )  i s  

approximately 140 f e e t  h o r i z o n t a l l y  and 25 f e e t  v e r t i c a l l y ,  

b u t  t h e s e  are abso lu te  terms. I f  t h e  t o l e r a n c e s  are expressed 

as p ropor t ions  of b a s i c  a i r c r a f t  dimensions,  t h e  envelope s h r i n k s  

as t h e  a i r c r a f t  grstws l a r g e r .  (See F igure  13) The la teral  

approach p a t h  e r r o r  t o l e r a n c e  a t  an a l t i t u d e  of 100 f e e t ,  

expressed as a percentage  of wing span,  i s  + - 65-70% f o r  c u r r e n t  

medium je t s .  That i s ,  t h e  a i r c r a f t  can be d i sp laced  l a t e r a l l y  

from t h e  i d e a l  approach p a t h  by as much as 70 f e e t  (70% of i t s  

wing span) 

be w i t h i n  t h e  approach window. For l a r g e  j e t  a i r c r a f t  t h i s  

same 70-foot l i n e a r  displacement imp l i e s  a t o l e r a n c e  of + - 50% of 

wing span. For jumbo je t s  and supe r son ic  t r a n s p o r t s  t h e  t o l e r -  

ance i s  + 35-40%. Vertical t o l e r a n c e s ,  expressed as a percentage  

of wheel-to-eye d i s t a n c e ,  are + - 100% f o r  medium je ts ,  + - 65-70% 

and t h e  l o n g i t u d i n a l  a x i s  of t h e  a i r c r a f t  w i l l  s t i l l  

- 
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f o r  l a r g e  j e t s ,  and + 25% f o r  t h e  SST. Thus, t h e r e  i s  less 

margin f o r  e i t h e r  h o r i z o n t a l  o r  v e r t i c a l  e r r o r  wi th  l a r g e r  air- 

c r a f t .  Since guidance of t h e  a i r c r a f t  a t  an a l t i t u d e  of 100 

f e e t  i s  accomplished by v i s u a l  r e fe rence  i n  bo th  VFR and 

Categor ies  I and I1 of IFR, t h e  p i l o t ' s  v i s u a l  t a s k  becomes more 

and more exac t ing  wi th  t h e  i n c r e a s e  i n  a i r c r a f t  s i z e .  

- 

1 

The demand f o r  g r e a t e r  accuracy of guidance and c o n t r o l  

w i th  l a r g e r  a i r c r a f t  c a r r i e s  through t o  touchdown and r o l l o u t .  

The t o l e r a n c e  f o r  l a te ra l  displacement from t h e  runway center- 

l i n e  at touchdown i s  a func t ion  of t h e  o v e r a l l  width of t h e  

l and ing  gear .  

gear  width i s  on t h e  o r d e r  of 20-30 f e e t ,  t h e  p i l o t  has  some 

l a t i t u d e  i n  where he  touches down on a 150-foot wide runway. 

With jumbo j e t s ,  where t h e  landing  gear  width i s  60-75 f e e t ,  

t h i s  margin i s  sha rp ly  reduced. That i s ,  t h e  p i l o t  of a jumbo 

je t  must pu t  t h e  a i r c r a f t  down w i t h i n  30 f e e t  o r  s o  of t h e  

c e n t e r l i n e  t o  a s s u r e  a s a f e  r o l l o u t .  The d i s t a n c e  of 30 f e e t  

r e p r e s e n t s  on ly  about h a l f  of t h e  t o t a l  width of t h e  landing  

gear .  

With p re sen t  medium and l a r g e  j e t s ,  whose l and ing  

Probably t h e  most important  e f f e c t  of a i r c r a f t  s i z e  is t h e  

i n f l u e n c e  which it has  upon t h e  p i l o t ' s  v i s u a l  r e fe rence  f o r  

c o n t r o l l i n g  t h e  approach path.  I n  small a i r c r a f t  t h e  ver t ica l  

d i s t a n c e  between t h e  p i l o t ' s  eye p o s i t i o n  and t h e  landing  gea r  

i s  only  a few f e e t .  

t ance  becomes a s i g n i f i c a n t  f a c t o r  which must be compensated 

f o r  i n  s e l e c t i n g  a v i s u a l  aiming p o i n t  f o r  t h e  approach. That 

i s ,  i n  l i n i n g  up f o r  t h e  approach t h e  p i l o t  selects an aiming 

p o i n t  on t h e  runway and f l i e s  t h e  a i r c r a f t  s o  t h a t  t h e  p o i n t  

remains i n  cons tan t  anguLar r e l a t i o n  wi th  t h e  horizon.  Assuming 

a s t eady  approach p a t h ,  t h e  p i l o t ' s  eye w i l l  fo l low a l i n e  

With l a r g e r  a i r c r a f t  . the  wheel-to-eye d i s -  
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which i s  depressed below t h e  h o r i z o n t a l  by an angle  equal  t o  

t h e  d e s i r e d  approach s l o p e  and which t e rmina te s  a t  t h e  aiming 

p o i n t .  The landing  gear ,  however, fo l low a lower b u t  p a r a l l e l  

pa th  and w i l l  make contac t  wi th  t h e  runway s h o r t  of t h e  v i s u a l  

aiming p o i n t .  The d i s t a n c e  between t h e  eye p a t h  and t h e  wheel 

pa th  i s  a func t ion  of t h e  p o s i t i o n  of t h e  landing  gear  i n  rela- 

t i o n  t o  t h e  cockpi t  and t h e  p i t c h  of t h e  a i r c r a f t  i n  t h e  approach 

a t t i t u d e .  F igure  14  shows t h e  d e r i v a t i o n  of wheel-to-eye 

d i s t a n c e s  i n  t h e  approach f o r  t y p i c a l  l a r g e  j e t s ,  a jumbo j e t ,  

and a supe r son ic  t r a n s p o r t .  

If t h e  p i l o t  f l i e s  a 3' v i s u a l  approach t o  an aiming p o i n t  

1000 f e e t  beyond t h e  th re sho ld ,  t h e  h e i g h t  of h i s  eye  above t h e  

ground w i l l  be  about 50 feet when t h e  a i r c r a f t  c ros ses  t h e  

th re sho ld  (assuming t h a t  t h e  a i r c r a f t  has  n o t  y e t  been f l a r e d ) .  

The landing  gear  w i l l  c r o s s  t h e  th re sho ld  a t  a lower h e i g h t ,  

which i s  equal  t o  50 f e e t  l ess  t h e  wheel-to-eye d i s t ance .  

(See F igure  15a) 

where t h e  wheel-to-eye d i s t a n c e s  are 35 and 47 f e e t  r e s p e c t i v e l y ,  

f l y i n g  a s t anda rd  v i s u a l  approach t o  a v i s u a l  aiming p o i n t  1000 

f e e t  beyond t h e  t h r e s h o l d  w i l l  r e s u l t  i n  a dangerous e r o s i o n  of 

t h e  landing  gear  c l ea rance  h e i g h t  a t  t h e  th re sho ld .  To main ta in  

t h e  p re sc r ibed  50-foot clearance between t h e  landing  gea r  and 

t h e  th re sho ld ,  as shown i n  F igure  15b, t h e  p i l o t  must choose a 

v i s u a l  aiming p o i n t  correspondingly f u r t h e r  down t h e  runway. I n  

t h e  extreme case of t h e  SST t h i s  r e q u i r e s  p i ck ing  an approach 

aiming po in t  over  2000 f e e t  from t h e  th re sho ld .  

In case of t h e  jumbo j e t  and t h e  SST, 

Thus, t h e  s i z e  of t h e  a i r c r a f t  ( s p e c i f i c a l l y  t h e  wheel-to- 

eye d i s t ance )  p l ays  a major r o l e  i n  s e l e c t i n g  t h e  aiming po in t  

and i n  determining t h e  o v e r a l l  s a f e t y  of t h e  approach. For 

v i s u a l  approaches i n  t h e  jumbo je t  o r  t h e  SST t h e  p i l o t  must 
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s h i f t  h i s  aiming p o i n t  much f u r t h e r  beyond t h e  th re sho ld ,  w i t h  

t h e  r e s u l t  t h a t  t h e  o v e r a l l  l anding  d i s t a n c e  i s  inc reased .  

F a i l u r e  t o  change t h e  aiming po in t  w i l l  create t h e  danger of 

a s h o r t  l anding .  For ILS and VASI approaches t h e  s i t u a t i o n  i s  

even more complicated.  A s  w i l l  be  shown i n  Chapter V, t h e  

ins t rument  and v i s u a l  approach a i d s  now i n  use  are p red ica t ed  

upon an aiming p o i n t  about 1000 f e e t  from t h e  th re sho ld ,  which 

i s  much too  c l o s e  f o r  t h e  jumbo j e t  and t h e  SST. If t h e  p i l o t  

f l i e s  t h e  approach us ing  ILS o r  VASI i n  t h e i r  p re sen t  l o c a t i o n s  

he w i l l  e i t h e r  have t o  use  some s o r t  of "Kentucky windage"or 

he w i l l  have t o  s h i f t  h i s  aiming p o i n t  i n  t h a t  l a s t  few seconds 

of t h e  approach, n e i t h e r  of which would be an accep tab le  p r a c t i c e .  

A l t e r n a t i v e l y ,  i f  t h e  ILS and VASI l o c a t i o n s  are moved f u r t h e r  

down t h e  runway t o  accommodate t h e  jurnbo j e t  and t h e  SST, they  

w i l l  no longer  be  appropr i a t e  f o r  t h e  ma jo r i ty  of t h e  o t h e r  

a i r c r a f t  us ing  t h e  a i r p o r t .  The s o l u t i o n  of i n s t a l l i n g  two 

sets  of approach a i d s ,  one f o r  normal u s e r s  and t h e  o t h e r  f o r  

very  l a r g e  a i r c r a f t ,  i s  probably n o t  p r a c t i c a l  on both economic 

and t e c h n i c a l  grounds. There i s  a need, t h e r e f o r e ,  f o r  an 

approach and landing  a i d  which i s  f l e x i b l e  enough t o  serve 

a i r c r a f t  of a l l  s i z e s .  

Wheel-to-eye d i s t a n c e  a l s o  has  a g r e a t  i n f l u e n c e  upon t h e  

d e c i s i o n  as t o  whether t o  cont inue  t h e  approach o r  abor t  a t  t h e  

moment of breakout  i n  low v i s i b i l i t y  approach. I n  Category I1 

opera t ions ,  f o r  example, t h i s  d e c i s i o n  must be made a t  an 

a l t i t u d e  of 100 f e e t .  

eye p o s i t i o n  ( t h e  only  p o i n t  from which he can make a judgment 

by e x t e r n a l  v i s u a l  r e fe rence )  w i l l  be about 135 f e e t  above 

t h e  ground p lane .  

he w i l l  no t  be t a k i n g  f u l l  advantage of  t h e  au thor ized  v i s i b i l i t y  

minimum. I f  he e lects  t o  w a i t  u n t i l  h i s  eye p o s i t i o n  reaches a 

This  m e a n s  t h a t  i n  a jumbo j e t  t h e  p i l o t ' s  

If t h e  p i l o t  makes a dec i s ion  a t  t h i s  p o i n t ,  
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he igh t  of 100 f e e t  (an  i n t e r v a l  of about 3 seconds) ,  t h e  l and ing  

gea r  w i l l  be  only 65 f e e t  above t h e  ground -- a dangerously low 

a l t i t u d e  a t  which t o  i n i t i a t e  a missed approach i n  a 235-ton 

a i r c r a f t .  

50 f e e t ,  t h e  s i t u a t i o n  w i l l  be  worse. 

I n  t h e  SST, where t h e  wheel-to-eye d i s t a n c e  i s  n e a r l y  

The inc reased  wheel-to-eye d i s t a n c e  of t h e  jumbo je t s  and 

t h e  SST has  another  e f f e c t  which grows i n  s i g n i f i c a n c e  as t h e  

a i r c r a f t  nea r s  t h e  runway. A t  t h e  s ta r t  of a v i s u a l  approach 

t h e  d i f f e r e n c e  between t h e  eye p a t h  and t h e  wheel pa th  w i l l  

have a n e g l i g i b l e  e f f e c t  on runway pe r spec t ive .  However, by 

t h e  t i m e  t h e  a i r c r a f t  reaches an a l t i t u d e  of  100 f e e t  o r  lower,  

t h e  wheel-to-eye d i s t a n c e  w i l l  produce a marked change i n  t h e  

p i l o t ' s  pe r spec t ive  view of t h e  runway. S ince  t h e  p i l o t  u ses  

t h e  shape and re la t ive  pos%t ion  of runway elements a s -p r imary  

v i s u a l  cues f o r  f l i g h t  p a t h  and f l a r e  c o n t r o l  and f o r  a l t i t u d e  

e s t ima t ion ,  t h e  success  of t h e  f l a r e  and touchdown w i l l  be  

profoundly a f f e c t e d .  F igure  16 i s  an i l l u s t r a t i o n  of t h e  

p e r s p e c t i v e  d i f f e r e n c e s  a t  a l t i t u d e s  of 100 f e e t  and 20 f e e t  i n  

a l a r g e  j e t ,  a jumbo j e t ,  and an  SST. For p i l o t s  n o t  f u l l y  

accustomed t o  t h e  v i s u a l  angles  of t h e  approach i n  t h e  jumbo 

j e t  and t h e  SST, t h e  e longa t ion  of t h e  runway shape w i l l  create 

t h e  impressibn t h a t  t h e  approach angle  i s  t o o  s t e e p .  A s  a 

r e s u l t ,  t h e r e  w i l l  be  a tendency t o  make t h e  f l i g h t  pa th  sha l lower  

and thereby  t o  l a n d  long,  which i n  t u r n  w i l l  i n t roduce  t h e  danger 

of overrun.  

Likewise, t h e r e  w i l l  be  some confusion i n  e s t ima t ing  t h e  

p o i n t  of con tac t  wi th  t h e  runway i n  very  l a r g e  a i r c r a f t .  I n  

each of t h e  upper i l l u s t r a t i o n s  i n  F igure  16 t h e  touchdown p o i n t  

is  1000 f e e t  p a s t  t he  th re sho ld .  I n  t h e  lower i l l u s t r a t i o n  t h e  

touchdown po in t  has  been s h i f t e d  t o  1500 f e e t  from t h e  th re sho ld  
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as a r e s u l t  of f l a r e .  However, t h e  angular  r e l a t i o n  between 

t h e  touchdown p o i n t  and t h e  v i s u a l  aiming p o i n t  does no t  remain 

cons t an t  f o r  a l l  a i r c r a f t .  This  v a r i a t i o n  w i l l  make i t  

extremely d i f f i c u l t  f o r  t h e  p i l o t  t o  judge by unaided v i s u a l  means 

whether t h e  approach and f l a r e  are proper  and how t o  c o r r e c t  

them i f  they  are n o t .  

complicated i f  t h e r e  i s  a l a r g e  and unexpected p e r t u r b a t i o n  of  

t h e  f l i g h t  pa th ,  such as occurs  wi th  atmospheric  tu rbulence ,  

wind shear, o r  t r a i l i n g  v o r t e x  from preceeding a i r c r a f t .  

H i s  v i s u a l - t a s k  w i l l  be  even f u r t h e r  

Although t h e  prev ious  d i scuss ion  has  d e a l t  l a r g e l y  w i t h  

approach and l and ing ,  a s imilar  set of problems are engendered 

i n  o t h e r  f l i g h t  phases  by t h e  advent of t h e  jumbo j e t  and t h e  

SST. 

c o n t r o l l e d  t o  a much more p r e c i s e  degree i n  t h e  jumbo j e t  and 

t h e  SST i n  o r d e r  t o  avoid t a i l  s c rapes  i n  t h e  event  of over- 

r o t a t i o n  and inadequate  climb performance and o b s t a c l e  c l ea rance  

i n  t h e  event  of unde r ro t a t ion .  (Ref.  38) The problem of 

t a x i i n g  i n  reduced v i s i b i l i t y  w i th  t h e  l a r g e r  a i r c r a f t  was discussed 

i n  an earlier s e c t i o n .  Missed approach, because of t h e  inc reased  

weight and l e n g t h  of t h e  jumbo j e t  and t h e  SST, a l s o  becomes 

a more demanding and i n h e r e n t l y  r i s k y  maneuver, e s p e c i a l l y  a t  

For example, r o t a t i o n  of t h e  a i r c r a f t  a t  t akeof f  must b e  

t h e  lower d e c i s i o n  h e i g h t s  c a l l e d  f o r  i n  p r o j e c t e d  Category I1 

opera t ions .  

Gerber (Ref. 39) has  expressed  t h e  unders tandable  concern 

which p i l o t s  f e e l  about o p e r a t i o n s  i n  t h e  new jumbo j e t  a i r -  

c r a f t .  H e  has  suggested t h a t  t h e  problems of becoming p rope r ly  

a d j u s t e d  t o  t h e  new v i s u a l  cues and t h e  d i f f e r e n t  handl ing  

q u a l i t i e s  are such t h a t  i n - f l i g h t  t r a i n i n g  should  be  conducted 

only i n  r e s t r i c t e d  circumstances,  Among t h e  l i m i t a t i o n s  he  

sugges t s  are: 
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1. Only i n  d a y l i g h t .  

2. Only i n  i d e a l  weather  cond i t ions  (no turbulence ,  

3'. 

crosswind, v i s i b i l i t y  r e s t r i c t i o n s ,  e t c . )  

Only a f t e r  extended s imula t ion  p r a c t i c e .  

H e  a l s o  recommends t h a t  emergency procedures  and missed approaches 

be p r a c t i c e d  only a f t e r  t h e  t r a i n e e  p i l o t  has  had a s u b s t a n t i a l  

background of normal f l i g h t  experience.  F i n a l l y ,  Gerber adv i ses  

t h a t  more t r a i n i n g  t i m e  i n  t h e  a i r c r a f t  be spen t  on t a x i i n g  

( e s p e c i a l l y  on narrow taxiways) ,  park ing  and maneuvering i n  con- 

f i n e d  areas, VFR t a k e o f f s ,  and f l y i n g  v i s u a l  approaches wi th  t h e  

a i d  of VAS1 t o  g e t  t h e  proper  ang le s  and s i n k  rates e s t a b l i s h e d .  

It is  s i g n i f i c a n t  t h a t  a l l  of Gerber 's  recommendations d e a l  wi th  

tasks i n  which v i s u a l  r e fe rence  i s  t h e  s o l e  o r  major source  of 

guidance and wi th  a s s u r i n g  t h a t  e x t e r n a l  v i s u a l  cues are optimum 

dur ing  t r a i n i n g .  I f  adequate v i s u a l  r e fe rence  i s  t h i s  important  

f o r  t r a i n i n g ,  how much more so  w i l l  i t  be i n  r e g u l a r  ope ra t ions  

where t h e s e  r e s t r i c t i o n s  cannot b e  observed? 

Thus, t h e  inc reased  s i z e  of t h e  next  gene ra t ion  of commer- 

c i a l  t r a n s p o r t s  w i l l  pose a number of problems both  i n  t h e  area 

of c o n t r o l  and i n  t h e  area of t h e  p i l o t ' s  v i s u a l  t a s k s .  

mastery of t h e  new v i s u a l  angles  w i l l  take some t i m e  t o  accom- 

p l i s h  since i t  i s  b a s i c a l l y  a process  of accumulating exper ience  

The 

and becoming a d j u s t e d  t o  new v i s u a l  p a t t e r n s .  

no t  on ly  learn how t o  i n t e r p r e t  t h e  changed v isua l  cues ,  he  must 

also l e a r n  t o  a d j u s t  h i s  c o n t r o l  responses  t o  account f o r  d i f f e r -  

ences  i n  a i r c r a f t  c h a r a c t e r i s t i c s  and handl ing  q u a l i t i e s .  I n  

a i r c r a f t  such as t h e  jumbo j e t  and t h e  SST, where t h e  p i l o t ' s  

vantage po in t  i s  so  f a r  above and forward of t h e  cen te r  of 

g r a v i t y ,  t h e  gene ra l  concern w i l l  be no t  s o  much t h e  t r a j e c t o r y  

of t h e  p i l o t ' s  eyes  through space b u t  i n s t e a d  t h e  pa th  descr ibed  

by t h e  cen te r  of g r a v i t y ,  There i s  an urgent  need f o r  an i n s t r u -  

ment o r  a i d  which w i l l  assist t h e  p i l o t  i n  making estimates of 

The p i l o t  must 
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t h e  c o r r e c t  v i s u a l  angles  and which w i l l  p rovide  a more 

d i r e c t  i n d i c a t i o n  of t h e  a c t u a l  f l i g h t  p&h of t h e  a i r c r a f t .  
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CHAPTER I V  

THE PILOT'S VISUAL TASK 

During f i n a l  approach t h e  a i r c r a f t  f l i e s  a s t r a i g h t  l i n e  

f l i g h t  pa th  t o  t h e  runway over  a d i s t a n c e  of 4 t o  7 m i l e s  and 

over  a l t i t u d e s  ranging from 1,000 t o  2,000 f e e t  above runway 

e l e v a t i o n  down t o  t h e  runway. A s  descr ibed  i n  Chapter 111, t h e  

p i l o t  t a s k s  dur ing  f i n a l  approach are t o  c o n t r o l  t h e  a i r c r a f t  

i n  t h e  vertical p l ane  and t h e  h o r i z o n t a l  p l ane ,  

v e r t i c a l  p l ane  ~ o m p r i s e s  z o n t r o l  over  a i r s p e e d ,  ang le  of a t t a c k ,  

a l t i t u d e ,  rate of descen t ,  and f l i g h t  pa th  ang le .  Parameters  

of h o r i z o n t a l  c o n t r o l  i n c l u d e  r o l l  c o n t r o l  and l a t e r a l  a l i g n -  

ment of t h e  f l i g h t  pa th  wi th  t h e  runway c e n t e r l i n e .  These con- 

t r o l  v a r i a b l e s  a r e  monitored and c o r r e c t e d  by t h e  p i l o t  dur ing  

the  e n t i r e  f i n a l  approach, whether i n  an au tomat ic  o r  manual 

Control  i n  t h e  

landing  mode. The f i n a l  approach inc ludes  t h e s e  s i g n i f i c a n t  

mi les tones  Or even t s :  i n i t i a t i o n  of f i n a l  approach, arrival a t  

dec i s ion  h e i g h t ,  and, given t h e  go d e c i s i o n ,  f l a r e ,  de-crab, 

landing  and r o l l - o u t .  For t h e  p i l o t  t o  c o n t r o l  t h e  v a r i a b l e s  

a f f e c t i n g  alignment with t h e  runway, vertical  and h o r i z o n t a l  

displacement  from t h e  runway and runway c e n t e r l i n e ,  v e r t i c a l  

and h o r i z o n t a l  v e l o c i t i e s  and a c c e l e r a t i o n s ,  h e  needs c e r t a i n  

informat ion .  This  chap te r  w i l l  d i s c u s s  t h e  in fo rma t ion  r e q u i r e d  

which i s  p r i m a r i l y  acqui red  through t h e  p i l o t ' s  v i s u a l  s ense .  

VISIBILITY 

Before d e f i n i n g  what t h e  p i l o t  needs t o  see t o  achieve  each 

mi l e s tone  i n  t h e  f i n a l  approach, i t  must f i r s t  be  determined 

what h e  can s e e  under d i f f e r e n t  cond i t ions  of v i s i b i l i t y .  It i s  

obvious t h a t  the  v i s u a l  scene  p resen ted  t o  t h e  p i l o t  i s  a d i r e c t  
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f u n c t i o n  of environmental  cond i t ions  as w e l l  as p a t t e r n s  of o b j e c t s  

and markings. Environmental cond i t ions  inc lude  amount of a v a i l a b l e  

l i g h t  (day vs. n i g h t )  and f a c t o r s  which degrade v i s a b i l i t y  t o  some 

extent ( fog ,  r a i n ,  i c e ,  e t c . )  Beck (Ref. 1) descr ibed  f i v e  d i f f e r -  

ent types  of v i s i b i l i t y  u s u a l l y  d i scussed  f o r  t h e  approach and 

l and ing  ope ra t ion .  These inc lude :  

o Meteorological  v i s i b i l i t y  - based on human judgment and 

o Tower v i s i b i l i t y  - what the a i r p o r t  c o n t r o l  tower oper- 

o P i l o t  v i s i b i l i t y  - what t h e  p i l o t  sees. 

o 

included i n  t h e  t e l e t y p e  weather  sequence r e p o r t .  

a t o r  sees. 

Runway v i s i b i l i t y  - t h e  d i s t a n c e  a long  an  i d e n t i f i e d  run- 
way t h a t  an observer  can see a 25 foot-candle  l i g h t  a t  
n i g h t  o r  pe rce ive  dark  o b j e c t s  a g a i n s t  t h e  sky back- 
ground dur ing  t h e  day. 

p i l o t ' m a y  expect  t o  see down t h e  runway. 
computed by having a p r o j e c t o r  emit  a beam of  l i g h t ,  
u s u a l l y  a long  a 500 f o o t  p a t h ,  which i s  rece ived  by a 
pho to -e l ec t r i c  d e t e c t o r  which measures amount of l i g h t  
rece ived  as a percentage of t h e  amount rece ived  through 
a clear atmosphere. 

o Runway v i s u a l  range (RVR) - t h e  h o r i z o n t a l  d i s t a n c e  a 
The range i s  

The runway v i s u a l  range is  c u r r e n t l y  used as the estimate 

of w h a t  t h e  p i l o t  can expect  t o  see dur ing  h i s  approach. One 

problem w i t h . t h i s  procedure i s  t h a t  t h e  RVR i s  measured c l o s e  

t o  t h e  ground whi l e  t h e  aircraft  is somewhat more removed from 

t h e  ground. It i s  n o t  uncommon t h a t  f o g  condi t ions  can ex is t  

between t h e  p i l o t ' s  eye and t h e  ground which are n o t  accounted 

f o r  by t h e  RVR. Beck estimates t h a t  RVR i's n o t  r e p r e s e n t a t i v e  

of what t h e  p i l o t  sees a t  least 20 pe rcen t  of t h e  time. There- 

f o r e ,  once i n  f i v e  landings  a p i l o t  could b e  mis led  i n  h i s  v i s u a l  

judgments due t o  informat ion  rece ived  from t h e  ground. 

The RVR i s  a l s o  important  i n  determining t h e  minimum v i s u a l  

segments which must b e  a v a i l a b l e  t o  t h e  p i l o t  under d i f f e r e n t  
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c a t e g o r i e s  of IFR landing .  For each ca tegory  a minimum d e c i s i o n  

h e i g h t  and corresponding RVR i s  s p e c i f i e d .  The d e c i s i o n  h e i g h t  

i s  descr ibed  as a s p e c i f i e d  h e i g h t  above t h e  h i g h e s t  e l e v a t i o n  i n  

t h e  touchdown zone a t  which a missed approach must b e  i n i t i a t e d  

i f  t h e  r equ i r ed  v i s u a l  r e fe rence  h a s  n o t  been e s t a b l i s h e d .  The 

l i m i t s  on dec i s ion  h e i g h t  and RVR are as fo l lows :  

I 

Category Decis ion Height  ( f  t .> RVR ( f t . )  

I 
I1 A 
I1 B 

I11 A 
I11 B 
I11 c 

200 
150 
100 

0 
0 
0 

2600-1800 
1600 
1200 

700 
150 

0 

A t  t h e  p re sen t  t i m e  a i r l i n e  ope ra t ions  below Category I I B  

are n o t  au thor ized .  The r u l e s  f o r  Categor ies  I and I1 p r e s c r i b e  

t h a t  t h e  p i l o t  may proceed below t h e  a p p r o p r i a t e  minimum a l t i t u d e  

only  i f  he  has  "adequate v i s u a l  r e fe rence .  'I 

INFORMATION REQUIREMENTS AND VISUAL CUES 

These c a t e g o r i e s  are p r e s c r i b e d  f o r  IFR cond i t ions .  During 

VFR t h e  p i l o t  has  v i s u a l  c o n t a c t  w i t h  t h e  runway throughout t h e  

f i n a l  approach. During t h e  f i n a l  approach t h e  f i x e d  wing p i l o t  

f l y i n g  IFR views t h e  e x t e r n a l  s i t u a t i o n  56 pe rcen t  of t h e  t i m e  

and, a f t e r  t he  d e c i s i o n  h e i g h t  and go d e c i s i o n ,  t h e  p i l o t  views t h e  

o u t s i d e  world almost con t inua l ly .  Given t h i s  demand, what are 

t h e  informat ion  requirements  and v i s u a l  cues which enable  t h e  

p i l o t  t o  u se  v i s u a l  in format ion  t o  c o n t r o l  h o r i z o n t a l  and verti- 

cal displacements ,  v e l o c i t i e s ,  and a c c e l e r a t i o n ?  A s  s t a t e d  

i n  Chapter I11 t h e  requirements  p r i o r  t o  f l a r e  inc lude :  

o I d e n t i f i c a t i o n  of t h e  l and ing  s i t e  
o A l t t i t u d e  r e fe rence  
o Speed r e fe rence  
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o Dis tance  t o  the  runway 
o P o s i t i v e  th re sho ld  and a i m  p o i n t  d e f i n i t i o n  

The v i s u a l  cues a s s o c i a t e d  wi th  each of t h e s e  informat ion  r equ i r e -  

ments are presented  below. 

I d e n t i f i c a t i o n  of t h e  Landing S i t e  

In  h i s  r e p o r t  on v i s i o n  i n  m i l i t a r y  a i r c r a f t ,  Wulfeck, e t  a1 

(Ref. 2) enumerated t h e  v i s u a l  cues  which h e l p  a p i l o t  d i s c r i m i n a t e  

a runway from surrounding terrain. These cues inc lude  b r i g h t n e s s  

c o n t r a s t ,  c o l o r  c o n t r a s t ,  and t e x t u r e  d i f f e r e n c e s .  A t  g r e a t e r  d i s -  

t ances  t h e  b r i g h t n e s s  c o n t r a s t  cue i s  dominant. A s  t h e  runway is  

approached, c o l o r  c o n t r a s t  and t e x t u r e  i n c r e a s e  i n  importance.  

Measurements of b r i g h t n e s s  c o n t r a s t  between runway s u r f a c e  and 

surrounding t e r r a i n  l e d  t o  t h e  conclus ions  t h a t  a w h i t e  conc re t e  

runway viewed a g a i n s t  an e a r t h  background w i l l  n o t  b e  d e t e c t e d  

u n t i l  t h e  a i rcraf t  i s  about 2400 feet from t h e  runway ( . 4  n a u t i c a l  

m i l e s ) .  

F l i g h t  Pa th  and A t t i t u d e  Reference 

The a s p e c t s  of  t h e  v i s u a l  world which enab le  t h e  p i l o t  t o  

e f f e c t i v e l y  c o n t r o l  h i s  f l i g h t  pa th  and a t t i t u d e  are i d e n t i c a l  

w i t h  those  which are used i n  t h e  c o n t r o l  of h o r i z o n t a l  and vert- 

i ca l  displac&ments ,  v e l o c i t i e s ,  and a c c e l e r a t i o n s .  These i n c l u d e  

t h e  ho-i-izon, t h e  impact p o i n t  on t h e  runway o r  p o i n t  X ,  the 

r e l a t i o n s h i p s  between p o i n t  X and t h e  ho r i zon ,  t h e  runway cen te r -  

l i n e  extended,  and runway markings o r  l and ing  l i g h t s .  

The hor izon  g ives  t h e  p i l o t  t h e  primary a t t i t u d e  ireference 

i n  t h e  ve r t i ca l  p l ane ,  i . e . ,  p i t c h  and r o l l .  Changes i n  air-  

c r a f t  a t t i t u d e  i n  t h e  p i t c h  and r o l l  axes are r e f l e c t e d  i n  

displacements  and r o t a t i o n s  of the hor i zon ,  The r e l a t i o n s h i p  

between t h e  hor izon  and t h e  impact p o i n t  o r  p o i n t  X ( t h e  p o i n t  

IV-4 



a t  which t h e  tangent  of t h e  a i r c r a f t  track i n t e r c e p t s  t h e  ground, 

Ref. 3 )  g ives  t h e  p i l o t  in format ion  concerning g l i d e  s lope .  An 

i n c r e a s e  i n  t h e  d i s t a n c e  between impact p o i n t  and t h e  ho r i zon  

i n d i c a t e s  a p r o j e c t e d  overshoot  (provided t h a t  t h e  impact p o i n t  

and t h e  a i m  p o i n t  co inc ide)  wh i l e  a decrease  i n  t h e  angular  

d i s t a n c e  i n c i d a t e s  an  undershoot (Behan and S i c i l i a n i ,  Ref. 4 ) .  

The runway c e n t e r l i n e  extended,  and i t s  s p a t i a l  r e l a t i o n s h i p  

w i t h  t h e  ho r i zon ,  provides  t h e  p i l o t  wi th  informat ion  whereby he 

e s t a b l i s h e s  t h e  adequacy of h i s  alignment dur ing  t h e  approach e 

E r r o r s  i n  alignment are a t t r i b u t e d  t o  o f f s e t s  i n  bank ang le  and 

lateral  displacement .  Given t h a t  t h e  p i l o t  sees the hor i zon ,  

t h e  presence  of  an  undes i red  bank angle  i s  r e a d i l y  d i s c e r n i b l e .  

Without t h e  ho r i zon  and see ing  only  t h e  runway c e n t e r l i n e ,  t h e  

p i l o t  is  unable ,  based on v i s u a l  cues a l o n e ,  t o  a t t r i b u t e  a 

misalignment of t h e  c e n t e r l i n e  t o  a bank ang le  o r  t o  lateral  

displacement .  Thus wh i l e  t h e  ho r i zon  i s  e s s e n t i a l  f o r  v i s u a l  

judgments of vertical  displacement ,  t h e  r e l a t i o n s h i p s  of the 

hor i zon  and runway c e n t e r l i n e  extended provides  t h e  necessary  

v i s u a l  in format ion  f o r  judgments of l a te ra l  displacement .  

On a clear n i g h t ,  when the  ho r i zon  and runway centerline 

markings a re  obscured,  t h e  p i l o t  makes v i s u a l  judgments of  h i s  

ver t ical  and h o r i z o n t a l  displacement based on informat ion  re- 

cevied  from the  approach and runway l i g h t s .  Beck (Ref. 5) 

presented  a n  i l l u s t r a t i o n  of t h e  p r e s e n t  U . S .  Category A approach 

and runway l i g h t  conf igu ra t ion  which i s  reproduced h e r e  as 

Figure  17.  The approach l i g h t s  e f f e c t i v e l y  extend t h e  runway 

c e n t e r l i n e  3,000 f e e t  o u t  from t h e  th re sho ld .  The approach 

l i g h t  conf igu ra t ion  c o n s i s t s  of 27 groups of l i g h t s  spaced 100 

f e e t  a p a r t ,  I n  p l a c e  of t h e  28th group i s  a set  of t h r e e  r ed  

t e rmina t ing  b a r  l i g h t s  a l igned  pe rpend icu la r  t o  the  approach 
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c e n t e r l i n e  and ex tending  50 f e e t  t o  the r i g h t  and l e f t ,  There i s  

no 29th group of l i g h t s  which r e s u l t s  i n  the  b l a c k  h o l e  immediately 

b e f o r e  fh re sho ld .  A t  a d i s t a n c e  of 100 f e e t  from t h e  t h r e s h o l d ,  

two red  wing l i g h t s  are emplaced l e f t  and r i g h t  of c e n t e r l i n e ,  

The 1,000 f o o t  d e c i s i o n  b a r  (white) extends 50 f e e t  r i g h t  

and l e f t  of t h e  c e n t e r l i n e ,  

The approach l i g h t  system is c o n t r o l l a b l e  i n  f i v e  s t a g e s  of 

b r i g h t n e s s .  

l i g h t s  have no i n t e n s i t y  c o n t r o l  and i n  s t a g e s  1 through 3 they 

t e rmina te  a t  t h e  1,000 f o o t  b a r .  I n  s t a g e s  4 and 5 they run  t h e  

f u l l  l e n g t h  of t h e  approach l i g h t  system up t o  300 f e e t  from 

th resho ld .  

Condenser d i scharge  sequenced f l a s h e r  l i g h t s  o r  s t r o b e  

Green th re sho ld  l i g h t s ,  spaced no g r e a t e r  t han  10 f e e t  a p a r t ,  

extend over t h e  end of t h e  runway. The runway c e n t e r l i n e  l i g h t s  

extend from runway t h r e s h o l d  t o  th re sho ld .  The spac ing  of t h e s e  

l i g h t s  i s  not  s t anda rd ized  b u t  i s  u s u a l l y  25 f e e t .  The i n t e n s i t y  

of t h e  c e n t e r l i n e  l i g h t s  is  20,000 f o o t  candles  on-center peak. 

Touchdown zone l i g h t s  of 7,500 f o o t  candles  maximum i n t e n s i t y ,  

extend 3,000 f e e t  down t h e  runway from th resho ld .  Each group of 

l i g h t s  is placed 30 f e e t  t o  t h e  l e f t  and r i g h t  of t h e  c e n t e r l i n e  

l i g h t s  and are spaced 100 feet  apart .  The c e n t e r l i n e  and touch- 

down zone l i g h t s  are of v a r i a b l e  i n t e n s i t y .  High i n t e n s i t y  

runway edge l i g h t s ,  spaced 200 f e e t  apar t ,  are l o c a t e d  o f f  t h e  

edge of t h e  runway. These l i g h t s  are v a r i a b l e  i n t e n s i t y  i n  f i v e  

d i s c r e t e  s t e p s  wi th  a 10,000 f o o t  candle  maximum (Ref. 5 ) .  

It i s  assumed t h a t  when f l y i n g  a t  n i g h t  t h e  p i l o t  uses  t h e  

informat ion  from t h e  l i g h t  system t o  menta l ly  c o n s t r u c t  what he  
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would see i n  t h e  d a y l i g h t .  Thus t h e  l a te ra l  l i g h t  arrangements,  

t he  1,000 f o o t  b a r ,  t h e  red t e rmina t ing  b a r ,  and t h e  runway 

th re sho ld  l i g h t s  provide  the  p i l o t  w i th  t h e  same alignment cues 

der ived  from t h e  ho r i zon  s i n c e  they  too  are pe rpend icu la r  t o  the  

c e n t e r l i n e  a 

A s  r epor t ed  by Wulfeck, e t  a1 (Ref. 2 ) ,  t h e  v i s u a l  cues  

provided by runway l i g h t s  a lone  have been demonstrated t o  b e  

inadequate  f o r  l and ing  where v i s i b i l i t y  i s  poor.  Hence t h e  

approach l i g h t  system w a s  implemented. An approach l i g h t  system 

must be a b l e  t o  s a t i s f y  two classes of v i s u a l  requirements .  

F i r s t ,  it must supply  a l l  v i s u a l  cues  needed t o  a l i g n  t h e  a i r c r a f t  

w i t h  t h e  runway, t o  achieve  and main ta in  proper  g l idepa th ,  and t o  

a i d  i n  main ta in ing  o r  a d j u s t i n g  a i r c r a f t  a t t i t u d e  and make t h e  

r a p i d  c r i t i ca l  adjnstments  r equ i r ed  f o r  a s a f e  l and ing .  These 

requirements  are n o t  m e t  by t h e  s p a t i a l  p a t t e r n  of t h e  l i g h t s .  

Second, t h e  p i l o t  must be  a b l e  t o  see t h e  approach l i g h t  

system f a r  enough away t o  enable  h i s  s h i f t  from ins t ruments  t o  

v i s u a l  f l i g h t  b e f o r e  reaching  t h e  p o i n t  where h e  can no longe r  

perform p r e c i s e l y  on ins t ruments .  This  requirement  i s  n o t  m e t  

by us ing  i n t e n s e  monochromatic l i g h t s .  

One p rob lemwi th  t h e  u s e  of approach l i g h t s  is t o  c l e a r l y  

d e f i n e  where t h e  runway begins .  This  can b e  done by us ing  

r a d i c a l l y  d i f f e r e n t  runway and approach l i g h t s  o r  by us ing  s p e c i a l  

boundary l i g h t s  between t h e  two, o r  bo th  (Ref. 2) a 

A gross  cue t o  f l i g h t  pa th  and a t t i t u d e  r e f e r e n c e  i s  t h e  

o r i e n t a t i o n  and perceived s i z e  and shape of t h e  runway, e i t h e r  

as perce ived  d i r e c t l y  o r  as o u t l i n e d  by t h e  runway edge l i g h t s .  

Behan and S i c i l i a n i  (Ref. 4 )  make a p o i n t  of  t h e  p i l o t ' s  u s e  of 

runway p e r s p e c t i v e  as a cue t o  f l i g h t  pa th  adequacy. On a given 
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approach, i f  a runway appears  long and narrow, t h e  p i l o t  judges 

t h a t  t h e  a i r c r a f t  w i l l  overshoot .  Problems w i t h  t h i s  cue were 

d iscussed  i n  Chapter 111 of t h i s  r e p o r t  where i t  was determined 

t h a t  t h e  v a r i a b i l i t y  which exists i n  l eng th  and width of 

d i f f e r e n t  runways is  a source  of ambiguity i n  t h e  p i l o t ' s  v i s u a l  

r e fe rence .  Without knowledge of t h e  dimensions,  t h e  p i l o t  

cannot determine,  based on v i s u a l  cues  a lone ,  whether t h e  per- 

ceived shape of t h e  runway is  due t o  runway v a r i a b l e s  o r  f l i g h t  

v a r i a b l e s  ( a l t i t u d e ,  d i s t a n c e ,  and g l i d e  s l o p e ) .  F igures  2 and 

3 i l l u s t r a t e  t h i s  ambiguity.  This  c r i t e r i o n  w a s  supported by 

Wulfeck, et a1 (Ref. 2) who a s s e r t e d  t h a t  a p i l o t  approaching 

an  un fami l i a r  a i r p o r t  may have t r o u b l e  judging  p o s i t i o n  by t h e  

shape of t h e  r e c t a n g l e  o u t l i n e d  by runway l i g h t s .  Af t e r  a f e w  

l and ings  a t  one a i r p o r t  t h e  p i l o t  l e a r n s  t h e  length-to-width 

r a t i o  f o r  that runway which are used t o  v i s u a l l y  determine g l i d e  

s lope .  

o r  wider ,  i f  h e  a t tempts  t o  use the same p e r s p e c t i v e  cues as be- 

f o r e ,  the p i l o t  w i l l  end up h igh  and come i n  a t  too  s t e e p  an 

angle .  I f  t h e  un fami l i a r  runway i s  longe r  o r  narrower,  t h e  p i l o t  

w i l l  come i n  lowe 

Going t o  a s t r a n g e  a i r p o r t  where t h e  runway i s  s h o r t e r  

A l t i t u d e  Reference 

B e l l  (Ref. 6) r epor t ed  t h a t  f o r  any runway width t h e  per- 

s p e c t i v e  angle  t h a t  t h e  runway edges make w i t h  t h e  ho r i zon  a t  

t h e  vanish ing  p o i n t  is  a func t ion  of a l t i t u d e  a lone .  

t h a t  a p i l o t  could estimate a l t i t u d e  by t h i s  apparent  ang le  i f  

h e  i s  f a m i l i a r  wi th  t h e  runway dimensions.  

this ang le  may serve as a cue f o r  a l t i t u d e  judgments (Ref. 6 ) .  

This  imp l i e s  

It i s  concluded t h a t  

The cues used by t h e  p i l o t  i n  judging a l t i t u d e  are t h e  

same as those  used i n  judging d i s t a n c e .  These inc lude  re la t ive 

s i z e  of o b j e c t s ,  a e r i a l  pe r spec t ive  and motion pe r spec t ive .  The 
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relative s i z e  cue r e f e r s  t o  t h e  s i t u a t i o n  i n  which o b j e c t s  of 

known s i z e  appear  smaller as the  eye-object  viewing d i s t a n c e  i s  

inc reased .  Aerial pe r spec t ive  r e f e r s  t o  t h e  change i n  c o l o r  

of d i s t a n t  o b j e c t s  coupled wi th  t h e  l o s s  of sha rp  o u t l i n e  and 

d e t a i l .  

apparent  motion of viewed o b j e c t s  as t h e  observer  moves (Ref. 4 ) .  
Motion p e r s p e c t i v e  o r  parallax r e f e r s  t o  t h e  re la t ive  

Speed Reference 

In  c o n t r o l l i n g  t h e  a i r c r a f t  i n  t h e  vertical  and h o r i z o n t a l  

p lanes  t h e  p i l o t  must c o n t r o l  v e h i c l e  displacement ,  v e l o c i t y ,  

and a c c e l e r a t i o n  i n  t h e s e  two planes. The r e s u l t  o f . t h i s  c o n t r o l  

i s  t h e  de te rmina t ion  t h a t  t h e  i m p a c t  p o i n t  o r  X ( t h e  p o i n t  where 

t h e  tangent  of  t h e  a i r c r a f t  track i n t e r c e p t s  t h e  ground) l i e s  

w i t h i n  accep tab le  l i m i t s  f o r  t h e  p o i n t  i n  t h e  approach which i s  

reached a t  t h a t  moment (Ref. 3 ) .  

A s  def ined  by Calvert t h e  angu la r  d i s t a n c e  of X below the 

hor i zon  i n d i c a t e s  rate of c l o s u r e  wi th  t h e  ground. The angu la r  

d i s t a n c e  of X from t h e  vanish.ing p o i n t  of t h e  runway edges (a t  

t h e  hor izon)  g ives  t h e  rate of c l o s u r e  i n  the vertical  p l ane  

through t h e  runway c e n t e r l i n e .  The movement of X pe rpend icu la r  

t o  and along t h e  ho r i zon  g ives  a c c e l e r a t i o n  informat ion  i n  t h e  

ver t ica l  a n d ' h o r i z o n t a l  p lanes  r e s p e c t i v e l y .  Thus it i s  

apparent  t h a t  t h e , p o i n t  X is  e s s e n t i a l  i n  making v i s u a l  determin- 

a t i o n  of v e l o c i t i e s  and a c c e l e r a t i o n s .  

A s  t h e  p i l o t  proceeds along h i s  f l i g h t  p a t h ,  he no re  o r  

less f i x a t e s  t h e  p o i n t  X where h e  w i l l  l and  g iven  a cons t an t  

pa th  f o r  the remainder of  t h e  approach. While watching t h e  X 

p o i n t  t h e  p i l o t  pe rce ives  a l l  o b j e c t s  i n  t h e  f i e l d  of view as 

moving along pa ths  which Calvert and Gibson termed streamers. 

Thus t h e  X p o i n t  does n o t  move w h i l e  a l l  o t h e r  p o i n t s  i n  t h e  
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f i e l d  do move away from t h e  p o i n t  and toward t h e  per iphery  of  

t h e  f i e l d .  

movements, t h e  p i l o t  sees n o t  on ly  t h e  X p o i n t  as no t  moving 

b u t  a l s o  some f i n i t e  area around it  (Havron, Ref.  7 ) .  With a n  

aircraft on a 3 degree  g l i d e  s l o p e  f l y i n g  a t  105 mph and 4,000 

f e e t  from touchdown and t h e  p i l o t  u s ing  an  X s p o t  1,000 f e e t  

from t h r e s h o l d ,  t h e  area of no apparent  movement i s  desc r ibed  

as a l a r g e  c i g a r  shaped f i g u r e  symmetrical  t o  t h e  runway center -  

l i n e  150 f e e t  i n  width and 1,100 f e e t  long (Ref. 7 ) .  

Due t o  t h e  i n a b i l i t y  of t h e  p i l o t  t o  pe rce ive  s m a l l  

The streamers which are perce ived  from t h e  X p o i n t  are 

s imilar  t o  those  p ro jec t ed  on t h e  p i l o t ' s  retina only as long  as 

he looks  along t h e  center l i n e  i n  a f i x e d  d i r e c t i o n  i n  space ,  

Th i s  is why p i l o t s  stare s t r a i g h t  ahead dur ing  t h e  f i n a l  p o r t i o n  

of t h e  approach. D i s t r a c t i o n  of any k ind  results i n  head and 

eye  movements l end ing  t o  degraded accuracy of rate judgments. 

The v e l o c i t y  of t h e  streamers i n  t h e  v i s u a l  f i e l d  a t  any 

given angular  d i s t a n c e  below t h e  ho r i zon  i s  i n v e r s e l y  p r o p o r t i o n a l  

t o  t h e  h e i g h t ,  assuming t h e  v e l o c i t y  of t h e  a i r c r a f t  i s  cons t an t .  

Without d e f i n i t e  o b j e c t s  i n  t h e  f i e l d  the p i l o t  w i l l  then  have 

poor h e i g h t  guidance as w e l l  as poor rate guidance. 

Dis tance  t o  Runway 

I n  judging  t h e  d i s t a n c e  from t h e  runway t o  determine when 

t o  i n i t i a t e  t h e  f i n a l  approach, Behan and S i c i l i a n i  (Ref a 4 )  

state t h a t  t h e  p i l o t  needs t h e s e  v i s u a l  cues:  

t ance  between ho r i zon  and a i m  p o i n t ;  relative s i z e  cues;  and 

aerial  pe r spec t ive .  The l a t te r  two cues w e r e  d i scussed  under 

a l t i t u d e  r e fe rence .  The angu la r  d i s t a n c e  cue r e f e r s  t o  t h e  

displacement  between t h e  a i m  p o i n t  and ho r i zon  and r e q u i r e s  the  

p i l o t  t o  determine t h e  a i m  p o i n t  and b r i n g  i t  i n t o  co inc idence  

wi th  t h e  th re sho ld  e 

t h e  angu la r  d i s -  
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P o s i t i v e  Threshold and A i m  P o i n t  D e f i n i t i o n  

Behan and S i c i l i a n i  (Ref. 4 )  r epor t ed  t h a t  t h e  p i l o t  u ses  

f o u r  v i s u a l  cues t o  p r o j e c t  t h e  impact p o i n t  of t h e  a i r c r a f t  w i th  

r e s p e c t  t o  t h e  s e l e c t e d  runway aiming p o i n t .  These inc lude  t h e  

s t a t i o n a r y  a i m  p o i n t ,  t h e  runway p e r s p e c t i v e ,  motion p a r a l l a x ,  

and t h e  angu la r  d i s t a n c e  from t h e  ho r i zon  t o  t h e  a i m  p o i n t .  The 

d i f f e r e n c e  between t h e  in tended  a i m  p o i n t  and t h e  p ro jec t ed  i m -  

p a c t  p o i n t  is  taken  as an  i n d i c a t i o n  of e r r o r  of t h e  approach 

pa th .  The p i l o t  a t tempts  t o  f l y  t h e  approach pa th  such t h a t  t h e  

aiming p o i n t  and impact p o i n t  co lnc ide  ( R e f .  4 ) .  

In  determining t h e  p o i n t  a t  which t o  i n i t i a t e  t h e  f l a r e  

maneuver t h e  p i l o t  must cons ider  t h e  a i rcraf t  h e i g h t  above t h e  

runway. The v i s u a l  cues  used i n  judging t h i s  d i s t a n c e  i n c l u d e  

the  fo l lowing  : 

o Head movement p a r a l l a x  o r  motion p a r a l l a x ,  based on 
d i f f e r e n t  views of t h e  runway whi l e  c o n t i n u a l l y  scanning.  

o Motion pe r spec t ive  on t h e  g r a d i e n t  i n  motion as the  
a i rcraf t  approaches t h e  runway. During t h i s  approach 
o b j e c t s  are perce ived  t o  pas s  benea th  t h e  a i r c r a f t  a t  
p rogres s ive ly  g r e a t e r  speeds.  

surrounding terrain. 
runs upward i n  t h e ' v i s u a l  f i e l d  (Ref - 4 ) .  

o Densi ty  g r a d i e n t  o r  t h e  t e x t u r e  of t h e  runway and t h e  
An i n c r e a s e  i n  d e n s i t y  u s u a l l y  

According t o  Beck ( R e f .  8) t h e  p i l o t  has  used a s i n g l e  a i m  

area dur ing  v i s u a l  approach. 

p i l o t  executes  the f l a r e .  This maneuver i s  accomplished p r i m a r i l y  

through judgment der ived  from informat ion  concern ing  cockpi t  

h e i g h t ,  cockpi t  cu to f f  ang le ,  speed ,  body ang le ,  and t h e  f a c t  t h a t  

t h e  a i m  area i s  c o n t i n u a l l y  progress ing  down t h e  runway u n t i l  t h e  

wheels touch down. The p i l o t  is  a l s o  a ided  i n  h i s  f l a r e  judgments 

by t h e  rate of apparent  movement of t h e  l i g h t s  i n  h i s  p e r i p h e r a l  

v i s i o n  as w e l l  as p i t c h  and r o l l  guidance of t h e  l i g h t s  ahead of 

him on t h e  runway (Ref. 8) .  

J u s t  be fo re  reaching  th re sho ld  t h e  
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DEGRADATION OF VISUAL CUES - EFFECTS OF REDUCED VISIBILITY 

In  cond i t ions  of reduced v i s i b i l i t y  t h e  p i l o t  cannot see 

t h e  ho r i zon  and thereby  l o s e s  an e s s e n t i a l  cue f o r  a t t i t u d e  c o n t r o l  

judgments. 

100 f e e t  and wi th  an  RVR of 1,200 f e e t ,  j u s t  what can t h e  p i l o t  see? 

I n  Category I1 B condi t ions  a t  a c r i t i c a l  h e i g h t  of 

According t o  Beck (Ref. 1) wi th  an RVR of 1,200 f e e t  a t  

n i g h t  t h e  s l a n t  v i s u a l  range at t h e  100 f o o t  c r i t i c a l  h e i g h t  w i l l  

b e  less than  1,200 f e e t  almost 70 pe rcen t  of t h e  t i m e .  

From a h e i g h t  of 50 f e e t  p r i o r  t o  t h e  go-no-go d e c i s i o n  a t  

a c r i t i c a l  h e i g h t  a t  100 f e e t ,  t h e  p i l o t  t a k e s  2 t o  3 seconds t o  

view t h e  s u r f a c e  (Ref. 9 ) .  Ac tua l ly  when t h e  p i l o t  makes t h e  

t r a n s i t i o n  from ins t rument  viewing t o  viewing of t h e  e x t e r n a l  

s cene ,  2 : 3 9  seconds w i l l  e l a p s e  due t o  t h e  i n a b i l i t y  of t h e  eye 

t o  i n s t a n t l y  change from s h o r t  d i s t a n c e  v i s i o n  t o  long  d i s t a n c e  

viewing. This  t i m e  l a g  comprises t i m e  f o r  f o c u s i i n g  of t he  l e n s  

of t h e  eye and t i m e  t o  f i x a t e  and does no t  t a k e  i n t o  account 

problems due t o  t h e  adopt ive  state of  t h e  eye ,  p i l o t  f a t i g u e ,  

i n d i v i d u a l  d i f f e r e n c e ,  t u rbu lence ,  e tc .  ( R e f .  8) 

What t h e  p i l o t  sees at  100 feet and 1,200 f e e t  RVR i s  a v i s u a l  

segment extending only  350 f e e t  due t o  t h e  c u t o f f  ang le  of  t h e  

cockp i t  and t h e  reduced v i s i b i l i t y .  Sur face  cues extend from 

500 f e e t  t o  850 f e e t  i n  f r o n t  of him. 

t h e  few o b j e c t s  w i t h i n  t h i s  segment is  h igh  and h e  does n o t  have 

ample v a r i a t i o n  i n  t h e  v e l o c i t y  t o  adequate ly  judge c l o s u r e  rates 

and rate of descent .  A t  t h e  100 f o o t  p o i n t  t h e  aiming p o i n t  i s  

n o t  v i s i b l e ,  t h e r e f o r e ,  t h e  p i l o t  has  no r e fe rence  t o  f i x a t e  wh i l e  

cont inuing  t h e  approach (Ref. 9 ) .  With 1,200 RVR t h e  p i l o t  w i l l  

b e  70 t o  80 f e e t  above t h e  ground b e f o r e  h e  acqu i r e s  t h e  aiming 

p o i n t ,  g iven t h a t  s l a n t  v i s u a l  range is as long as RVR. S ince  

The re la t ive v e l o c i t y  of 
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t h e  a c t u a l  a i m  p o i n t  i s  no t  v i s i b l e  u n t i l  some 8 seconds after 

t h e  c r i t i ca l  h e i g h t ,  t h e  p i l o t  sees t h e  v i s u a l  s u r f a c e  segment 

depressed w e l l  below t h e  f l i g h t  pa th  angle  and w e l l  below t h e  

impact p o i n t  of t h e  f l i g h t  pa th  v e c t o r .  

The p i l o t  w i l l  f i n d  p i t c h  a t t i t u d e  d i f f i c u l t  t o  judge from 

v i s u a l  cues removed several degrees  from t h e  ho r i zon  and f l i g h t  

pa th  v e c t o r .  The patch of ground a c t u a l l y  v i s i b l e  t o  t h e  p i l o t  

w i l l  b e  pos i t i oned  i n  t h e  windscreen where h i s  normal v i s u a l  a i m  

p o i n t  would be  i f  he  were f l y i n g  wi th  an  inc reased  angle  of 

at tack. 

pu t  t h e  ground where he  t h i n k s  i t  should b e .  

Therefore ,  h e  may be  confused i n t o  lowering t h e  nose t o  

(Ref.  9 )  

A s  t h e  a i r c r a f t  descends,  t h e  s u r f a c e  segment becomes l a r g e r  

and more d i s t a n t  and more d i s t a n t  o b j e c t s  move v e r t i c a l l y  i n  

t h e  windscreen. This ver t ica l  r i s i n g  comprises a false v i s u a l  

p i t c h  r e f e r e n c e  and may induce t h e  p i l o t  t o  e r roneous ly  conclude 

t h a t  h e  i s  p i t ched  down excess ive ly .  

S ince  t h e  p i l o t  cannot see t h e  runway dur ing  t h e  first t h r e e  

seconds af ter  t h e  100 feet  a l t i t u d e ,  h e  can misjudge h i s  a l t i t u d e  

by us ing  l o c a l  terrain cues r a t h e r  than  t h e  runway i t s e l f .  

can l e a d  t o  problems s i n c e  t h e  terrain ad jacen t  t o  and b e f o r e  t h e  

runway may w e l l  b e  a t  an  e l e v a t i o n  w e l l  below t h a t  of t h e  runway. 

L i t ch fo rd  sums up t h e  low v i s i b i l i t y  problem by a s s e r t i n g  t h a t  

i n  Category 1 o p e r a t i o n s ,  which comprise t h e  g r e a t e s t  p ropor t ion  

of l and ings ,  t h e  p i l o t  cannot  b u i l d  up t h e  exper ience  needed f o r  

Category I I A  and I I B  c o n d i t i o n s ,  no r  can h e  develop t h e  a l e r t n e s s  

t o  p o s s i b l e  i l l u s i o n i n g  cues which could b e  mis leading  a t  a c r i t i c a l  

moment. (Ref. 9 )  P i l o t  exper ience ,  us ing  v i s u a l  cues under 

good v i s i b i l i t y  t o  form a p e r s p e c t i v e  of runways and l i g h t s ,  h a s  

provided h i m  w i th  a set of assumptions o r  mental  models which are 

This  
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i n s t i n c t i v e l y  app l i ed  t o  each landing .  

p i l o t  env i s ions  t h e s e  cues by observing h i s  ins t rument  pane l  

In poor v i s i b i l i t y  t h e  

d i s p l a y  of f l i g h t  p a t h ,  a t t i t u d e ,  speed ,  etc,  b e f o r e  e s t a b l i s h i n g  

v i s u a l  con tac t .  ( R e f .  10) 

A s  i n d i c a t e d  by Beck (Ref. 8) t h e r e  is  a gene ra l  l a c k  of 

real is t ic  knowledge concerning v i s u a l  c a p a b i l i t i e s  i n  fog  and 

its e f f e c t  on s l a n t  v i s u a l  range a v a i l a b l e  t o  t h e  p i l o t .  

i n v e s t i g a t o r  i d e n t i f i e d  t h e  types of f o g  which appear t o  adverse- 

l y  a f f e c t  a i r c r a f t  as r a d i a t i o n ,  advec t ion  and warm f r o n t  fogs.  

Rad ia t ion  fog  i s  a sha l low fog  formed a t  n i g h t  a t  f l a t  i n l a n d  

a i r p o r t s  under s t a b l e  cond i t ions  e Advection f o g  comprises a i r  

which has  been cooled by a co lder  s u r f a c e  i n t o  fog  which is  then  

t r a n s p o r t e d  by wind. This  type  of fog  i s  most p reve lan t  a long 

c o a s t a l  areas and n e a r  l a r g e  i n l a n d  bodies  of  water. 

Th i s  

With the sha l low (50 t o  80 f o o t  t h i c k )  r a d i a t i o n  f o g  t h e  

p i l o t  w i l l ,  p r i o r  t o  t h e  100 f o o t  c r i t i ca l  h e i g h t ,  have a v i s u a l  

segment which i s  cons t an t  o r  i s  s lowly dec reas ing ,  The s l a n t  

v i s u a l  range  w i l l  n o t  b e  low enough t o  r e q u i r e  a missed approach. 

A t  about 100 feet  t h e  s l a n t  v i s u a l  range decreases  and t h e  rate 

of decrease  becomes g r e a t e r  as h e  approaches t h e  top  of t h e  

fog .  On p e n e t r a t i o n  of t h e  fog the SVR goes t o  minimum and 

then  increases t o  t h e  va lue  of the RVR. I n  t h i s  s i t u a t i o n  t h e  

p i l o t  i s  i n  t h e  beginning of h i s  f l a r e  and suddenly t h e  world 

goes b lank .  (Ref. 1) 

Advection fogs  occur  when moist  air moves over  co lde r  

water o r  ground. 

Such fogs  are non-homogenous o r  are i n  a s ta te  of f l u x  90 per- 

cen t  of t h e  t i m e .  I f  t h e  RVR i s  repor t ed  a t  1,200 f e e t ,  95 

p e r c e n t  of t h e  t i m e  t h e  SVR from 100 f e e t  w i l l  be  less. When t h e  

Along c o a s t a l  areas i t  is  termed "sea fog". 
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RVR is  less than  1,200 f e e t ,  about 50 pe rcen t  of t h e  t i m e  t h e  

SVR w i l l  b e  less than  700 f e e t .  

I 

W a r m  f r o n t  fogs  are caused by t h e  a d d i t i o n  of mois ture  t o  

the  air  through evapora t ion  of r a i n .  This  f o g  forms r a p i d l y  

and can cover a widespread area. V i s i b i l i t i e s  can b e  pa tch  

as w e l l  as very  low, e s p e c i a l l y  a t  n i g h t .  (Ref. 1 )  

One v i s u a l  i l l u s i o n  u s u a l l y  a s s o c i a t e d  wi th  fog  cond i t ions  

i s  the pitch-up i l l u s i o n  where t h e  p i l o t  suddenly l o s e s  h i s  

v i s u a l  f i e l d  of view due t o  t h e  sap id  onse t  of fog. 

p a s t  exper ience  l e n d s  him t o  conclude t h a t  such a r a p i d  l o s s  

of t h e  v i s u a l  segment means t h a t  he has i n a d v e r t e n t l y  p i t ched  

t h e  a i r c r a f t  up. To c o r r e c t  t h i s  h e  then  p i t c h e s  down, 

The p i l o t ' s  
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CHAPTER V 

PRESENT AIDS AND SOLUTIONS 

Chapters  111 and I V  have d e l i n e a t e d  s e v e r a l  problem areas 

i n  c u r r e n t  and p ro jec t ed  c i v i l  a v i a t i o n  ope ra t ions .  The h i s t o r y  

of a v i a t i o n  has  been one of r e sea rch  and exper imenta t ion  t o  

develop s o l u t i o n s  t o  these  problems. Much has  been accomplished, 

b u t  much remains t o  b e  done i n  o rde r  t o  a t t a i n  t h e  near -per fec t  

r e g u l a r i t y  and s a f e t y  which are t h e  goa ls  of a v i a t i o n  r e sea rch .  

The p e r s i s t e n c e  of c e r t a i n  problems i s  i n  no way a r e f l e c t i o n  on 

t h e  q u a l i t y  of t h e  work which has  been done n o r  on t h e  amount of 

e f f o r t  which has  been expended. Rather ,  t h e  problems remain 

because they  are i n h e r e n t l y  some of t h e  most d i f f i c u l t  i n  a l l  of 

human f a c t o r s  and systems r e s e a r c h  and because s o l u t i o n s  developed 

f o r  one level of ope ra t ing  cond i t ions  no longe r  prove adequate  as 

a v i a t i o n  pushes i n t o  new areas more demanding of men and machines. 

The purpose of t h i s  chap te r  i s  t o  review quickly  t h e  air- 

c r a f t  i n s t r u h e n t a t i o n  and ground a i d s  now used t o  h e l p  t h e  p i l o t  

i n  h i s  guidance and c o n t r o l  tasks. While t h e  d i scuss ion  w i l l  

emphasize t h e  shortcomings of p re sen t  a i d s  and s o l u t i o n s ,  t h i s  

i s  n o t  an a t tempt  t o  b e l i t t l e  t h e i r  va lue .  The i n t e n t  i s  t o  shed 

f u r t h e r  l i g h t  on t h e  gene ra l  guidance and c o n t r o l  problem and t o  

i d e n t i f y  s p e c i f i c  ways i n  which t h e  head-up d i s p l a y  could c o n t r i -  

b u t e  t o  t h e  s o l u t i o n .  That i s ,  t h e  head-up d i s p l a y  i s  n o t  con- 

ce ived  as a replacement f o r  any of t h e  a i r c r a f t  and ground equip- 

ment now i n  use b u t  as a supplement t o  make the whole system 

s a f e r  and more e f f i c i e n t .  To p l a y  a u s e f u l  r o l e  i n  c i v i l  a v i a t i o n  
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t h e  head-up d i s p l a y  must do more than  f i l l  i n  t h e  gaps i n  exist-  

i n g  equipment and a i d s ,  It must a l s o  harmonize them. To accom- 

p l i s h  t h e s e  ends i t  i s  necessary  f i r s t  t o  t a k e  a c r i t i c a l  l ook  

a t  how major p a r t s  of t h e  p re sen t  system work. 

VISUAL AIDS 

The p i l o t  has  t h r e e  major t ypes  of v i s u a l  ground a i d s  

a v a i l a b l e  f o r  guidance t o  and on t h e  runway. The f i r s t  i s  t h e  

pa in t ed  markings on t h e  runway s u r f a c e  and i t s  surroundings.  

These were descr ibed  i n  Chapter 111 and i l l u s t r a t e d  i n  F igures  

1 and 4 (pages 111-3 and 111-7). I n  cond i t ions  of darkness  o r  

low v i s i b i l i t y  t h e  p i l o t  a l s o  has  a v a i l a b l e  a second major a i d ,  

t h e  approach and runway l i g h t i n g  system. 

a d d i t i o n  t o  t h e  fami ly  of v i s u a l  a i d s  i s  t h e  Visua l  Approach 

Slope I n d i c a t o r  (VASI). The approach and runway l i g h t s  and 

t h e  VASI are d iscussed  below. 

The t h i r d  and la tes t  

Approach and Runway Light ing  

The approach and runway l i g h t i n g  system i s  designed t o  pro- 

v i d e  guidance f o r  t h r e e  purposes:  

1. Night v i s u a l  approach and landing .  

2. T r a n s i t i o n  from instrument  approach t o  v i s u a l  approach 
andslanding i n  cond i t ions  of reduced v i s i b i l i t y  due 
t o  weather.  

s u r f a c e ,  such as t a x i i n g  and t a k e o f f .  
3.  Night and l o w - v i s i b i l i t y  ope ra t ions  on t h e  runway 

A v a r i e t y  of l i g h t i n g  systems are i n  use  a t  U.S. and f o r e i g n  

a i r p o r t s .  One of t h e  b e s t  i s  t h e  U.S. Standard Configurat ion "A" 

Cente r l ine  Approach Light ing  System, which i s  shown i n  F igure  1 7 .  

Nearly 200 of t h e s e  systems are now i n  use ,  and another  220 are 

programmed f o r  i n s t a l l a t i o n  a t  U,S. A i r p o r t s  i n  t h e  1970s.  (Ref. 
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The system c o n s i s t s  of a row of h igh  i n t e n s i t y  whi te  l i g h t s  

which mark t h e  extended runway c e n t e r l i n e  f o r  a d i s t a n c e  of 3000 

feet outward from t l e  th re sho ld .  The l i g h t s  are arranged i n  27 

groups; spaced 100 f e e t  a p a r t ,  which end 300 f e e t  s h o r t  of t h e  

th re sho ld .  A t  200 f e e t  from t h e  t h r e s h o l d  i s  a red t e rmina t ing  

b a r  p laced  a t  a r i g h t  angle  ac ross  t h e  approach l i g h t s .  The 

t e rmina t ing  b a r  i s  1 4  f e e t  i n  width.  The th re sho ld  i t s e k f  i s  

marked by a row of green l i g h t s ,  n o t  more than  10 f e e t  a p a r t ,  

which extend t h e  width of t h e  runway. A t  d i s t a n c e s  of 1000 

and 500 f e e t  s h o r t  of t h e  th re sho ld  are t r a n s v e r s e  b a r s  of 

whi te  l i g h t s ,  100 f e e t  long and cen te red  on t h e  approach l i g h t s .  

(Ref. 2) 

An a d d i t i o n a l  f e a t u r e  of t h e  Standard Conf igura t ion  "A" 

system i s  t h e  condenser-discharge sequenced f l a s h i n g  l i g h t s  

( the  s t r o b e  l i g h t s  o r  t h e  " rabbi t" ) .  These l i g h t s  are l o c a t e d  

at each of t h e  approach l i g h t s  up t o  t h e  1000 f o o t  b a r  and are 

discharged t w i c e  p e r  second along t h e  l i n e  of approach t o  t h e  

runway. The r e s u l t  i s  a series of b r i l l i a n t  blue-white b u r s t s  

which g ive  t h e  e f f e c t  of a b a l l  of l i g h t  o r  t r a c e r  s h e l l s  

t r a v e l l i n g  through space t o  i n d i c a t e  t h e  pa th  of approach. 

s t r o b e  l i g h t s  are designed t o  p e n e t r a t e  severe atmospheric  

cond i t ions  and t o  a t t ract  t h e  p i l o t ' s  v i s i o n  t o  t h e  l o c a t i o n  of 

t h e  approach l i g h t i n g  system. (Ref.  3 )  The va lue  of t h e  s t r o b e  

l i g h t s  i s  somewhat c o n t r o v e r s i a l ,  however, because they  seem t o  

do t h e i r  job  t o o  w e l l .  Many p i l o t s  complain t h a t  t h e  b r i l l i a n c e  

and apparent  movement of t h e  s t r o b e  l i g h t s  are d i s t r a c t i n g  and 

tend t o  obscure t h e  approach l i g h t s .  

where t h e  range a t  which t h e  s t r o b e  l i g h t s  can be seen  is  s h o r t ,  

they  come i n t o  view q u i t e  suddenly.  

of appearing t o  f l a s h  i n  sequence they seem t o  explode a l l  a t  

once l i k e  a f l a s h  bulb.  Th i s  p u l s a t i n g  of l i g h t  i n  t h e  cockpi t  

The 

I n  very  low v i s i b i l i t y ,  

The r e s u l t  i s  t h a t  i n s t e a d  
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can be  d i s t r a c t i n g  and p o t e n t i a l l y  dangerous t o  a p i l o t  t r y i n g  t o  

i n t e r p r e t  marginal  v i s u a l  cues .  (Ref. 4 )  

The i n t e n s i t y  of t h e  approach l i g h t i n g  system i s  c o n t r o l l a b l e  

i n  f i v e  s t e p s ,  each g iv ing  a decrease  i n  i n t e n s i t y  of 80% of t h e  

prev ious  s t e p .  The s t anda rd  s t e p  i n t e n s i t i e s  are: 

V. 10,000 candela  
I V  . 2,000 candela  

111. 400 candela  
11. 80 candela  
I. 16 candela  

S t robe  l i g h t s  have no i n t e n s i t y  c o n t r o l .  

Beyond t h e  th re sho ld  t h e  l i g h t i n g  system of t h e  runway 

i t s e l f  c o n s i s t s  of c e n t e r l i n e  l i g h t s ,  touchdown zone l i g h t s ,  and 

runway edge l i g h t s .  The c e n t e r l i n e  l i g h t s ,  spaced 25-50 f e e t  

a p a r t ,  extend t h e  l e n g t h  of  t h e  runway. They are a d j u s t a b l e  t o  

a maximum i n t e n s i t y  of 2000 candela .  The c e n t e r l i n e  l i g h t s  are 

whi t e  u n t i l  a d i s t a n c e  of 3000 f e e t  from t h e  fa r  end of t h e  run- 

way, where they  are a l t e r n a t e l y  r ed  and whi te .  S t a r t i n g  a t  1000 

f e e t  from t h e  f a r  end of t h e  runway, t h e  c e n t e r l i n e  l i g h t s  are 

a l l  r e d .  The touchdown zone l i g h t s  are arranged i n  two rows 

s t r a d d l i n g  t h e  c e n t e r l i n e  a t  a d i s t a n c e  of 30-35 f e e t .  They 

extend 3000 f e e t  down t h e  runway from a p o i n t  75-125 feet beyond 

t h e  th re sho ld .  The touchdown zone l i g h t s  are whi t e ,  wi th  a 

maximum i n t e n s i t y  of 7500 candela .  Runway edge l i g h t s  are loca-  

t e d  on e i t h e r  s i d e  of t h e  runway and are spaced a t  intervals of 

200 f e e t  a long t h e  l eng th  of t h e  runway. *They are whi te  axd -- 
l i k e  t h e  approach l i g h t s  -- are a d j u s t a b l e  i n  f i v e  s t e p s  from a 

maximum i n t e n s i t y  of  10,000 candela .  (Ref. 6) 

The U .  S . Standard Configurat ion "A" Cente r l ine  Approach 

L igh t ing  System i s  i n  use on a l l  runways i n  t h e  United States  

served  by p r e c i s i o n  approach a i d s  f o r  Categor ies  I and I1 of IFR. 
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It c o n s t i t u t e s  a v i t a l  and i n t e g r a l  p a r t  of t h e  l o w - v i s i b i l i t y  

approach and landing  system. However, Conf igura t ion  "A" i s  by 

no means t h e  only l i g h t i n g  system i n  use ,  no r  i s  it  t h e  most 

common.' 

s t i l l  used on some ILS-equipped runways. For non-instrumented 

runways t h e r e  i s  no one s tandard  system. A cursory examination 

of FAA Approach and Landing Charts  f o r  a i r p o r t s  se rved  by commer- 

c ia l  carriers shows over  a dozen d i f f e r e n t  conf igu ra t ions  i n  use.  

While i t  i s  t r u e  t h a t  such systems are no t  in tended  f o r  low- 

v i s i b i l i t y  o p e r a t i o n s ,  t hey  do c o n s t i t u t e  a s u b s t a n t i a l  p ropor t ion  

of what i s  a v a i l a b l e  f o r  a i r  t r a n s p o r t  service a t  n igh t .  For 

t h e  gene ra l  a v i a t i o n  p i l o t ,  whose use  of p r e c i s i o n  approach run- 

ways i s  somewhat i n f r equen t  and whose gene ra l  level of s k i l l  and 

exper ience  i s  lower than  t h e  commercial p i l o t s ' ,  t h e  l a c k  of  

s t anda rd  n i g h t  approach and runway l i g h t i n g  c o n s t i t u t e s  a major 

problem . 

The Neon Ladder and Le f t  S ing le  Row conf igu ra t ions  are 

The s i t u a t i o n  worldwide i s  even more d i v e r s e .  A p i l o t  on 

an i n t e r n a t i o n a l  carrier may encounter  a d i f f e r e n t  l i g h t i n g  sys- 

t e m  a t  each f o r e i g n  a i r p o r t ,  a l l  of which are in tended  f o r  some 

ca tegory  of l o w - v i s i b i l i t y  ope ra t ion .  

l a r l y  bad at a i r p o r t s  i n  underdeveloped c o u n t r i e s ,  where t h e  l a c k  

of economic kesources  o r  a lower level  of t e c h n i c a l  s o p h i s t i c a -  

t i o n  p r o h i b i t s  i n s t a l l a t i o n  and proper  upkeep of a h igh -qua l i ty  

approach and landing  system. 

and the "have not"  c o u n t r i e s  w a s  t h e  s u b j e c t  of a r e c e n t  a r t i c l e  

by Captain R. J .  R i t c h i e ,  General  Manager of Qantas A i r l i n e s .  

(Ref. 7) The l a c k  of a s t anda rd  i n t e r n a t i o n a l  l o w - v i s i b i i l t y  

approach and runway l i g h t i n g  system and t h e  s m a l l  l i k e l i h o o d  t h a t  

The s i t u a t i o n  i s  p a r t i c u -  

The problem posed by t h e  %ave'l 

lesser n a t i o n s  would be a b l e  o r  w i l l i n g  t o  conform t o  i t  i f  t h e r e  

were one l e d  R i t c h i e  t o  conclude i t  i s  mandatory t o  adopt a s e l f -  

contained v i s u a l  approach guidance system which i s  independent 
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of any ground-based i n s t a l l a t i o n .  

h i s  op in ion  t h a t  t h e  head-up d i s p l a y  i s  t h e  p r e f e r r e d  s o l u t i o n .  

R i t c h i e  goes on t o  s t a t e  

I n  f a i r n e s s  i t  must b e  added t h a t  t h e  d i v e r s i t y  of l i g h t i n g  

systems, bo th  i n  type  and q u a l i t y ,  i s  n o t  a problem which i s  

confined t o  underdeveloped n a t i o n s .  Orly I n t e r n a t i o n  Ai rpor t  

(Pa r i s )  has  t h r e e  d i f f e r e n t  apprcach l i g h t  systems. The Canars ie  

approach t o  Kennedy I n t e r n a t i o n a l  A i rpo r t  (New York) i s  no t  

ILS-equipped, and t h e  l i g h t i n g  system i s  of a d i f f e r e n t  t ype  and 

lesser q u a l i t y  than  those  on o t h e r  JFK approaches.  

The l a c k  of uniformly h igh  q u a l i t y  approach and runway 

l i g h t i n g  i s  only one a spec t  of t h e  problem however, 

b e s t  l i g h t i n g  systems now a v a i l a b l e  (of which Configurat ion "A" 

i s  c e r t a i n l y  one) are n o t  wholly adequate  i n . t h e  Category I 

and I1 s i t u a t i o n .  I n  e f f e c t ,  t h e  approach l i g h t i n g  system 

amounts only t o  a v i s u a l  ex tens ion  of t h e  runway c e n t e r l i n e .  

a Category I I B  approach t h e  p i l o t  w i l l  have a forward v i s u a l  

range of 1200 f e e t .  However, a t  t h e  d e c i s i o n  he igh t  of 100 

f e e t  approximately t h e  f i r s t  500 f e e t  of h i s  view of t h e  approach 

l i g h t s  w i l l  be  c u t  o f f  by t h e  nose of t h e  a i r c r a f t ,  l eav ing  a 

v i s u a l  segment of about 700 f e e t .  

f i g u r a t i o n  "A", t h i s  means t h e  p i l o t  w i l l  have seven, o r  a t  most 

e i g h t ,  of t h e  i n d i v i d u a l  approach l i g h t s  i n  view. A t  t y p i c a l  

j e t  approach speeds t h i s  amounts t o  t h e  equ iva len t  of 3 seconds 

of v i s u a l  guidance. 

of v i s u a l  guidance i s  adequate ,  b u t  even t h e  most o p t i m i s t i c  

op in ion  regards  it t o  be  only margina l ly  s u f f i c i e n t .  

Even t h e  

I n  

With t h e  U.S. Standard Con- 

There i s  some debate  as t o  whether 3 seconds 

More impor tan t ly ,  t h e  v i s u a l  cues o f f e r e d  by the  approach 

l i g h t s  c o n s t i t u t e  on ly  p a r t i a l  guidance, A s  shown i n  t h e  prev ious  

chap te r ,  t h e  p i l o t  i n  f l y i n g  an approach needs informat ion  t o  
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make continuous judgments w i th  r e s p e c t  t o  s i x  var iab l .es  : 

displacement ,  rate of c l o s u r e ,  and a c c e l e r a t i o n  re la t ive t o  t h e  

runway c e n t e r l i n e  and re la t ive t o  t h e  g l i d e  s l o p e .  The v i s i b l e  

' l i n e  of approach l i g h t s  provides  cues r e l a t i n g  p r imar i ly  t o  t h e  
I 

t h r e e  v a r i a b l e s  of h o r i z o n t a l  c o n t r o l .  And even he re  t h e  approach 

l i g h t s  are n o t  t o t a l l y  s u f f i c i e n t  s i n c e  t h e  meaning of t h e  cues 

is  ambiguous wi thout  some hor izon  r e fe rence .  The 1000-foot b a r ,  

t h re sho ld  l i g h t s ,  and touchdown zone l i g h t s  o f f e r  some a d d i t i o n a l  

a s s i s t a n c e ,  b u t  they  appear very  l a te  i n  t h e  approach sequence i n  

Category I1 opera t ions  and a t  very  low a l t i t u d e s .  A s  t o  ver t ica l  

c o n t r o l ,  which i s  probably t h e  more c r i t i c a l  concern i n  low- 

v i s i b i l i t y  approaches,  t h e  Conf igura t ion  "A" approach l i g h t s  o f f e r  

l i t t l e  o r  no guidance s i n c e  they  ne ighe r  show t h e  l o c a t i o n  of  

t h e  aiming p o i n t  no r  g ive  informat ion  f o r  p i t c h  and a l t i t u d e  

e s t ima t ion .  Touchdown zone l i g h t i n g  does provide  cues f o r  

ver t ical  c o n t r o l ,  b u t  t h e s e  l i g h t s  w i l l  n o t  be  seen  i n  Category 

I1 u n t i l  a f t e r  t h e  d e c i s i o n  h e i g h t  has  been passed  and t h e  

a i r c r a f t  has  been f l a r e d .  

A system which i s  s u p e r i o r  i n  some ways t o  t h e  U.S. Standard 

Conf igura t ion  "A" i s  t h e  Ca lve r t  Approach L igh t ing  System which 

i s  widely used i n  Europe. (See F i g u r e 1 8 )  The prominent f e a t u r e  

of t h e  Calvert system i s  a series of t r a n s v e r s e  b a r s  p laced  a t  

150-meter (500-foot) i n t e r v a l s  a long  t h e  extended runway cen te r -  

l i n e .  A t  least  one of t h e s e  b a r s  w i l l  always b e  i n  s i g h t ,  even 

dur ing  t h e  Category I1 approach. They o f f e r  va luab le  a s s i s t a n c e  

i n  making judgments r e l a t i n g  t o  t h e  t h r e e  v a r i a b l e s  of h o r i z o n t a l  

c o n t r o l  s i n c e  they  provide  a series of r e f e r e n c e  l i n e s  p a r a l l e l  

t o  t h e  horizon.  A s  such, they  a l s o  o f f e r  cues f o r  c o n t r o l l i n g  

t h e  r o l l  a t t i t u d e  of t h e  a i r c r a f t .  

However, even t h e  Calvert approach l i g h t i n g  system i s  
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d e f i c i e n t  i n  terms of t h e  informat ion  i t  o f f e r s  f o r  ver t ical  

f l i g h t  pa th  c o n t r o l  s i n c e  i t  does n o t  i n d i c a t e  t h e  aiming p o i n t  

and t h e  l o c a t i o n  of t h e  hor izon .  Seve ra l  s t u d i e s  of p i l o t  

performance us ing  v i s u a l  guidance and manual c o n t r o l  i n  l o w  

v i s i b i l i t y  have been conducted by BLEU a t  t h e  Royal A i r c r a f t  

Establ ishment ,  Bedford. Morra l l  (Ref. 9) summarized t h e  r e s u l t s  

of t h e s e  s t u d i e s  as fol lows:  

"The main s a f e t y  problem i n  bad weather  landing  
us ing  present-day techniques  i s  considered t o  be  
t h e  shortcomings of t h e  v i s u a l  c o n t r o l  i n  p i t c h  
dur ing  t h e  f i n a l  phase of t h e  approach and 
landing  e s p e c i a l l y  i n  low v i s i b i l i t i e s .  M r .  
Calvert of t h e  R.A.E.* has given  t h i s  problem 
i n t e n s i v e  s tudy  and t h e  argument can be sum- 
marised as fo l lows .  I n  making h i s  d e c i s i o n  
whether t o  cont inue  w i t h  t h e  l and ing  o r  n o t  
a f t e r  becoming v i s u a l  t h e  p i l o t  must assess 
n o t  only his p o s i t i o n  re la t ive t o  t h e  i d e a l  
f l i g h t  pa th ,  bu t  also h i s  v e l o c i t i o n ,  both 
c r o s s  t r a c k  and ver t ical ,  t o  determine where 
t h e  a i r c r a f t  is  going. 

"Whilst i t  is  reasonable  t o  expect  a pro- 
f i c i e n t  p i l o t  t o  be  a b l e  t o  assess t h e  air- 
craft 's  p o s i t i o n  and v e l o c i t y  i n  t h e  h o r i z o n t a l  
p l ane  by looking  a t  a segment of approach 
l i g h t i n g  which inc ludes  only one c r o s s  b a r ,  
i t  i s  more d i f f i c u l t ,  i f  no t  imposs ib le ,  t o  
make a s i m i l a r  assessment i n  t h e  p i t c h  p lane  
from t h e  same p i c t u r e .  Even g ross  e r r o r s  may 
be d i f f i c u l t  t o  d e t e c t  i n  t h e  t i m e  a v a i l a b l e  
a f t e r  v i s u a l  con tac t  i n  ope ra t ions  t o  t h e  
lower dec i s ion  h e i g h t s  of Category 11. It i s  
be l i eved  t h a t  v i s u a l  c o n t r o l  of t h e  aeroplane 
i n  p i t c h  begins  t o  become rel iable  when t h e  
p i l o t  can see as f a r  as t h e  p o i n t  on t h e  
ground t o  which h i s  approach pa th  is  heading. 

* The r e fe rence  i s  t o  M r .  Edward S. Calvert, formerly of  t h e  
Royal A i r c r a f t  Establishment/Farnborough and now r e t i r e d ,  who 
w a s  t h e  a r c h i t e c t  of t h e  approach l i g h t i n g  system which 
b e a r s  h i s  name and a l e a d e r  i n  research  on t h e  p i l o t ' s  v i s u a l  
problems e 
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For a g l i d e  s lope  angle  of 3" and a s l a n t  
range of 400 metres t h i s  occurs  when t h e  
p i l o t ' s  eye  he igh t  i s  as low as 70 f t ,  and 
even f o r  a s l a n t  range of 800 metres t h e  
eye h e i g h t s  i s  140 f e e t .  This  means, t o  
achieve h igh  s tandards  of s a f e t y  i n  t h e s e  
v i s u a l  cond i t ions ,  instrument  guidance 
i n  p i t c h  i s  r equ i r ed  t o  h e i g h t s  of around 
50 t o  100 f t .  (BLEU s t u d i e s )  ... demonstrate 
e f f e c t i v e l y  t h e  type  of p i t c h  performance 
which t a k e s  p l ace  when t h e  p i l o t  i s  com- 
p l e t i n g  t h e  approach and landing  us ing  
v i s u a l  guidance. 

"The r e s u l t s  of ( s t u d i e s )  ... a t  London A i r -  
p o r t  when t h e  v i s i b i l i t y  w a s  about 1 ,200 
metres (Category I) (show) ... t h e  d e t e r i o r -  
a t i o n  i n  p i t c h  performance a t  about 3 t o  
6,000 f t  range (is) q u i t e  apparent .  The 
improvement i n  p i t c h  performance as t h e  
a i r c r a f t  approaches t h e  th re sho ld  can a l s o  
be  seen  and i t  i s  noted  t h a t  t h i s  takes 
p l a c e  a t  t h e  p o i n t  where t h e  p i l o t  starts 
to see the runway th re sho ld  and beyond a t  
a range of about 3,000 f t .  

"B.L.E.U. have r e c e n t l y  completed a f l i g h t  
t r i a l  where d i f f e r e n t  approach l i g h t i n g  
p a t t e r n s  were i n v e s t i g a t e d .  A s l a n t  range 
of about 400 metres w a s  s imula ted  w i t h  fog  
sc reens .  The p i l o t s  who took p a r t  i n  t h i s  
t r i a l  had made many landings  i n  low visi-  
b i l s t y  both  real and s imula ted  and were 
a l s o  w e l l  educated i n  t h e  problems of t h i s  
type  of ope ra t ion .  The r e s u l t s  ... aga in  
show t h e  d e t e r i o r a t i o n  i n  p i t c h  pe r fo r -  
mance when even t h e s e  experienced p i l o t s  
assumed manual c o n t r o l  us ing  v i s u a l  guidance. 
The p i t c h  performance on t h i s  ocdasion does 
n o t  improve u n t i l  a f t e r  t h re sho ld ,  i .e . ,  
when a t  400 metres s l a n t  range t h e  p i l o t  
i s  a b l e  t o  see t h e  aiming p o i n t  t o  which he  
is  going. 
M r .  Calvert ' s  studies and substantiates 
the need for  instrument guidance i n  p i tch  
t o  very 2025 heights even aZthough adequate 
visual guidance for  correcting lateral  
errors may .have been available from higher 
heights. * ' I  

This fZight evidence confirms 

* I t a l i c s  are t h e  a u t h o r ' s  of t h i s  r e p o r t  

v-11 



It i s  thus  ev iden t  t h a t  t h e  approach l i g h t i n g  systems now 

i n  use  do n o t  f u l l y  accomplish t h e i r  avowed purpose of a i d i n g  

t h e  p i l o t  i n  making t h e  t r a n s i t i o n  from ins t rument  t o  v i s u a l  

r e fe rence  i n  condi t ions  of reduced v i s i b i l i t y  e They do provide  

v a l u a b l e  guidance i n  t h e  h o r i z o n t a l  dimension, b u t  they  c o n t r i -  

b u t e  l i t t l e  t o  guidance i n  t h e  ver t ica l  dimension. The approach 

l i g h t s  extend t h e  runway c e n t e r l i n e  3000 f e e t  ou t  toward t h e  

a i r c r a f t  on t h e  approach. However, t h e r e  s t i l l  e x i s t s  t h e  need 

t o  ex tend  v i s u a l  guidance f o r  t h e  g l i d e  s l o p e  a s imi la r  d i s t a n c e .  

Visua l  Approach Slope I n d i c a t o r  (VASI) 

It i s  p r e c i s e l y  f o r  t h e  purpose of  ex tending  t h e  v i s u a l  

g l i d e  s lope  t h a t  t h e  VASI w a s  developed and t h a t  it is  s o  h igh ly  

esteemed. The VASI  i s  designed t o  provide  by a r t i f i c i a l  means 

t h e  same informat ion  which t h e  p i l o t  o b t a i n s  w i t h  lesser p r e c i -  

s i o n  from n a t u r a l  v i s u a l  cues and which the g l i d e  s l o p e  p o r t i o n  

of t h e  I L S  provides  e l e c t r o n i c a l l y .  The VASI f u r n i s h e s  a pa th  

of l i g h t ,  i n c l i n e d  2-1/2' t o  4' from h o r i z o n t a l ,  which t h e  p i l o t  

can use  f o r  ver t ica l  guidance i n  t h e  approach zone. 

The s t anda rd  VASI i n s t a l l a t i o n  i s  composed of 1 2  sets of 

l i g h t s  arranged i n  groups of t h r e e  t o  form b a r s  on e i t h e r  s i d e  

of the approach end of t h e  runway oppos i t e  t h e  6OO-foot and t h e  

1300-foot marks. These are c a l l e d  t h e  downwind and upwind b a r s  

r e s p e c t i v e l y .  The v i s u a l  g l i d e  s l o p e  appears  t o  emanate from a 

p o i n t  midway between t h e  upwind and downwind b a r s ,  i . e . ,  about  

1000 f e e t  from the t h re sho ld .  The i n t e n s i t y  of t h e  VASI i s  

c o n t r o l l e d  from t h e  ground and i s  a d j u s t e d  a t  p i l o t  r eques t .  A t  

maximum i n t e n s i t y  t h e  VASI  can be  seen  a t  approximately t h e  

range of t h e  o u t e r  marker (4-5 miles)  i n  VFR day cond i t ions  and 

a t  g r e a t e r  ranges a t  n i g h t .  Under b r i g h t  s u n l i g h t  o r  snow 

cond i t ions  t h e  range is  decreased t o  about 3-1/2 m i l e s .  
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The b a s i c  p r i n c i p l e  of t h e  VASI is  t h a t  of co lo r  d i f f e r e n -  

t i a t i o n  between red  and whi te .  Each l i g h t  u n i t  p r o j e c t s  a beam 

of l i g h t  having a whi te  co lo r  i n  t h e  upper p a r t  and a red  c o l o r  

i n  t h e  lower. The l i g h t  u n i t s  are arranged s o  t h a t  dur ing  t h e  

approach t h e  p i l o t  w i l l  see t h e  p a t t e r n s  of  r ed  and/or  whi te  

l i g h t s  i l l u s t r a t e d  i n  F igure  19. 

When t h e  a i r c r a f t  is  on t h e  c o r r e c t  g l i d e  s lope ,  t h e  p i l o t  

i s  -- i n  e f f e c t  -- overshoot ing t h e  downwind b a r s  causing them 

t o  appear as whi te  and undershoot ing t h e  upwind b a r s  causing them 

t o  appear  as red .  A displacement below t h e  g l i d e  s l o p e  w i l l  cause 

bo th  sets of b a r s  t o  be  red .  I f  t h e  a i r c r a f t  i s  above t h e  g l i d e  

s l o p e ,  bo th  sets of b a r s  w i l l  b e  wh i t e .  Impending depa r tu re  

from t h e  g l i d e  s l o p e  toward t h e  h igh  s i d e  i s  s igna led  by a change 

i n  c o l o r  of t h e  upwind b a r s  from r e d  t o  p ink  t o  whi te .  

oppos i t e  sequence of c o l o r  change w i l l  occur  i n  t h e  downwind 

b a r s  i f  t h e  a i r c r a f t  i s  s i n k i n g  below t h e  g l i d e  s lope .  I f  the 

a i r c r a f t  i s  extremely low on t h e  g l i d e  s l o p e ,  t h e  two r e d  b a r s  

on each  s i d e  of t h e  runway w i l l  t e n d  t o  merge i n t o  one bold r e d  

s i g n a l .  

The 

I n  haze and d u s t  condi t ions  o r  when t h e  approach i s  made 

i n t o  t h e  sun, t h e  wh i t e  b a r s  may t ake  on a ye l lowish  cast. This  

i s  a l s o  t r u e  when t h e  VASI  i s  ope ra t ed  a t  low i n t e n s i t y .  Ce r t a in  

atmospheric d e b r i s  may a l s o  g ive  t h e  whi te  l i g h t s  an orange o r  

brown t i n t .  However, s i n c e  t h e  r e d  1 i g h t s . a r e  no t  a f f e c t e d  by 

t h e s e  cond i t ions ,  adequate  co lo r  d i f f e r e n t i a t i o n  i s  preserved  a t  

a l l  t i m e s .  (Ref. 10) 

P i l o t  opinion of t h e  VASI s i n c e  i t s  inaugura t ion  a few y e a r s  

ago has  been gene ra l ly  f avorab le ,  and o f t e n  h igh ly  laudatory .  

The criticisms which have been expressed are n o t  concerned s o  
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much w i t h  t h e  workings of t h e  system i t s e l f  b u t  wi th  i t s  range 

of a p p l i c a b i l i t y  I) 

I 

The VASI ,  of course ,  i s  in tended  f o r  use i n  moderately good 

v i s i b i l i t y ,  e i t h e r  day o r  n i g h t ,  and t h e r e  it s e r v e s  i t s  purpose 

w e l l .  A s  v i s i b i l i t y  degrades t o  Categor ies  I and I1 of IFR, 

t h e  VASI becomes i n e f f e c t i v e .  Y e t  t h e  need f o r  a supplement t o  

n a t u r a l  v i s u a l  guidance becomes g r e a t e r  as t h e  RVR goes down 

t o  2600 f e e t  o r  t o  1200 f e e t .  The dilemna of t h e  VASI i s  t h a t  it 

works w e l l  when t h e  v i s i b i l i t y  i s  good; b u t  as t h e  e x t e r n a l  

v i s u a l  scene grows more impoverished because of weather ,  t h e  d i s -  

t ance  a t  which t h e  VASI can b e  seen diminishes  a l s o .  I n  

Category I t h e  upwind and downwind VASI l i g h t s  cannot both be 

seen  u n t i l  about 1300 f e e t  from t h e  t h r e s h o l d  and a t  an a l t i t u d e  

of 115 f e e t ,  which i s  f a r  below t h e  200-foot dec i s ion  h e i g h t .  

I n  Category I1 t h e  f u l l  VASI w i l l  come i n t o  view only a t  the 

th re sho ld ,  which makes t h e  VASI u s e l e s s  because f l a r e  i s  

i n i t i a t e d  at t h i s  p o i n t  and t h e  VAS1 ang les  are i n a p p r o p r i a t e  f o r  

f l a r e  guidance. I n  n e i t h e r  case can t h e  VASI  b e  of any real 

he lp  i n  provid ing  v e r t i c a l  guidance o r  i n  a s s e s s i n g  p o s i t i o n  

w i t h  r e s p e c t  t o  t h e  g l i d e  o r  f l a r e  pa th .  The need, t h e r e f o r e ,  

i s  t o  f i n d  a way t o  provide  v i s u a l  ver t ica l  guidance informat ion  

( l i k e  t h a t  supp l i ed  by t h e  VASI) over  a wider  range of atmos- 

p h e r i c  cond i t ions ,  

The VASI has  a second s e r i o u s  l i m i t a t i o n  i n  i t s  use w i t h  

very- l a r g e  a i r c r a f t  such as t h e  jumbo j e t  and t h e  SST. The VAS1 

i n s t a l l a t i o n  i s  s i t u a t e d  s o  as t o  provide  a v i s u a l  g l i d e  s l o p e  

t o  a p o i n t  1000 f e e t , b e y o n d  t h e  th re sho ld .  This  w i l l  produce 

an eye  pa th  which c rosses  t h e  t h r e s h o l d  a t  a h e i g h t  of about  

50 f e e t .  I n  t h e  jumbo j e t  and t h e  SST, because of t h e i r  l a r g e  

wheel-to-eye d i s t a n c e s ,  t h e  c l ea rance  of t h e  landing  gear  over  
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t h e  th re sho ld  w i l l  be  dangerously low wi th  such a v i s u a l  g l i d e  

pa th .  (The landing  gear  c l ea rance  would be 15 f e e t  f o r  t h e  

jumbo j e t  and only  3 f e e t  f o r  t h e  SST.) 
l and ing  gear  c l ea rance  of 50 f e e t  a t  t h e  t h r e s h o l d ,  t h e  p i l o t  

must select  a v i s u a l  aiming p o i n t  f u r t h e r  down t h e  runway. Thus, 

t h e  use  of t h e  VASI i n  i t s  p resen t  l o c a t i o n  i s  thwarted.  To s h i f t  

t h e  VASI t o  a l o c a t i o n  which would accommodate t h e  very  l a r g e  

a i r c r a f t  would r e s u l t  i n  excess ive ly  long land&ngs f o r  t h e  ma jo r i ty  

of smaller a i r c r a f t  u s ing  t h e  runway. To i n s t a l l  a second set 

of VASI l i g h t s  f o r  t h e  b e n e f i t  of t h e  jumbo j e t  and t h e  SST 

(assuming t h a t  one l o c a t i o n  would be s u i t a b l e  f o r  b o t h ) ,  would 

be  p r o h i b i t i v e l y  expensive.  

TO main ta in  t h e  p re sc r ibed  

The i n f l e x i b i l i t y  of t h e  VASI a l s o  has  s imi la r  disadvantages 

f o r  p re sen t  medium and l a r g e  j e t  a i r c r a f t .  The VASI permi ts  t h e  

p i l o t  t o  a i m  f o r  on ly  one p o i n t  on t h e  runway. I f  he  wishes t o  

make any adjustment  of t h e  aiming p o i n t  t o  compensate f o r  s h o r t  

runway l e n g t h ,  s l i p p e r y  s u r f a c e  cond i t ions ,  o r  landing  weight ,  

he must abandon t h e  VASI as a source  of v e r t i c a l  guidance. 

aga in ,  i s  a case of t h e  VASI be ing  t o o  narrow i n  i t s  range of 

use.  

Here, 

These reasons have l e d  many observers  t o  conclude t h a t  some 

more widely u s e f u l  and f l e x i b l e  s u b s t i t u t e  f o r  t h e  VASI must be 

found. Lami (Ref. ll), f o r  example, sugges t s  t h a t  t h e  head-up 

d i s p l a y  (which he ca l l s  a u n i v e r s a l  VASI) o f f e r s  t h e  b e s t  so lu-  

t i o n  t o  t h e  problem of v e r t i c a l  guidance i n  VFR, q u i t e  a p a r t  

from o t h e r  va lue  which it may have i n  IFR cond i t ions .  

s h a r e  t h i s  op in ion .  (Refs.  1 2 ,  13, 14)  Captain R i t ch ie  of 

QANTAS, whose views were mentioned ear l ier  i n  connect ion w i t h  

approach l i g h t i n g ,  o f f e r s  an a d d i t i o n a l  argument aga ins t  VASI. 

{Ref. 15) Considering t h e  few a i r p o r t s  around t h e  world which 

Others  
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are adequate ly  equipped f o r  t oday ' s  j e t s  and cons ider ing  t h e  

inc reased  demands imposed on a i r p o r t s  by th i rd -gene ra t ion  jet  

s t anda rds ,  R i t c h i e  b e l i e v e s  i t  is  u n l i k e l y  t h a t  less a f f l u e n t  

n a t i o n s  w i l l  spend t h e  necessary  funds t o  i n s t a l l  systems l i ke  

t h e  VASI i n  t h e  number r equ i r ed .  The l i k e l i h o o d  would be even 

lower i f  dua l  i n s t a l l a t i o n s  should be needed -- one f o r  p re sen t  

j e t s  and another  f o r  jumbo je ts .  The b e s t  recourse ,  R i t c h i e  

concludes,  i s  t o  adopt an a i r b o r n e  VASI ( a  head-up d i sp lay )  which 

i s  se l f -conta ined  aboard the a i r c r a f t  and independent of t h e  

vaga r i e s  of l o c a l  f i nanc ing  and t e c h n i c a l  awareness. 

I n  view of i t s  several l i m i t a t i o n s ,  t h e  VASI does no t  

appear t o  b e  a v i a b l e  long-run s o l u t i o n  t o  t h e  ver t ical  guidance 

problem. It i s  e f f e c t i v e  only i n  VFR cond i t ions .  It i s  t o o  

i n f l e x i b l e  f o r  use by a i r c r a f t  of a l l  s i z e s  and i n  a l l  l and ing  

condi t ions .  There are t o o  few VASI i n s t a l l a t i o n s ;  and because of 

t h e i r  c o s t  and r a t h e r  narrow range of u se fu lness ,  it does n o t  

appear  probable  t h a t  t h e  a i r p o r t  funds of i n d i v i d u a l  n a t i o n s  w i l l  

be  expended i n  t h i s  d i r e c t i o n .  It i s  both  a compliment and a 

cr i t ic ism t h a t  t h e  head-up d i s p l a y ,  when i t  i s  suggested as a 

s u b s t i t u t e ,  is  r e f e r r e d  t o  by some as an  a i r b o r n e  VASI. 

GROUND CONTROL 

Under p r e v a i l i n g  o p e r a t i o n a l  concepts t h e  a i r  t r a f f i c  

c o n t r o l l e r  does no t  p lay  a d i r e c t  and a c t i v e  p a r t  i n  approach 

and l and ing  o r  i n  t a k e o f f .  The a i r  t r a f f i c  c o n t r o l l e r  acts i n  

a suppor t  capac i ty  i n  which h i s  d u t i e s  c o n s i s t  of provid ing  

informat ion  on t h e  weather and t h e  a i r  t r a f f i c  s i t u a t i o n ,  adv i s ing  

t h e  p i l o t  on procedures  and precedence,  c o n t r o l l i n g  ground 

a i d s ,  and monitor ing t h e  conduct of ope ra t ions  a t  and nea r  t h e  

a i r p o r t .  H i s t o r i c a l l y ,  t h i s  has  not  always been t h e  case, and 

u n t i l  r ecen t  yea r s  t h e r e  w a s  a s e r i o u s  competi t ion between 
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t h e  ground c o n t r o l l e d  approach (GCA) and t h e  instrument  landing  

system (ILS) phi losophies .  

L i t ch fo rd  (Ref. 16) has  t r a c e d  t h e  evo lu t ion  of t h e  GCA 

concept and po in ted  out  some of t h e  f a c t o r s  which l e d  t o  i t s  

abandonment as a s o l u t i o n  t o  the  l o w - v i s i b i l i t y  approach and 

l and ing  problem. 

loop response,  weak s i g n a l s  r e f l e c t e d  from t h e  a i r c r a f t ,  obscura- 

t i o n  of r e f l e c t e d  s i g n a l s  by weather ,  and ground c l u t t e r  of 

t h e  (ground) c o n t r o l l e r ' s  scope. I n  a d d i t i o n  t o  t h e s e  t e c h n i c a l  

shortcomings t h e r e  w a s  t h e  cos t  of having a t r a i n e d  GCA t e a m  

on duty  a t  a l l  times, which ac t ed  as a s e r i o u s  economic d e t e r r e n t .  

The d e f i c i e n c i e s  of  GCA inc luded  poor closed-:. 

The choice between GCA and ILS w a s  .not  c lear -cu t  , however, 

and cons ide rab le  e f f o r t  w a s  expended t o  develop t h e  GCA dur ing  

t h e  1950s and 1960s. 

r a d a r  (PAR) systems were i n s t a l l e d  a t  major a i r p o r t s  t o  perform 

t h e  GCA func t ion .  These w e r e  f i n a l l y  s h u t  down i n  an  economy 

move by t h e  FAA i n  e a r l y  1969. Experience showed t h a t  p i l o t s  

seldom made use of GCA f a c i l i t i e s  and t h a t  i t  cos t  approximately 

$100,000 p e r  yea r  t o  ope ra t e  and main ta in  each  GCA i n s t a l l a t i o n .  

The FAA concluded t h i s  money would be b e t t e r  spent  on ILS equip- 

ment * 

I n  a l l  a t o t a l  of 22 p r e c i s i o n  approach 

An important  f a c t o r  i n  t h e  d e c i s i o n  t o  d i scon t inue  t h e  GCA 

w a s  i t s  lack of acceptance by p i l o t s ,  One of t h e  reasons under- 

l y i n g  t h e  coolness  toward GCA w a s  t h e  p i l o t s '  b e l i e f  t h a t  t h e  

GCA ope ra to r  encroached on t r a d i t i o n a l  p i l o t  r e s p o n s i b i l i t i e s  

dur ing  approach and landing .  Another reason w a s  t h e  n a t u r e  of 

t h e  GCA command informat ion  which c o n s i s t e d  of  r e l a t i v e l y  low- 

speed,  s t e p  i n p u t s  supp l i ed  by vo ice .  Other complaints w e r e  t h a t  

c o n t r o l l e r s  gave t o o  many d i r e c t i o n s  and c a l l e d  f o r  unnecessary 
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changes i n  a t t i t u d e  o r  heading a t  a t i m e  when t h e  f l i g h t  crew 

was burdened wi th  o t h e r  d u t i e s .  I n  a f i n a l  e f f o r t  t o  overcome 

t h e  f a u l t s  a r i s i n g  from v e r b a l  communication between t h e  GCA 

o p e r a t o r  and t h e  p i l o t ,  an  a t tempt  was made i n  t h e  l a te  1960s 

t o  automate t h e  system. Th i s  w a s  abandoned f o r  t e c h n i c a l  reasons 

i n  1967-68. (Ref. 1 7 )  

I n  t h e  m i l i t a r y  services, on t h e  o t h e r  hand, t h e  GCA concept 

has  proven more success fu l .  

carrier landing  system i s  a GCA i n  which a i r c r a f t  p o s i t i o n  on 

t h e  approach pa th  i s  measured by a K 

s i g n a l s  are r e l ayed  by d i g i t a l  d a t a  l i n k  t o  t h e  a u t o p i l o t  and 

a u t o t h r o t t l e  systems on board t h e  a i r c r a f t  and t o  t h e  p i l o t ' s  

d i sp l ays .  

works on similar p r i n c i p l e s .  

The Navy An/SPN-41 automatic  

band PAR and d i r e c t i o n a l  
U 

The Army A-scan system f o r  h e l i c o p t e r  landing  guidance 

D e s p i t e  t h e  success  of GCA i n  t h e  m i l i t a r y  f i e l d ,  i t  seems 

u n l i k e l y  t h a t  c i v i l  a v i a t i o n  w i l l  r e v e r t  t o  exper imenta t ion  wi th  

c o n t r o l  of t h e  a i r c r a f t  by human o r  au tomat ic  ground monitors  

as a s o l u t i o n  t o  t h e  problem of  l o w - v i s i b i l i t y  ope ra t ions ,  Civi l  

Avia t ion  has  r u l e d  out  ground c o n t r o l  because of i t s  i n h e r e n t  

t e c h n i c a l  and economic d i f f i c u l t i e s  and because it e n t a i l s  

t r a n s f e r r i n g  a p o r t i o n  of t h e  o v e r a l l  command and c o n t r o l  

r e s p o n s i b i l i t y  ou t  of t h e  cockp i t .  

l anding  and t akeof f  w i l l  cont inue t o  come from ground i n s t a l l a -  

t i o n s  such as t h e  p re sen t  ILS o r  some f u t u r e  improvement of i t ,  

Guidance f o r  approach, 

b u t  t h e  c l o s i n g  of t h e  c o n t r o l  loop w i l l  remain i n  t h e  cockpi t .  

The p i l o t  w i l l  act as t h e  command and c o n t r o l  element i f  t h e  

ope ra t ion  i s  performed manually o r  as t h e  command and monitor ing 

element i f  i t  i s  performed by au tomat ic  systems. 

A p o s s i b l e  except ion  i s  i n  t h e  area of t r a f f i c  c o n t r o l  on 

t h e  a i r p o r t  s u r f a c e .  The p resen t  system i s  analogous t o  GCA i n  
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t h a t  vo ice  d i r e c t i o n  t o  t a x i i n g  a i r c r a f t  i s  given by ground 

c o n t r o l l e r s  employing v i s u a l  obse rva t ion  o r  h igh- reso lu t ion  

s u r f a c e  r ada r .  It works moderately w e l l  under cu r ren t  ope ra t ing  

minima, bu t  i t  w i l l  probably no t  be adequate i n  f u t u r e  extreme 

l o w - v i s i b i l i t y  ope ra t ions .  L i t c h f o r d  (Ref. 18) has  poin ted  out  

t h a t  t h e  problem of handl ing  a hundred o r  s o  a i r c r a f t  on t h e  

a i r p o r t  s u r f a c e  i n  Category I I B  o r  i n  Category I11 cond i t ions  

ca l l s  f o r  much improved s u r f a c e  d e t e c t i o n  equipment and f o r  some 

s o r t  of semi-automatic s u r f a c e  nav iga t ion  and c o n t r o l  system. 

Even w i t h  such an advanced system, t h e  a c t u a l  maneuvering of  t h e  

a i r c r a f t  w i l l  s t i l l  be accomplished by t h e  p i l o t  a c t i n g  i n  

response t o  d i r e c t i o n a l  s i g n a l s .  The n a t u r e  of t h e  d i s p l a y  

which t h e  p i l o t  w i l l  use f o r  t h i s  purpose has  n o t  been determined, 

b u t  it i s  a t o p i c  which w i l l  deserve  c a r e f u l  a t t e n t i o n .  

INSTRUMENT LANDING SYSTEM (ILS) 
The ILS i s  t h e  p i v o t a l  system i n  l o w - v i s i b i l i t y  ope ra t ions .  

Its purpose i s  t o  provide  by e l e c t r o n i c  means a h o r i z o n t a l  and 

v e r t i c a l  p a t h  f o r  t h e  a i r c r a f t  on t h e  f i n a l  approach t o  t h e  run- 

way. The ILS is  comprised of ground and a i r b o r n e  equipment. The 

ground p o r t i o n  of t h e  system c o n s i s t s  of v e r t i c a l l y  o r i e n t e d  

r ad io  beacons (usua l ly  two -- t h e  o u t e r  and middle markers) 

s i t u a t e d  along t h e  approach pa th  t o  g ive  range informat ion  and 

two h igh ly  d i r e c t i o n a l  t r a n s m i t t e r s  l o c a t e d  n e a r  t h e  runway -- 
one f o r  t h e  h o r i z o n t a l  p a t h  ( l o c a l i z e r )  and t h e  o t h e r  f o r  t h e  

ver t ica l  pa th  ( g l i d e  s lope)  a (Technical ly ,  the approach and 

runway l i g h t s  are a l s o  considered p a r t  of t h e  ground system.) 

The a i r b o r n e  p o r t i o n  of t h e  I L S  c o n s i s t s  of receivers i n  t h e  

a i r c r a f t  and a d i sp lay  of guidance s i g n a l s  i n  azimuth and 

e l e v a t i o n  coord ina tes .  Most modern a i r c r a f t  a l s o  con ta in  equip- 

ment which permi ts  t h e  I L S  l o c a l i z e r  and g l i d e  s l o p e  s i g n a l s  t o  

be routed  d i r e c t l y  t o  t h e  a u t o p i l o t .  Figure 20 shows t h e  
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s t anda rd  I L S  c h a r a c t e r i s t i c s  and terminology. 

The l o c a l i z e r  t r a n s m i t t e r  i s  l o c a t e d  t y p i c a l l y  1000 f e e t  

beyond and 300 f e e t  t o  t h e  s i d e  of t h e  non-approach end of t h e  

runway. 

Two d i f f e r e n t  s i g n a l  p a t t e r n s  are generated -- one on e i t h e r  s i d e  

of t h e  runway c e n t e r l i n e .  The l o c a l i z e r  course  i s  formed where 

t h e  s i g n a l s  over lap  and are of equa l  s t r e n g t h .  The l o c a l i z e r  

s i g n a l  is  ad jus t ed  t o  produce a beam whose angular  width i s  

between 3" and 69, as necessary  t o  g ive  a l i n e a r  width of about 

900 f e e t  a t  t h e  middle marker (3500 f e e t  from t h e  runway). 

The antenna i t s e l f  i s  a l igned  wi th  t h e  runway c e n t e r l i n e .  

The g l i d e  s l o p e  t r a n s m i t t e r  i s  l o c a t e d  750 t o  1250 f e e t  

from t h e  approach end of t h e  runway and o f f s e t  400-600 f e e t  

from t h e  c e n t e r l i n e .  Like t h e  l o c a l i z e r ,  two overlapping s i g n a l  

p a t t e r n s  are emi t t ed  -- one above and one below t h e  g l i d e  s l o p e ,  

which is  set between 2-1/2" and 3" so  as t o  i n t e r s e c t  t h e  middle 

marker a t  about 200 feet and t h e  o u t e r  marker a t  about 1400 

f e e t  above t h e  runway e l e v a t i o n .  The g l i d e  s l o p e  beam is  nominally 

between + 0.5O.and + - 0.7" i n  width.  
A 

- 

Marker beacons are low-power ( 3  w a t t s  o r  l e s s )  t r a n s m i t t e r s  

p laced  along t h e  I L S  f i n a l  approach pa th  t o  g ive  an i n d i c a t i o n  

of d i s t a n c e .  A s  each marker i s  passed on t h e  approach, v i s u a l  

and a u r a l  s i g n a l s  are presented  i n  t h e  cockp i t .  The o u t e r  

marker (OM) , 4-7 m i l e s  from t h e  runway, is  normally t h e  f i n a l  

approach f i x  f o r  an ILS approach. It s e r v e s  t o  i n d i c a t e  t h e  

p o s i t i o n  a t  which an a i r c r a f t  a t  t h e  a p p r o p r i a t e  a l t i t u d e  on t h e  

l o c a l i z e r  course  w i l l  i n t e r c e p t  t h e  g l i d e  s lope .  The middle 

marker (MM) i n d i c a t e s  t h a t  t h e  a i r c r a f t  i s  approximately 3500 

fee t  from t h e  runway. I f  t h e  a i r c r a f t  i s  on t h e  c o r r e c t  g l i d e  
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s l o p e ,  i t  w i l l  be a t  an a l t i t u d e  of 200 f e e t  above t h e  runway 

e l e v a t i o n  when t h e  middle i s  reached.  The middle marker t hus  

serves as a warning t h a t  t h e  d e c i s i o n  he igh t  f o r  

Category I has  been reached. 

approaches a l s o  have an i n n e r  marker ( I M )  t o  i n d i c a t e  t h e  p o i n t  

on t h e  approach pa th  a t  which t h e  dec i s ion  h e i g h t  (150 f e e t  f o r  

I I A  and 100 f e e t  f o r  IIB) i s  reached. 

Runways used f o r  Category I1 

Compass l o c a t o r s  (LOM and LMM) are o f t e n  p laced  a t  t h e  o u t e r  

and middle marker si tes.  

provide  d i r e c t i o n a l  homing s i g n a l s  f o r  a r a d i o  compass i n  t h e  

aircraft and thus  s e r v e  as an a i d  t o  nav iga t ion .  A t  some s i tes  

d i s t a n c e  measuring equipment (DME) i s  a l s o  p laced  a t  t h e  o u t e r  

and middle markers.  (Refs.  20, 21) 

They are low-power r a d i o  beacons which 

It should be  noted  t h a t  t h e  ILS i s  n o t  e x a c t l y  what i t s  name 

impl i e s .  It is  n o t  a landing  system. The ILS, as it  i s  conceived 

and p r e s e n t l y  used,  i s  a low approach system. The gene ra l  assump- 

t i o n  underlying t h e  ILS is t h a t  i t  provides  ins t rument  r e f e r e n c e  

t o  guide t h e  p i l o t  t o  some s p e c i f i e d  low a l t i t ude .  (dec i s ion  

h e i g h t )  from which he can complete t h e  approach and l and ing  by 

v i s u a l  re ference .  I m p l i c i t  i n  t h i s  assumption i s  t h e  assurance  

t h a t ,  i f  t h e  p i l o t  does n o t  have t h e  r equ i r ed  v i s u a l  r e fe rence  a t  

t h e  dec i s ion  h e i g h t ,  t h e  ILS guidance w i l l  n o t  have p laced  him 

i n  an  i n e x t r i c a b l e  s i t u a t i o n .  The concern of t h e  c i v i l  a v i a t i o n  

community about t h e  ILS revolves  around t h e  adequacy of t h i s  

impl ied  safeguard  a t  extremely Low a l t i t u d e s ,  which i s  u l t i m a t e l y  

a ques t ion  of t h e  t r u s t w o r t h i n e s s  and accuracy of t h e  ILS guidance. 

To make a s a f e  low approach t o  d e c i s i o n  h e i g h t s  of 200, 150, 

o r  100 f e e t ,  t h e  ILS must s a t i s f y  two gene ra l  condi t ions .  F i r s t ,  

t h e  e l e c t r o n i c  guidance must d e l i v e r  t h e  a i r c r a f t  t o  a p o s i t i o n  
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no t  t o o  f a r  o f f  t h e  i d e a l  approach pa th  f o r  c o r r e c t i o n s  t o  b e  

made be fo re  touchdown, 

i s  a func t ion  of bo th  t h e  a i r c r a f t  response t i m e  and t i m e  r equ i r ed  

f o r  t h e  p i l o t  t o  assess and react t o  e x t e r n a l  v i s u a l  cues.  

aggrega te  of t h e s e  times i s  on t h e  o rde r  of 5-7 seconds,  which 

means t h a t  t h e  e r r o r  must be no g r e a t e r  than  t h a t  which can be 

overcome i n  t h i s  t i m e  be fo re  committing t h e  a i r c r a f t  t o  touch- 

down, 

an i n v i o l a b l e  minimum a l t i t u d e  above t h e  approach t e r r a i n  a t  

t h e  d e c i s i o n  h e i g h t .  This  "hard" minimum a l t i t u d e  i s  t h a t  from 

which a missed approach can b e  s a f e l y  executed i n  t h e  event  t h e  

p i l o t  does no t  have t h e  r equ i r ed  v i s u a l  r e f e r e n c e  t o  land .  This ,  

too ,  i s  a func t ion  of p i l o t  and a i r c r a f t  response t i m e s ,  t h e  

l a t te r  be ing  t h e  dominant f a c t o r  because of wide v a r i a t i o n  i n  

a i r c r a f t  weight and t h r u s t  c h a r a c t e r i s t i c s .  E s t i m a t e s  of t h e  

t i m e  t o  dec ide  upon and c a r r y  out  a missed approach d i f f e r ,  b u t  

i t  is c e r t a i n l y  no less and probably somewhat more than  t h e  5-7 

seconds needed t o  make adjustments  i n  t h e  f l i g h t  pa th  be fo re  

commitment t o  landing .  

The magnitude of  t h e  t o l e r a b l e  e r r o r  

The 

The second gene ra l  cond i t ion  i s  t h a t  the ILS must a s s u r e  

S ince  t h e  I L S  provides  both  h o r i z o n t a l  ( l o c a l i z e r )  and verti- 

cal ( g l i d e  s lope )  guidance, p robable  e r r o r s  i n  e i t h e r  of t h e s e  

axes must be considered.  O f  t h e  two, l o c a l i z e r  e r r o r s  are the most 

f r equen t  cause of concern and s h a l l  be examined f i r s t .  Gl ide  s l o p e  

e r r o r s ,  a l though of lesser magnitude, are a l s o  important  because 

of t h e i r  r e l a t i o n  t o  t h e  g e n e r a l l y  more crgtical problems of 

dec i s ion  h e i g h t s  and s a f e  missed approach a l t i t u d e s .  

The l o c a l i z e r  beam, which i s  i n  theory  a s t r a i g h t  l i n e  

ex tens ion  of t h e  runway c e n t e r l i n e ,  i s  i n  f a c t  s u b j e c t  t o  d i s t o r -  

t i o n s  o r  "bends". There are s t eady  beam d i s t o r t i o n s  due t o  t h e  

t r a n s m i t t e r  and antenna i n s t a l l a t i o n  environment. There are also 
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t r a n s i e n t  d i s t o r t i o n s  of t h e  beam produced by r e f l e c t i o n s  and 

i n t e r f e r e n c e  when o t h e r  a i r c r a f t  l i e  between t h e  approach air-  

c r a f t  ,and t h e  t r a n s m i t t e r  antenna.  

of t y p i c a l  l o c a l i z e r  beam d i s t o r t i o n s .  

F igure  21 i s  an i l l u s t r a t i o n  

Very l i t t l e  engineer ing  d a t a  are a v a i l a b l e  as t o  t h e  q u a l i t y  

of l o c a l i z e r s  a c t u a l l y  i n  use.  The d a t a  which do e x i s t  are 

s c a t t e r e d  through va r ious  s t a n d a r d i z a t i o n  and advisory  documents 

publ ished by t h e  FAA and ICAO. Moreover, t h e s e  are s ta tements  

of maximum a l lowable  e r r o r s  f o r  c e r t i f i c a t i o n  purposes and n o t  

d e s c r i p t i o n s  of what a c t u a l l y  e x i s t s  a t  v a r i o u s  a i r p o r t s .  I n  

a r e c e n t  a r t i c l e  L i t ch fo rd  (Ref. 23) has  analyzed t h e  i m p l i c a -  

t i o n s  of t h e  several e r r o r s  which may be  a s s o c i a t e d  wi th  t h e  

l o c a t i o n s .  This  a n a l y s i s  i s  summarized i n  Table  V I I .  

It does no t  r e q u i r e  d e t a i l e d  s tudy  t o  see t h a t  l o c a l i z e r  

beam d i s t o r t i o n s  of t h e s e  magnitudes w i l l  r e s u l t  i n  t h e  a i r c r a f t  

be ing  o f f  t h e  l a te ra l  approach p a t h  by 100 f e e t  o r  more f o r  one 

approach i n  a hundred, even i f  t h e r e  are no p i l o t i n g  e r r o r s .  I f  

one a l s o  cons iders  t h a t  i t  t a k e s  10-15 seconds f o r  a modern j e t  

a i r c r a f t  t o  e f f e c t  a s ide-s tep  of 50 f e e t  (which i s  only  h a l f  t h e  

3-sigma loca1, izer  e r r o r ) ,  t h e  inadequacy of l a te ra l  approach 

guidance by ILS i s  more apparent .  I n  Chapter I11 i t  w a s  

e s t a b l i s h e d  t h a t  t h e  al lowable l a te ra l  d i s p e r s i o n  of t h e  touchdown 

p o i n t  w i t h  r e s p e c t  t o  t h e  runway c e n t e r l i n e  w a s  on t h e  o r d e r  of 

50 f e e t  f o r  p r e s e n t  l a r g e  j e t s  and 30 f e e t ' f o r  jumbo je t s .  The 

la te ra l  e r r o r  of t h e  ILS l o c a l i z e r  a l s o  f a l l s  f a r  o u t s i d e  t h e s e  

requirements e 

The l o c a l i z e r  e r r o r s  descr ibed  i n  Table V I 1  are a l l  i n  t h e  

class of "steady" beam d i s t o r t i o n s .  The l o c a l i z e r  is  a l s o  sub- 

j ec t  t o  t r a n s i e n t  d i s turbances  caused by o t h e r  a i r c r a f t  ope ra t ing  
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STEADY BEAM DISTORTIONS DUE TO THE TRANSMITTER 
AND ITS ANTENNA INSTALLATION ENVIRONMENT 

CATEGORY I I 
DEVIATION LIMITS 

\ TOUCH 
DOWN 

4 3 SEC 

TRANSIENT BEAM DISTORTIONS DUE TO OTHER AIRPLANES 
FLYING OVER THE TRANSMITTER'S ANTENNA 

F i g u r e  2 1  
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TABLE V I 1  

Nature 
of t h e  
e r r o r  

ICAO 
r e f e r e n c e  

ICAO 
CAT I1 amount 

3-sigma 
va lue  a t  

3-sigma ICAO 
v a l u e  a t  Po in t  C 
t h re sho ld  (100' DH 
(f t)  on g l i d e  

pa th)  ( f t )  

3-sigma 
v a l u e  a t  
ICAO 
Po in t  B 
(3500 ' 
from 
th resho ld )  
( f t )  

Cen te r l ine  3.k.4.5.4 +24 f t  25 28 33 
monitor ( th re sho ld )  

t 1 5  f t  
(recommended) 

Course 2.1.4 t 5  microamp 20 22 26 
bends o r  0.005 DDM2 

(2-sigma) 

Receiver 2.2.4.1 rt5 microamp 39 43 52 
c e n t e r i n g  (1-s igma) 
( a i rbo rne )  

P o l a r i z a t i o n  

L i n e a r i t y  

Sec tor  
width 

210% 
to l e rance ;  
h a l f - s e c t o r  
width; p i l o t  
CDI d i s p l a y  
f u l l - s c a l e  
d e f l e c t i o n  

3.1.3.2.2.1 0.008 DDM f o r  Unknown f o r  s p e c i f i c  a i r c r a f t  
20" bank a n g l e  

3.1.3.5.5.3 +lo% Applied t o  above as 3-sigma 

3.1.1 0.0004 .DDM/f t ,  
700 f t  a t  
t h re sho ld  

3.1.1 770 f t  a t  770 850 1030 
th re sho ld ;  2385 5425 +515 
above t150 Various e r r o r s  depending upon 
microamp number of centered  galvano- 
= 0.155; DDM meter movements o r  DC/AC con- 
= +350 f t  a t  v e r s i o n  f o r  f l i g h t  d i r e c t o r  
t h re sho ld  o r  a u t o p i l o t  coupl ing (not  

cons idered)  

A l l  f l i g h t  FAA/AC FAA: rt25 s i  104 127 
e r r o r s  120-20 microamp o r  
(c rab  ang le ,  1 / 6  f u l l  scale 
wind-shear (less than  
normal t r a c k  
fo l lowing  r e p r e s e n t s  t h e  
engine-out,  2-s i gma va lue )  
poor heading)  

one dot"  I 1  

ICAO r e f e r e n c e s  are  from DOC 8636, COM/OPS (1966) ,  publ ished i n  1967. 
DDM = Dif fe rence  i n  Depth of Modulation. 

(Adapted from L i t ch fo rd ,  Ref. 23) 
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i n  t h e  v i c i n i t y .  

t akeoff  act  as r e f l e c t i n g  s u r f a c e s ,  which are i l l umina ted  by 

s i g n a l s  of high i n t e n s i t y  because of t h e i r  c loseness  t o  t h e  

l o c a l i z e r  source.  Considering t h e  number of a i r c r a f t  which may 

be i n  l i n e  f o r  takeoff  dur ing  a peak. t r a f f i c  pe r iod  a t  a major 

a i r p o r t ,  l a r g e  t r a n s i e n t  beam p e r t u r b a t i o n s  can be  expected from 

such an a r r a y  of a i r c r a f t  s i t t i n g  broads ide  t o  t h e  l o c a l i z e r .  

Very l i t t l e  r e c e n t  d a t a  ex i s t  on t h e  n a t u r e  of t h e s e  d i s t r o t i o n s  

and t h e r e  i s  l i t t l e  assurance  t h a t  c u r r e n t  FAA s p e c i f i c a t i o n s  can 

be  m e t  i n  t h e  presence of more and l a r g e r  d i s t o r t i n g  elements 

(e .g . ,  jumbo jets) as a i r  t r a f f i c  i n c r e a s e s .  

A i r c r a f t  parked n e a r  t h e  a c t i v e  runway awai t ing  

L i t ch fo rd  concludes t h e  a n a l y s i s  of "beam-bending" wi th  

t h e  fo l lowing  comment : 

"One might l o g i c a l l y  ques t ion  why these 
problems are n o t  more f u l l y  i d e n t i f i e d  and 
understood. I n  most ca ses  t h e  only p a r t y  
t h a t  can complain, s i n c e  he  i s  t h e  only  one 
i n  a p o s i t i o n  a t  t h e  r i g h t  t i m e  t o  w i tnes s  
most of these e f f e c t s ,  i s  t h e  p i l o t  h imse l f .  
Y e t  , i n  CAT I, when he breaks  o u t  w i t h  rela- 
t i v e l y  good v i s u a l  range,  h e  no longe r  
observes  t h e  ILS s i g n a l s .  
w i t h  CAT 11-A b u i l d s ,  p i l o t s  w i l l  be  forced  
t o  adhere t o  f l y i n g  t h e  ins t ruments  and ILS 
pa th  t o  lower h e i g h t s ,  and p i l o t  r e p o r t s  of 
measurements are then  l i k e l y  t o  be  more 
meaningful .) Of course,  t h e  beam-perturba- 
t i o n  phenomena do n o t  occur  every  t i m e .  It 
is ,  however, r a t h e r  unpredic tab le  i n  magni- 
tude .  And, because of such u n p r e d i c t a b i l i t y ,  
i f  i t  occurs  b u t  once i n  a hundr'ed t i m e s ,  
because of i t s  c r i t i c a l  n a t u r e  w i t h  respect 
t o  s a f e t y ;  t h i s  may w e l l  be  once t o o  of ten ."  

( A s  t h e  exper ience  

The inadequacy of t h e  I L S  guidance beam i n  t h e  ver t ica l  

d i r e c t i o n  ( t h e  g l i d e  s lope)  i s  a l s o  a cause of concern. With 

many p resen t  i n s t a l l a t i o n s  t h e  g l i d e  pa th  does not  remain s t r a i g h t  
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b u t  s tarts t o  show i r r e g u l a r i t i e s  nea r  t h e  ground, causing 

v e r t i c a l  guidance t o  become u n r e l i a b l e  a t  a l t i t u d e s  of 150 t o  

200 f e e t  ( i - e . >  2000-3500 f e e t  from t h e  th re sho ld )  which 

correspond t o  t h e  dec i s ion  he igh t s  f o r  Categor ies  I I A  and I 

r e s p e c t i v e l y .  The ILS g l i d e  s lope  i s  no t  u sab le  much below 

t h e  h e i g h t  of 100 f e e t  ( t h e  Category I I B  d e c i s i o n  h e i g h t ) .  

(Ref. 24) The magnitude of t h i s  ver t ica l  beam-bending may b e  

as much as + 12 f e e t  on a 3-sigma b a s i s .  - 

The u n u s a b i l i t y  of t h e  ILS g l i d e  s l o p e  below 100 f e e t  i s  

due only i n  p a r t  t o  d i s t o r t e d  s i g n a l  c h a r a c t e r i s t i c s .  Even i f  

t h e  beam were p e r f e c t ,  t h e  I L S  g l i d e  s l o p e  has  t o  be  abandoned 

s h o r t l y  a f t e r  descending below 100 f e e t  because fol lowing it  

t o  touchdown would r e s u l t  i n  a v e r t i c a l  v e l o c i t y  of 9-12 f e e t  

p e r  second, i n s t e a d  of t h e  d e s i r e d  2-4 f e e t  p e r  second. The 

I L S  g l i d e  s lope ,  because i t  i s  a t  a f i x e d  2-1/2" - 3" angle  

cannot be  used f o r  t h e  f l a r e  maneuver, which i s  conducted 3y 

v i s u a l ,  n o t  ins t rument  r e fe rence .  

The g l i d e  s l o p e  a l s o  poses a problem i n  t h e  100-200 f o o t  

a l t i t u d e  zone because of t h e  placement of t h e  antenna ( t h e  

g l i d e  s l o p e  o r i g i n ) .  

i s  n o t  l e d  along t h e  same g l i d e  pa th  by ins t ruments  i n  bad 

weather as h e  would fo l low by v i s u a l  r e f e r e n c e  i n  good weather. 

L i t ch fo rd  (Ref. 25) shows t h a t  t h e  s c a t t e r  of g l i d e  s l o p e  

o r i g i n  from t h r e s h o l d  is  700 t o  1500 f e e t .  By c o n t r a s t  t h e  

approach aiming p o i n t  under v i s u a l  condi t ions  i s  almost always 

i n  t h e  v i c i n i t y  of 1000 f e e t  from t h e  th re sho ld .  The f l a r e  

aiming p o i n t ,  which i s  about 1200 f e e t  f u r t h e r  down t h e  runway, 

With many p r e s e n t  i n s t a l l a t i o n s  t h e  p i l o t  

w i l l  vary  between 1900 and 2700 f e e t  from t h e  th re sho ld  f o r  a 

landing  a f t e r  a n . I F R  approach. This  i s  a l s o  i n c o n s i s t e n t  w i th  

t h e  VFR case.  Unless t h e  p i l o t  i s  f u l l y  f a m i l i a r  wi th  t h e  loca-  
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t i o n  of t h e  g l i d e  s l o p e  antenna a t  a p a r t i c u l a r  a i r p o r t  and 

knows how t o  estimate t h e  r e s u l t i n g  d i f f e r e n c e  between VFR and 

IFR aiming p o i n t s ,  he  may f i n d  himself  i n  a confusing s i t u a t i o n  

a t  breakout .  H e  may w e l l  dec ide  t h a t  a g l i d e  s l o p e  e r r o r  exists 

(when i n  f a c t  none does) and t r y  t o  "cor rec t"  h i s  f l i g h t  pa th  t o  

match what h i s  VFR exper ience  t e l l s  him i s  proper .  

l e a d  t o  a long landing  i f  t h e  ILS g l i d e  s l o p e  i s  c l o s e r  t o  t h e  

th re sho ld  than  t h e  normal 1000 f o o t  aiming p o i n t .  If t h e  g l i d e  

s l o p e  o r i g i n  i s  beyond t h e  VFR aiming p o i n t ,  t h e  r e s u l t  w i l l  b e  

a s teepening  of t h e  f l i g h t  pa th  and a s h o r t  touchdown, poss ib ly  

This  can 

be fo re  t h e  th re sho ld .  

The v a r i a t i o n  i n  ILS g l i d e  s l o p e  antenna placement a l s o  

c o n t r i b u t e s  t o  t h e  danger of t h e  "duck-under" maneuver. Litch- 

f o r d  (Ref. 26) desc r ibes  t h e  problem as fo l lows:  

... The p i l o t ,  when f l y i n g  i n  poor v i s i b i l i t y  t o  I 1  

an approach aiming p o i n t  t o o  f a r  down t h e  
runway* ( t a k i n g  h i m  t o o  h i g h  over  t h e  approach 
l i g h t s ) ,  w i l l  a t tempt  t o  f l y  beneath t h e  g l i d e  
s l o p e  when he f i r s t  a t t a i n s  even l i m i t e d  v i s u a l  
con tac t  w i t h  t h e  ground and l i g h t s .  This  so- 
c a l l e d  "duck-under" maneuver i s  i n s t i n c t i v e  and 
is done t o  r ega in  d e s i r e d  v i s u a l  p e r s p e c t i v e  
cues and t o  touch down several hundred f e e t  
n e a r e r  t h r e s h o l d ,  thereby  ga in ing  maximum r o l l -  
out  d i s t a n c e  f o r  s topping  t h e  a i r c r a f t .  However 
t h i s  maneuver, a l though p reva len t  a t  200 and 300 
f o o t  v i sua l - con tac t  h e i g h t ,  cannot b e  used 
s a f e l y  a t  o r  below 100 f e e t  because of t h e  high 
s i n k  rate (up t o  20 fps )  t h a t  r e s u l t s  so c l o s e  
t o  t h e  ground ... 
"Obviously, t h e  psychologica l  f a c t o r  of t h e  
p i l o t ' s  t r a i n i n g ,  h i s  confidence i n  t h e  guidance 
s i g n a l s ,  and h i s  d e s i r e  t o  l and  i n  poor v i s i -  
b i l i t y  wi th  t h e  same geometr ic  pa th  and per-  
s p e c t i v e  condi t ions  t h a t  normally occur  when 

J( In t h i s  con tex t ,  "too f a r "  means an I L S  g l i d e  s l o p e  i n s t a l l a -  
t i o n  beyond t h e  normal VFR aiming p o i n t .  
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v i s i b i l i t y  i s  good, b u t  a t  a h ighe r  
speed -- all t hese  must be considered.  
The day of completely r o u t i n e ,  completely 
"blind" landing  i s  s t i l l  probably f a r  away." 

Thus, t h e  adequacy of  bo th  ver t ica l  and h o r i z o n t a l  ILS guid- 

ance are s u b j e c t  t o  ques t ion ,  e s p e c i a l l y  a t  t h e  150-foot o r  

100-foot dec i s ion  h e i g h t s  p re sc r ibed  f o r  Category 11. Addi t iona l  

doubt i s  c a s t  upon t h e  wisdom of r e l y i n g  on t h e  p re sen t  ILS when 

one cons ide r s  t h a t  t h e  dec i s ion  h e i g h t  i s  a p o i n t  of t r a n s i t i o n  

from an imperfec t  e l e c t r o n i c  r e fe rence  system t o  an even less 

p e r f e c t  v i s u a l  guidance system. Great cau t ion  must be  shown i n  

a s s e s s i n g  how much v a l i d  h e i g h t  in format ion  t h e  p i l o t  can d e r i v e  

i n  Category I1 from even t h e  most s o p h i s t i c a t e d  p a t t e r n  of l i g h t s  

i f  he i s  not  c e r t a i n  of h i s  p o s i t i o n  from ins t rument  r e fe rence .  

Although h o r i z o n t a l  guidance from t h e  approach l i g h t s  i s  gene ra l ly  

regarded as adequate  i n  RVR down t o  1200 f e e t ,  t h e r e  may w e l l  be 

problems i n  a s s e s s i n g  t h e  ra te  of divergence from t h e  d e s i r e d  

h o r i z o n t a l  p a t h  which r e s u l t s  from t r a c k i n g  a d i s t o r t e d  l o c a l i z e r  

beam. 

A major e f f o r t  i s  now underway i n  t h e  a v i a t i o n  i n d u s t r y  t o  

develop an e l e c t r o n i c  guidance system of g r e a t e r  accuracy and 

i n t e g r i t y .  Attempts are be ing  made t o  dev i se  improved rad io-  

guidance techniques such as t h e  wave-guide s l i d e  s l o p e  and t h e  

mult iple-antenna ILS (MAILS) . The Radio Technica l  Commission '- - 

f o r  Aeronaut ics  S p e c i a l  Committee 1 1 7  has  announced t h e  prelim- 

i n a r y  r e s u l t s  of a two-year s tudy  which recommends t h e  configur-  

a t i o n  of a microwave instrument  landing  system which w i l l  

even tua l ly  r e p l a c e  t h e  p re sen t  ILS.  T e n t a t i v e  p l ans  ca l l  f o r  

i n i t i a l  deployment of microwave ILS dur ing  t h e  l a t e  1 9 7 0 s ,  

with  more than  1000 i n s t a l l a t i o n s  p ro jec t ed  by 1990,  (Ref. 27) 
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There i s  a l a r g e  body of op in ion  i n  t h e  a v i a t i o n  i n d u s t r y  

which ho lds  t h a t  t h e  p re sen t  I L S ,  which i s  a hybr id  of ins t rument  

and v i s*ua l  guidance, has  reached t h e  l i m i t  of s a f e  use  a t  

Category I. S t .  John (Ref. 28) ,  f o r  example, states t h a t  150 

f e e t  i s  probably t h e  lowest  s a f e  dec i s ion  h e i g h t  w i t h  t h e  p re sen t  

system i f  a manually c o n t r o l l e d  l and ing  i s  t o  b e  made. 

f o r d  i n  s e v e r a l  r e c e n t  ar t ic les  a l r eady  c i t e d  (Refs.  1 6 ,  18, 25) 

has  advanced much t h e  same conclusion,  which h e  cal ls  t h e  "100- 

f o o t  b a r r i e r " .  The burden of t h e  many arguments advanced by 

Captain Richard H. Beck (see Ref. 2 f o r  ,example) i s  t h a t  bo th  t h e  

ILS and approach l i g h t i n g  system do n o t  provide  adequate safe- 

guards a t  dec i s ion  h e i g h t  below 200 f e e t .  

L i tch-  

To p e n e t r a t e  below Category I w i t h  s a f e t y  and r e g u l a r i t y  

r e q u i r e s  two major improvements. F i r s t  i s  an e l e c t r o n i c  guidance 

s i g n a l  of g r e a t e r  i n h e r e n t  accuracy and freedom from d i s t o r t i o n .  

This  could be accomplished e i t h e r  by improvements of t h e  p re sen t  

ILS o r  by a replacement system such as t h e  microwave ILS.  The 

second improvement i s  a b e t t e r  way of provid ing  instrument  

guidance down t o ,  and v i s u a l  guidance below, t h e  dec i s ion  h e i g h t .  

Many a u t h o r i t i e s  cons ider  t h e  head-up d i s p l a y  t o  be  t h e  s o l u t i o n  

and, i n  f a c t ,  , b e l i e v e  t h e  Category I1 use t o  b e  t h e  primary 

j u s t i f i c a t i o n  f o r  adopt ion of t h e  head-up d i s p l a y  i n  c i v i l  a v i a t i o n .  

INSTRUMENTS 

A popular  d e s c r i p t i o n  of a modern a i r c y a f t  cockpi t  i s  the 

"clockshop". The t e r m  i s  n o t  i n a p t  i f  one cons iders  t h a t  i n s t r u -  

ment pane l s  and consoles  i n  p re sen t  j e t  a i r c r a f t  t y p i c a l l y  

con ta in  w e l l  over  200 s e p a r a t e  d i a l s ,  i n d i c a t o r s ,  and guages -- 
s e v e r a l  of which g ive  m u l t i p l e  i t e m s  of in format ion ,  While n o t  

a l l  are i n  use a t  one time, t h e  a r r a y  is  n e v e r t h e l e s s  formidable .  
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For b a s i c  r e fe rence  dur ing  c r i t i c a l  f l i g h t  phases such as 

approach and landing ,  missed approach, o r  t akeof f  t h e  p i l o t  makes 

primary use  of about 6 t o  8 ins t ruments :  

AD1 - p r e s e n t s  a r t i f i c i a l  hor izon  and command a t t i t u d e  
( f l i g h t  d i r e c t o r )  in format ion  b a s i c a l l y ,  b u t  i n  t h e  
approach it  may a l s o  provide  r a w  l o c a l i z e r  and g l i d e  
s l o p e  d e v i a t i o n ,  approach speed i n d i c a t i o n s ,  and r ada r  
a1 t i t ude . 
- HSI - shows compass, r a d i o  d i r e c t i o n a l  in format ion ,  and 
o t h e r  d a t a  r e l a t i n g  t o  t h e  h o r i z o n t a l  s i t u a t i o n .  

- 

Secondary Compass - i s  a r e p e a t  of t h e  dua l  H S I  i n f o r -  
mation shown at  t h e  co -p i lo t ' s  s t a t i o n  p l u s  d i r e c t i o n  
t o  VOR nav iga t ion  a i d s  and ILS compass l o c a t o r  d a t a  
(LOM and LMM). 

Airspeed I n d i c a t o r  - p r e s e n t s  IAS, Mach number, and 
maximum specd i n d i c a t i o n s .  

Altimeter - provides  a l t i t u d e  (QFE o r  QNH)* based on 
barometr ic  p re s su re  d a t a .  

Radar Altimeter - i n d i c a t e s  a b s o l u t e  a l t i t u d e  (he igh t  
above t e r r a i n )  as sensed by downward-directed r ada r .  

I V S I  - p r e s e n t s  i n s t an taneous  ver t ical  speed ( a l t i t u d e  
r a t e )  as der ived  from ba romet r i c  p r e s s u r e  da t a .  

In a d d i t i o n ,  t h e  p i l o t  may have r e f e r e n c e  t o  a clock ( f o r  e l apsed  

t i m e ) ,  t h e  a u t o p i l o t  and ILS annuncia tor  pane l ,  and t h e  compass 

comparator. 

is  shown i n  F igure  22, 

A t y p i c a l  arrangement of b a s i c  f l i g h t  ins t ruments  

* With a QFE s e t t i n g  t h e  ba romet r i c  altimeter is  ad jus t ed  s o  as 
t o  r ead  0 when t h e  a i r c r a f t  i s  on t h e  runway. The altimeter 
t h e r e f o r e  w i l l  i n d i c a t e  h e i g h t  above the '  runway e l e v a t i o n  
With QNH t h e  altimeter is  set t o  read  t h e  f i e l d  e l e v a t i o n  
above sea level .  Since t e r r a i n  e l e v a t i o n  i s  measured and shown 
on c h a r t s  w i th  r e fe rence  t o  sea l e v e l ,  t h e  a l t i t u d e  of t h e  
a i r c r a f t  i n  r e l a t i o n  t o  t e r r a i n  o b s t a c l e s  can be read  d i r e c t l y .  
To o b t a i n  h e i g h t  above t h e  runway9 t h e  a i r p o r t  e l e v a t i o n  must 
b e  s u b t r a c t e d  from t h e  altimeter reading .  
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F i g u r e  22 
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Except f o r  improvements i n  t h e  f l i g h t  d i r e c t o r  i n d i c a t i o n s  

of t h e  AD1 and t h e  a d d i t i o n  of t h e  radar alt imeter,  t h e s e  b a s i c  

f l i g h , t  ins t ruments  have remained s u b s t a n t i a l l y  unchanged ove r  

t h e  last  40 yea r s .  The p i l o t ' s  ph rase ,  " D o o l i t t l e  d i a l s " ,  i s  

both  a r e fe rence  t o  t h e  a n t i q u i t y  of t h e s e  ins t ruments  and a conscious 

pun on t h e  va lue  i n  modern, complex a i r c r a f t .  Numerous s t u d i e s  

have shown t h a t  the p resen t  pane l  ins t ruments  have j u s t  about 

reached t h e  l i m i t  o f  u s e f u l  evo lu t ion ,  e s p e c i a l l y  as guidance f o r  

t h e  more c r i t i c a l  f l i g h t  maneuvers. Among t h e  shortcomings of 

t h e s e  ins t ruments  are t h e  l a c k  of i n t e g r a t i o n ,  i n a p p r o p r i a t e  s i z e  

and s c a l i n g ,  l o c a t i o n  i n  r e l a t i o n  t o  t h e  e x t e r n a l  f i e l d  of  view, 

type  of in format ion  p resen ted ,  and level  of  i l l u m i n a t i o n  -- each 

of which i s  d iscussed  below. 

, 

I n t e g r a t i o n  of  ins t ruments  may be  taken  i n  two senses .  The 

s imples t  meaning i s  t h e  combination of several d i f f e r e n t  i n d i c e s  

w i t h i n  a r a t h e r  s m a l l  v i s u a l  area, o f t e n  w i t h i n  t h e  conf ines  of  

a s i n g l e  d i s p l a y  o r  i n d i c a t o r .  The n o t i o n  i s  t o  f i t  as many items 

of in format ion  i n t o  as compact an area as p o s s i b l e .  The a d d i t i o n  

of ILS dev ia t ion  p o i n t e r s ,  a i r s p e e d  and r a d a r  a l t i t u d e  informat ion  

t o  t h e  b a s i c  ADI/Flight D i r e c t o r  i s  an  example of  t h i s  type  of 

i n t e g r a t i o n .  I n t e g r a t i o n ,  however, can go f a r t h e r ;  and i n  i t s  

second meaning t h e  term r e f e r s  t o  combining s e v e r a l  i t e m s  of 

in format ion  i n t o  a common frame of r e fe rence .  

t h i s  sense  i s  more than  j u s t  a p h y s i c a l  aggrega t ion;  i t  

involves  p r e s e n t i n g  r e l a t e d  i t e m s  of in format ion  i n  a s i n g l e  set 

of coord ina te  axes  t o  form a v i s u a l  o r  s p a t i a l  analog o f  t h e  

f l i g h t  s i t u a t i o n .  The several CRT d i s p l a y s  ( e i t h e r  head-up 

o r  pane l  mounted) which have been developed f u r  m i l i t a r y  a i r c r a f t  

are examples of t h i s  type  of i n t e g r a t i o n .  

I n t e g r a t i o n  i n  

I n  e i t h e r  s ense  ~f t h e  word, p re sen t  c i v i l  a v i a t i o n  i n s t r u -  
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ment pane ls  are n o t  i n t e g r a t e d ,  The ins t ruments  are d i spe r sed  

over a v i s u a l  area of 30" o r  more, which can ha rd ly  be  c a l l e d  

compact. 

coord ina tes  D i r e c t i o n a l  and nav iga t ion  informat ion  i s  i n  

range-azimuth o r  rho- the ta  coord ina tes .  Airspeed,  a l t i t u d e ,  and 

ver t ica l  v e l o c i t y  are shown i n  numerical  form, e i t h e r  on c i r c u l a r  

scales o r  d i g i t a l  readouts  o r  bo th .  To form a coherent p i c t u r e  

of t h e  f l i g h t  s i t u a t i o n  t h e  p i l o t  must i n t e g r a t e  t h e s e  d i s p a r a t e  

i n d i c a t i o n s  mental ly .  The cos t  i n  t i m e  and e f f o r t  i s  a s i z e a b l e  

a d d i t i o n  t o  t h e  p i l o t ' s  burden, e s p e c i a l l y  when he must compare 

in s t rumen ta l  in format ion  wi th  v i s u a l  in format ion  e x t a c t e d  from 

t h e  e x t e r n a l  scene  (which i s  i n  n a t u r a l  o r  real-world coord ina te s ) .  

A l t i t u d e  informat ion  i s  presented  i n  azimuth-elevation 

The s i z e  and s c a l i n g  of pane l  ins t ruments  i s  i n  many cases 

i n a p p r o p r i a t e  f o r  c r i t i ca l  f l i g h t  t a s k s  which c a l l  f o r  p r e c i s e  

c o n t r o l .  Coyplaints  are c h i e f l y  d i r e c t e d  a t  p r e s e n t  .day a t t i -  

tude  and f l i g h t  d i r e c t o r  ins t ruments .  Two examples w i l l  serve 

t o  i l l u s t r a t e  t h e  p o i n t .  

P i t c h  a t t i t u d e  on t h e  AD1 i s  read by t h e  displacement of t h e  

a r t i f i c i a l  hor izon  wi th  r e s p e c t  t o  an a i r c r a f t  symbol which 

t y p i c a l l y  measures 0.094 inches  h igh  by 2.0 inches  wide. The 

s c a l i n g  of t h e  a r t i f i c i a l  ho r i zon  is  u s u a l l y  about 1" = 0.065 

inch .  Thus, a change of 1' i n  t h e  p i t c h  of t h e  a i r c r a f t  i s  

r ep resen ted  by a movement of 0.065 inch  on an instrument  l o c a t e d  

25-28 inches  from t h e  p i l o t ' s  eye.  I n  t e r m s  of v i s u a l  angles  

t h i s  means 1' of a i r c r a f t  r o t a t i o n  i n  p i t c h  i s  i n d i c a t e d  by a 

symbol displacement of about 7.5 minutes of arc. This  scale 

f a c t o r  of 1:8 i s  a v a i l a b l e  only on t h e  l a r g e r  and more modern 

ADIS. Lami (Ref. 29) s ta tes  t h a t  a s c a l e  f a c t o r  of 1 . 1 7  degrees  

is n o t  uncommon i n  modern j e t  a i r c r a f t  a t t i t u d e  ins t ruments .  
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Sca l ing  of t h e  1:s t o  1:lO i s  considered h igh  s e n s i t i v i t y ;  

and t h e  new u l t r a - p r e c i s e  AD1 designed f o r  t h e  Concorde w i l l  

have a scale f a c t o r  of 2.4 mm. p e r  degree,  which i s  t o  say 1:6.  

A t  t h e  approach th re sho ld  a 32-microamp l o c a l i z e r  beam 

d e f l e c t i o n  i s  equ iva len t  t o  75 f e e t  of displacement from t h e  

runway c e n t e r l i n e .  Since t h i s  i s  h a l f  t h e  width of t h e  s t anda rd  

al l -weather  runway, t h e  p i l o t  must keep t h e  a i r c r a f t  track 

w i t h i n  35-40 f e e t  of t h e  c e n t e r l i n e  t o  a l low f o r  gear  width 

and t o  prevent  running o f f  t h e  runway s u r f a c e  a f t e r  touchdown. 

This  d i s t a n c e  corresponds t o  a 16-microamp l o c a l i z e r  d e f l e c t i o n ,  

which i s  r ep resen ted  on t h e  AD1 by a needle  movement of about 

0.15 i n c h ,  The d i f f e r e n c e  between a s a f e  touchdown and one wi th  

t h e  l and ing  gear  o f f  t h e  runway i s  thus  shown by a d i f f e r e n c e  

i n  need le  p o s i t i o n  of only 0.15 inches  ( o r  24 minutes of arc), 

which is only about 1-1/2 times t h e  width of t h e  needle  i t s e l f .  

(Ref. 30) 

The d e f i c i e n c e s  of pane l  ins t rument  s c a l i n g  i s  by no means 

confined t o  t h e  AD1 o r  even t o  approach and landing .  

of a l t i t u d e  i s  denoted by a 1/8 t o  1 /10  of t h e  f u l l  r evo lu t ion  of 

t h e  p o i n t e r , o n  altimeters. 

f e e t  p e r  minute of v e r t i c a l  v e l o c i t y  i s  on ly  a l i t t l e  more than  

a need le  width on a t y p i c a l  IVSI. 

V1, VR9 and V 

12O of r evo lu t ion  of t h e  p o i n t e r .  

100 f e e t  

The d i f f e r e n c e  between 600 and 700 

The d i f f e r e n c e  between 

on an a i r speed  i n d i c a t o r  o f t e n  amounts t o  10" o r  2 

Present  pane l  ins t ruments  are a l s o  s u b j e c t  t o  cri t icism because 

of t h e i r  l o c a t i o n  i n  r e l a t i o n  t o  t h e  p i l o t ' s  area of  i n t e r e s t .  

The p i l o t ' s  b a s i c  dilemna has always been t h a t  when he looks ou t  

of t h e  cockpi t  he cannot see t h e  ins t ruments  and when he f l i e s  

by ins t ruments  he  has  no e x t e r n a l  v i s u a l  r e f e r e n c e ,  The head-up 
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d i s p l a y  w a s  o r i g i n a l l y  conceived as a s o l u t i o n  t o  t h i s  dilemna. 

Naish (Ref. 31) ca l l s  t h i s  l o c a t i n g  t h e  in s t rumen ta l  in format ion  

i n  a more " e f f i c i e n t "  p o s i t i o n  w i t h  r e s p e c t  t o  t h e  p i l o t ' s  t o t a l  

v i s u a l '  t a s k .  

i n s i d e  t o  o u t s i d e  t h e  cockpi t  and vice versa dur ing  low a l t i t u d e  

maneuvers are well-known and they  have been amply d iscussed  i n  

Chapter I V .  Many of t h e  advocates  of t h e  head-up d i s p l a y  cons ider  

t h e  e l i m i n a t i o n  of t h e  need f o r  i n s ide -ou t s ide  t r a n s i t i o n  t o  be i t s  

major advantage.  

The consequences of having t o  s h i f t  v i s i o n  from 

Despi te  t h e  weal th  of in format ion  a r r ayed  on p resen t  ins t rument  

pane ls ,  many observers  b e l i e v e  t h e r e  i s  no t  enough o r  t h a t  i t  i s  

not  of  t h e  r i g h t  k ind .  The p i l o t ' s  u l t i m a t e  concern f o r  c o n t r o l  

of t h e  a i r c r a f t  i n  t h e  v e r t i c a l  dimension i s  t h e  r e l a t i o n  of h i s  

f l i g h t  pa th  angle  t o  t h e  hor izon .  There i s  no one ins t rument  i n  

t h e  cockpi t  which g ives  him t h i s  in format ion .  H e  must d e r i v e  an 

estimate from readings  of a l t i t u d e ,  a i r speed ,  and ver t ica l  v e l o c i t y .  

A cons ide rab le  improvement i n  performance of p r e c i s e  ver t ica l  

c o n t r o l  t a s k s  can be  e f f e c t e d  i f  t h e  p i l o t  i s  given a d i r e c t  d i s -  

p l ay  of  h i s  f l i g h t  p a t h  angle .  (See, f o r  example, Ref. 32, 33.) 

S imi l a r ly ,  speed c o n t r o l  ( e s p e c i a l l y  i n  low-speed regimes) i s  g r e a t l y  

f a c i l i t a t e d  by a d i s p l a y  of ang le  of at tack informat ion .  Y e t ,  no 

commercial t r a n s p o r t  has  an  a n g l e  of a t t a c k  i n d i c a t o r  even though 

such ins t ruments  have been s t anda rd  i n  m i l i t a r y  a i r c r a f t  f o r  

several yea r s .  A s  a f i n a l  example, no v i s u a l  or ins t rument  system 

now i n  use  i n  c i v i l  a v i a t i o n  provides  guidance f o r  t h e  f l a r e  maneuver, 

which consequently has  t o  be  conducted s o l e l y  by e x t e r n a l  v i s u a l  

r e fe rence .  Cramer (Ref. 34) r e p o r t s  s i g n i f i c a n t  improvement i n  

f l a r e  and touchdown performance wi th  a d i s p l a y  us ing  r ada r  a l t i -  

meter inputs., Beck (Ref. 35) cons ide r s  improved f l i g h t  p a t h  ang le  

c o n t r o l  below 200 f e e t  and f l a r e  a n t i c i p a t i o n  and guidance t o  b e  

among t h e  p r i n c i p l e  advantages o f f e r e d  by a head-up d i s p l a y ,  
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The i l l u m i n a t i o n  of a i r c r a f t  ins t ruments  i s  of concern f o r  

two reasons .  F i r s t ,  t h e  i l l u m i n a t i o n  of t h e  ins t rument  pane l  i s  

seldom. uniform. There are dark  s p o t s  and "hot" s p o t s ,  i . e . ,  

i n d i v i d u a l  ins t ruments  which are f a r  below o r  f a r  above t h e  average 

level of  i l l u m i n a t i o n .  Th i s  problem i s  f u r t h e r  complicated by 

accumulated dus t  p a r t i c l e s  on t h e  ins t rument  g l a s s  which d i f f u s e  

t h e  image of t h e  ins t rument  f a c e  o r  produce g l a r e .  The second 

cause f o r  concern about ins t rument  l i g h t i n g  i s  t h e  d i s p a r i t y  which 

may e x i s t  between t h e  i l l u m i n a t i o n  level i n  t h e  cockpi t  and t h a t  

of t h e  e x t e r n a l  scene.  

from one t o  t h e  o t h e r ,  t h e  de lay  due t o  t h e  b r i g h t n e s s  adap ta t ion  

process  slows t h e  rate a t  which he  can assimilate e i t h e r  ins t rument  

in format ion  o r  e x t e r n a l  v i s u a l  cues .  Here, t o o ,  i s  an area i n  

which t h e  head-up d i s p l a y  can be of he lp .  When viewing t h e  HUD 

t h e  p i l o t  i s  a l r eady  adapted t o  t h e  i l l u m i n a t i o n  of t h e  e x t e r n a l  

surrounding.  H e  i s  thus  v i s u a l l y  prepared  t o  pe rce ive  and i n t e r -  

p r e t  e x t e r n a l  v i s u a l  cues ,  which he  would n o t  be  i f  he  had j u s t  

s h i f t e d  h i s  regard  from an ins t rument  pane l  of some d i f f e r e n t  i l l u -  

minat ion l e v e l .  

When t h e  p i l o t  must t r a n s f e r  h i s  v i s i o n  

The foregoing  i s  by no means a complete c a t a l o g  of t h e  problems 

a s s o c i a t e d  wi th  present-day a i r c r a f t  ins t ruments .  

l i t e r a t u r e  con ta ins  many s t u d i e s  of  o t h e r  problems, some of which 

are n o t  s o  much shortcomings of t h e  ins t ruments  themselves as they  

are of informat ion  sens ing  and mechanizat ion techniques .  

t h e s e  are t h e  inaccuracy and l a g  of  baromet'ric p re s su re  in s t rumen t s ,  

t h e  l a c k  of a s u i t a b l e  compromise between barometr ic  and r a d a r  

a l t i m e t r y ,  QNR vs QFE altimeter s e t t i n g s ,  ang le  of a t t a c k  and 

d r i f t  ang le  sens ing ,  and p recess ion  of gy roscop ica l ly  s t a b l i z e d  

ins t ruments .  Since t h e s e  are b a s i c  problems of in format ion  sens ing  

and d e r i v a t i o n ,  t h e  head-up d i s p l a y  o f f e r s  no b e t t e r  s o l u t i o n s  i n  

t h i s  regard  than  do s t anda rd  ins t ruments .  

The r e sea rch  

Among 
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The purpose i n  r a i s i n g  t h e s e  ques t ions  is  simply t o  i n d i c a t e  

why no f u l l y  adequate  s o l u t i o n  t o  t h e  p i l o t ' s  in format ion  needs ,  

head-up o r  o therwise ,  has  y e t  been devised.  

PROCEDURES 

L igh t ing  systems,  e l e c t r o n i c  guidance equipment, and ins t ruments  

are each  p a r t  of t h e  s o l u t i o n  of t h e  l o w - v i s i b i l i t y  problem. 

f i n a l  e lements  of t h e  s o l u t i o n  are t h e  p i l o t  himself  and t h e  way 

he makes use of t h e s e  a i d s .  The success  of t h e  l o w - v i s i b i l i t y  sys-  

t e m  depends i n  p a r t ,  t h e r e f o r e ,  on ope ra t ing  procedures .  The capa- 

b i l i t i e s  and l i m i t a t i o n s  of t h e  ground and a i r b o r n e  equipment 

t end  t o  shape and c o n s t r a i n  how they  w i l l  be  used. S t i l l ,  t h e r e  

is  a c e r t a i n  freedom of choice  about  procedures .  

an optimum procedure is  important  because i n e f f i c i e n t  o r  inappro- 

p r i a t e  use  of t h e  equipment can degrade t h e  s a f e t y  and e f f e c t i v e -  

nes s  of t h e  system j u s t  as much as equipment f a u l t s  themselves. 

The 

The s e l e c t i o n  of 

The l o w - v i s i b i l i t y  procedures  now i n  use  have evolved over  

y e a r s  of exper ience ,  which inc ludes  a c e r t a i n  amount of t r i a l  and 

e r r o r  as w e l l  as en l igh tened  innovat ion .  While r e g u l a t o r y  bodies  

such as t h e  FAA and ICAO have e s t a b l i s h e d  gene ra l  r u l e s  governing 

ope ra t ing  p r a c t i c e ,  t h e  choice as t o  how t o  implement t h e s e  r u l e s  

i s  s t i l l  l e f t  up t o  t h e  i n d i v i d u a l  a i r  carrier o r  ope ra to r .  This  

arrangement seems t o  be mutual ly  s a t i s f a c t o r y .  The FAA and ICAO 

show high  r e s p e c t  f o r  t h e  p re roga t ives  of t h e  a i r c r a f t  o p e r a t o r s  

and avoid  ( e i t h e r  by choice  o r  f o r c e  of c i rcumstances)  d i c t a t i n g  

too  scrupulous ly  and s p e c i f i c a l l y  what procedures  are t o  be  

fol lowed.  The only c o n s t r a i n t  imposed by t h e s e  r e g u l a t i n g  bodies  

i s  t h a t  t he  i n d i v i d u a l  o p e r a t o r ' s  procedures  conform t o  t h e  gene ra l  

p recep t s  of s a f e t y  and sound practice.  The o p e r a t o r s ,  i n  t u r n ,  

b e l i e v e  t h a t  they  no t  only have t h e  r i g h t  t o  make dec i s ions  regard- 

i n g  s p e c i f i c  procedures  b u t  t h a t  t hey  are i n  t h e  b e s t  p o s i t i o n  t o  
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do so  because of t h e  immediacy of t h e i r  exper ience .  They a l s o  

b e l i e v e  they  should be  allowed t o  make s p e c i f i c  s e l e c t i o n s  and 

mod i f i ca t ions  of procedures  which t h e i r  exper ience  l eads  them 

t o  expect  w i l l  be i n  t h e  b e s t  i n t e r e s t  of themselves as p r i v a t e  

e n t e r p r i s e s  o r  of t h e  p u b l i c  which they  serve. 

The fo l lowing  comments on procedures  should n o t ,  t h e r e f o r e ,  

be  taken  as a sugges t ion  f o r  t i g h t e r  r e g u l a t i o n  o r  s t r ic ter  con- 

formi ty  t o  a given set  of r u l e s .  The i n t e n t  i s  only t o  examine 

t h e  p rocedura l  a spec t  of t h e  l o w - v i s i b i l i t y  problem t o  see what 

e f f e c t  i t  has  on t h e  p i l o t ' s  guidance and c o n t r o l  tasks and 

t o  i d e n t i f y  areas i n  which t h e  head-up d i s p l a y  might o f f e r  r e l i e f .  

The f l i g h t  c r e w  of a c i v i l  a i r c r a f t  normally c o n s i s t s  of a 

p i l o t  (Captain)  and co-p i lo t  ( F i r s t  O f f i c e r ) .  For some a i r c r a f t  

and f o r  some a i r l i n e s  a t h i r d  crew member ( F l i g h t  Engineer) i s  

p r e s e n t .  In a d d i t i o n  t o  h i s  d u t i e s  as a p i l o t ,  t h e  Captain acts 

as commander of t h e  a i r c r a f t .  The F i r s t  O f f i c e r ' s  duty is  t o  act 

as an a s s i s t a n t  t o  t h e  p i l o t ,  which i n  a d d i t i o n  t o  f l i g h t  c o n t r o l  

t a s k s  inc ludes  r e s p o n s i b i l i t y  f o r  r a d i o  communication, record  

keeping,  management of non-f l igh t -cont ro l  systems,  and nav iga t ion .  

Some of  t h e s e , r e s p o n s i b i l i t i e s  may be  assumed by t h e  F l i g h t  

Engineer i f  t h e r e  is  one. Normally t h e  p i l o t  c o n t r o l s  t h e  air-  

c r a f t  o r  monitors t h e  performance of t h e  a u t o p i l o t ,  and the F i r s t  

O f f i c e r  a t t e n d s  t o  a l l  o t h e r  tasks a t  t h e  p i l o t ' s  d i r e c t i o n .  

Occasional ly  t h e s e  r o l e s  may be r eve r sed  f o r  t r a i n i n g  purposes o r  

a t  t h e  p i l o t ' s  d i s c r e t i o n  b u t  t h i s  i s  not  important  f o r  most of t h e  

fo l lowing  d i scuss ion .  

Most of t h e  concern about procedures  c e n t e r  around t h e  

approach and l and ing  phases ,  e s p e c i a l l y  i n  l o w - v i s i b i l i t y  condi- 

t i o n s .  Beck (Ref,  3 6 )  has o f f e r e d  a d e t a i l e d  d e s c r i p t i o n  of t h e  
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Customary U.S. procedures  and of a l t e r n a t e s  employed by B r i t i s h  

and French a i r l i n e  crews. The fo l lowing  i s  a condensed v e r s i o n  

of Beck's a n a l y s i s  of approach and landing  procedures  and of t h e  

problems encountered i n  low v i s i b i l i t y  e 

"When t h e  a i r p l a n e  s tar ts  down t h e  g l i d e  s l o p e ,  
t h e  assumption must be  t h a t  t h e  Captain w i l l  manage 
t h e  approach, t h a t  any a l l o c a t i o n  of crew d u t i e s  w i l l  
be  such t h a t  t h e r e  w i l l  be  no abrogat ion  of t h e  
p r e r o g a t i v e  of command, and t h a t  h e ,  t h e  Captain,  
w i l l  make t h e  dec i s ion  as t o  whether t h e  approach i s  
t o  be  cont inued o r  a go-around executed.  

"And j u s t  how i s  t h i s  a l l  t o  b e  accomplished? 
A t  p r e s e n t ,  t h e r e  appears  t o  be  t h r e e  g e n e r a l  methods, 
(which s h a l l  be  c a l l e d )  ... Case I, 11, and 111. 

"Case I. The Captain hand f l i e s  t h e  p l ane  o r ,  i f  
on au tomat ics ,  exercises complete con- 
t r o l  of t h e  e n t i r e  approach t o  t h e  DH. 
A t  t h i s  p o i n t ,  t h e  F i r s t  O f f i c e r ,  who is  
looking  ou t  t h e  window, i n d i c a t e s  
whether o r  n o t  t h e  r equ i r ed  v i s u a l  r e f -  
e r ence  e x i s t s .  Then t h e  Captain looks 
up and makes h i s  d e c i s i o n  whether t o  
cont inue  o r  whether a missed approach 
must b e  executed.  This  i s  t h e  gene ra l  
r o u t e  toward which most of U.S. Car- 
riers have d i r e c t e d  t h e i r  p l a n s  and think-  
ing .  

" ( In)  . . . i d e a l  approach cond i t ions  9 .  e t h e  a i r c r a f t  
is  p rogres s ing  s a t i s f a c t o r i l y  down t h e  approach pa th .  
The Captain i s  e i t h e r  f l y i n g  manually by us ing  r a w  
d a t a  of t h e  l o c a l i z e r  and g l i d e  s l o p e  as w e l l  as 
computed command informat ion ,  o r  i s  on automatics  
and i s  monitor ing t h e  response of t h i s  au tomat i c .  
equipment t o  t h e  ILS i n p u t s  and is ,  i n  f a c t ,  
e x e r c i s i n g  complete c o n t r o l  of t h e  f l i g h t .  Since 
t h e  a i r p l a n e  is  and cont inues  t o  remain " in  t h e  
s l o t , "  he has  j u s t  about formed an opin ion  regard- 
i n g  t h e  success  of t h e  approach. 

"The F i r s t  O f f i c e r  meanwhile, i s  performing h i s  
ass igned  f u n c t i o n s ,  such as monitor ing h i s  pane l  
ins t ruments  and c a l l i n g  o u t  c e r t a i n  a l t i t u d e s  
as t h e  a i r c r a f t  p rog res ses  down t h e  g l i d e  s l o p e .  
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Some a i r l i n e s  r e q u i r e  t h e  F i r s t  O f f i c e r  t o  c ros s  
check h i s  pane l  ins t ruments  w i t h  those  of t h e  
Capta in ' s .  This  r e s u l t s  i n  a d e f i n i t e  d i s r u p t i o n  
of h i s  scan  p a t t e r n  as w e l l  as in t roduc ing  t h e  
problem of p a r a l l a x .  A t  some pre-determined 
p o i n t ,  t h i s  F i r s t  O f f i c e r  w i l l  have t o  s ta r t  
looking o u t  t h e  window f o r  o u t s i d e  v i s u a l  cues .  
Since a l t i t u d e  i s  perhaps t h e  most important  re- 
minder t h e  Captain wants before  h i s  a r r iva l  a t  
t h e  minimum dec i s ion  h e i g h t ,  someone w i l l  have t o  
cal l  it o u t  i f  t h e  i n t e g r a t e d  crew concept i s  t o  
b e  maintained.  I f  a Pi lot-Engineer  i s  a member 
of  t h e  crew, he  could do i t .  I f  it i s  a 
two-man crew, t h e  F i r s t  O f f i c e r  w i l l  have t o  d i v i d e  
h i s  a t t e n t i o n  between t h e  cockpi t  and t h e  o u t s i d e  
world,  and t h i s  w i l l  r e q u i r e  a cons tan t  focus ing  and 
r e focus ing  of v i s i o n .  A s  t h e  DH is approached, t h e  
F i r s t  O f f i c e r  w i l l  now begin t o  p i c k  up fragmentary 
o u t s i d e  cues and w i l l  then  u s u a l l y  d i r e c t  h i s  e n t i r e  
a t t e n t i o n  toward i d e n t i f y i n g  them. 

"The b a s i c  concept of  t r a c k i n g  should be mentioned 
at t h i s  po in t .  The a i r c r a f t  i s  doing one of t h r e e  
th ings :  t r a c k i n g  on o r  p a r a l l e l  t o ,  t r a c k i n g  away 
from, o r  t r a c k i n g  toward a d e s i r e d  pa th  over  t h e  
ground. A t  approach speed and a t  a low a l t i t u d e  
w i t h  r e s t r i c t e d  v i s i b i l i t y ,  t r a c k i n g  i s  determined 
by f i r s t  observ ing  a known o b j e c t  such as a l i g h t ,  
f o r  example, t hen  observing another  l i g h t  o r  
series of them and comparing them w i t h  what i s  f i r s t  
seen.  

"Experience h a s  shown t h a t ,  i n  o r d e r  t o  do t h i s ,  
a p i l o t ' m u s t  see a h o r i z o n t a l  segment of l i g h t s  
equ iva len t  t o  about t h r e e  seconds of r e a c t i o n  t i m e .  
A t  approach speed of 140 kno t s ,  t h e  r equ i r ed  
segment w i l l  be  a t  least 700 f e e t .  To menta l ly  
d i g e s t  t h i s  in format ion ,  e v a l u a t e  i t ,  and dec ide  
whether t h e  a i r c r a f t  i s  o r  is not  tra.cking as 
d e s i r e d  may take a f r a c t i o n  of a second o r  i t  may 
take several seconds,  depending on t h e  c J a r i t y ,  
r e a d a b i l i t y ,  and s i m p l i c i t y  of t h e  cues.  . , .This  
de lay  can b e  complicated by having t h e  p l ane  i n  t h e  
n o t  uncommon p o s i t i o n  where i t  i s  yawed t o  t h e  l e f t ,  
f o r  example, due t o  a crosswind, and t h e  a u t o p i l o t  
has  p laced  t h e  p lane  t o  t h e  l e f t  of t h e  c e n t e r l i n e .  
Fragmentary cues begin t o  appear  t o  t h e  F i r s t  
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O f f i c e r  o u t s i d e  t h e  window t o  h i s  r i g h t .  Since t h e  
F i r s t  O f f i c e r  may never  have been exposed t o  a 
s i t u a t i o n  l i k e  t h i s  be fo re ,  e i t h e r  under a c t u a l  
cond i t ions  o r  by s imula t ion ,  t h e r e  i s  grave doubt 
as: t o  whether he  w i l l  be  a b l e  t o  quick ly  and 
a c c u r a t e l y  determine l a te ra l  t r a c k i n g  v e l o c i t y  
o r  a p o s i t i v e  t r a c k i n g  tendency. 

"F ina l ly ,  when t h e  F i r s t  O f f i c e r ,  i n  h i s  judgment, 
has  s u f f i c i e n t  cues he w i l l  s a y ,  as one carrier 
h a s  s t i p u l a t e d ,  "Runway i n  s i g h t , "  i f  t h e  runway and/ 
o r  t h e  approach l i g h t  system i s  v i s i b l e .  The Captain 
then  w i l l  look up and proceed t o  l and  h i s  a i r p l a n e .  
I f  t h e  F i r s t  O f f i c e r  states,  "Minimums. .No runway," 
t h i s  means t h a t  t h e  runway and/or  approach l i g h t  
system i s  n o t  v i s i b l e ,  t h a t  no i d e n t i f i a b l e  v i s u a l  
cues e x i s t  f o r  cont inuing  t h e  approach by v i s u a l  
r e f e r e n c e ,  and now t h e  Captain must r o t a t e  t h e  
a i r c r a f t ,  apply-power,  and execute  a go-around. 
This  t hen  i s  a very  gene ra l  d e s c r i p t i o n  of Case I. 

... There i s  a v i s u a l  t i m e  l a g  involved when going 
from o u t s i d e  v i s u a l  cues t o  ins t ruments  and back 
aga in  when under condi t ions  of reduced v i s i b i l i t y .  
Applying t h i s  f a c t  t o  t h e  d u t i e s  of t h e  F i r s t  
O f f i c e r  when t h e  a i r p l a n e  i s  approaching t h e  100- 
f o o t  DH, i t  becomes obvious t h a t  t h e r e  e x i s t s  
cons ide rab le  area f o r  e r r o r  by either i n c o r r e c t l y  
reading  t h e  p a n e l  i n s t rumen t s ,  e s p e c i a l l y  a baro- 
metric altimeter, o r  by improperly a s s e s s i n g  t h e  out-  
s i d e  cues,  o r  bo th .  To t h i s  v i s u a l  l a g ,  now add 
t h e  seconds,  o r  f r a c t i o n s  t h e r e o f ,  f o r  t h e  t i m e  
involved,  t o  say  t h e  words, "Minimums -- No 
runway," p l u s  t h e  t i m e  f o r  t h e  Captain t o  hear 
t h e s e  words and p u t  them i n t o  a c t i o n  i n  t h e  form 
of  c o n t r o l  i n p u t s ,  p l u s  t h e  f a c t  t h a t  it t a k e s  a 
l a r g e  j e t  t r a n s p o r t  n e a r l y  2 seconds t o  respond 
t o  c o n t r o l  i n p u t s ,  and you w i l l  end up w i t h  a 
f a i r l y  formidable  t o t a l  t i m e  involved * t h a t  could 
e a s i l y  exceed 4-5 seconds.  Remember t h a t  a t  t h e  
100-foot dec i s ion  h e i g h t ,  t h e  a i r p l a n e  i s  only 6 
seconds from t h e  th re sho ld ,  and t h a t  it doesn ' t  
come t o  t h i s  100-foot p o i n t  and s t o p ,  b u t  w i l l  be 
descending through t h i s  a l t i t u d e  Therefore ,  by 
t h e  t i m e  t h e  a i r c r a f t  has  s t a r t e d  t o  d e v i a t e  from 
its descent ,  i t  w i l l  be  cons iderably  less than  100 
f e e t  from t h e  ground, 
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"The Royal A i r c r a f t  Establ ishment  a t  Bedford,  
England, has  found t h a t  t h e  shortcomings of 
v i s u a l  c o n t r o l  i n  p i t c h  are one of t h e  major 
s a f e t y  problems i n  a low v i s i b i l i t y  l and ing  when 
p resen t  day techniques  are used. They have con- 
c luded t h a t  s a t i s f a c t o r y  v i s u a l  p i t c h  performance 
i n  a Category I1 approach w i l l  n o t  be r e a l i z e d  
u n t i l  t h e  p i l o t  sees t h e  runway th re sho ld  and h i s  
aiming p o i n t  beyond. On a g l i d e  s l o p e  of 3 degrees  
w i t h  an RVR of 1200 f e e t ,  they  concluded t h a t  t h e  
p i l o t ' s  eye would have t o  be  as low as 70 feet t o  
b e  a b l e  t o  have t h i s  proper  judgment. 

-- -- 

" L e t ' s  t o s s  another  real "hooker" i n  t h e  po t  and 
st ir  it around f o r  a minute. Again, we w i l l  
assume t h e  i d e a l  approach has  occured up t o  t h e  
p o i n t  where t h e  a i rcraf t  has  a r r i v e d  at t h e  100- 
f o o t  DH on l o c a l i z e r  and on g l i d e  s l o p e ,  t h e r e  were 
s u f f i c i e n t  v i s u a l  cues ,  and t h e  Captain has 
decided t o  cont inue  t h e  approach. Somewhere be- 
tween 100 f e e t  and t h e  touchdown, t h e  Captain has  
become involved  i n  a non-homogeneous a i r  mass, 
and a "blob" of fog  h a s  d r i f t e d  ac ross  t h e  runway. 
near t o  t h e  RVR t ransmissometer  s i t e  b u t  n o t  
a f f e c t i n g  i t s  readout ,  o r  t h e r e  has  been a r a p i d  
d e t e r i o r a t i o n  of v i s i b i l i t y .  E i t h e r  of  two f o l -  
lowing even t s  could occur.  

I 1  F i r s t ,  t h e  Captain,  who has  been i n  con tac t  v i su-  
a l l y ,  w i l l  have had t h e  f a r t h e s t  l i g h t s  obscured. 
This  r a p i d  fo re shor t en ing  of h i s  v i s u a l  segment, 
o r  h i s  l o s s  of v i s u a l  cues may immediately cause 
h i m  t o  b e l i v e  h e  has  i n a d v e r t e n t l y  "pul led  t h e  nose 
up" and 'thus cu t  o f f  h i s  view of t h e  n e a r e s t  l i g h t s .  
Unfor tuna te ly ,  s i n c e  t h e  l i g h t s  f a r t h e s t  away have 
been l o s t  from view, t h e  n a t u r a l  tendency f o r  the 
p i l o t  i s  t o  push forward on t h e  yoke and lower t h e  
nose .  The r e s u l t a n t  i n c r e a s e  i n  t h e  rate of de- 
s c e n t  could very  w e l l  be  so  r a p i d  as t o  p l a c e  t h e  
a i r c r a f t  i n  an unrecoverable  a t t i t u d e ,  r e s u l t i n g  
i n  an undershoot o r  an  uncon t ro l l ed  con tac t  w i t h  
t h e  runway. 

"Second, an  a t tempt  might be  made t o  execute  a 
missed approach. I f  t h i s  i s  commended, i t  must be 
remembered t h a t  bo th  p i l o t s  w i l l  undoubtedly 
be  "head-up" looking  ou t  t h e  windows. 
of them can be  e x a c t l y  cognizant  of t h e  p l a n e ' s  
rate of descent ,  heading i n  degrees ,  o r  bank angle .  

Thus, n e i t h e r  
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It t h e r e f o r e  fo l lows  t h a t  one p i lo t ,undoubtedly  
t h e  Captain,  w i l l  have t o  r e t u r n  to t h e  pane l  
ins t ruments  and suddenly a t tempt  t o  absorb t h e  
t o r a l l y  d i f f e r e n t  environment of head down i n s t r u -  
ment scanning,  a l low f o r  eye adap ta t ion  from long 
range t o  s h o r t  range focus  (poss ib ly  under red  
l i g h t s ,  a t  n i g h t ) ,  immediately recognize  and accu ra t e ly  
assess t h e  pane l  s i t u a t i o n  d i s p l a y ,  and a t  t h e  
same t i m e  begin t h e  execut ion  of r o t a t i o n  and power 
a p p l i c a t i o n ,  perhaps us ing  non-computed p i t c h  guid- 
ance d a t a ,  A l l  t h i s  must be  accomplished i n  a 123-ton 
v e h i c l e  t h a t  is  t r a v e l i n g  a t  140 kno t s ,  i s  s i n k i n g  
a t  t h e  rate of some 700 f e e t  p e r  minute,  h a s  a 
145-foot wing span,  and i s  w e l l  below 100 f e e t  from 
t h e  ground. C e r t a i n l y ,  t h i s  t ype  of maneuver can 
b e  c l a s s i f i e d  as a very  low-grade c a l c u l a t e d  r i s k .  

"Case 11. The F i r s t  O f f i c e r  f l i e s  t h e  p l ane ,  o r  i f  
on au tomat ics ,  e x e r c i s e s  p h y s i c a l  con- 
t r o l  on t h e  approach manager. A t  some 
predetermined a l t i t u d e ,  t h e  Captain 
starts looking  o u t s i d e  t h e  window f o r  
v i s u a l  cues.  When t h e  DH is  reached,  i t  
i s  c a l l e d  ou t  by t h e  F i r s t  O f f i c e r  (or  
Pi lot-Engineer)  and t h e  Captain then  de- 
c ides  whether t o  cont inue  o r  whether a 
missed approach must be  executed.  I f  t h e  
approach i s  t o  cont inue ,  t h e  Captain 
p h y s i c a l l y  t a k e s  c o n t r o l .  I f  a go-around 
is  t o  b e  made, i t  is  commanded by t h e  
Captain and executed by t h e  F i r s t  Of f i ce r .  

"This secbnd method of approach has  n o t  y e t  rece ived  
any g r e a t  degree of acceptance i n  t h i s  country,  
a l though i t s  merits have g e n e r a l l y  been recognized,  
It is  p r e s e n t l y  employed by a number of European air- 
l ines ,  most no tab ly  B r i t i s h  and t h e  p i l o t s  of A i r  
France ' s  ... n i g h t  p o s t a l  service. 

"The a i r c r a f t  i s  manuevered t o  t h e  ILS l o c a l i z e r  by 
e i t h e r  t h e  Captain o r  t h e  F i r s t  O f f i c e r .  Once es- 
t a b l i s h e d  on l o c a l i z e r ,  t h e  c o n t r o l  of t h e  p lane ,  
e i t h e r  manually o r  au tomat i ca l ly ,  i s  conducted by t h e  
F i r s t  O f f i c e r ,  whi le  t h e  Captain acts as an o v e r a l l  
monitor  and as an Approach Manager. This  fo l lows  the  
o l d  axiom t h a t ' t h e  easiest  approach f o r  a Captain t o  
make i s  t o  have t h e  co-p i lo t  do i t  a ' 
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Once aga in  i f  w e  employ t h e  i d e a l  approach con- I t  

d i t i o n s ,  w e  f i n d  t h e  a i r c r a f t  i s  p rogres s ing  satis- 
f a c t o r i l y  down t h e  approach p a t h ,  t h e  F i r s t  O f f i c e r ,  
o f  course., i s  under more of a s t r a i n  than  t h e  Captain 
s i n c e  he  i s  p r e s e n t l y  e x e r c i s i n g  c o n t r o l ,  b u t  t h e  
Pilot-in-Command has  more l e i s u r e  t o  assess t h e  con- 
duc t  of t h e  approach, t h e  s t a b i l i t y  of f l i g h t ,  t o  
monitor programmed a i r s p e e d ,  p i t c h  angle ,  l a te ra l  
guidance, rate of descen t ,  and i f  t h e r e  i s  any 
observable  e r r o r ,  how t h e  F i r s t  O f f i c e r  o r  t h e  auto- 
p i l o t  i s  compensating f o r  and c o r r e c t i n g  t h e s e  e r r o r s .  
I n  t h i s  manner, by having an o v e r a l l  p i c t u r e  of t h e  
p rogres s  of t h e  f l i g h t ,  h e  w i l l  beg in  t o  form a 
pre l iminary  dec i s ion  r ega rd ing  t h e  p o s s i b l e  success  
of t h e  approach. 

"At some predetermined a l t i t u d e ,  say  300 o r  400 f e e t  
above t h e  runway, t h e  Captain must now t a k e  what might 
be  considered a c a l c u l a t e d  r isk and assume t h a t  t h e  
a i r p l a n e  w i l l  cont inue  p rope r ly  on t h e  ILS ,  t h a t  
the F i r s t  O f f i c e r  w i l l  p rope r ly  monitor raw and 
computed informat ion  as w e l l  as t h e  au tomat ic  
equipment, and t h a t  h e ,  t h i s  Captain,  must now go 
''head-up" and start  looking  f o r  o u t s i d e  v i s u a l  cues 
which he cannot y e t  see. Usual ly ,  t h e  Captain w i l l  
announce t h i s  a c t i o n  of completely d ivo rc ing  himself  
from ins t rument  pane l  scanning by s t a t i n g ,  "Going 
head-up," and by p l ac ing  h i s  r i g h t  hand.on top  of 
t h e  F i r s t  O f f i c e r ' s  l e f t  hand, which has  been on t h e  
t h r o t t l e s .  Adaptat ion t o  proper  eye  accommodation 
should begin t o  occur ,  and he  should s tar t  t o  
p i c k  up fragmentary cues t h a t  w i l l  ROW augment h i s  
assessment of t h e  approach and a l low him t o  beg in  t o  
formula te  an opin ion .  

!'On arr ival  a t  t h e  100-foot dec i s ion  h e i g h t ,  i f  t h e  
a i r c r a f t  i s  " in- the-s lot ,"  and i f  t h e  Captain does 
have s u f f i c i e n t  v i s u a l  cues ,  he  w i l l  fhen usua l ly  
say ,  "I have con t ro l . "  Whereupon t h e  F i r s t  O f f i c e r ,  
h i s  r i g h t  hand s t i l l  on t h e  c o n t r o l  yoke, w i l l  re- 
move h i s  l e f t  hand from t h e  t h r o t t l e s ,  l e a v i n g  t h e  
t r a n s i t i o n  from automatic  f l i g h t  ( o r  F i r s t  O f f i c e r  
con t ro l )  t o  manual c o n t r o l  f o r  f l a r e  and landing  
d i r e c t l y  under t h e  j u r i s d i c t i o n  of t h e  Captain.  The 
F i r s t  O f f i c e r  remains "head-down, con t inua l ly  scanning 
t h e  pane l  s o  t h a t  i f  an unexpected go-around i s  t o  be  
made f o r  any reason ,  on a command from t h e  Captain 
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he  w i l l  be a b l e  t o  r o t a t e  t h e  a i r c r a f t  t o  a climb 
a t t i t u d e  wh i l e  t h e  Captain pushes t h e  t h r o t t l e s  
forward-  

'!It should be mentioned a t  t h i s  p o i n t  t h a t  exper i -  
ence has  shown t h a t  when t h e  Captain beg ins  t o  
see v i s u a l  in format ion ,  t h e r e  i s  a tendency f o r  
him t o  be  tempted t o  take over  manual c o n t r o l  t o o  
soon -- t h a t  i s ,  when he has  adequate  azimuth guid- 
ance b u t  poor ver t ica l  guidance. It should be 
accep tab le  f o r  him t o  remain on au to  p i l o t  f o r  a 
second o r  s o  p a s t  t h e  100-foot DH i f  he f e e l s  he  
has  s u f f i c i e n t  v i s u a l  cues. H e  does n o t  r e a l l y  need 
t o  p h y s i c a l l y  assume manual c o n t r o l  u n t i l  he approaches 
t h e  f l a r e  p o i n t .  H e  w i l l  t h u s  b e  a b l e  t o  g e t  accus- 
tomed t o  and be b e t t e r  a b l e  t o  i n t e r p r e t  t h e s e  v i s u a l  
cues .  To p h y s i c a l l y  f l y  an a i r p l a n e  and o r i e n t  
onese l f  i n  low v i s i b i l i t y  i s  extremely d i f f i c u l t .  

"On t h e  o t h e r  hand, i f  t h e  a i r c r a f t  arrives a t  t h e  
dec i s ion  h e i g h t  and t h e  Pilot-in-Command has s a i d  
no th ing  o r  has  not  assumed c o n t r o l ,  t h e  F i r s t  
O f f i c e r ,  whose l e f t  hand is  s t i l l  on t h e  t h r o t t l e s ,  
should be r equ i r ed  t o  au tomat i ca l ly  m a k e  a missed 
approach. 
whose p i l o t s  make an average of 60 l and ings  and take- 
o f f s  p e r  month, i s  t o  t ra in  t h e i r  F i r s t  O f f i c e r s  t o  
make an approach expec t ing  t o  make a go-around un- 
less they  h e a r  t h e  Captain say ,  "1 have cont ro l ' '  a t  
o r  b e f o r e  t h e  a l t i t u d e  a t  which they  have been t o l d  
t o  commence t h e  overshoot .  These procedures  i n  
no way abrogate  t h e  p r e r o g a t i v e  of command, s i n c e  
they  are predetermined dec i s ions  from t h e  Captain 
t h a t  r e q u i r e  compliance. 

The p o l i c y  on B r i t i s h  European Airways, 

"The p i l o t s  of A i r  France ' s  Night P o s t a l e ,  who f l y  
t h e  m a i l  w i t h i n  t h e  boundaries  of France us ing  
predominately D C - 3 ' s  and D C - 4 ' s ,  u t i l i z e  t h e s e  same 
gene ra l  p r i n c i p l e s  b u t  approach t h e  problem s l i g h t l y  
d i f f e r e n t l y .  About 80% of t h e i r  crews are "frozen", 
they  are t augh t  v o i c e  rhythm, they  are requ i r ed  t o  
use s p e c i f i c  words a t  s p e c i f i c  t i m e s  dur ing  t h e  
approach, and they employ a F l i g h t  Engineer i n  t h e  
t h i r d  seat whose main duty i s  t o  read  and c a l l  ou t  
r ada r  altimeter va lues .  This  i n s t rumen t ,  i n c i d e n t l y ,  
i s  a "go-no-go" i t e m .  The F i r s t  O f f i c e r  f l i e s  t h e  
complete approach and handles  t h e  t h r o t t l e s  which are 
rimmed f o r  him by t h e  F l i g h t  Engineer ,  beginning a t  
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t h e  500-foot p o i n t ,  t o  keep power equa l i zed .  As 
t h e  p lane  starts t o  become c o n t a c t ,  t h e  Captain,  who 
i s  looking o u t s i d e ,  w i l l  adv i se  t h e  F i r s t  O f f i c e r  
what c o r r e c t i o n s  t o  make when t h e r e  are proper  
and s u f f i c i e n t  v i s u a l  cues. Tne F i r s t  O f f i c e r  i s  what 
t h e  French c a l l  " t ransparent"  i n  p i t c h  and t h r o t t l e s  
i . e . ,  he  can b e  over r iden  by t h e  Captain.  But i n  
the axes of yaw and r o l l ,  he  i s  "fixed" o r  immovable 
u n t i l  t h e  Captain says  he  has  c o n t r o l  and phys ica l ly  
takes over  t h e  landing .  
a l s o  r equ i r ed  t o  s t a y  "head-down" on pane l  i n s t r u -  
ments u n t i l  t h e  a i r p l a n e  comes t o  a STOP on the runway. 
I f  he has  any tendency t o  look  o u t s i d e  and d i s r u p t  
h i s  scan  p a t t e r n ,  a s h i e l d  i s  p laced  i n  h i s  window 
so he cannot go v i s u a l .  I f  a go-around i s  requ i r ed ,  
t h e  Captain says ,  "La gomme," a word meaning " the  
rubber , "  and one t h a t  cannot be confused w i t h  any 
o t h e r  work o r  phrase  used dur ing  t h e  approach. 
t h i s  command, t h e  F i r s t  O f f i c e r  executes  t h e  missed 
approach. The French have conducted t h i s  ope ra t ion  
i n  Category I1 l i m i t s  f o r  ove r  20 y e a r s ,  and they  
have found t h i s  system remarkably s u c c e s s f u l .  

The F i r s t  O f f i c e r  i s  

A t  

If I n  any case, both  t h e  French and t h e  B r i t i s h  r e q u i r e  
t h e  r o t a t i o n  and go-around t o  b e  executed by the 
F i r s t  O f f i c e r ,  and once t h e  a i r p l a n e  h a s  been e s t ab -  
l i s h e d  i n  the proper  p i t c h  angle  and i s  i n  a p o s i t i v e  
climb, t h e  Captain can "clean up" t h e  f l a p s  and gear .  
When t h e  Captain has  r e -e s t ab l i shed  h imsel f  back on 
t h e  pane l  i n s t rumen t s ,  he may, a t  h i s  d i s c r e t i o n ,  
assume t h e  p h y s i c a l  handl ing  of t h e  f l i g h t  c o n t r o l s .  

"Case 111. The Captain f l i e s  t h e  p l ane  o r ,  i f  on 
au tomat ics ,  completely c o n t r o l s  and moni- 
t o r s  t h e  e n t i r e  approach down t o  t h e  DH 
s o l e l y  by t h e  use  of a Head-Up Display he 
then  makes t h e  d e c i s i o n  t o  cont inue o r  go- 
around. 
by t h e  Captain as t h e  primary method of 
guidance wi th  t h e  pane l  ins t ruments  be ing  
u t i l i z e d  by t h e  F i r s t  O f f i c e r  as a back-up, 
o r  t h e  reverse s i t u a t i o n  can be employed where 
pane l  in format ion  i s  t h e  primary source  of 
guidance being flown o r  u t i l i z e d  by t h e  
F i r s t  O f f i c e r ,  whi le  t h e  Head-Up Display _. 

i s  used as a monitor ing system by t h e  
Captain.  I n  e i t h e r  case, i f  a missed 

The Head-Up Display may be  used 
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approach i s  t o  b e  made, i t  can be executed 
by t h e  Captain u t i l i z i n g  t h e  Head-Up 
System, o r  by t h e  F i r s t  O f f i c e r  us ing  panel  
ins t ruments .  

" L e t ' s  go back once more t h e  t h e  i d e a l  approach and 
use  t h e  head-up d i sp lay  f o r  c o n t r o l l i n g  o r  monitor ing 
t h e  f l i g h t  pa th .  Assuming t h e  a i r c r a f t  i s  OR l o c a l i z e r ,  
t h e  g l i d e  s l o p e ,  s t a b l e  and p rogres s ing  s a t i s f a c t o r i l y ,  
w e  f i n d  t h a t  t h e  Captain w i l l  now be  head-up looking  
o u t  t h e  window. I f  i t  i s  n i g h t  t i m e ,  h e  i s  main ta in ing  
h i s  dark adap ta t ion  and s i n c e  t h e  d i s p l a y  he i s  observ ing  
i s  focused on i n f i n i t y ,  he  i s  observ ing  t h e  symbology 
i n  h i s  f o v e a l  o r  c e n t r a l  v i s i o n ,  and thus  h i s  eyes  
are t h e r e f o r e  on long  range focus .  A t  one glance he  
is a b l e  t o  con t inua l ly  monitor  h i s  command informat ion ,  
h i s  dev ia t ion  from t h e  d e s i r e d  p a t h ,  h i s  a i r s p e e d ,  
h i s  a l t i t u d e ,  and h i s  p i t c h ,  yaw, and r o l l ,  w i th  no 
t i m e  l a g  involved.  

"If  t h e  a i r p l a n e  i s  coupled t o  t h e  au to  p i l o t  o r  i s  
be ing  flown by t h e  F i r s t  O f f i c e r  u s ing  pane l  i n s t r u -  
ments,  t h e  Captain has  a p o s i t i v e  and immediate source  
of in format ion  regard ing  t h e  accuracy of t h e  f l i g h t ,  
t h e  d e v i a t i o n s  t h a t  may e x i s t  as w e l l  as t h e  rate and 
d i r e c t i o n  of any e r r o r s .  I f  t h e  Captain i s  hand f l y -  
i n g  t h e  a i r c r a f t ,  he  i s  u t i l i z i n g  command informat ion  
t h a t  i s  be ing  monitored and cross-checked by t h e  F i r s t  
O f f i c e r  on t h e  pane l .  During t h e  descen t ,  t h e  F i r s t  
O f f i c e r  can c a l l  ou t  r equ i r ed  a l t i t u d e s  as w e l l  as 
n o t e  any dev ia t ions  o r  malfunct ions t h a t  he might 
observe 

"As t h e  a i r c r a f t  approaches t h e  d e c i s i o n  he igh t  
any fragmentary cues t h a t  may be  appearing o u t s i d e  t h e  
window w i l l  be  immediately seen  by t h e  P i lo t - in -  
Command because he is  look ing  through t h e  o p t i c a l  
combiner and can see them wi thout  focus ing  h i s  eyes 
and wi th  no o b s t r u c t i o n  t o  h i s  v i s i o n .  

"Thus, when t h e  p l ane  arrives a t  t h e  DH, t h e  Captain 
w i l l  know immediately whether o r  no t  h e  has  s u f f i c i e n t  
v i s u a l  cues ,  and t h e r e f o r e  h i s  d e c i s i o n  w i l l  no t  
only be  accu ra t e  b u t  w i l l  be  in s t an taneous .  I f  he can 
see enough, he  can d isconnec t  t h e  au to  p i l o t  and land .  
I f  he  cannot,  he i s  a b l e  t o  i n s t a n t l y  r o t a t e  t h e  air-  
c r a f t ,  apply power, and climb out  by us ing  command go- 
around informat ion  t h a t  can be programmed onto  the  
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head-up d i s p l a y  e i t h e r  by manually a c t i v a t i n g  a yoke 
bu t ton ,  o r  au tomat i ca l ly  by t h r o t t l e  advancement. 

"In t h i s  t ype  of an approach, crew d u t i e s  and moni- 
t o r i n g  of ins t ruments  can be  i n t e g r a t e d  and coor- 
d rna ted  t o  whatever depth an a i r l i n e  might deem 
adv i sab le ,  There w i l l  be  no misunderstanding as t o  
what each person i s  t o  do, no over lap  of c o n t r o l  
t h e r e  w i l l  be  an e x c e l l e n t  method of provid ing  
redundancy of in format ion ,  and t h e r e  w i l l  be  no in -  
f r ingement  of t h e  p r e r o g a t i v e  of d e c i s i o n  and command. 

Beck's a n a l y s i s  of procedures  and t h e i r  r e l a t i o n  t o  t h e  approach 

and l and ing  problem i s  s o  thorough t h a t  no f u r t h e r  comment i s  

r equ i r ed .  H i s  argument f o r  t h e  use  of  t h e  head-up d i s p l a y  i n  low- 

v i s i b i l i t y  i s  one of t h e  most cogent which has  been advanced, and 

i t  i s  a view shared  by t h e  au tho r  o f  t h i s  s tudy .  

The procedura l  problem i s  n o t ,  however, confined t o  approach 

and l and ing  o r  t o  missed approach, even though t h e s e  may b e  t h e  

most severe man i fe s t a t ions .  The l o w - v i s i b i l i t y  t akeof f  i s  a l s o  a 

problem, i n  p a r t  because of t h e  procedures  which have been adopted 

t o  compensate f o r  c e r t a i n  d e f i c i e n c i e s  i n  t h e  guidance system. A s  

po in t ed  out  i n  Chapter I11 i n  t h e  d i s c u s s i o n  of c o n t r o l  requirements  

f o r  t a k e o f f ,  t h e  p i l o t  h a s  two major concerns:  runway alignment and 

monitor ing of 'a i rspeed.  

s o l e l y  by e x t e r n a l  v i s u a l  r e f e r e n c e  wh i l e  t h e  second e n t a i l s  obser- 

v a t i o n  of t h e  a i r s p e e d  i n d i c a t o r  on t h e  ins t rument  pane l .  To avoid 

having t o  look up and down c o n t i n u a l l y ,  i t  i s  common t o  r e s o r t  t o  t h e  

procedures  of having t h e  co-p i lo t  ca l l  o f f  c r i t i ca l  a i r speeds  as they  

are reached success ive ly .  This  v e r b a l  r e p o r t i n g  procedure h a s  

certain inhe ren t  lags., and t h e r e  i s  a dua l  p o s s i b i l i t y  f o r  e r r o r  -- 
e i t h e r  i n  t h e  r e p o r t i n g  o r  i n  t h e  understanding.  

The f i r s t  task i s  accomplished almost 

Th i s  has  l e d  some obse rve r s  t o  conclude t h a t  t h e  head-up d i s p l a y  
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could o f f e r  a s i g n i f i c a n t  advantage i n  t a k e o f f ,  F i r s t ,  i f  a i r s p e e d  

were p resen ted  on t h e  HUD, t h e  p i l o t  would have t h i s  in format ion  

a v a i l a b l e  d i r e c t l y  wh i l e  looking o u t s i d e .  Moreover, i t  would a l low 

him t o  c o r r e l a t e  a i r speed  wi th  t h e  o t h e r  v i s u a l  cues from t h e  run- 

way which he  uses  t o  assess t h e  p rogres s  of t h e  t a k e o f f .  I f  t h e  

compass heading of t h e  runway o r  far-end l o c a l i z e r  in format ion  were 

a l s o  p re sen ted  on t h e  HUD, t h e  p i l o t  would have a supplement and 

co r robora t ion  of t h e  v i s u a l  cues used f o r  main ta in ing  runway 

alignment and/or  f l i g h t  p a t h  informat ion  would a i d  c o n t r o l  of  t h e  

a i r c r a f t  a t  r o t a t i o n  and on t h e  cl imbout ,  when t h e  forward view 

of t h e  h o r i z o n . i s  c u t  o f f  by t h e  nose  of t h e  a i r c r a f t .  With pre- 

s e n t  procedures  t h e  p i l o t  must revert from v i s u a l  t o  pane l  i n s t r u -  

ment r e f e r e n c e  a t  t h i s  p o i n t ,  which i s  analagous t o  t h e  missed 

approach procedure w i t h  all of t h e  inhe ren t  problems descr ibed  by 

Beck above. An a d d i t i o n a l  advantage o f f e r e d  by t h e  HUD, some 

contend, i s  f a c i l i t a t i o n  of t h e  n o i s e  abatement procedures  which 

are executed a t  j u s t  about t h e  t i m e  t h e  p i l o t  i s  conver t ing  from 

v i s u a l  r e fe rence  and adapt ing  t o  pane l  ins t rument  d i sp l ays .  
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CHAPTER V I  

THE ROLE OF THE HEAD-UP DISPLAY 

Taken t o g e t h e r ,  Chapters 111, I V ,  and V c o n s t i t u t e  a state- 

ment of problems which e x i s t  i n  p re sen t  c i v i l  a v i a t i o n  ope ra t ions .  

Although t h e  ch ief  problem i s  approach and landing ,  concern is  

not  l i m i t e d  t o  t h i s  phase of f l i g h t .  Takeoff,  r o l l o u t  and t a x i ,  

and missed approach a l s o  p re sen t  c e r t a i n  i n h e r e n t  d i f f i c u l t i e s .  

Nearly a l l  t h e s e  problems s t e m  from t h e  same source  -- t h e  n a t u r e  

of t h e  p i l o t ' s  v i s u a l  t a s k s  and t h e  d e f i c i e n c i e s  of p re sen t  means 

of guidance. Even i n  t h e  b e s t  cond i t ions  of v i s i b i l i t y ,  guidance 

i s  n o t  wholly s a t i s f a c o t r y .  

guidance system i s  i n t e n s i f i e d  by r educ t ion  i n  e x t e r n a l  v i s i b i l i t y .  

Genera l ly ,  t h e  lower t h e  RVR, t h e  g r e a t e r  t h e  concern about 

system performance requirements  and t h e  adequacy of e x i s t i n g  v i s u a l  

and e l e c t r o n i c  a i d s .  In some cases ,  t h e  p r e s e n t  a i d s  no t  on ly  

f a i l  t o  s o l v e  t h e  b a s i c  guidance problems, they  a l s o  c o n t r i b u t e  new 

ones of t h e i r  own. Add i t iona l  compl ica t ion  is  in t roduc ted  by 

i n d i v i d u a l  aircraft  performance v a r i a b l e s ,  p a r t i c u l a r l y  t h e  i n -  

c reased  s i z e  .and weight of new jumbo j e t  and SST classes of air- 

c r a f t  . 

The e f f e c t  of t h e  shortcomings i n  t h e  

This  chapter  i s  devoted t o  an  examination of s p e c i f i c  r o l e s  

which t h e  head-up d i sp lay  could p l a y  i n  s o l v i n g  o r  a l l e v i a t i n g  

t h e  guidance problems enumerated i n  t h e  preceding  t h r e e  chap te r s .  

The p o t e n t i a l  c o n t r i b u t i o n  of t h e  head-up d i s p l a y  i s  d isucssed  

under f o u r  t o p i c a l  headings: 

8 VFR Approach and Landing 
ep 

Q 

o Other F l i g h t  Phases 

IFR Cagetory 1/11 Approach and Landing 
I F R  Category I11 Approach and Landing 
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I n  t h i s  d i scuss ion  b a s i c  head-up d i s p l a y  concepts w i l l  be  

o u t l i n e d .  

mation con ten t  of t h e  d i s p l a y  f o r  s p e c i f i c  purposes and of t h e  

format and method of p re sen ta t ion .  This  should no t  be  taken  as 

an a t tempt  t o  indulge  i n  an  e x e r c i s e  of d i s p l a y  design.  The 

i n t e n t  i s  only t o  e x p l a i n  d i s p l a y  concepts ,  and any p a r t i c u l a r  

i l l u s t r a t i o n  of t h e  concept should be taken  as no more than  an  

example of t h e  form which t h e  d i s p l a y  might take. 

I n e v i t a b l y  t h i s  w i l l  l e a d  t o  d i scuss ion  of t h e  i n f o r -  

VFR APPROACH AND LANDING 

To c o n t r o l  t h e  a i r c r a f t  on t h e  approach so t h a t  a given f l i g h t  

p a t h  can be a t t a i n e d  and h e l d ,  t h e  p i l o t  must have informat ion  

r e l a t i n g  t o  his p o s i t i o n  wi th  r e s p e c t  t o  t h e  d e s i r e d  track, t h e  

rate a t  which he i s  moving toward o r  away from t h e  t r a c k ,  and h i s  

a c c e l e r a t i o n  wi th  r e s p e c t  t o  t h e  track ( i . ee ,  t h e  rate a t  which 

h i s  rate of movement i s  changing).  S ince  t h e  f l i g h t  pa th  i s  made 

up of h o r i z o n t a l  and ver t ica l  components, t h e  p i l o t  has  a t o t a l  

of s ix  v a r i a b l e s  t o  b e  c o n t r o l l e d  ( t h r e e  i n  each a x i s ) .  I m p l i c i t  

i n  t h i s  a n a l y s i s  i s  t h e  assumption t h a t  t h e  p i l o t  has  some way of 

knowing o r  d i s c e r n i n g  t h e  l o c a t i o n  of t h e  d e s i r e d  t r a c k ,  as w e l l  

as h i s  p o s i t i o n  and movement wi th  r e s p e c t  t o  i t .  I n  Chapter I V  

i t  w a s  e s t a b l i s h e d  t h a t  t h e  p i l o t  d e r i v e s  t h i s  in format ion  from 

v i s u a l  cues provided by t h e  re la t ive p o s i t i o n s  and movement of 

t h e  hor izon ,  t h e  extended runway c e n t e r l i n e ,  t h e  aiming p o i n t ,  and 

t h e  impact p o i n t  ( t h e  zero-ve loc i ty  o r  X-point). Supplementary 

informat ion  i n  t h e  form of a i r speed ,  a t t i t u d e ,  a l t i t u d e ,  and 

range t o  t h e  runway i s  a l s o  used t o  confirm t h e  i n d i c i a t i o n s  given 

by t h e  b a s i c  cues.  

Of t h e  two axes  of c o n t r o l ,  t h e  ver t ica l  i s  more d i f f i c u l t  

t o  manage than  t h e  h o r i z o n t a l .  I n  p a r t  t h i s  i s  due t o  t h e  

lesser s t a b i l i t y  of t h e  a i r c r a f t  i n  t h i s  a x i s ,  p a r t i c u l a r l y  i n  
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t h e  h igh  angle  of a t t a c k  approaches c h a r a c t e r i s t i c  of j e t  a i r c r a f t .  

Vertical c o n t r o l  i s  a l s o  more d i f f i c u l t  because of t h e  poorer  

q u a l i t y  of t h e  v i s u a l  cues which relate t o  i t .  I n  genera l ,  

a p i l o t  cannot determine d i r e c t l y ,  from h i s  view of t h e  ground, 

h i s  ang le  of descent  a t  any given moment. H e  can only deduce 

i t  over  t i m e  by obse rva t ion  of t h e  movement of t h e  impact p o i n t  

wi th  r e s p e c t  t o  t h e  hor izon  and/or  t h e  aiming p o i n t ,  

in format ion  from w i t h i n  t h e  cockpi t  (speed,  p i t c h  a t t i t u d e ,  

a l t i t u d e ,  and ver t ica l  v e l o c i t y )  a l s o  h e l p s  t o  form an  apprec ia -  

t i o n  of h i s  angle  of descent ,  b u t  t h e s e  r e f e r e n c e s  are no t  

a v a i l a b l e  t o  him wi thout  looking away from t h e  e x t e r n a l  scene.  

Ins t rumenta l  

The v i s u a l  ground a i d s ,  such as VASI ,  which have been de- 

veloped f o r  t h e  purpose of a i d i n g  t h e  p i l o t  i n  c o n t r o l l i n g  h i s  

vertical approach pa th  are n o t  f u l l y  s a t i s f a c t o r y .  The VASI i s  

i n f l e x i b l e  i n  t h a t  i t  provides  guidance onby t o  a s i n g l e  p o i n t  

on t h e  runway and does n o t  a l low t h e  p i l o t  t o  compensate f o r  

v a r i a t i o n s  i n  a i r c r a f t  s i z e ,  weight ,  t r i m  condi t ion ,  runway 

s u r f a c e  condi t ion ,  runway l eng th ,  o r  whatever.  Furthermore, 

t h e r e  are t o o  few VASIs i n  r e l a t i o n  t o  t h e  number of runways 

r e g u l a r l y  used by c i v i l  a i r c r a f t  i n  VFR cond i t ions ,  Those 

i n s t a l l a t i o n s  which do e x i s t  are o f t e n  p laced  on t h e  longer  and 

b e t t e r  equipped runways and not  on those  f o r  which no o t h e r  

approach a i d  e x i s t s .  

The head-up d i s p l a y  could serve as a source  of guidance 

informat ion  f o r  t h e  unaided v i s u a l  approach and as an ad junc t  t o  

VASI approaches.  B a s i c a l l y ,  t h i s  t ype  of head-up d i s p l a y  i s  an 

a i r b o r n e  VASI, which provides  an a r t i f i c i a l  enhancement and 

supplement of n a t u r a l l y  a v a i l a b l e  cues ,  The VFR HUD i s  n o t ,  

however, a replacement of  n a t u r a l  cues nor  i s  i t  a s e l f - s u f f i c i e n t  

device ,  It i s  useable  only i f  t h e  p i l o t  can a l s o  see t h e  runway, 
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t h e  in t e rven ing  ground p lane ,  and h i s  d e s i r e d  p o i n t  of con tac t  w i th  

t h e  runway ( t h e  runway aiming p o i n t ) .  

A d i s p l a y  of t h i s  s o r t  would be a s i g n i f i c a n t  a i d  t o  VFR 

approaches.  It might be improved by t h e  a d d i t i o n  of c e r t a i n  

informat ion  which now i s  o b t a i n a b l e  only  by r e f e r r i n g  t o  p a n e l  i n -  

s t ruments ,  e .g . ,  a i r s p e e d  and a l t i t u d e .  The head-up d i s p l a y  would 

thus  permit  t h e  p i l o t  t o  see a l l  t h a t  which he  now uses  i n  t h e  

way of n a t u r a l  v i s u a l  cues p l u s  v i s u a l  s i g h t i n g  a i d e s  p l u s  

in s t rumen ta l  in format ion  which he  now can g e t  only by looking  

away from t h e  e x t e r n a l  scene.  

F igure  23 i s  an i l l u s t r a t i o n  of t h e  b a s i c  elements of a 

head-up d i s p l a y  of t h e  a i r b o r n e  VAS1 type .  It c o n s i s t s  of an a r t i -  

f i c i a l  hor izon  f o r  b a s i c  a t t i t u d e  r e fe rence ,  a depressed s i g h t  

l i n e  t o  i n d i c a t e  t h e  d e s i r e d  g l i d e  s l o p e  angle ,  and a f l i g h t  pa th  

marker which shows t h e  a c t u a l  v e r t i c a l  f l i g h t  pa th  angle  of t h e  

a i r c r a f t .  

l i n e  t o  t h e  d e s i r e d  touchdown p o i n t  on t h e  runway and t o  f l y  t h e  

a i r c r a f t  s o  t h a t  t h e  f l i g h t  p a t h  marker i s  a l igned  v e r t i c a l l y  

wi th  t h e  g l i d e  s l o p e  l i n e .  A d i s p l a y  c o n s i s t i n g  of t h e s e  t h r e e  

elements  was suggested about 15 y e a r s  ago by t h e  work of Calver t  

(Refs ,  1, 2) and Lane and Cummings (Ref, 3 ) .  It  r e p r e s e n t s  minimum 

d i s p l a y  f o r  VFR approach, 

The p i l o t ' s  task i s  t o  s i g h t  a long  t h e  g l i d e  s l o p e  

F igures  248 and 2 4 B  show two augmented forms of t h e  b a s i c  

d i sp l ay .  I n  F igure  A t h e  d i s p l a y  con ta ins ,  i n  a d d i t i o n  t o  t h e  

b a s i c  e lements ,  an i n d i c a t i o n  of runway c e n t e r l i n e  and runway 

heading t o  assist i n  making estimates of la teral  t r a c k  e r r o r  and 

c r o s s  track v e l o c i t i e s .  The p o s i t i o n  of t h e  runway c e n t e r l i n e  

symbol, determined by t h e  d i f f e r e n c e  between a i r c r a f t  and runway 

heading,  denotes  crab angle .  The la te ra l  displacement and move- 
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Figure  2 3  
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ment of t h e  f l i g h t  p a t h  marker wi th  r e s p e c t  t o  t h e  runway 

c e n t e r l i n e  symbol i n d i c a t e s  t r a c k  e r r o r  and c r o s s  t r a c k  v e l o c i t y  

r e s p e c t i v e l y .  It should be  noted  t h a t  t h e  placement of t h e  run- 

way c e n t e r l i n e  symbol i s  no t  determined by s i g n a l s  from ground 

equipment. It i s  der ived  wholly w i t h i n  t h e  a i r c r a f t  from a 

s e t t i n g  of t h e  known heading of the ' runway and a sens ing  of  

t h e  magnetic heading of t h e  a i r c r a f t .  

F igure  24B shows t h e  same d i s p l a y  supplemented wi th  

in s t rumen ta l  i n d i c a t i o n s  of a i r s p e e d  and a l t i t u d e .  Obviously, 

o t h e r  combinations are p o s s i b l e .  Airspeed and a l t i t u d e  scales 

could be presented  on t h e  b a s i c  d i s p l a y  of F igure  24 without  t h e  

a d d i t i o n  of t h e  runway c e n t e r l i n e .  

a t t a c k  e r r o r  could be s u b s t i t u t e d  f o r  a i r speed .  V e r t i c a l  v e l o c i t y  

might b e  added a longs ide  t h e  a l t i t u d e  scale o r  i n t e g r a t e d  w i t h  i t  

i n  some fa sh ion .  A s  s t a t e d  i n  t h e  i n t r o d u c t o r y  remarks, t h e r e  

i s  no a t t e m p t  h e r e  t o  recommend d i s p l a y  des igns ,  b u t  simply t o  

o f f e r  examples of t h e  form which t h e  d i s p l a y  concept might t a k e .  

Angle of  a t t a c k  o r  ang le  of 

A head-up d i s p l a y  o f f e r s  several d i s t i n c t  advantages f o r  t h e  

VFR approach. It al lows t h e  p i l o t  f u l l  freedom i n  s e l e c t i n g  t h e  

d e s i r e d  approach aiming p o i n t ,  making i t  p o s s i b l e  t o  compensate f o r  

a i r c r a f t  and runway v a r i a t i o n s  and y e t  r e t a i n  t h e  same angu la r  

d i s p l a y  i n d i c a t i o n s .  The head-up d i s p l a y  provides  a clear and 

a c c u r a t e  hor izon  r e fe rence .  The rea l  world hor izon  ( t h e  apparent  

meeting of e a r t h  and sky) i s  n o t  always usab le  because of low 

f l y i n g  cloud banks,  r i s i n g  t e r r a i n  beyond t h e  runway, s l o p i n g  

terrain, o r  t h e  i r r e g u l a r i t i e s  of c i t y  s k y l i n e s .  Furthermore,  n o t  

a l l  a i r p o r t s  are level. Judgments of t h e  c o r r e c t  approach ang le  

t o  s l o p i n g  si tes are d i f f i c u l t  t o  make by unaided v i s u a l  means, 

bu t  cons iderably  easier w i t h  a head-up d i s p l a y  which s e r v e s  as a 

s i g h t i n g  a i d .  The head-up d i s p l a y  a l s o  would h e l p  i n  making 
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approaches over  water and smoeth f e a t u r e l e s s  t e r r a i n ,  where t h e  

absence of t e x t u r a l  cues from t h e  ground may l e a d  t o  decept ive  

a l t i t u d e  and f l i g h t  pa th  i n d i c a t i o n s  F i n a l l y ,  because t h e  head- 

up d i s p l a y  provides  clear and cons t an t  angular  r e fe rence  p o i n t s  

t h e  e f f e c t s  of a tmospheric  t u rbu lence ,  wind s h e a r ,  and t r a i l i n g  

v o r t e x  from preceding a i r c r a f t  are less l i k e l y  t o  produce t h e  

confusion which they  do when t h e  p i l o t  is  f l y i n g  by unaided v i s u a l  

r e fe rence .  

Apart  from c e r t a i n  t e c h n i c a l  cons ide ra t ions  which w i l l  be  

taken  up subsequent ly ,  t h e  s a t i s f a c t o r y  use of  t h e  head-up d i s -  

p l ay  i n  v i s u a l  approaches rests on t h r e e  assumptions.  F i r s t ,  t h e  

understanding of t h e  r e q i r e d  v i s u a l  cues is  s u f f i c i e n t l y  c o r r e c t  

t o  a s s u r e  t h a t  t h e  d isp layed  i n d i c e s  are indeed t h o s e  needed and 

used by t h e  p i l o t  f o r  h o r i z o n t a l  and ve r t i ca l  c o n t r o l ,  Th i s  i s  one 

of  t h e  most thoroughly s t u d i e d  t o p i c s  i n  a l l  of a v i a t i o n ,  and 

whi le  t h e  mechanics of t h e  v i s u a l  process  are n o t  known completely,  

t h e r e  i s  wide and ample agreement on b a s i c  p r i n c i p l e s .  

Ref. 4 ,  f o r  example.) From t h i s  r e sea rch ,  i t  i s  s a f e  t o  conclude 

t h a t  a p r e s e n t a t i o n  of hor izon ,  g l i d e  s l o p e ,  runway c e n t e r l i n e ,  

and f l i g h t  p a t h  r e fe rences  i s  c o n s i s t e n t  w i th  t h e  b a s i c  p r i n c i p l e s  

and s u f f i c i e n t  f o r  VFR guidance. The remaining two assumptions 

have t o  do wi th  what i s  n o t  presented  on t h e  d i sp lay .  They are 

1) t h a t  t h e  p i l o t  i s  f a m i l i a r  w i t h  a i r c r a f t  and runway v a r i a b l e s  

and knows how t o  compensate f o r  them, and 2) t h a t  t h e  l and ing  

s i te  i s  w e l l  enough def ined  from some p o i n t  onward i n  t h e  approach 

f o r  t h e  p i l o t  t o  d e t e c t  t h e  proper  aiming p o i n t ,  

i d e n t i c a l  w i t h  t h e  assumptions now made f o r  t h e  unaided VFR approach, 

t h e  impos i t ion  of t h e s e  condi t ions  f o r  s a t i s f a c t o r y  use of t h e  

head-up d i s p l a y  adds noth ing  new. 

(See 

S ince  t h e s e  are 

The t h e o r e t i c a l  advantages o f f e r e d  by t h e  HUD as a v i s u a l  
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approach a i d  must be set a g a i n s t  some of t h e  t e c h n i c a l  d i f f i -  

c u l t i e s  which arise i n  implementing such a d i s p l a y ,  S l e i g h t  

(Ref. 5) p o i n t s  ou t  t h a t  a d i s p l a y  c o n s i s t i n g  of only a ho r i zon  

and a depressed g l i d e  s l o p e  s i g h t  l i n e  may no t  be  as e a s i l y  

f l y a b l e  as a f l i g h t  p a t h  d i r e c t o r  because t h e  double i n t e g r a t i o n  

which has  t o  occur  t o  go from an i n d i c a t i o n  of p o s i t i o n  e r r o r  t o  

an  estimate of t h e  necessary  rate of  c o r r e c t i o n  t o  be  app l i ed  t o  

a i r c r a f t  a t t i t u d e .  The a d d i t i o n  of a f l i g h t  p a t h  marker ( v e l o c i t y  

vec tor )  symbol h e l p s  a l leviate  t h e  problem, b u t  no t  e n t i r e l y .  

F l i g h t  t r i a l s  of several forms of head-up d i s p l a y s  embodying 

a depressed s i g h t  l i n e  and a f l i g h t  pa th  marker have been con- 

ducted by t h e  Royal A i r c r a f t  Es tab l i shments  a t  Farnborough and 

Bedford (Ref. 6 ) .  Among t h e  v a r i a t i o n s  t e s t e d  were a f l i g h t  pa th  

marker a lone  (both  s imple e r r o r  and quickened) ,  a depressed s i g h t  

l i n e  a lone ,  and combinations of t h e  two (wi th  and wi thout  quickening 

of t h e  f l i g h t  pa th  marker).  S tud ie s  were a l s o  made of t h e  e f f e c t s  

of i n t r o d u c t i n g  a t h i r d  element which a c t e d  as a d i r e c t o r  s t e e r i n g  

symbol i n  conjunct ion  wi th  t h e  f l i g h t  pa th  marker which denoted 

s imple angu la r  e r r o r .  The b e s t  r e s u l t s ,  i n  terms of c o n t r o l  

accuracy and amount of p i l o t  e r r o r  expended, were obta ined  w i t h  a 

d i s p l a y  which w a s  quickened wi th  rate i n p u t s  o r  lagged by i n t r o -  

ducing a s imple t i m e  cons t an t .  Thes'e r e s u l t - :  were n o t  conclus ive ,  

however, and t h e  f e e l i n g  w a s  t h a t  a d d i t i o n a l  experiments would be 

necessary  t o  r e f i n e  t h e  d i s p l a y  dynamics. 

The major d i f f i c u l t y  i n  implementing t h e  head-up d i s p l a y  i s  

t h e  problem of f i n d i n g  a s u i t a b l y  accu ra t e  method of  sens ing  ver t i -  

cal  and h o r i z o n t a l  f l i g h t  pa th  ang le s .  With p re sen t  systems t h e s e  

angles  are n o t  sensed d i r e c t l y  b u t  are de r ived  from measurements 

of ang le  of a t t a c k  and crab ang le ,  both of which are obta ined  from 

vanes o r  probes i n s e r t e d  i n t o  t h e  airstream. This  method does no t  
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y i e l d  measurements of s u f f i c i e n t  accuracy and s e n s i t i v i t y .  It  i s  

almost imposs ib le  t o  l o c a t e  t h e  probes s o  as t o  g e t  a t r u e  measure 

of t h e  undis turbed  r e l a t i v e  a i r f l o w ,  and t h e r e  are "dead bands" and 

l a g s  i n h e r e n t  i n  p re s su re  sens ing  devices .  I n e r t i a l  r e f e rence  

systems can e l i m i n a t e  t h e  problem by provid ing  d i r e c t  measures of 

t h e  h o r i z o n t a l  and ver t ica l  components of t h e  f l i g h t  p a t h  angle ,  

b u t  t hey  have n o t  y e t  reached a s ta te  of development where they  

are f u l l y  accep tab le  f o r  c i v i l  a v i a t i o n  use.  

On t h e  whole, however, t h e  t e c h n i c a l  drawbacks of t h e  head- 

up d i s p l a y  i n  t h e  VFR approach a p p l i c a t i o n  are f a r  outweighed by 

i t s  enormous t h e o r e t i c a l  and p r a c t i c a l  advantages.  The concept i s  

b a s i c a l l y  sound, and i t s  p r a c t i c a l i t y  i s  l i m i t e d  only by- technologi-  

cal  d i f f i c u l t i e s .  The importance of t h e  t e c h n i c a l  problems should 

no t  b e  b e l i t t l e d ,  b u t  t hey  do n o t  c o n s t i t u t e  p e r  se an  argument 

a g a i n s t  t h e  HIJD concept o r  a g a i n s t  i t s  p o t e n t i a l  va lue  i n  t h e  VFR 

approach. Rather ,  t h e  ques t ions  of technology r e p r e s e n t  only 

o b s t a c l e s  t o  b e  overcome i n  t h e  r e a l i z a t i o n  Of an  improved VFR 

ance system, 

-- 

The head-up d i s p l a y  concept desc r ibed  t h u s  f a r  i s  only f o r  

use i n  t h e  approach; i t  i s  n o t  a l and ing  d i s p l a y .  To make i t  s o ,  

a d d i t i o n a l  i n d i c a t i o n s  are requi red .  These are f l a r e  and decrab 

guidance. Of t h e  two, in format ion  r e l a t i n g  t o  t h e  f l a r e  maneuver 

is  t h e  more important  and d i f f i c u l t  t o  p r e s e n t ,  Adequate decrab 

guidance is  probably a f fo rded  by t h e  lateral  p o s i t i o n  of an a i r c r a f t  

datum marker (denoted by + i n  t h e  examples of F igures  2 3  and24 ) 

with  respect t o  t h e  a c t u a l  o r  symbolic runway c e n t e r l i n e .  

I n  performing t h e  f l a r e  and touchdown t h e  p i l o t  makes almost 

exc lus ive  use of e x t e r n a l  v i s u a l  cues f o r  guidance. The f l a r e  

and touchdown maneuver, however, i s  a very complicated i n t e r p l a y  
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of a l t i t u d e ,  s i n k  ra te ,  and a i r speed  v a r i a b l e s .  The changes i n  

v i s u a l  cues which r e s u l t  from t h e s e  r e l a t i o n s h i p s  are d i f f i c u l t  

t o  i n t e r p r e t  c o r r e c t l y ,  w i th  t h e  r e s u l t  t h a t  i t  i s  no t  always 

p o s s i b l e  f o r  t h e  p i l o t  t o  e s t a b l i s h  a d e f i n i t e  c o r r e l a t i o n  between 

c o n t r o l  i n p u t s  and changes i n  t h e  v i s u a l  scene.  Landing, t h e r e f o r e ,  

never  becomes t r u l y  i n t u i t i v e ,  b u t  must be l ea rned  and re - learned  

t o  main ta in  p ro f i c i ency .  Landing, as p r e s e n t l y  conducted, i s  

l a r g e l y  a n  a t t i t u d e  c o n t r o l  maneuver i n  which a change i n  f l i g h t  

pa th  ang le  i s  guided by a ver t ica l  s h i f t  i n  t h e  aiming p o i n t  and 

e f f e c t e d  by r o t a t i o n  of t h e  a i r c r a f t  i n  p i t c h .  The a i r c r a f t  responds 

r a t h e r  qu ick ly  i n  p i t c h ,  b u t  t h e  consequences of r o t a t i o n  i n  terms 

of a l t i t u d e ,  s i n k  rate, and a i r s p e e d  are n o t  manifested u n t i l  some 

t i m e  la ter .  A s  a r e s u l t ,  p i l o t  c o n t r o l  of t h e s e  v a r i a b l e s  l a g s ,  

i .e . ,  he  must e v a l u a t e  them by v i s u a l  means and by " fee l"  a f t e r  

they  have occurred ,  P i l o t  uneas iness  i s  g r e a t e s t  i n  s i t u a t i o n s  l i k e  

t h i s  where he  i s  behind i n s t e a d  of ahead of t h e  f l i g h t  s i t u a t i o n .  

Moreover, a i r s p e e d  and ver t ica l  v e l o c i t y  are imposs ib le  t o  estimate 

wi th  any accuracy by v i s u a l  means a lone .  The b e s t  i n d i c a t i o n s  are 

obta ined  from ins t ruments  l oca t ed  on t h e  pane l ,  ou t  of t h e  p i l o t ' s  

e x t e r n a l  f i e l d  of view. This  has  l e d  t o  s p e c u l a t i o n  t h a t  t h e  head- 

up d i s p l a y  would b e  of g r e a t  va lue  as a supplement t o  n a t u r a l  v i s u a l  

cues i n  f l a r e  and touchdown. 

F igure  25 shows t h r e e  ways i n  which t h e  head-up d i sp lay  could 

be  used t o  provide  landing  guidance. 

s t r a i g h t f o r w a r d  s o l u t i o n  i n  which t h e  depressed s i g h t  l i n e  i s  s h i f t e d  

upward from t h e  approach ang le  t o  a sha l lower  angle  appropr i a t e  f o r  

f l a r e .  This  corresponds t o  what t h e  p i l o t  now does i n  v i s u a l l y  

c o n t r o l l e d  landings .  

s o  t h a t  t h e  f l i g h t  pa th  marker is centered  on t h e  s i g h t  l i n e  symbol 

i n  i t s  new p o s i t i o n .  

ver t ica l  v e l o c i t y )  scales, p re fe rab ly  i n  expanded form f o r  v e r n i e r  

Version A i s  a s imple  and 

The p i l o t ' s  task i s  t o  a d j u s t  p i t c h  a t t i t u d e  

The a d d i t i o n  of a i r speed  and a l t i t u d e  ( o r  
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r ead ing ,  would provide  o t h e r  in format ion  t o  monitor t h e  p rogres s  

of f l a r e  and touchdown. 

Versions B and C are more s o p h i s t i c a t e d  s o l u t i o n s .  Version 

B (suggested by Gaidsick,  Ref. 7) i n t roduces  a new symbol t o  

i n d i c a t e  t h a t  f l a r e  should be i n i t i a t e d  and t o  guide i t s  execu- 

t i o n .  

to t h e  b a r s  i s  an analog of s i n k  rate. 

i s  a n  analog  of a l t i t u d e .  A s  a l t i t u d e  dec reases ,  t h e  b a r s  come 

c l o s e r  t o g e t h e r ,  and t h e  p i l o t ' s  t a s k  i s  t o  c o n t r o l  t h e  a i r c r a f t  

i n  p i t c h  so  t h a t  t h e  f l i g h t  pa th  marker moves upward, denot ing  a 

decrease  i n  s i n k  rate. A t  touchdown t h e  b a r s  come t o g e t h e r ,  and 

t h e  f l i g h t  p a t h  marker should be pos i t i oned  on top  of t h e  b a r s .  

It should be note6  t h a t  no exac t  s t a r t i n g  p o s i t i o n  f o r  t h e  f l a r e  

p r o f i l e  i s  p resc r ibed .  It matters only  t h a t  t h e  s i n k  rate be  low 

when a l t i t u d e  reaches ze ro ,  and n o t  how t h i s  cond i t ion  is  a r r i v e d  

a t .  

The ver t ica l  p o s i t i o n  of t h e  f l i g h t  p a t h  marker w i th  r e s p e c t  

The space  between t h e  b a r s  

Version C (suggested by Davis, Ref. 8) makes use  of  t h e  

f a c t  t h a t  t h e  edges of t h e  runway appear t o  move outward and 

upward as t h e  a i r c r a f t  n e a r s  touchdown. 

of a runway c e n t e r l i n e  symbol, which s p l i t s  i n t o  two p a r t s  each 

r o t a t i n g  toward t h e  hor izon ,  i s  used as an ana log  of a l t i t u d e  and 

s i n k  rate.  A l t i t u d e  i s  denoted by t h e  angular  s e p a r a t i o n  between 

t h e  "runway edges",  and s i n k  rate by t h e i r  rate of motion. By 

c o n t r o l l i n g  t h e  a i r c r a f t  i n  p i t c h  s o  t h a t  t h e  f l i g h t  pa th  marker 

remains a l igned  w i t h  t h e  base  of t h e  t r i a n g l e  formed by t h e  

runway edge s y s b o l s ,  a coord ina ted  r educ t ion  of s i n k  rate wi th  

a l t i t u d e  i s  achieved.  

A similar movement 

A l l  t h r e e  v e r s i o n s  r e q u i r e  an a l t i t u d e  s i g n a l  ( p r e f e r a b l y  

r a d a r  a l t i t u d e )  t o  i n i t i a t e  t h e  change i n  d i s p l a y  conf igu ra t ion ,  

and Versions B and C a l s o  r e q u i r e  s i n k  rate and computation of 
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t he  d i r e c t o r  equat ion .  A l i m i t e d  amount of s imula to r  and f l i g h t  

t e s t i n g  has  been conducted f o r  each of t h e s e  d i s p l a y s  (Version 

A by RAE/Farnborough, B by NASA F l i g h t  Research Center ,  and C 

by USAF F l i g h t  Dynamics Labora tory) .  

b u t  p re l imina ry ,  and more work needs t o  be  done t o  e s t a b l i s h  

t h e i r  u t i l i t y .  A s  a concept ,  however, t h e  u s e  of t h e  HUD f o r  

f l a r e  and l and ing  guidance o f f e r s  promise,  n o t  only because of 

t he  gene ra l  advantages which a HUD o f f e r s  i n  t h e  VFR s i t u a t i o n ,  

b u t  a l s o  because i t  can provide  a s s i s t a n c e  i n  conducting a maneuver 

f o r  which e x t e r n a l  v i s u a l  r e f e r e n c e  a lone  may n o t  be e n t i r e a l y  

adequate .  

The r e s u l t s  are encouraging 

In summary, i t  can be s a i d  t h a t  t h e  head-up d i sp lay  o f f e r s  

a number of advantages f o r  approach and l and ing  i n  VFR cond i t ions .  

It provides  an enhancement of v i s u a l  r e fe rence  p o i n t s  used t o  

determine c r i t i c a l  f l i g h t  angles .  It can supplement t h e  avail- 

a b l e  guidance informat ion  wi th  in s t rumen ta l  i n d i c a t i o n s  of t hose  

a i rcraf t  parameters  which are d i f f i c u l t  t o  c o n t r o l  by n a t u r a l  

v i s u a l  cues a lone.  The head-up d i s p l a y  is  capable  of p re sen t ing  

an i n t e g r a t e d ,  s k e l e t a l  r e p r e s e n t a t i o n  of t h e  f l i g h t  s i t u a t i o n  i n  

a format which i s  superimposed upon, and i n  t h e  same coord ina tes  

as, t h e  n a t u r a l  e x t e r n a l  scene.  F i n a l l y ,  t h e  head-up d i s p l a y  per-  

m i t s  g r e a t e r  f l e x i b i l i t y  i n  i t s  use  than  e x i s t i n g  ground v i s u a l  

a i d s ,  and i t  a f f o r d s  more immediate and s e n s i t i v e  i n d i c a t i o n s  of 

d e v i a t i o n s  from t h e  d e s i r e d  f l i g h t  pa th .  These advantages con- 

s t i t u t e  a s t r o n g  argument f o r  t h e  head-up d i s p l a y  i n  and of them- 

selves. 

t h e  HUD i n  VFR cond i t ions  could h e l p  b r i d g e  t h e  gap t o  IFR,  which 

is  t h e  s u b j e c t  of t h e  next  s e c t i o n .  

They ga in  more weight when one considers:how t h e  use  of 

IFR CATEGORY 1/11 APPROACH AND LANDING 

The s imple d i f f e r e n c e  between VFR and IFS  i s  t h a t  i n  t h e  
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former t h e  p i l o t  can see t h e  landing  s i te  and i n  t h e  l a t t e r  he 

cannot ,  a t  l eas t  u n t i l  very  l a t e  i n  t h e  approach sequence. The 

conseqbences of t h i s  d i f f e r e n c e  are f a r  from simple however. 

The p resen t  concept of IFR opera t ions  d iv ides  low v i s i b i l i t y  

i n t o  t h r e e  statra: Categor ies  I, 11, and 111, wi th  t h e  l a t t e r  

two f u r t h e r  d iv ided  i n t o  s u b s t r a t a  which r e p r e s e n t  i n t e rmed ia t e  

s t a g e s  on t h e  road t o  a l l -weather  ope ra t ions .  There i s  a funda- 

mental  d i s t i n c t i o n  between Categor ies  I and I1 and Category 111. 

The r u l e s  f o r  Categor ies  I and I1 permit  t h e  p i l o t  t o  descend 

only t o  some p resc r ibed  minimum a l t i t u d e  on in s t rumen t s ,  b u t  n o t  

t o  cont inue  un le s s  he  has  e s t a b l i s h e d  adequate  v i s u a l  r e f e r e n c e  

f o r  completing t h e  approach and landing .  I n  Category I11 t h e  

p i l o t  w i l l  be  permi t ted  t o  cont inue  a l l  t h e  way t o  touchdown and 

r o l l o u t  wi thout  v i s u a l  r e fe rence .  Categor ies  I and I1 are, 

t h e r e f o r e ,  "see-to-land" operations., wh i l e  Category 111 i s  t r u e  

"b l ind  landing".  It is  t h i s  d i s t i n c t i o n  which l e a d s  many t o  con- 

c lude  t h a t  t h e r e  are only two, n o t  t h r e e ,  classes of reduced 

v i s i b i l i t y  ope ra t ions .  The au tho r  of t h i s  s tudy  b e l i e v e s  the 

d i s t i n c t i o n  i s  v a l i d ,  and i t  i s  t h e  reason  f o r  d iv id ing  t h e  

d i scuss ion  of t h e  IFR a p p l i c a t i o n  of t h e  HUD i n t o  two p a r t s  -- 
Category I / T I  i n  t h i s  s e c t i o n  and Category 111 i n  t h e  nex t .  

All LFR opera t ions  are a l i k e  i n  t h a t  t h e  lowered cond i t ions  

of v i s i b i l i t y  prevent  t h e  p i l o t  from see ing  t h e  c r i t i c a l  real- 

world r e fe rence  p o i n t s  he  uses  f o r  guidance. The v i s u a l  guidance 

loop i s  t h e r e f o r e  open -- i n  t h a t  when t h e  p i l o t  makes c o n t r o l  

i n p u t s ,  he receives no v i s u a l  feedback of r e s u l t s  from t h e  e x t e r n a l  

scene.  

p i l o t  breaks out  of t h e  weather and can see t h e  runway o r  some 

markings c l o s e l y  a s s o c i a t e d  wi th  i t .  I n  Category 111 t h e  v i s u a l  

loop remains e s s e n t i a l l y  open throughout t h e  approach and l and ing  e 

In Category 1/11 t h e  v i s u a l  h o p  becomes c losed  when t h e  
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However, t h e  c los ing  of t h e  v i s u a l  loop i n  Category 1/11 does 

no t  occur  s imultaneously f o r  t h e  h o r i z o n t a l  and ver t ica l  axes of 

cont r ,o l .  The h o r i z o n t a l  loop i s  c losed  when t h e  p i l o t  can see a 

s u f f i c i e n t  number of approach l i g h t s  t o  e s t a b l i s h  h i s  l a te ra l  t r a c k  

wi th  r e s p e c t  t o  t h e  extended runway c e n t e r l i n e .  The ver t ica l  loop 

remains open u n t i l  such t i m e  as t h e  p i l o t  can see t h e  aiming p o i n t  

on t h e  runway and a s h o r t  d i s t a n c e  beyond. The ver t ica l  loop may 

open aga in  i n  Category I1 when t h e  a i r c r a f t  i s  f l a r e d  and t h e  aiming 

p o i n t  i s  s h i f t e d  f u r t h e r  down t h e  runway. Thus, t h e r e  i s  no one 

c l e a r l y  d e f i n a b l e  p o i n t  a t  which t h e  t r a n s i t i o n  t o  v i s u a l  r e fe rence  

occurs .  It i s  a zone whose e x t e n t  depends on both t h e  RVR and t h e  

f l i g h t  p r o f i l e .  

Morra l l  (Ref. 9 )  summarizes t h e  problem of ver t ica l  f l i g h t  

p a t h  guidance and c o n t r o l  as fo l lows:  

"The main s a f e t y  problem i n  bad weather  landing  
us ing  present-day techniques  i s  considered t o  be 
t h e  shortcomings of t h e  v i s u a l  c o n t r o l  i n  p i t c h  
dur ing  t h e  f i n a l  phase of t h e  approach and l and ing  
e s p e c i a l l y  i n  low v i s i b i l i t i e s  ... I n  making h i s  de- 
c i s i o n  whether t o  cont inue w i t h  t h e  landing  o r  n o t  
a f t e r  becoming v i s u a l ,  t h e  p i l o t  must assess n o t  
on ly  h i s  p o s i t i o n  re la t ive t o  t h e  i d e a l  f l i g h t  p a t h ,  
b u t  a l s o  h i s  v e l o c i t i e s ,  bo th  c r o s s  t r a c k  and v e r t i c a l ,  
t o  determine where t h e  a i r c r a f t  is  going. 

"Whilst i t  i s  reasonable  t o  expect  a p r o f i c i e n t  
p i l o t  t o  be  a b l e  t o  assess t h e  a i r c r a f t ' s  p o s i t i o n  
and v e l o c i t y  i n  t h e  h o r i z o n t a l  p l ane  by Looking a t  
a segment of approach l i g h t i n g  which inc ludes  only  
one c ros s  b a r ,  i t  is  more d i f f i c u l t ,  i f  n o t  i m -  
p o s s i b l e ,  t o  make a s imilar  assessment i n  t h e  p i t c h  
p l ane  from t h e  same p i c t u r e .  Even gross  e r r o r s  
may be  d i f f i c u l t  t o  d e t e c t  i n  t h e  t i m e  a v a i l a b l e  
a f t e r  v i s u a l  con tac t  i n  o p e r a t i o n s  t o  t h e  lower 
dec i s ion  h e i g h t s  of Category 11. It i s  be l i eved  
t h a t  v i s u a l  c o n t r o l  of t h e  aeroplane  i n  p i t c h  be- 
g i n s  t o  become r e l i a b l e  when t h e  p i l o t  can see as 
f a r  as t h e  p o i n t  on t h e  ground t o  which h i s  approach 
pa th  i s  l ead ing .  For a g l i d e  s lope  angle  of 3' and 
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a slanL range of 400 metres t h i s  occurs  when t h e  
p i l o t ' s  eye h e i g h t  i s  as low as 70 f t ,  and even f o r  
a s l a n t  range of 800 metres t h e  eye he igh t  is 
140 f t .  This  means, t o  achieve h igh  s t anda rds  of 
s a f e t y  i n  t h e s e  v i s u a l  cond i t ions ,  instrument  guidance 
i n  p i t c h  i s  r equ i r ed  t o  h e i g h t s  of around 50 t o  
100 f t . "  

Concern wi th  t h e  problem of instrument  t o  v i s u a l  t r a n s i t i o n  

dominates t h e  d i scuss ion  of Category 1/11 opera t ions .  

does t h e  l e n g t h  of t r a n s i t i o n  t i m e  vary,  t h e  process  may have t o  

be  r eve r sed  i f  v i s u a l  r e fe rence  i s  l o s t  a t  f l a r e  o r  i f  t h e r e  i s  a 

sudden and unexpected r educ t ion  i n  RVR. Moreover, t h e  t r a n s i t i o n  

is  seldom complete. A s tudy  by Hanes e t  a l .  (Ref. 10) showed t h a t  

p i l o t s  cont inue  t o  make use  of pane l  ins t rument  in format ion  a f t e r  

going head-up and u n t i l  t h e  a i r c r a f t  i s  very  c l o s e  t o  t h e  ground, 

The prime advantages claimed f o r  t h e  head-up d i s p l a y  i n  Category 

1/11 are t h a t  i t  eases t h e  problem o f  t r a n s i t i o n  and t h a t  i t  per -  

m i t s  r e t a i n i n g  e s s e n t i a l  i n s t rumen ta l  in format ion  whi le  looking  out  

of t h e  cockpi t  a 

Not only 

F l i g h t  and s imula t ion  tr ials conducted by BLEU a t  RAE/Bedford 

have confirmed t h a t  t h e  head-up d i s p l a y  makes t h e  t r a n s i t i o n  from 

pane l  ins t ruments  t o  e x t e r n a l  in format ion  easy  and n a t u r a l .  

w i t h  t h e  e x t e r n a l  cues w a s  made a t  t h e  earliest p o s s i b l e  t i m e ,  and 

p i l o t s  were a b l e  t o  t r a n s f e r  wi thout  abandoning ins t rument  guidance. 

Although p i l o t s  t ak ing  p a r t  i n  t h e  s t u d i e s  w e r e  n o t  b r i e f e d  i n  t h e  

method of combining e x t e r n a l  v i s u a l  cues and head-up informat ion ,  

t h e  n a t u r a l  method adopted by them w a s  t o  cont inue t o  use t h e  HUD 

f o r  ver t ica l  guidance u n t i l  cons iderably  la ter  than  they  began t o  

use  t h e  e x t e r n a l  world f o r  la teral  guidance. This  confirmed t h e  

p i l o t s '  own r e a l i z a t i o n  t h a t  e x t e r n a l  cues were d e f i c i e n t  f o r  ver- 

t i c a l  guidance u n t i l  t h e  th re sho ld  o r  beyond. (Ref. 11) 

Contact 
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The r a t i o n a l e  f o r  t he  head-up d i s p l a y  i n  Category 1/11 i s  

p red ica t ed  upon t h r e e  major uses .  F i r s t ,  t h e  HUD must ease and 

improve t h e  t r a n s i t i o n  from instrument  t o  v i s u a l  r e fe rence ,  bo th  

by enabl ing  t h e  p i l o t  t o  b e  head-up a t  t h e  t i m e  t h e  f i r s t  f a i n t  

cues come i n t o  view and by g iv ing  him r e l i a b l e  a r t i f i c i a l  r e f e r e n c e  

p o i n t s  by which t o  i n t e r p r e t  t h e s e  cues.  Th i s  i s  t h e  p i v o t a l  

f e a t u r e  of t h e  HUD. The second use,  implied i n  p a r t  by t h e  f i r s t ,  

i s  t o  provide a d i s p l a y  of ins t rument  in format ion  down t o  t h e  

dec i s ion  he igh t  (where t h e  t r a n s i t i o n  t a k e s  p l a c e ) .  The t h i r d  use  

i s  t o  f u r n i s h  instrument  in format ion  needed below t h e  d e c i s i o n  

he igh t  as a supplement t o  t h e  n a t u r a l  cues f o r  f l a r e  and touch- 

down guidance. Thus, as an ins t rument ,  t h e  HUD func t ions  through- 

out  t h e  approach and landing  sequence. A s  a v i s u a l  s i g h t i n g  a i d ,  

1 

i t  func t ions  from t h e  dec i s ion  he igh t  on t o  completion of t h e  land-  

ing .  I n  essence ,  t h e  head-up d i s p l a y  acts as a b r idge  a c r o s s  t h e  

hazardous p o r t i o n  of Cateogry 1/11 approach and landing ,  an  

area where n e i t h e r  ins t rument  no r  unaided v i s u a l  guidance i s  

wholly adequate .  

Naish (Ref. 1 2 )  has  s t a t e d  t h e  p r o p e r t i e s  of t h e  Category 1/11 

head-up d i s p l a y  and t h e  design f e a t u r e s  which make t h e s e  p r o p e r t i e s  

p o s s i b l e .  They are summarized i n  Table VIII. While some may take 

except ion  t o  certain d e t a i l s  and t h e r e  may b e  a l t e r n a t i v e  ways of 

phras ing ,  Naish 's  ve r s ion  may be  l e t  s t a n d  as a gene ra l ly  accep tab le  

s ta tement  of d e s i r a b l e  c h a r a c t e r i s t i c s  about  t h e  head-up d i s p l a y  

f o r  a p p l i c a t i o n  t o  t h e  Category 1/11 apprsach and landing .  

There i s  a l s o  r a t h e r  c l o s e  gene ra l  agreement on t h e  informat ion  

conten t  of a Category 1/11 head-up d i sp lay .  Baxter  (Ref. 1 3 ) ,  f o r  

example, has  l a i d  down t h e  fo l lowing  as t h e  b a s i c  e lements  of a HUD 

which makes use  of I L S  information:  

Q A t t i t u d e  Reference 
o Runway Heading o r  Track 
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TABLE VI1 

PROPERTIES OF HEAD-UP DISPLAY (HUD) 

PROPERTY MEANS OF 
IMPLEMENTATION ORIGIN OF PROPERTY 

Continuous transition Display and forward Reflecting collimator. 
between instrument view in same posi- 
and visual flight. tion. 

Ease of learning. Display and forward Pictorial display 
view interpreted by conforming with 
similar rules. forward view. 

Accuracy of use. Sufficient informa- Flight director and 

represented in com- 
mon framework. 

tion presented in attitude information 
unified scheme e 

DESIGN FEATURES OF HEAD-UP DISPLAY (HUD) 

CONTENT Sufficient for accurate flight 
Not causing excessive obscuration 
Unaffected by use 

FORM Dominated by shape of chief symbols 
Dominated by speed of chief symbols 
Conformable with background 
Conformable within itself 
Comprising unique symbols 
Comprising simple symbols 
Avoiding interfering symbols 

ALIGNMENT Allowing common centers of interest 
Suppressing false information 
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8 Runway Locat ion 
Q ILS Loca l i ze r  and Gl ide  Slope Deviat ion 
Q F l i g h t  Pa th  
Q Airspeed 
6) F l i g h t  D i rec t ion  

Others  (e .g .  Green, Ref. 14)  sugges t  t h a t  a d d i t i o n a l  i n f o r -  

mation may be adv i sab le .  Among t h e s e  are a l t i t u d e ,  v e r t i c a l  

v e l o c i t y ,  range t o  touchdown, and event  markers (such as o u t e r ,  

middle,  and i n n e r  marker i n d i c a t i o n s ) .  There are d i f f e r e n c e s  of 

op in ion  on t h e  s u b j e c t  of in format ion  requirements ,  which s t e m  

from d i f f e r i n g  i n t e r p r e t a t i o n s  of t h e  p i l o t ' s  c o n t r o l  t a s k s  and 

from vary ing  estimates of t h e  va lue  of c e r t a i n  types  of informa- 

t i o n  f o r  given purposes .  For example, a s tudy  conducted by t h e  

USAF Instrument  P i l o t  I n s t r u c t o r  School (Ref. 15) concluded t h a t  

p i l o t s  found pa th  ang le  informat ion  more meaningful t han  ver t ica l  

v e l o c i t y  f o r  g l i d e  s l o p e  fo l lowing .  

t h i s  e i t h e r  because t h e  s tudy  d e a l t  w i t h  p i l o t  p re fe rence  r a t h e r  

t han  demonstrated need o r  because they  have a h ighe r  opin ion  of 

t h e  va lue  of ver t ical  v e l o c i t y  as an ILS-independent confirmation 

of g l i d e  s l o p e  fol lowing.  

Others  may t a k e  i s s u e  w i t h  

It is  probably imposs ib le  t o  arrive a t  a comprehensive l i s t  

of in format ion  requirements  which w i l l  be  s a t i s f a c t o r y  t o  a l l ,  nor  

i s  i t  necessary  t o  do s o  f o r  t h e  purposes of t h i s  s tudy.  I n  

p r i n c i p l e ,  it can be s a i d  t h a t  t h e  Category 1/11 HUD should con- 

t a i n  a l l  t h e  informat ion  necessary  f o r  a VFR HLJD s i n c e  t h e  v i s u a l  

guidance problem remains t h e  same ac ross  IFR and VFR cond i t ions .  

I n  a d d i t i o n ,  f o r  Category 1/11 use t h e  HUD must d i sp l ay  ILS 

information s i n c e  t h i s  i s  t h e  primary guidance system down t o  t h e  

d e c i s i o n  h e i g h t .  F i n a l l y ,  t h e  HUD must p re sen t  any ins t rument  

in format ion  deemed necessary  f o r  proper  a i r c r a f t  c o n t r o l  o r  f o r  

cor robora t ion  of v i s u a l  guidance below t h e  dec i s ion  h e i g h t  e 

Fur the r ,  t h e  form of t h e  ILS and ins t rument  in format ion  must be 
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such t h a t  i t  i s  compatible wi th  t h e  v i s u a l  guidance informat ion .  

I f  the HUD i s  t o  be used f o r  l and ing  as w e l l  as approach (and 

t h i s  seems h igh ly  d e s i r a b l e ) ,  in format ion  t o  guide t h e  f l a r e ,  

decrab ,  and r o l l o u t  must a l s o  b e  presented .  

While i t  i s  n o t  t oo  d i f f i c u l t  t o  achieve  agreement i n  g e n e r a l  

terms on informat ion  conten t  t h e r e  are several opposing schools  

of thought on t h e  format and symbology of a Category 1/11 head- 

up d i sp lay .  

reasoning o r  deduct ive  argument can r e so lve .  Empir ical  evidence 

from f l i g h t  and s imula t ion  exper ience  o f f e r s  t h e  b e s t  hope. The 

examples given h e r e a f t e r  are t h o s e  which have been sub jec t ed  t o  

tests by use ,  and wh i l e  t h i s  i s  no assurance  as t o  what may be  

optimum, i t  i s  a t  least an i n d i c a t i o n  of t h e i r  workab i l i t y .  

This  i s  a ques t ions  which no amount of - a p r i o r i  

F igure  26 i s  an  i l l u s t r a t i o n  of f i v e  head-up d i s p l a y  des igns .  

Since t h e  major concern i s  t h e  p r e s e n t a t i o n  of ILS informat ion  i n  

conjunct ion  w i t h  v i s u a l  guidance t h i s  a spec t  of t h e  des ign  has  been 

emphasized. For t h e  purpose of comparison, each d i s p l a y  i s  shown 

f o r  t h e  same two approach cond i t ions  -- on l o c a l i z e r  and g l i d e  

s l o p e  and i n  t h e  process  of  c o r r e c t i n g  f o r  a h igh  ana t o  t n e  r i g h t  

s i t u a t i o n .  

A t  f i r s t  g lance  t h e s e  f i v e  d i s p l a y s  may seem r a d i c a l l y  d i f -  

f e r e n t  from each o t h e r .  I n  f a c t ,  t h e r e  i s  s u b s t a n t i a l  under ly ing  

s i m i l a r i t y  i n  t h e i r  s t a t i c  and dynamic p r o p e r t i e s .  I n  a l l  cases, 

t h e  b a s i c  r e fe rence  system i s  azimuth and e l e v a t i o n  coord ina tes  

which correspond t o  t h e  p i l o t ' s  forward e x t e r n a l  view. The v i s u a l  

analog is t h a t  of a s ingle-poin t  p e r s p e c t i v e  view of t h e  e a r t h  

p r o j e c t e d  onto  an imaginary v e r t i c a l  p lane  ahead of t h e  a i r c r a f t ,  

The movement of d i s p l a y  elements  which r ep resen t  real-world o b j e c t s  

(such as t h e  hor izon  o r  t h e  runway) i s  re ferenced  t o  a i r c r a f t  
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coord ina te s .  

i n  which d i s p l a y  elements w i th  e a r t h  coun te rpa r t s  move as t h e  real 

o b j e c t s  appear t o  do when viewed from w i t h i n  t h e  cockp i t .  D i rec to r  

o r  command symbols are "fly-to". For those  d i s p l a y s  wi th  a f l i g h t  

pa th  marker ( o r  v e l o c i t y  v e s t o r  symbol) t h e  movement of t h e  symbol 

wi th  r e s p e c t  t o  t h e  e a r t h  p lane  corresponds t o  what t h e  p i l o t  

would see i f  a t h i n  p e n c i l  beam of l i g h t  r e p r e s e n t i n g  h i s  i n s t a n t a n -  

eous f l i g h t  p a t h  were p ro jec t ed  onto  t h e  t e r r a i n  ahead of t h e  air- 

c r a f t  . 

This  i s  a so-cal led "inside-out" r e fe rence  system, 

There are d i f f e r e n c e s  among t h e  d i s p l a y s ,  however, and one of 

t h e  reasons  f o r  s e l e c t i n g  t h e s e  examples w a s  t o  i l l u s t r a t e  some 

of t h e  important  d i f f e r e n c e s  of head-up d i s p l a y  philosophy. Perhaps 

t h e  most b a s i c  of t h e s e  i s  t h e  ques t ion  of  j u s t  what s o r t  of analog 

should t h e  head-up d i sp lay  be .  A s  i n d i c a t e d  earlier,  t h e  HUD i n  

i t s  Category 1/11 use  i s  both an ins t rument  and a v i s u a l  s i g h t i n g  

device.  A s  a s i g h t i n g  device ,  t h e  c o m p a t i b i l i t y  of t h e  d i s p l a y  

format wi th  t h e  e x t e r n a l  world i s  of paramount importance.  Compati- 

b i l i t y  impl ies  two t h i n g s .  F i r s t ,  d i s p l a y  elements  should c o r r e l a t e  

i n  p o s i t i o n  and movement w i t h  real-world coun te rpa r t s .  

t h e  d i s p l a y  should be isomorphic wi th  t h e  real  world,  which e n t a i l s  

correspondence i n  shape and laws of pe r spec t ive .  

t h e  head-up d i s p l a y  i s  a l s o  an ins t rument ,  and many of t h e  parameters  

of f l i g h t  which must be d isp layed  do n o t  f i t  i n t o  a n a t u r a l  r e fe rence  

system. Airspeed,  v e r t i c a l  v e l o c i t y ,  and range t o  go are t h r e e  such 

parameters  which are shown on some d i s p l a y s  i n  Figure 26 as scales 

r a t h e r  than  i n  p i c t o r i a l  fash ion .  Obviously t h e  head-up d i s p l a y  

cannot be pu re ly  a s k e l e t a l ,  p i c t o r i a l  d i s p l a y  o r  pure ly  a r e p l i c a  

of t h e  ins t rument  pane l .  Some compromise must be s t r u c k .  The 

d i s p l a y s  i l l u s t r a t e d  i n  F igure  26 are a range of such compromises, 

wi th  t h e  h igh ly  p i c t o r i a l  SAAB Po le  Track d i s p l a y  a t  one extreme 

and t h e  head-up ins t rument  pane l  of t h e  Thomson-CSF L 193 a t  t h e  o t h e r .  

Second, 

On t h e  o t h e r  hand, 

VI-23 



Closely a l l i e d  t o  t h i s  ques t ion  is  t h e  i s s u e  of scale f a c t o r s  

f o r  t h e  HUD. I f  t h e  d i s p l a y  i s  t o  be  a v i s u a l  analog which cor- 

relates wi th  t h e  real world ( i - e - ,  i f  it is  t o  b e  an angle-s ight ing  

device) ' ,  then  t h e  scale f a c t o r  must be  1:l. 

movement must correspond t o  one degree of real-world movement. 

This  i s  fundamental; and i f  t h e  d i s p l a y  i s  t o  be  used as an a i r b o r n e  

VAS1 i n  VFR a l s o ,  i t  i s  c a t e g o r i c a l l y  impera t ive .  

One degree of symbol 

Not a l l  e x p e r t s  accept  t h i s  s t a t emen t ,  however. The view h e l d  

by some re sea rch  workers a t  RAE/Farnborougli (Ref.  10) and Naish 

(Refs.  17 ,  18) i s  t h a t  i t  i s  no t  on ly  p o s s i b l e  t o  f l y  a HUD w i t h  

a non-unity scale f a c t o r ,  i t  i s  d e s i r a b l e .  They contend t h a t  a 

1:l d i s p l a y  appears  ove r ly  s e n s i t i v e  t o  t h e  p i l o t ,  which r e s u l t s  

i n  e i t h e r  o s c i l l a t o r y  t r a c k i n g  performance o r  i n  an i n o r d i n a t e  

expendi ture  of  e f f o r t  t o  fo l low d i s p l a y  i n d i c e s .  The i n t r o d u c t i o n  

of a compressed scale f a c t o r ,  e s p e c i a l l y  i n  p i t c h ,  decreases  t h e  

e f f o r t  r equ i r ed  t o  f l y  t h e  d i s p l a y  b u t  a l s o  decreases  t h e  accuracy 

of t r a c k i n g  performance. The optimum ba lance  between e f f o r t  and 

t r a c k i n g  accuracy can be  achieved,  according t o  t h i s  school  of 

thought ,  by a scale f a c t o r  between 1:5 and 1:8 (1" of HUD symbol 

movement r e p r e s e n t s  5" - 8" of real world movement). 

The McDonnell-Douglas/Ellion HUD i n  F igure  26 i s  an example 

of a d i s p l a y  w i t h  a compressed scale f a c t o r ;  t h e  o t h e r s  are 1:l 

i n  s c a l i n g .  Without pursu ing  t h e  matter f u r t h e r ,  i t  i s  apparent  

t h a t  t h e  ques t ions  cannot be  r e so lved  wi thout  more exper imenta l  

evidence.  Both types  of d i s p l a y s  have been flown wi th  s u c c e s s f u l  

r e s u l t s ,  b u t  never  i n  comparison wi th  each o t h e r .  It must be 

added, however, t h a t  t h e  proponents  of a non-unity s c a l e  f a c t o r  

r ep resen t  a minor i ty  view. Most of t h e  r e s e a r c h  l i t e r a t u r e  and 

most informed opin ion  ho lds  t o  t h e  view t h a t  1:l s c a l i n g  i s  

a b s o l u t e l y  e s s e n t i a l  i f  t h e  HUD i s  t o  be  used as a s i g h t i n g  device  
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t o  supplement and a i d  v i s u a l  r e fe rence .  It a l s o  appears  t h a t  t h e  

more one tends  t o  regard  t h e  HUD as a s u b s t i t u t e  instrument  pane l ,  

ra i sed ,  and super-imposed on t h e  e x t e r n a l  scene ,  t h e  s t r o n g  i s  t h e  

d i s p o s i t i o n  t o  accept  a non-unity s c a l e  f a c t o r .  Clear ly ,  t h i s  is  

a t o p i c  on which more r e sea rch  i s  needed. 

Another major ques t ion  of HUD design f o r  Category 1/11 

a p p l i c a t i o n  concerns t h e  n a t u r e  of t he  dynamic laws used t o  pre- 

s e n t  s t e e r i n g  o r  d i r e c t o r  in format ion .  The p o s i t i o n  of t h e  f l i g h t  

pa th  marker symbol i n  r e l a t i o n  t o  a d e s i r e d  approach pa th  symbol 

is, i n  e f f e c t ,  a s ta tement  of s imple  angular  e r r o r .  A s  no ted  i n  

connect ion wi th  t h e  VFR HUD, such a d i sp lay  i s  f l y a b l e ,  b u t  i t  

r e q u i r e s  a g r e a t  d e a l  of p i l o t  a t t e n t i o n  and e f f o r t .  More satis- 

f a c t o r y  r e s u l t s ,  i n  terms of bo th  accuracy and p i l o t  work load ,  

can be obta ined  by supplementing t h e  s imple e r r o r  i n d i c a t i o n  wi th  

informat ion  on rate and i t s  d e r i v a t i v e s .  

Behan and S i c i l i a n i  (Ref. 19)  have o f f e r e d  a p e n e t r a t i n g  

a n a l y s i s  of t h e  problem and t h e  o u t l i n e s  of t h e  s o l u t i o n .  The 

fo l lowing  i s  a paraphrase of t h e i r  views. 

F ly ing  t h e  approach may be construed as a t r a c k i n g  t a s k  i n  

which t h e  p i l o t  i s  t r a c k i n g  a ramp i n p u t  w i th  t h e  a i d  of a compen- 

s a t o r y  d i sp lay .  The approach p a t h  which t h e  p i l o t  wishes t o  f l y  

i s  t h e  ramp. The d i sp lay  i s  compensatory i n  t h a t  both t h e  index  

of d e s i r e d  performance ( t h e  d e s i r e d  approach pa th  t o  t h e  runway) 

and t h e  index  of a c t u a l  performance ( t h e  f l i g h t  pa th  symbol) move 

independent ly  o f ,  and are read  i n  r e l a t i o n  t o ,  a common re fe rence  

system ( t h e  ho r i zon) .  

s i g h t  l i n e  i n  r e l a t i o n  t o  t h e  d e s i r e d  touchdown p o i n t  on t h e  run- 

way i s  t h e  index  of d e s i r e d  performance. The p o s i t i o n  of t h e  f l i g h t  

pa th  marker i n  r e l a t i o n  t o  t h e  g l i d e  s l o p e  s i g h t  l i n e  is  t h e  index  

I n  t h e  VFR case  t h e  p o s i t i o n  of t h e  depressed 
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of a c t u a l  performance. 

f l i g h t  pa th  marker and t h e  real-world runway both  are a l igned  wi th  

t h e  g l i d e  s l o p e  s i g h t  l i n e ,  I n  IFR t h e  view of t h e  runway i s  

obscured, and i t s  l o c a t i o n  i s  shown by ILS informat ion ,  The 

t r a c k i n g  t a s k  is  complicated by t h e  f a c t  t h a t  t h e  p i l o t  must in -  

f e r  t h e  e r r o r  i n  t h e  p re sen t  p o s i t i o n  from a p r o j e c t i o n  of t h e  

f u t u r e  p o s i t i o n  of t h e  a i r c r a f t .  This  has  important  imp l i ca t ions  

f o r  understanding t h e  pe r iod  of t r a n s i t i o n  from instrument  t o  

v i s u a l  f l y i n g .  

The p i l o t ’ s  t a s k  i s  t o  f l y  s o  t h a t  t h e  

Laboratory s t u d i e s  of compensatory t r a c k i n g  tasks provide  

t h e  fo l lowing  g e n e r a l i z a t i o n s :  

a) Performance of a compensatory t r a c k i n g  t a s k  i s  a ided  by 
inc lud ing  t h e  f i r s t  and second d e r i v a t i v e s  of e r r o r  
(rate and a c c e l e r a t i o n  of e r r o r ,  r e s p e c t i v e l y )  i n  t h e  
i n p u t  t o  the d i s p l a y  (Ref. 20) 

pensa tory  t r a c k i n g  i s  s u p e r i o r  t o  p u r s u i t  t r a c k i n g  wi th  
a s imple i n p u t  (Ref. 21) 

and l and ing) ,  t h e r e  i s  a tendency f o r  t h e  p i l o t  t o  l e a d  
t h e  i n p u t ,  i . e . ,  t o  overshoot  t h e  d e s i r e d  touchdown po in t  
and l and  long  (Ref. 22) 

d) A compensatory i n d i c a t o r  can g ive  a more p r e c i s e  p i c t u r e  
of t h e  s i t u a t i o n  through use  of h igh  d i s p l a y  ga in  (Ref. 23) 

e) When t h e  d e s i r e d  output  i s  t ime- invar ian t  ( a s  i n  t h e  
approach and landing  case)  t h e  compensatory t r a c k i n g  
t a s k  i s  equa l ly  as e f f i c i e n t  as t h e  p u r s u i t  t r a c k i n g  
t a s k  (Ref. 21, 22) 

b) When c o n t r o l  i s  unaided i n  r e l a t i o n  t o  t h e  d i s p l a y ,  com- 

c)  With a shal low ramp inpu t  (which i s  t h e  case i n  approach 

Behan and S i c i l i a n i  conclude: 

I n  view of t h e  p re sen t  a n a l y s i s  of f l y i n g  t h e  f i n a l  
approach as a t r a c k i n g  t a s k  u t i l i z i n g  a compensatory 
d i s p l a y ,  cons ide ra t ions  of t h e  p o s s i b i l i t y  of nega- 
t i ve  t r a n s f e r  of t r a i n i n g  l e a d  t o  t h e  conclusion 
t h a t  whatever i n s t rumen ta t ion  i s  developed should 
p re sen t  a compensatory-type d i sp lay .  T rans fe r  of 
t r a i n i n g  r e f e r s  t o  t h e  e f f e c t s  of t h e  performance 
of one t a s k  on t h e  performance of another .  Trans- 
f e r  of t r a i n i n g  may be nega t ive  o r  p o s i t i v e .  I f  t h e  
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performance of one t a s k  f a c i l i t a t e s  t h e  pe r fo r -  
mance of t h e  o t h e r ,  t h e  t r a n s f e r  i s  p o s i t i v e .  I n  
t h e  given s i t u a t i o n ,  i t  i s  d e s i r a b l e  t h a t  t h e  t r a n s -  
f e r  of t r a i n i n g  from t h e  VFR t o  t h e  IFR landings  
b e  p o s i t i v e .  Thus, i t  i s  d e s i r a b l e  t o  make t h e  
landing  t a s k  under IFR cond i t ions  as much l i k e  t h e  
l and ing  t a s k  under VFR cond i t ions  as i s  p o s s i b l e .  

"The same maneuvers must be accomplished f o r  a VFR 
as f o r  an IFR landing .  The d i f f e r e n c e  i s  t h e  in -  
formation which t h e  p i l o t  has  a v a i l a b l e  t o  him t o  
accomplish t h e  maneuvers...The task of t h e  p i l o t  
does n o t  change dur ing  t h e  IFR l and ing ,  a p a r t  
from t h e  demands made on him by in s t rumen ta t ion  and 
by t h e  IFR approach p a t t e r n  p e c u l i a r  t o  t h e  a i r p o r t  
of i n t e n t . "  

Confirmation of t h e  foregoing  a n a l y s i s  can be found i n  t h e  

r e s u l t s  of f l i g h t  t r i a l s  conducted by BLEU and by t h e  SAAB organ- 

i z a t i o n  i n  Sweden. Baxter  (Ref. 24) ,  commenting on t h e s e  t r ia l s ,  

states : 

"The combination of displacement and rate i n f o r -  
mation i n  t h e  ver t ical  p l ane  r e s u l t s  i n  much more 
r a p i d  c o r r e c t i o n s  of f l i g h t  p a t h  e r r o r s  t han  i s  
p o s s i b l e  wi th  pu re  d i r e c t o r  d i s p l a y s .  Whereas 
t h e  d i r e c t o r  d i sp l ay  f o r c e s  t h e  p i l o t  t o  make an 
exponen t i a l  c losu re  on t h e  d e s i r e d  g l i d e  pa th ,  
t h e  displacement p l u s  rate d i s p l a y  enables  him 
t o  f l y  s t r a i g h t  i n  a t  an accep tab le  c l o s i n g  ang le  
and then ,  when he is  almost t h e r e ,  make a sudden 
change i n  f l i g h t  pa th  t o  l i n e  up w i t h  t h e  
d e s i r e d  g l i d e  pa th .  I found t h a t ,  dur ing  a run  
from 6 m i l e s  t o  t h re sho ld ,  I was  a b l e  t o  make 
t h r e e  major excurs ions  from t h e  d e s i r e d  g l idepa th  
and c o r r e c t  them a l l  ou t  aga in  be fo re  landing."  

S i m i l a r  conclus ions  were reached i n  a USAF s tudy  (Ref. 25) where 

i t  w a s  found t h a t  p i t c h  commands augmented w i t h  barometr ic  ver- 

t i c a l  v e l o c i t y ,  accelerometer ,  and ver t ical  gyro i n p u t s  l e a d  t o  

s u p e r i o r  g l i d e  s l o p e  fo l lowing  performance. 

A f i n a l  ques t ion  of HUD philosophy f o r  Category 1/11 

approach and l and ing  concerns t h e  r e l a t i o n  of t h e  HUD, t h e  p i l o t  
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and t h e  a u t o p i l o t .  

on manual vs. au tomat ic  c o n t r o l  f o r  reduced v i s i b i l i t y  landings .  

The B r i t i s h  v i e w  tends  t o  f avor  f u l l y  automatic  approaches,  a l l  

t h e  way t o  touchdown. 

a monitor and manager of t h e  au tomat ic  system, 

means f o r  t h e  p i l o t  t o  e x e r c i s e  h i s  func t ions  as monitor and 

manager, b u t  no t  t o  a c t  us  a back-up t o  t h e  a u t o p i l o t .  I f  f a i l -  

u re  of t h e  au tomat ic  system occurs ,  t h e  p i l o t  should i n i t i a t e  a 

missed approach. The B r i t i s h  contend t h a t  manual c o n t r o l ,  w i th  

o r  without  t h e  HUD, i s  n o t  s u f f i c i e n t l y  s a f e  and r e l i a b l e  t o  con- 

t r i ve  t h e  approach i n  t h e  event  of a u t o p i l o t  malfunct ion.  (For a 

concise  summary of t h e  B r i t i s h  view, see S t .  John, Ref. 26.) 

Th i s  is  p a r t  of  t h e  long-standing debate  

I n  t h i s  case, t h e  p i l o t ' s  r o l e  i s  t o  act  as 

The HUD becomes a 

The view p reva len t  i n  t h e  U.S. and i n  France i s  q u i t e  t h e  

con t r a ry .  There i s  a f i r m  b e l i e f  t h a t  t h e  p i l o t  must be k e p t  i n  

t h e  c o n t r o l  loop .  This  means a c t i n g  n o t  on ly  as a monitor of t h e  

a u t o p i l o t ,  b u t  a l s o  as a manual c o n t r o l l e r  i n  two circumstances:  

f i r s t ,  t o  t a k e  over  c o n t r o l  a t  some minimum h e i g h t  f o r  completion 

of t h e  landing  and, second, t o  act as a back-up t o  complete t h e  

approach and landing  i n  case of a u t o p i l o t  f a i l u r e .  

There i s  no need t o  become embroiled i n  t h e  deba te  h e r e .  

However, i t  must be  poin ted  out  t h a t  t h e  p o s i t i o n  one takes on 

manual vs. au tomat ic  c o n t r o l  has  important  consequences f o r  t h e  

head-up d i sp lay .  

depending on one ' s  p o i n t  of v i e w  on a u t o p i l o t s ,  t h e  form and con- 

t e n t  of t h e  HUD w i l l  be  a f f e c t e d .  A HUD in tended  as an approach 

monitor need con ta in  only g l i d e  s l o p e  and l o c a l i z e r  in format ion  

and an  index  of a u t o p i l o t  performance (e .g . ,  a f l i g h t  pa th  marker).  

A HUD used f o r  manual c o n t r o l  might w e l l  con ta in ,  i n  a d d i t i o n  t o  

t h e s e  elements ,  some s o r t  of f l i g h t  d i r e c t o r  in format ion  f o r  t h e  

approach and f l a r e ,  decrab and r o l l o u t  guidance f o r  t h e  landing .  

Not only w i l l  t h e  d o c t r i n e  of use d i f f e r  
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Thus f a r ,  t h e  d i scuss ion  of t h e  head-up d i sp lay  f o r  Category 

1/11 has  d e a l t  w i th  t h e o r e t i c a l  concerns.  It is  a l s o  necessary  t o  

i n q u i r e  how t h e  head-up d i s p l a y  measures up i n  a c t u a l  use.  F l i g h t  

tests and s imula to r  eva lua t ions  of t h e  BUD have been conducted f o r  

several yea r s .  Genera l ly ,  t h e  r e s u l t s  show t h a t  many of t h e  

claimed advantages of t h e  HUD can, i n  f a c t ,  b e  r e a l i z e d .  While i t  

i s  n o t  p o s s i b l e  t o  p re sen t  a l l  t h e  exper imenta l  evidence,  t h e  

fo l lowing  w i l l  i n d i c a t e  t h e  t e n o r  of t h e  f ind ings .  

The FAA conducted ex tens ive  f l i g h t  and s imula to r  tests of 

t h e  Sperry HUD a t  NAFEC i n  1965. (Ref. 27) This  i s  t h e  Sperry 

HUD i l l u s t r a t e d  i n  F igure  26.  The r e s u l t s  i n d i c a t e d  t h a t  p i l o t s  

e x h i b i t  s u p e r i o r  performance i n  both assessment and c o n t r o l  tasks 

when us ing  t h e  HUD as compared w i t h  pane l  ins t ruments .  The 

measures of c o n t r o l  performance w e r e  d e v i a t i o n s  from g l i d e  s l o p e  

and l o c a l i z e r  and la te ra l  and l o n g i t u t i o n a l  d i s p e r s i o n  of t h e  

touchdown p o i n t .  Measures of t h e  p i l o t ' s  a b i l i t y  t o  assess t h e  

f l i g h t  s i t u a t i o n  w e r e  t h e  t i m e  t o  d e t e c t  a r t i f i c i a l l y  induced 

a u t o p i l o t  e r r o r s  and t h e  l o n g i t u t i o n a l  maneuver d i s t a n c e  t o  

recover .  A measure of p i l o t  confidence i n  t h e  d i s p l a y  (HUD vs. 

pane l  ins t ruments )  w a s  ob ta ined  from t h e  a l t i t u d e  a t  which take-  

over  from a u t o p i l o t  c o n t r o l  occurred.  The major f ind ings  of  t h e  

s tudy  were: 

a) P i l o t s  can descend t o  cons iderably  lower a l t i t u d e s  
wi th  s t eady  l o c a l i z e r  and g l i d e  s l o p e  s t a n d o f f s ,  
and recover  s a f e l y  from t h e s e  s i t u a t i o n s  when us ing  
t h e  windshield d i s p l a y s  compared w i t h  pane l  in -  
s t ruments .  (Loca l izer :  240 f t .  f o r  pane l  i n s t r u -  
ments v s .  136 f t .  f o r  a HUD wi th  a d i r e c t o r  and 185 
f t .  f o r  a HUD wi thout  a d i r e c t o r ;  Glide Slope: 194 
f t .  f o r  pane l  ins t ruments  vs. 42 f t .  f o r  a HUD w i t h  
a d i r e c t o r  and 63  f t .  f o r  a HUD without  a d i r e c t o r . )  
( A l l  va lues  are means.) 

b. P i l o t s  can recover  from l a t e r a l  o f f s e t s  us ing  sub- 
s t a n t i a l l y  smaller maneuvering d i s t a n c e s  wi th  a 
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windshield d i s p l a y  as compared w i t h  pane l  
ins t ruments .  (The mean va lues  were 5600 f t .  
f o r  pane l  ins t ruments ,  2715 f t .  f o r  a HUD wi th  
a d i r e c t o r  and 3850 f t .  f o r  a HUD without  a 

’ d i r e c t o r . )  

c) Dif fe rences  i n  performance of p i l o t s  us ing  head- 
up d i s p l a y s  wi th  and wi thout  f l i g h t  d i r e c t o r s  were 
smaller than  any d i f f e r e n c e s  i n  which a panel  
d i s p l a y  w a s  involved.  

d i r e c t o r  w a s  s u p e r i o r  t o  t h e  same d i s p l a y  wi thout  
a f l i g h t  d i r e c t o r .  

d) Where d i f f e r e n c e s  e x i s t e d ,  a HUD u i t h  a f l i g h t  

e) Behavior of p i l o t s  during t h e  low weather  approach 
w a s  more comparable t o  VFR cond i t ions  wi th  t h e  HUD 
than  wi th  pane l  ins t ruments .  

The HUD images can be  made t o  over lay  t h e  rea l  
world wi th  s u f f i c i e n t  accuracy f o r  low weather  
approach and l and ing  us ing  s ta te -of - the-ar t  
equipment. 

f )  

Morra l l  (Ref. 28) r e p o r t s  t h e  r e s u l t s  of f l i g h t  tests c a r r i e d  out  

by BLEU wi th  a HUD i n  a Vars i ty  a i r c r a f t .  

w e r e  flown t o  touchdown; w i t h  measurements of f l i g h t  pa th  devia- 

t i o n  from l o c a l i z e r  and g l i d e  s l o p e  taken  by ground t h e o d o l i t e  

record ings .  The r e s u l t s  were compared w i t h  d a t a  on then  c u r r e n t  

c i v i l  a v i a t i o n  au tomat ic  approaches fol lowed by manual take-over 

us ing  v i s u a l  guidance and with d a t a  on an exper imenta l  BLEU f u l l y  

au tomat ic  approach system. The f i n d i n g s  are summarized i n  

F igure  27 . The gene ra l  conclusion w a s  t h a t  p i l o t  performance 

us ing  t h e  HUD as an a i d  t o  manual c o n t r o l  w a s  s u p e r i o r  t o  t h a t  

a t t a i n a b l e  wi th  e i t h e r  of t h e  o t h e r  systems. I n  p a r t i c u l a r  t h e  

HUD conc t r ibu ted  t o  a marked improvement ‘ in  p i t c h  performance i n  

t h e  a l t i t u d e  range of 140 f t .  down t o  50 f t . ,  t h e  zone where t h e  

t r a n s i t i o n  t o  v i s u a l  r e fe rence  normally occurs  i n  Category 11. 

A t o t a l  of 6 4  approaches 

S tou t  and Naish (Ref. 29) p re sen t  t h e  r e s u l t s  of HUD f l i g h t  

tests conducted by McDonnell-Douglas as p a r t  of t h e  DC-10 develop- 

mental  program. The d i s p l a y  used i n  t h e s e  tests i s  shown i n  
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Figure  28. 

t h e  rate of descent  at touchdown averaged about 2 f e e t  p e r  second. 

No touchdown w a s  a t  less than  1 .75  f e e t  p e r  second o r  more than  

2.75 f e e t  p e r  second. The d i s p e r s i o n  of t h e  touchdown p o i n t  from 

t h e  t h r e s h o l d  w a s  between 1300 and 1800 f e e t  l o n g i t u d i n a l l y  and 

wi th in  + 10 f e e t  of t h e  runway c e n t e r l i n e .  See F igure  29. 

I n  seven landings  a t  Oakland Ai rpor t  on May 31, 1967, 

- 

Stou t  (Ref.  30) r e p o r t s  a la ter  series of t r i a l s  wi th  t h e  

same d i sp lay .  A t o t a l  of 25 p i l o t s  r e p r e s e n t i n g  a cross -sec t ion  

of FAA, a i r l i n e ,  m i l i t a r y ,  and McDonnell-Douglas personnel  f lew 

manual approaches and landings  by s o l e  r e f e r e n c e  t o  t h e  HUD. 

Resu l t s  s imilar  t o  those  desc r ibed  above were a t t a i n e d .  F igure  

i s  a sample f l i g h t  record  of an  approach t o  touchdown us ing  t h e  

head-up d i s p l a y  e 

While t h e  evidence from t h e s e  and similar eva lua t ions  of t h e  

head-up d i s p l a y  is  n o t  f u l l y  conclus ive ,  i t  does l end  very  s t r o n g  

suppor t  t o  t h e  case f o r  t h e  HUD i n  l o w - v i s i b i l i t y  ope ra t ions .  

The f l i g h t  test  and s imula t ion  exper ience  amassed t o  d a t e  i n d i c a t e s  

t h a t  t h e  p u t a t i v e  advantages of t h e  HUD can b e  r e a l i z e d  and t h a t  

t h e  concept i s  fundamentally sound and p r a c t i c a l .  However, t h e  

evidence a l s o  i n d i c a t e s  t h a t  t h e r e  are c o n t r o v e r s i a l  areas such as 

symbology and usage d o c t r i n e  which r e q u i r e  f u r t h e r  s tudy  b e f o r e  

t h e  HUD can become o p e r a t i o n a l l y  accep tab le .  

The advantages o f f e r e d  by t h e  head-up d i s p l a y  i n  Category 

1/11 opera t ions  may be summarized as fo l lows .  The HUD provides  a 

n a t u r a l  and easy-to-use method of making t h e  t r a n s i t i o n  from 

ins t rument  t o  v i s u a l  r e fe rence .  It does so  because i t  enab le s  

t h e  p i l o t  t o  be  head-up a t  o r  p r i o r  t o  t h e  d e c i s i o n  h e i g h t  and 

s t i l l  r e t a i n  t h e  necessary  ILS guidance informat ion  w i t h i n  h i s  

v i s u a l  f i e l d .  The a b i l i t y  t o  d i s p l a y  o t h e r  i n s t rumen ta l  informa- 
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t i o n  along wi th  l o c a l i z e r  and g l i d e  s l o p e  i n d i c e s  i s  an added 

advantage because i t  provides  an independent i n d i c a t i o n  of approach 

and landing  parameters  by which t h e  p i l o t  can co r robora t e  h i s  

judgment of t h e  p rogres s  of t h e  ope ra t ion .  F i n a l l y ,  t h e  a b i l i t y  

t o  d i s p l a y  f l a r e ,  decrab,  and r o l l o u t  guidance al lows t h e  p i l o t  t o  

u se  t h e  same d i s p l a y  a l l  t h e  way through t o  completion of t h e  land- 

ing .  This  l a s t  advantage ga ins  importance i n  l i g h t  of t h e  shortcom- 

i n g s  of t h e  p r e s e n t ,  pu re ly  v i s u a l  means of guidance i n  t h e  l a s t  

s t e p s  l e a d i n g  t o  touchdown. 

These advantages r e s u l t  i n  a number of p r a c t i c a l  b e n e f i t s  

f o r  t h e  p i l o t .  F i r s t ,  by s e r v i n g  as a g l i d e  s l o p e  ex tens ion ,  t h e  

HUD a i d s  i n  ver t ica l  c o n t r o l  i n  l o w  v i s i b i l i t y ,  which i s  probably 

t h e  most s e r i o u s  problem posed by Category 1/11 opera t ions .  

p rovid ing  f i x e d  and r e a d i l y  d i s c e r n i b l e  r e f e r e n c e  p o i n t s ,  t h e  HUD 

a l s o  h e l p s  minimize t h e  problems produced by wind s h e a r  and t u r -  

bu lence .  The d e t e r i o r a t i o n  i n  q u a l i t y  and u s a b i l i t y  of in format ion  

from s t anda rd  panel  ins t ruments  below 200 f e e t  i s  compensated by 

t h e  HUD, which h e l p s  b r i d g e  t h e  gap through improving v i s u a l  

r e fe rence  a t  t h e s e  low a l t i t u d e s  and through provid ing  more sens i -  

t i ve  i n d i c e s  f o r  ver t ica l  c o n t r o l .  Pane l  ins t ruments  because 

of t h e i r  l o c a t i o n  and h igh ly  compressed scale f a c t o r s  are no t  s u i t -  

a b l e  i n  the  l a s t  15-20 seconds of t h e  approach and l and ing  sequence. 

Category I1 i s  a t r a n s i t o r y  cond i t ion ,  where RVR i s  seldom 

s t a b l e .  The HUD h e l p s  cope w i t h  sudden and unexpected r educ t ions  

i n  t h e  range of v i s i b i l i t y  by provid ing  a ' c o n t i n u i t y  of v i s u a l  

and in s t rumen ta l  r e fe rence .  F i n a l l y ,  t h e  HUD he lps  t h e  p i l o t  

throughout t h e  approach and l and ing  i n  h i s  r o l e  as manager and 

monitor .  A t  t h e  dec i s ion  h e i g h t ,  when as a i r c r a f t  commander he  

must make a c r i t i c a l  go/no-go d e c i s i o n ,  t h e  HUD g ives  him two 

independent sources  of in format ion ,  v i s u a l  and in s t rumen ta l ,  

both v i s i b l e  s imul taneous ly  and i n  t h e  l o c a t i o n  which exper ience  

By 
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and prudence t e l l s  him he should be looking.  

The f i n a l ,  and perhaps most s i g n i f i c a n t ,  b e n e f i t  t o  t h e  

p i l o t  o f f e r e d  by t h e  HUD i s  descr ibed  by S tou t  and Naish (Ref. 

31) 
"The HUD buys t h e  p i l o t  t i m e .  T i m e  i s  t h e  most 
prec ious  commodity on board t h e  a i r c r a f t ,  e s p e c i a l l y  
dur ing  t h e  last  200 o r  300 f e e t  b e f o r e  touchdown. 
A few seconds saved a t  p o i n t s  s c a t t e r e d  along t h e  
approach course i s  a l l  t h a t  i s  needed t o  apprec iab ly  
lower t h e  p i l o t ' s  workload. 
au tomat i ca l ly  decreases  t h e  anx ie ty  bui ldup .  A low 
anx ie ty  level  i n s u r e s  a g r e a t e r  degree of p i l o t  
confidence bo th  i n  h i s  own a b i l i t y  and i n  t h a t  of 
t h e  t o t a l  system. " 

Lowering t h e  workload 

These advantages are n o t  l i m i t e d  t o  commercial t r a n s p o r t  

ope ra t ions .  A s  Baxter (Ref. 32) po in t ed  ou t  over  seven y e a r s  

ago i n  an FAA sponsored s tudy  of t h e  use  of t h e  HUD i n  gene ra l  

a v i a t i o n :  

"It seems d e s i r a b l e  t o  provide  a l l  t h e  b a s i c  
f l i g h t  in format ion  needed f o r  ins t rument  f l i g h t  
i n  a s i n g l e  clear and concise  p r e s e n t a t i o n ,  s o  
t h a t  i t  can be e a s i l y  and r a p i d l y  a s s i m i l a t e d  
and t h e  response r equ i r ed  of t h e  p i l o t  w i l l  be  
se l f - ev iden t .  I f  t h i s  f l i g h t  in format ion  can 
be ,presented i n  a form somewhat similar t o  t h e  
n a t u r a l  v i s u a l  in format ion  i n  t h e  o u t s i d e  world,  
t h e  consequent t r a n s f e r  of t r a i n i n g  between VFR and 
IFR f l i g h t  should be a g r e a t  advantage t o  t h e  
gene ra l  a i r c r a f t  ope ra to r .  .. 
"The P r o j e c t e d  Symbolic Display has  been chosen 
f o r  eva lua t ion  by FAA as a c i v i l  t r a n s p o r t  air- 
c r a f t  d i sp l ay ,  mainly on t h e  b a s i s  of i t s  h igh  
informat ion  conten t  and compa t ib i l i t y  wi th  t h e  
o u t s i d e  world.  C lea r ly ,  some degree of s imi l a r -  
i t y  i s  d e s i r a b l e  between t h e  in s t rumen ta t ion  used 
i n  c i v i l  t r a n s p o r t  a i r c r a f t  and t h a t  used i n  
gene ra l  a i r c r a f t ,  s i n c e  many c i v i l  p i l o t s  f l y  
a i r c r a f t  i n  bo th  of t h e s e  c a t e g o r i e s .  It there-  
f o r e  seems l o g i c a l  t o  develop and eva lua te  a 
s i m p l i f i e d  ve r s ion  of t h e  P ro jec t ed  Symbolic 
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Display f o r  gene ra l  a i r c r a f t .  Another p o i n t  i n  
favor  of t h i s  d i s p l a y  f o r  gene ra l  a i r c r a f t  i s  t h a t  
i t  o f f e r s  t h e  prospec t  of s u b s t a n t i a l  s i m p l i f i c a -  

~ t i o n  wi thout  a c r i t i c a l  l o s s  of in format ion  content  * ' I  

These advantages have been recognized by p i l o t s  f o r  some t i m e .  

Behan and S i c i l i a n i  (Ref. 33) conducted a survey of p i l o t  p re fe rences  

and acceptance f a c t o r s  r e l a t i n g  t o  d i s p l a y s  f o r  landing  i n  reduced 

weather minima. The r e s u l t s  i n d i c a t e d  t h a t  t h e  p i l o t s  sampled 

p r e f e r r e d  a d i s p l a y  which: 

a) Is p resen ted  i n  t h e  forward e x t e r n a l  f i e l d  of view. 

b) Contains informat ion  about t h e  p o s i t i o n  of t h e  
a i r c r a f t  wi th  r e spec t  t o  t h e  g l i d e  s l o p e .  

c) P resen t s  a p i c t u r e  of t h e  landing  s i t u a t i o n .  

d) Inc ludes  a i r s p e e d  informat ion .  

The gene ra l  p i l o t  endorsement of t h e  head-up d i s p l a y  i s  a l s o  

r e f l e c t e d  i n  t h e  o f f i c i a l  p o s i t i o n s  taken  by a i r l i n e  p i l o t  organ- 

i z a t i o n s .  The ALPA All-Weather F ly ing  Committee has  i s s u e d  several 

s ta tements  urging t h e  use of t h e  HUD i n  bo th  VFR and Category 1/11 

IFR. IFALPA suppor ts  t h e  p r i n c i p l e  of t h e  HUD as a b a s i c  a i d  i n  

t r a n s i t i o n  from instrument  t o  v i s u a l  r e fe rence  i n  l o w - v i s i b i l i t y  

approaches.  Other uses  f o r  t h e  HUD recommended by IFALPA are on t h e  

approach t o  non-instrumented runways, i n  o t h e r  low v i s i b i l i t y  

f l i g h t  s i t u a t i o n s  (e.g., t akeoff  and i n i t i a l  c l imb),  dur ing  turbu-  

l ence  upse t s ,  and i n  r e e s t a b l i s h i n g  manual c o n t r o l  from automat ic  

c o n t r o l  i n  exac t ing  f l i g h t  regimes. The Br - i t i sh  A i r  Line P i l o t s  

Assoc ia t ion  (BALPA) has  a l s o  i s s u e d  an o f f i c i a l  p o s i t i o n  paper  

(Ref. 3 4 ) ,  p o r t i o n s  of which are quoted below, 

"In ope ra t ions  t o  Category I1 l i m i t s ,  at dec i s ion  
he igh t  t h e  p i l o t  must t r a n s f e r  from ins t ruments  
and r e v e r t  t o  v i s u a l  cues.' The p rov i s ion  of a 
head-up d i s p l a y  i n  Category I1 opera t ions  w i l l  
enable  t h e  cap ta in  t o  monitor t h e  approach from 
t h e  d i s p l a y ,  and main ta in  accu ra t e  p i t c h  c o n t r o l  
t o  50- f t .  us ing a Category I1 ILS i n s t a l l a t i o n . . .  
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"BALPA b e l i e v e s  t h a t  head-up d i s p l a y s  can provide  
va luab le  a s s i s t a n c e  t o  t h e  p i l o t  i n  e f f e c t i n g  a 
s a f e  t r a n s i t i o n  from instrument  f l i g h t  t o  v i s u a l  
f l i g h t  i n  Category I1 and Category I11 cond i t ions . . .  

"The d e c i s i o n  as t o  whether t h e  v i s u a l  r e fe rences  are 
adequate f o r  a l and ing  t o  b e  made i n  Category I1 
minima can only  b e  made by t h e  a i r c r a f t  commander. 
This  means t h a t  he must be  "head-up" f o r  a t  l eas t  
several seconds be fo re  reaching  minimum dec i s ion  
a l t i t u d e . . .  

I 1  Some a i r c r a f t  o p e r a t o r s '  a l l  weather  ope ra t ions  
programmes have acknowledged t h e  e x i s t a n c e  of t h e s e  
problems b u t  have tended t o  a t tempt  t o  c a r r y  ou t  
t h e s e  new demanding tasks by r e l i a n c e  on t r a d i t i o n a l .  
equipment and procedures .  This  is  t o  b e  depreca ted ,  
and a system which permi ts  t h e  c a p t a i n  t o  both  look 
ou t  and t o  receive informat ion  on t h e  achieved 
accuracy of  t h e  approach would b e  welcomed by BALPA. 
A head-up d i s p l a y  i s  such a system.. .  

I n  t h e  approach case, a HUD would permit  t h e  11 

cap ta in  t o  s imul taneous ly  receive and c o r r e l a t e  bo th  
" i n t e r n a l "  and "externa l"  in format ion .  . 
"In  t h e  missed approach case, t h e  cap ta in  can 
receive, v ia  BUD read-outs ,  t h e  a i r c r a f t  a l t i t u d e ,  
a t t i t u d e ,  speed and o t h e r  va luab le  informat ion  rela- 
t ive t o  t h e  missed approach. With t h i s  in format ion  
t h e r e  w i l l  be  less requirement f o r  t h e  c a p t a i n  t o  
immediately r e t u r n  t o  "head-down" i n  o r d e r  t o  perform 
o r  monitor  t h e  performance of t h e  missed approach ... 
"When Category 111 opera t ions  are undertaken wi th  
f u l l  automatic  landing  equipment, a HUD can provide  
" r o l l  out" in format ion  compatible w i t h  t h e  informa- 
t i o n  used by p i l o t s  dur ing  v i s u a l  ope ra t ions . .  . 
"For a l l  t h e s e  reasons BALPA s t r o n g l y  recommends an 
a i r l i n e  e v a l u a t i o n  of HUD b e f o r e  Category I1 opera- 
t i o n s  are au thor ized  f o r  two p i l o t  crew a i r c r a f t .  

IFR CATEGORY I11 APPROACH AND LANDING 

A s  a concept ,  Category 111 envisages  ope ra t ions  t o  and along 

t h e  runway s u r f a c e  i n  s e v e r e l y  r e s t r i c t e d  v i s i b i l i t y .  The u l t i m a t e  
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goal  of Category I11 i s  t r u e  "blind"landing, i . e . ,  ope ra t ions  

without  e x t e r n a l  v i s u a l  referem!-:. Current  t h ink ing  c a l l s  f o r  

t h i s  goa l  t o  be  approached i n  s t e p s ,  i n  which t h e  pe rmis s ib l e  

RVR f o r  landing  i s  reduced p rogres s ive ly  from 700 f e e t ,  t o  150 

f e e t ,  and f i n a l l y  t o  ) *  I n  a l l  cases, however, t h e  dec i s ion  

he igh t  i s  0 ,  which means t h a t  t h e  p i l o t  i s  committed t o  a l and ing  

no matter what v i s i b i l i t y  may e x i s t  on o r  i n  t h e  v i c i n i t y  of t h e  

runway. 

Although t h e  f e a s i b i l i t y  of b l i n d  landing  and takeoff  w a s  

f i r s t  demonstrated on September 4 ,  1929 by James D o o l i t t l e  a t  

Mitchel  F i e l d ,  Long I s l a n d ,  t h e  in t e rven ing  40 yea r s  has  n o t  

brought  t h e  o p e r a t i o n a l  r e a l i z a t i o n  much c l o s e r ,  F u l l  Category 

I11 opera t ions  remain more of a t a n t a l i z i n g  goa l  than  a p r a c t i c a l  

r e a l i t y .  Criteria f o r  Category I I I A  o p e r a t i o n s  have been i s s u e d  

by t h e  ICAO, FAA, and equ iva len t  n a t i o n a l  r egu la to ry  agencies  i n  

England and i n  Prance.  Foreign carriers such as BEA and A i r  

France have gained Category I I I A  c e r t i f i c a t i o n  w i t h i n  t h e i r  own 

c o u n t r i e s  and expect  t o  main ta in  r e g u l a r  ope ra t ions  i n  v i s i b i l i t y  

down t o  700 f e e t  RVR. Some U.S. a i r l i n e s  hope f o r  Category I I I A  

a u t h o r i z a t i o n  by 1971. 

There are, however, grave misgivings about t h e  wisdom of 

descending i n t o  Category I11 wi th  t h e  p re sen t  equipment. The 

accu rac i e s  r equ i r ed  f o r  s a f e  Category I11 opera t ions  are much 

t i g h t e r  than  t h e  e s t a b l i s h e d  t o l e r a n c e s  of . the  p re sen t  ILS and 

au tomat ic  f l i g h t  c o n t r o l  systems. Some obse rve r s  even f e e l  t h a t  

t h e  Category I11 c e r t i f i c a t i o n  requirements  f o r  ground and a i rbo rne  

equipment are no t  s u f f i c i e n t l y  def ined  t o  s e r v e  as v a l i d  c r i te r ia  

f o r  assessment of system c a p a b i l i t y .  An expos i t i on  of t h e  t e c h n i c a l  

and o p e r a t i o n a l  problems, such as t h a t  o f f e r e d  by L i t ch fo rd  

(Refs.  35, 36,  37) l e a d s  t o  t h e  inescapable  conclusion t h a t  
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Category I11 d i f f e r s  from Category 1/11 n o t  j u s t  i n  degree b u t  

i n  k ind ,  which poses  a major cha l lenge .  

The work of t h e  Radio Technical  Commission f o r  Aeronaut ics ,  

Spec ia l  Committee 1 1 7 ,  i s  one i n d i c a t i o n  of t h e  i n d u s t r y ' s  concern 

wi th  t h e  i n t e g r i t y  and accuracy of e l e c t r o n i c  guidance systems 

f o r  Category 111. (Ref. 38). The ex tens ive  e f f o r t ,  e s p e c i a l l y  by 

t h e  B r i t i s h ,  t o  develop improved duplex and t r i p l e x  a u t o p i l o t s  is  

an i n d i c a t i o n  of another  Category 111 problem area. 

t h e r e  i s  t h e  i n d u s t r y  f e e l i n g  t h a t ,  even i f  s u i t a b l e  e l e c t r o n i c  

guidance and a u t o p i l o t  systems can be  developed, t h i s  would s t i l l  

not  b e  enough f o r  s a f e  Category I11 opera t ion .  The conten t ion  

i s  t h a t  t h e r e  must be  some o t h e r  system t o  r e p l a c e  t h e  p i l o t ' s  l o s t  

v i s u a l  r e fe rence  ia Category I11 and t o  act  as an independent 

v e r i f i c a t i o n  of a u t o p i l o t  and I L S  performance. This  i s  t h e  so-ca l led  

Independent Landing Monitor (ILM) which de r ives  i t s  informat ion  

from a non-ILS source  b u t  which i s  compatible w i t h  both  t h e  ILS and 

t h e  p i l o t ' s  b a s i c  v i s u a l  framework. The n a t u r e  of t h e  ILM has  not  

y e t  been determined. Some suggested methods of implementation are 

h igh  r e s o l u t i o n  a i rbo rne  r a d a r ,  microwave t ransponder  beacons,  I R  

and UV senso r s ,  lasers, and o t h e r  e l e c t r o - o p t i c a l  means. (Ref.  39) 

F i n a l l y ,  

However, from t h e  active d i scuss ions  and work now going on 

(and t h e  a t t e n d a n t  c o n t r o v e r s i e s ) ,  t h e  o u t l i n e s  of a Category 111 

system have begun t o  emerge. Category I11 r e q u i r e s  an improved 

e l e c t r o n i c  guidance system, most probably a microwave I L S .  

i f  n o t  a l l ,  of t h e  approach and l and ing  w i l l  be  flown under au tomat ic  

c o n t r o l .  This  ca l l s  f o r  h igh ly  r e l i a b l e  and accu ra t e  a u t o p i l o t  and 

a u t o t h r o t t l e  system, b e t t e r  probably than  those  which now exist 

To r e p l a c e  v i s u a l  r e fe rence  some s o r t  of ILM w i l l  be  needed. 

r o l e  of t h e  p i l o t  i n  a l l  t h i s  i s  s t i l l  s u b j e c t  t o  deba te .  One 

schoo l ,  no tab ly  r ep resen ted  by t h e  B r i t i s h ,  ho lds  t h a t  t h e  p i l o t ' s  

Most , 

The 
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r o l e  should be t h a t  of a monitor and a manager. H e  should no t  

e x e r c i s e  manual take-over o r  back-up func t ions .  An opposing 

opin ion  i s  c u r r e n t  i n  t h i s  country and i n  France.  The p r i n c i p l e  

of au tomat ic  c o n t r o l  of approach and landing  i s  accepted,  b u t  

n o t  t h e  i n t e r p r e t a t i o n  of t h e  p i l o t ' s  r o l e .  

main ta ins  t h a t  t h e  p i l o t ,  i n  a d d i t i o n  t o  a c t i n g  as a monitor and 

manager, should a l s o  e x e r c i s e  manual c o n t r o l  func t ions  e i t h e r  i n  

t h e  event  of au tomat ic  system f a i l u r e  o r  dur ing  t h e  f i n a l  p o r t i o n s  

of t h e  landing .  

This  viewpoint 

The r o l e  of t h e  head-up d i s p l a y  i n  Category I11 is by no 

means certain. 

d i v i d e  along t h e  s a m e  l i n e s  as i n  t h e  automatic  vs. manual con- 

t r o l  deba te .  S t .  John ( R e f .  40) sums up what i s  l a r g e l y  t h e  

B r i t i s h  view as fo l lows:  

Opinions of t h e  p o t e n t i a l  va lue  of t h e  HUD t end  t o  

"The p i l o t  should p o s i t i v e l y  b e  discouraged h e r e  
from making dec i s ions  based on e x t e r n a l  v i s u a l  
cues ,  i n  view of t h e  l i k e l i h o o d  of t h e i r  be ing  
misleading.  The r e l i a b i l i t y  of t h e  au tomat ic  
l and ing  system whould b e  such t h a t  i t s  i n t e g r i t y  
i s  impared r a t h e r  than  enhanced by such a c t i o n .  
Any monitor ing must be  made on in s t rumen ta l  
in format ion ,  and t h e  most r e l i a b l e  form of such 
informat ion ,  i s  l i k e l y  t o  be  head-down. There 
would t h e r e f o r e  appear t o  b e  no case f o r  f i t t i n g  
a HUD f o r  Cat I11 opera t ions .  Two p o s s i b l e  
excep t ions ,  however, p r e s e n t  themselves:  

a u t o p i l o t  en  r o u t e ,  an a i r c r a f t  w i t h  a n o t i o n a l  
C a t  111 c a p a b i l i t y  might on ly  be a b l e  t o  Land i n  
C a t  I1 cond i t ions ,  i n  which case t h e  C a t  I1 case, 
d iscussed  below, a p p l i e s .  

t h a t  r o l l o u t  guidance should be provided 
in s t rumen ta l ly  r a t h e r  t han  v i s u a l l y .  
w i l l  be  l o a t h  t o  keep h i s  eyes i n s i d e  t h e  cockpi t  
dur ing  t h i s  phase,  and t h e  combination of v i s u a l  
cues and in s t rumen ta l  in format ion  from HUD might 
provide  a d d i t i o n a l  s a f e t y  1' 

(a)  Due t o  p a r t i a l  f a i l u r e  t o  t h e  redundant 

(b) ILL Cat I I I B  cond i t ions ,  i t  i s  be l i eved  

The p i l o t  
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The counterargument rests on t h r e e  premises -- t h e  u n u s a b i l i t y  

of ins t rument  guidance along below 200 f e e t ,  t h e  need f o r  t h e  p i l o t  

t o  remain i n  t h e  c o n t r o l  loop i n  some capac i ty ,  and t h e  psychologi- 

cal dependence of t h e  p i l o t  on e x t e r n a l  v i s i o n .  The guidance fur -  

n i shed  by e l e c t r o n i c  means cannot be  accepted f o r  descents  t o  very 

low a l t i t u d e s  wi thout  some s o r t  of independent v e r i f i c a t i o n .  I n  

Category 1/11 t h i s  i s  accomplished b e s t  by v i s u a l  r e fe rence  wi th  

t h e  a i d  of t h e  HUD. 

co r robora t ion ,  and t h e  €IUD i s  t h e  n a t u r a l  and l o g i c a l  p l a c e  t o  

p r e s e n t  t h i s  in format ion  f o r  two reasons .  F i r s t ,  i t  would be  con- 

s i s t e n t  w i th  l and ings  i n  VFR and Categor ies  1/11, which c o n s t i t u t e  

more than  99% of t h e  cases and r ep resen t  t h e  dominant p a t t e r n  of 

exper ience .  Second, i f  t h e r e  i s  v i s u a l  guidance t o  b e  e x t r a c t e d  

from t h e  real-world scene (no matter how meager),  t h e  p i l o t  w i l l  

want t o  -make use  of i t ,  and t h i s  r e q u i r e s  t h a t  h e  and t h e  d i s p l a y  

be head-up. Since t h e  ILM would by only  a redundant source  of 

r e fe rence  f o r  t h e  p i l o t  and would n o t  f u r n i s h  guidance s i g n a l s  t o  

t h e  a u t o p i l o t ,  t h i s  in format ion  would be t h e  prime r e fe rence  f o r  

manual take-over by t h e  p i l o t .  The p i l o t  would want t h i s  informa- 

t i o n  i n  t h e  l o c a t i o n  where exper ience  impels him t o  look and where 

he can a l s o  t a k e  advantage of any e x t e r n a l  cues which might h e l p  

supplement t h e  ILM. 

I n  Category I11 t h e  ILM would provide t h i s  

Ne i the r  t h e  arguments f o r  no r  a g a i n s t  t h e  HUD i n  Category I11 

are completely convincing. Probably t h e  s t r o n g e s t  p o i n t  f o r  t h e  

HUD i s  t h a t  i t  would provide a source  of in format ion  which is  con- 

s i s t e n t  w i th  t h e  VFR and Category 1/11 exper ience ,  

d i s p l a y  superimposed on t h e  e x t e r n a l  f i e l d  of view would permit  

t h e  p i l o t  t o  p r a c t i c e  wi th  t h e  Category 111 system and ga in  con- 

f idence  i n  it i n  b e t t e r  v i s i b i l i t y  condi t ions  where he could 

e s t a b l i s h  t h e  c o r r e l a t i o n  of I L S  and ILM informat ion  wi th  t h e  

observable  runway. The most e f f e c t i v e  r e b u t t a l  of t h i s  l i n e  of 

Having t h e  
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reasoning  i s  t h e  p o i n t  r a i s e d  by S t .  John. The p i l o t  must be 

discouraged from p lac ing  r e l i a n c e  on e x t e r n a l  v i sua l  cues i n  very 

low RVR,'s because of t h e i r  decept iveness  and u n r e l i a b i l i t y .  

he  were head-down, t h e r e  would b e  less danger t h a t  he would aban- 

don t h e  s u p e r i o r  ILS o r  ILM guidance i n  f avor  of e x t e r n a l  v i s u a l  

r e fe rence .  

I f  

The use of t h e  HUD i n  Category I11 thus  remains an a rguable  

matter. The concept of such a d i s p l a y ,  q u i t e  a p a r t  from t h e  

a d v i s a b i l i t y  of employing i t ,  can b e  p re sen ted  however. Since 

Category I11 does n o t  r e q u i r e  t h e  p i l o t  t o  see t o  land ,  t h e  HUD 

must serve as a f u l l  s u b s t i t u t e  f o r  t h e  v i s u a l  world.  This  imp l i e s  

t h e  use of an ILM, which i s  an  independent sou rce  of in format ion  

t o  r e p l a c e  t h e  v i s u a l  cues normally used t o  v e r i f y  t h e  co r rec tness  

of e l e c t r o n i c  guidance i n  approach and landing .  The HUD must a l s o  

p r e s e n t  I L S  informat ion  s i n c e  t h i s  w i l l  be  t h e  primary guidance 

system f o r  au tomat ic  o r  manual c o n t r o l ,  The d i s p l a y  f o r  Category 

I11 must be compatible i n  format and method of use w i t h  t h e  HUD 

f o r  Category 1/11 and VFR, and i t  must be  usab le  i n  such cond i t ions  

t o  a l low t h e  p i l o t  t o  ga in  t h e  necessary  exper ience .  In s h o r t ,  t h e  

HUD must be a complete guidance and r e fe rence  system. 

This  i s  a set of requirements almost imposs ib le  t o  meet. The 

problem i s  n o t  s o  much one of d i s p l a y  technology as i t  is  of how 

t o  f i n d  t h e  s e n s o r s  and informat ion  p rocesso r s  needed t o  make t h e  

r equ i r ed  i n p u t s  t o  t h e  d i sp lay .  The n a t u r e  and q u a l i t y  of t h e  ILM 

is  t h e  key t o  s u c c e s s f u l  use  of t h e  HUD i n  Category 111, and t h i s  

i s  no t  a d i sp lay  problem -- p e r  se. 

p a r t i c u l a r  d i sp l ay  s o l u t i o n  adopted f o r  Category I11 opera t ions  

w i l l  depend h e a v i l y  on whether o r  no t  t h e  p i l o t  i s  i n  t h e  c o n t r o l  

loop and i n  what capac i ty .  This i s  no t  a d i s p l a y  problem, b u t  a 

problem of d o c t r i n e  lj 

It i s  a l s o  apparent  t h a t  t h e  

Present  head-up d i sp lay  technology i s  probably 
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adequate  t o  i n c o r p o r a t e  any of t h e  proposed choices  of ILM 

senso r s  and any of  t h e  dec i s ions  on o p e r a t i o n a l  philosophy. The 

ques t ion  i s  n o t  whether t h e  informat ion  can b e  p r e s e n t e d .  

head-up b u t  what in format ion  i s  des i r ed .  

Only a l i m i t e d  amount of f l i g h t  t e s t i n g  h a s  been performed 

f o r  a Category I11 head-up d i s p l a y  system. 

McDonnell-Douglas d i s p l a y  descr ibed  by S tou t  and Naish i n  t h e  pre- 

ceeding s e c t i o n  were a c t u a l l y  designed t o  show t h e  f e a s i b i l i t y  

of t h e  HUD i n  Category 111. The r e s u l t s  showed t h a t  t h e  HUD can 

meet Category 111 requirements ,  p rovid ipg  one is  w i l l i n g  t o  accept  

ILS guidance wi thout  some independent conf i rmat ion  of i t s  accuracy. 

A s  no ted  above, t h e  p r e v a i l i n g  view is  t h a t  ILS a lone  does n o t  pro- 

v i d e  adequate  assurance  of s a f e t y .  This  i s  n o t  a cr i t ic ism of t h e  

HUD b u t  of i t s  source  of in format ion .  

The tes ts  of t h e  

S i m i l a r  f l i g h t  t es t s  have been conducted by t h e  French Centre  

d ' E s s a s i  de Vol a t  Bre t igny .  

CSF L191,  which i s  similar t o  t h e  L193 shown earlier i n  F igure  . 
The r e s u l t s  of  t h e s e  tests and of l a t e r  t r ia ls  of t h e  L193 have 

n o t  y e t  been o f f i c i a l l y  r e l e a s e d  by t h e  French Government. 

ever, Lami  (Ref. 41) desc r ibes  t h e  r e s u l t s  of one of t h e s e  tes t  

f l i g h t s .  The graphs shown i n  F igure  30 r e p r e s e n t  approaches 

recorded a t  Bret igny f o r  two runs  on t h e  same day, one us ing  

manual c o n t r o l  w i t h  t h e  a i d  of an L191 HUD. Lami p o i n t s  o u t  t h a t  

t h e  e r r o r s  u s ing  t h e  HUD are of the same magnitude as ILS n o i s e  

and t h e r e f o r e  r ep resen t  n o t  p i l o t  e r r o r  b u t  d e f e c t s  i n  t h e  guidance 

source .  He  a l s o  no te s  t h a t  t h e  g l i d e  s l o p e  d e v i a t i o n s  us ing  t h e  

HUD are small and t h a t  they  can be  superimposed almost p e r f e c t l y  

on t h e  automatic  approach trace. 

The d i s p l a y  used w a s  t h e  Thomson- 

How- 

The r e s u l t s ,  as i n d i c a t e d  by t h i s  sample are admi t ted ly  
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impressive.  However, l i k e  t h e  tes t  descr ibed  by S tou t  and Naish,  

t h e  Bret igny t r i a l s  r equ i r ed  t h e  p i l o t  t o  p l a c e  h i s  f u l l  confidence 

i n  t h e  ILS and t h e  HUD. A t  t h e  r i s k  of o v e r i n s i s t e n c e ,  t h i s  i s  a 

s o l u t i o n  which i s  probably no t  accep tab le  i n  r o u t i n e  c i v i l  a v i a t i o n  

ope ra t ions .  An independent l and ing  monitor must be inc luded  be fo re  

most w i l l  condone t h e  use  of t h e  HUD i n  Category 111. 

OTHER FLIGHT PHASES 

The approach and landing  a p p l i c a t i o n s  of  t h e  head-up d i s p l a y  

r ep resen t  i t s  most important  uses  and are t h e  prime j u s t i f i c a t i o n  

f o r  i t s  adopt ion  i n  c i v i l  a v i a t i o n .  Approach and landing ,  however, 

are n o t  t h e  only  phases of f l i g h t  i n  which guidance and c o n t r o l  

problems exist ,  and t h e  head-up d i s p l a y  o f f e r s  promise i n  t h e s e  

o t h e r  areas, too .  The use  of t h e  KUD i n  t a k e o f f ,  r o l l o u t  and 

t a x i ,  and i n  missed approach could provide  several s i g n i f i c a n t  

advantages over  t h a t  which now exists i n  t h e  way of ground a i d s ,  

a i r c r a f t  equipment, and procedures .  However, a l l  t h e s e  b e n e f i t s  

( e i t h e r  s i n g l y  o r  i n  combination) probably do not  c o n s t i t u t e  a 

s u f f i c i e n t  reason f o r  i nco rpora t ion  of t h e  HUD as s tandard  equip- 

ment i n  c i v i l  a i r c r a f t .  The b a s i c  case t o  b e  made f o r  t h e  HUD i s  

as an approach and landing  a i d ,  and i t  i s  upon t h i s  u se  t h a t  i t s  

f u t u r e  rests. S t i l l ,  t h e  p o t e n t i a l  va lue  of t h e  HUD i n  o t h e r  

f l i g h t  phases i s  a s t r o n g  a n c i l l a r y  argument. 

TAKEOFF 

A s  d i scussed  i n  Chapter 111, takeof f  p r e s e n t s  two major 

problems r e g a r d l e s s  of t h e  cond i t ions  of v i s i b i l i t y .  F i r s t ,  t h e r e  

are t h e  c o n f l i c t i n g  demands made on t h e  p i l o t ' s  a t t e n t i o n .  

must look ou t  of t h e  cockpi t  f o r  guidance dur ing  t h e  t akeof f  r o l l ,  

b u t  he must a l s o  monitor a i r speed  which i s  p r e s e n t l y  a v a i l a b l e  

only from a panel  ins t rument .  Second, t h e r e  is  t h e  problem of 

t h e  l o s s  of e x t e r n a l  a t t i t u d e  r e f e r e n c e  a t  r o t a t i o n ,  which means 

He 
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t h a t  t h e  p i l o t  must convert  and a d j u s t  t o  pane l  ins t ruments  a t  

t h e  c r i t i c a l  moment of becoming a i r b o r n e ,  I n  e f f e c t ,  t h i s  i s  t h e  

problem of ins t rument  landing  i n  reverse. 

The head-up d i sp lay  o f f e r s  a n e a t  s o l u t i o n  t o  t h e s e  problems. 

Because a i r s p e e d  informat ion  can e a s i l y  be  presented  on t h e  HUD, 

t h e  p i l o t  could have t h i s  e s s e n t f a l  in format ion  i n  view whi le  

guid ing  t h e  a i r c r a f t  down t h e  runway by v i s u a l  r e fe rence .  Because 

t h e  d i s p l a y  of a t t i t u d e  i s  a b a s i c  f e a t u r e  of t h e  HUD, t h e  p i l o t  

would have a ready i n d i c a t i o n  of p i t c h  informat ion  dur ing  r o t a t i o n  

and l i f t - o f f .  Other i t e m s  of in format ion  which would be  of va lue  

are heading f o r  ho ld ing  t h e  proper  climbout c o r r i d o r  and a i r speed  

( o r  angle  of attack) i n d i c e s  f o r  execut ion  of n o i s e  abatement pro- 

cedures .  

A s  an a i r speed  i n d i c a t o r  t h e  HUD o f f e r s  two d i s t i n c t  advan- 

t a g e s  over  p re sen t  ins t ruments .  The range of c r i t i c a l  speed 

va lues  (V V 

of t h e  d i a l  on a s t anda rd  a i r s p e e d  i n d i c a t o r .  Often t h e  d i f f e r e n c e  

between V and V -I- 10 kno t s  i s  only  a few need le  widths .  OR 

a head-up d i s p l a y  t h i s  range can be  expanded t o  almost any scale 

l e n g t h  which ,seems d e s i r a b l e .  The second advantage of t h e  HUD 

over  t h e  p re sen t  pane l  ins t rument  i s  t h a t  c r i t i c a l  speed va lues  

can b e  shown on t h e  d i s p l a y  e i t h e r  by some s e t t a b l e  r e f e r e n c e  

marks o r  "bugs" o r  by some pre-computed means. 

e t c . )  is  rep resen ted  by only a s m a l l  p o r t i o n  R9 v2' 

1 2 

I n  reduced v i s i b i l i t y  t h e  HUD provides  an added advantage 

s i n c e  i t  could d i s p l a y  guidance informat ion  f o r  ho ld ing  alignment 

w i t h  t h e  runway c e n t e r l i n e .  The l a t e r a l  guidance informat ion  

could be  de r ived  e i t h e r  w i t h i n  t h e  a i r c r a f t  from a compass s e t t i n g  

of runway heading o r  e x t e r n a l l y  from more s o p h i s t i c a t e d  sources  

such as a far-end l o c a l i z e r  o r  a buried-cable  guidance system. 
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I n  Category I I B  perhaps,  and i n  Category I11 c e r t a i n l y ,  t h e  

a v a i l a b l e  guidance from a view of t h e  runway w i l l  no t  be adequate .  

The head-up d i sp lay  r e p r e s e n t s  a n a t u r a l  and l o g i c a l  l o c a t i o n  f o r  

p r e s e n t a t i o n  of l a te ra l  guidance informat ion ,  e i t h e r  as a supple-  

ment o r  replacement of n a t u r a l  v i s u a l  cues .  

The t akeof f  i s  exc lus ive ly  a manually c o n t r o l l e d  maneuver a t  

p r e s e n t .  Arguments have been advanced f o r  e i t h e r  an  au tomat ic  

t akeof f  o r  f o r  a d i r e c t e d  t a k e o f f .  

t o  p r e s e n t  a case f o r  e i t h e r .  However, i f  one o r  t h e  o t h e r  should 

be deemed adv i sab le ,  t h e  head-up d i s p l a y  could w e l l  be  used as t h e  

source  of in format ion  f o r  monitor ing an au tomat ic  ope ra t ion  o r  per-  

forming a d i r e c t e d  maneuver. 

N o  a t tempt  w i l l  be  made h e r e  

F i n a l l y ,  t h e  va lue  of t h e  head-up d i s p l a y  as an a t t i t u d e  con- 

t r o l  ins t rument  should no t  be overlooked. The s c a l e  f a c t o r s  of 1 : l O  

t o  1:17 which e x i s t  i n  p re sen t  pane l  ins t ruments  are no t  s u i t a b l e  

f o r  p r e c i s e  c o n t r o l  of a p i t c h  a t t i t u d e .  The head-up d i s p l a y  w i t h  

a scale f a c t o r  of 1:l would undoubtedly promote improved r o t a t i o n  

and climbout a t t i t u d e  c o n t r o l ,  even i f  t h e r e  were no improvement 

i n  p re sen t  a t t i t u d e  sens ing  systems. I n  t h e  case of t h e  SST and 

t h e  jumbo jet, where t h e  climb ang le  must be  h e l d  w i t h i n  t i g h t  

t o l e r a n c e s  t o  assume proper  o b s t a c l e  c l ea rance  wi thout  g e t t i n g  i n t o  

an uns t ab le  climb a t t i t u d e ,  t h e  expanded p i t c h  scale p r e s e n t a t i o n  

of t h e  HUD seems t o  o f f e r  d i s t i n c t  advantages.  

ROLLOUT AND TAXI 

I n  Category I11 t h e  guidance problem does no t  cease when t h e  

a i r c r a f t  touches down on t h e  runway. The p i l o t  w i l l  a l s o  need 

informat ion  t o  c o n t r o l  t h e  r o l l o u t  d i r e c t i o n  u n t i l  h e  s t o p s  ( o r  

t o  monitor  t h e  r o l l o u t  i f  t h e  o p e r a t i o n  i s  automat ic ) .  Since t h e  

v i s u a l  segment w i l l  be  extremely foreshor tened  i n  Category I I I A  
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and I I I B  and non-exis tent  i n  Category I I I C ,  t h e  p i l o t  w i l l  a l s o  

need some i n d i c a t i o n  of runway remaining. Both are problems of 

in format ion  sens ing ,  n o t  n e c e s s a r i l y  of in format ion  d i s p l a y ,  

and bo th  have been somewhat neg lec t ed  i n  t h e  s tudy  of techniques  

f o r  Category 1111 opera t ions .  

Severa l  s o l u t i o n s  t o  t h e  r o l l o u t  problem have been proposed, 

and i n  n e a r l y  a l l  of them t h e  head-up d i s p l a y  has  an impor tan t  

r o l e  t o  p l ay .  S t ,  John (Ref.  42)  h a s  been quoted earlier as 

r e p r e s e n t i n g  t h e  p r e v a i l i n g  B r i t i s h  opinion i n  t h e  use  of t h e  HUD 

i n  Category 111. While he  b e l i e v e s  t h a t  t h e r e  i s  l i t t l e  case 

t o  be  made f o r  t h e  HUD i n  Category I11 i n s o f a r  as landing  i s  

concerned, S t .  John does p r e f e r  t h e  HUD as t h e  means of p r e s e n t i n g  

r o l l o u t  guidance. 

A similar view i s  propounded by Warren (Ref.  4 3 ) ,  who i s  a l s o  

B r i t i s h  and t h e  Manager of 

E l l i o t t  F l i g h t  Automation Limited.  Warren sugges t s  a HUD which 

p r e s e n t s  d i r e c t i o n a l  guidance der ived  from magnetic heading o r  

from a far-end l o c a l i z e r .  I n  a d d i t i o n  h e  advocates  d i s p l a y  o r  

runway remaining informat ion  on t h e  HUD, which can be  obta ined  

simply (but  somewhat un re l i ab ly )  from r o t a t i o n  of t h e  wheels i n  

comparison wi th  a p r e s e t  va lue  f o r  runway l eng th .  

in format ion  can be had b e t t e r  b u t  more expens ive ly  from a s e n s i -  

t ive  DME a t  t h e  far end of t h e  runway o r  from a senso r  system i n  

t h e  runway wi th  an a i r c r a f t  pickup. Again., t h i s  emphasizes t h e  

p o i n t  t h a t  d e r i v i n g  t h e  informat ion ,  n o t  d i sp l ay ing  i t ,  i s  t h e  

major problem t o  be  overcome. 

t h e  Airborne Display Div is ion  05 

Runway remaining 

Coldwell (Ref. 4 4 )  has  r epor t ed  s t u d i e s  c a r r i e d  ou t  by BLEU. 

Landings were made i n  a c t u a l  and s imula ted  Category I11 cond i t ions ,  

u s ing  manual c o n t r o l  of r o l l o u t  d i r e c t i o n  based on va r ious  methods 

of guidance. Some of t h e  s i g n i f i c a n t  f i n d i n g s  w e r e  as fo l lows:  

VI-49 



"AS t h e  Runway Visual  Range drops below 250 yards  
t h e  v i s u a l  guidance provided by runway markings by 
day and c e n t e r l i n e  l i g h t i n g  by n i g h t  become in-  

: s u f f i c i e n t  f o r  t h e  p i l o t  t o  perform s a f e  v i s u a l  
r o l l - o u t .  Thus, f o r  some t i m e ,  BLEU have been 
working on systems f o r  b l i n d  guidance ... 
"Many such r o l l - o u t s  have been performed s u c c e s s f u l l y  
i n  V a r s i t y  and Comet a i r c r a f t . .  . A  Category I1 ILS 
l o c a l i z e r  has  been found t o  provide  a s a t i s f a c t o r y  
l a te ra l  guidance s i g n a l  a long t h e  runway, Combined 
wi th  heading informat ion  from t h e  compass i t  has  
provided t h e  c o n t r o l  s i g n a l  d i sp layed  on a d i r e c t o r  
ins t rument  -.. 
"Touchdown v e l o c i t y  w a s  about 95 kno t s ,  and t h e  d i s -  
tance ,used t o  reach  a s t a n d s t i l l  ranged from 3,200 
t o  7,000 f e e t ;  cons iderably  more than  i s  used i n  a 
v i s u a l  ro l l -ou t .  This  w a s  due probably t o  t h e  empha- 
sis p laced  on azimuth guidance and t h e  l a c k  of 
ground speed and d i s t a n c e  informat ion . . .  

"Earlier work i n  a Vars i ty  f i t t e d  w i t h  a d i r e c t o r  
d i s p l a y  co l l ima ted  and p r o j e c t e d  on t o  t h e  p i l o t ' s  
windscreen showed promise i n  o p e r a t i o n s  a t  London 
a i r p o r t  i n  RVR's  down t o  10 ya rds ,  t h e  p i l o t s  be ing  
happ ie r  t h a t  t h e  o u t s i d e  world c lues  (sic) would 
n o t  be  missed. .. 
' I . .  . W e  f e e l  t h a t  t hese  t r ia ls  have shown t h a t  as 
ope ra t ions  move i n t o  v i s i b i l i t i e s  i n  which v i s u a l  
c o n t r o l  of r o l l - o u t  i s  imposs ib le ,  ,manual d i r e c t o r  
guiilance us ing  I L S  l o c a l i z e r  w i l l  p rovide  a s a f e  
and economic means of c o n t r o l  i n  azimuth. The 
p i l o t  can perform s a t i s f a c t o r i l y  when t h i s  s t e e r i n g  
informat ion  i s  provided head-down, b u t  p r e f e r s  i t  
t o  b e  presented  head-up, p a r t i c u l a r l y  on a 
co l l ima ted  d i s p l a y .  " 

Experimental  work i n  t h e  U.S. h a s  followed along t h e  same 

l i n e s  as i n  England, a l though i t  w a s  s t a r t e d  somewhat la ter .  The 

b a s i c  problems are known, and t h e i r  e lements  have been def ined ,  

b u t  t h e r e  i s  l i t t l e  agreement e i t h e r  h e r e  o r  abroad on what con- 

s t i t u t e s  a s a t i s f a c t o r y  s o l u t i o n .  L i t c h f o r d  (Ref. 4 5 ) ,  i n  an 
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a n a l y t i c  s tudy performed r e c e n t l y  f o r  NASA, has  summarized 

t h e  guidance problems i n  Category I11 o p e r a t i o n s ,  which inc lude  

no t  on ly  r o l l o u t  a f t e r  touchdown b u t  t a x i i n g  as w e l l .  The t a x i  

problem i n  very l o w  v i s i b i l i t i e s  w a s  taken up i n  Chapter 111. 

It i s  r e c a l l e d  h e r e  simply t o  i n d i c a t e  t h a t ,  i f  a s u i t a b l e  guidance 

system can be developed, t h e  HUD o f f e r s  an a v a i l a b l e  and attrac- 

t ive  way of provid ing  t h i s  in format ion  t o  t h e  p i l o t .  

MISSED APPROACH 

Missed approach i s  an o f t e n  neg lec t ed  and much under ra ted  

a p p l i c a t i o n  of t h e  head-up d i s p l a y ,  

make a go-around a t  the minimum descent  a l t i t u d e  i n  Category I 

o r  I1 is  n o t  a choice  of t h e  lesser of two ev i l s .  The missed 

approach maneuver i s  every b i t  as demanding as l and ing ,  and t h e  

lack of a s u i t a b l e  d i s p l a y  weighs j u s t  as h e a v i l y  on t h e  p i l o t  

whether he e lects  t o  cont inue t h e  approach o r  abor t  i t .  

The p i l o t ' s  dec i s ion  t o  

The elements of t h e  l o w - v i s i b i l i t y  go-around problem and 

t h e  complicat ing f a c t o r s  were examined i n  Chapter I11 under t h e  

headings of missed approach and procedures .  

ment and procedures  t h e  p i l o t ' s  task i s  t h e  i n v e r s e  of t h e  process  

which he  must 'accomplish i n  t r a n s i t i o n i n g  from ins t rument  t o  visual 

r e fe rence  a t  t h e  dec i s ion  h e i g h t ,  That i s ,  the p i l o t  must go 

back from o u t s i d e  cues t o  t h e  ins t rument  pane l  t o  o b t a i n  guidance 

f o r  t h e  missed approach. The problem i s  complicated by t h e  f a c t  

t h a t  t h e  process  i s  accomplished a t  an even lower a l t i t u d e  than  

t h e  head-down t o  head-up t r a n s i t i o n  and by t h e  f a c t  t h e  go-around 

calls f o r  an abrupt  change i n  a t t i t u d e  and power. It i s  n o t  j u s t  

a ques t ion  of cont inuing  on down t h e  approach pa th  and making 

adjustments  ( a s  i s  t h e  case  i n  landing)  b u t  of convert ing t o  a 

completely d i f f e r e n t  pa th  and f l i g h t  regime. 

With p re sen t  i n s t r u -  
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The gene ra l  f e e l i n g  among t h o s e  fami l ia r  wi th  t h e  missed 

approach problem i s  t h a t ,  because of t h e  i n h e r e n t  de lays  i n  v i s u a l  

accommodation and t h e  psychologica l  process  of r e o r i e n t a t i o n  t o  

ins t rument  r e fe rence ,  i t  i s  n o t  a s a f e  o r  s e n s i b l e  p r o p o s i t i o n  

t o  expect  t h e  p i l o t  t o  t r a n s f e r  h i s  a t t e n t i o n  from t h e  o u t s i d e  world 

back i n s i d e  t h e  a i r c r a f t  t o  execute  a go-around. Moreover, t h e  

n a t u r e  of t h e  maneuver i s  such t h a t  s imple ins t rument  r e fe rence  and 

" fee l "  are n o t  adequate  guidance. 

executed manually, some form of d i r e c t o r  guidance i s  h igh ly  adv i sab le ,  

i f  n o t  abso lu t e ly  necessary .  

I f  t h e  go-around i s  t o  b e  

The s o l u t i o n  employed by some B r i t i s h  and French a i r l i n e s  cir-  

cumvents t h e  problem t o  some e x t e n t  by having t h e  head-down man 

( t h e  F i r s t  O f f i c e r )  execute  t h e  go-around w i t h  f l i g h t  d i r e c t o r  

guidance, on o r d e r  from t h e  c a p t a i n  o r  by pre-arrangement, This  

r e q u i r e s  a very  h igh  l e v e l  of co-p i lo t  t r a i n i n g  and c l o s e  crew 

coord ina t ion .  It would probably no t  be accep tab le  f o r  U.S. carriers 

wi thout  a major change i n  ope ra t ing  philosophy and t r a i n i n g  programs. 

The head-up d i s p l a y  o f f e r s  a s o l u t i o n  which i s  more a t t rac t ive  

than  procedura l  changes. Since i t  al lows t h e  p i l o t  t o  be  head-up 

and s t i l l  r e t a i n  ins t rument  guidance, t h e  HUD i s  an i d e a l  p l a c e  t o  

p re sen t  go-around guidance. This  may seem t o  b e  a c i r c u l a r  j u s t i -  

f i c a t i o n  ( a  l i t t l e  l i k e  j u s t i f y i n g  t h e  purchase of a s a d d l e  by 

say ing  i t  would be n i c e  t o  have i f  one had a h o r s e ) ,  bu t  n o t  r e a l l y .  

While i t  i s  t r u e  t h a t  t h e  main purpose of <he HUD i s  t o  provide  

guidance and a s s i s t a n c e  i n  making t h e  t r a n s i t i o n  a t  t h e  d e c i s i o n  

h e i g h t  and i n  completing t h e  landing ,  i t  i s  n o t  t h e  HUD which 

d i c t a t e s  t h a t  t h e  p i l o t  must be  head-up a t  t h i s  p o i n t .  It i s  t h e  

b a s i c  see-to-land concept of Category 1/11 which makes i t  necessary  

f o r  t h e  p i l o t  t o  b e  looking out  of t h e  cockp i t ,  Since t h e  missed 

approach i s  a c r i t i c a l  maneuver both  i n  t i m e  and e r r o r  t o l e r a n c e s ,  
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i t  i s  h igh ly  d e s i r a b l e  t h a t  t h e r e  be  no break  i n  t h e  c o n t i n u i t y  

of t h e  p i l o t ' s  r e f e rence  and no impediment t o  r ap id  and c o r r e c t  

execut ion  of go-around guidance on a head-up d i s p l a y .  

F l i g h t  and s imula t ion  s t u d i e s  conducted i n  England (See  

Refs.  46 and 4 7 ,  f o r  example) and i n  t h e  U.S. (Ref. 4 8 ,  f o r  example) 

show that  s u p e r i o r  missed approach performance can be achieved us ing  

a HUD w i t h  f l i g h t  d i r e c t o r  in format ion .  P a r t  of t h e  w i l l i n g n e s s  

of p i l o t s  t o  descend t o  lower a l t i t u d e s  wi th  an  HUD than  wi th  pane l  

ins t ruments  i s  t h e  f e e l i n g  t h a t  t hey  w i l l  be  a b l e  t o  execute  a 

s a f e  missed approach i f  necessary .  Some of t h i s  i s  due t o  t h e  

knowledge t h a t  d i r e c t o r  in format ion  w i l l  be  a v a i l a b l e ,  b u t  most of 

i t  comes from t h e  awareness t h a t  t h e r e  w i l l  be  no need t o  t r a n s f e r  

back t o  t h e  i n s t r u n e n t  pane l  t o  g e t  t h e  guidance. 

Apart from t h e  obvious informat ion  needed t o  c o n t r o l  t h e  

f l i g h t  pa th  of t h e  a i r c r a f t ,  t h e  missed approach a p p l i c a t i o n  of 

t h e  HUD imposes t h e  fo l lowing  a d d i t i o n a l  requirements .  

The go-around guidance must be a v a i l a b l e  on demand 
at any p o i n t  i n  t h e  approach. This  could be  
accomplished by a swi tch  i n  a convenient l o c a t i o n ,  
p r e f e r a b l y  on t h e  c o n t r o l  yoke. 

The missed approach, be ing  an ins t rument  maneuver 
w i l l  be conducted wi thout  co r robora t ive  v i s u a l  
cues.  It i s  e s s e n t i a l ,  t h e r e f o r e ,  t h a t  t h e  
system be  monitored and t h a t  t h e  HUD b e  f lagged  
i n  t h e  event  of f l i g h t  d i r e c t o r  f a i l u r e .  

I f  t h e  f l i g h t  d i r e c t o r  does f a i l ,  t h e r e  must 
s t i l l  be s u f f i c i e n t  a t t i t u d e ,  speed, and f l i g h t  
pa th  informat ion  on t h e  HUD t o  perform a s a f e  
( i f  less than  optimum) missed approach. 

The p i l o t ' s  case f o r  t h e  use  of t h e  HUD i n  missed approach 

w a s  e loquen t ly  pu t  i n  t h e  l eng thy  passage from Beck quoted at t h e  

end of Chapter 111. It i s  i n t e r e s t i n g  t o  n o t e  t h a t  Beck, as well 
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as o t h e r s  who have s t u d i e d  t h e  problem, do no t  cons ider  t h e  

missed approach a p p l i c a t i o n  of t h e  HUD t o  be  s e p a r a t e  from t h e  

approach and landing  a p p l i c a t i o n .  Rather ,  t h e  use  of t h e  HUD i n  

the  go-around i s  simply an ex tens ion  t o  cover  t h e  everpresent  

contingency t h a t  t h e  landing  cannot be completed s u c c e s s f u l l y .  

Its va lue  i n  t h e  missed approach i s  almost i d e n t i c a l  t o  i t s  va lue  

i n  approach and landing .  I n  both  cases t h e  HUD provides  an 

e f f i c i e n t  blending of v i s u a l  and ins t rument  guidance i n  a l o c a t i o n  

where r e g u l a t i o n s ,  exper ience ,  and common sense  r e q u i r e  t h a t  t h e  

p i l o t ' s  v i s i o n  be d i r e c t e d .  
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CHAPTER V I 1  

TECHNICAL AND PRACTICAL CONCERNS 

Up t o  t h i s  p o i n t  t h e  head-up d i s p l a y  has  been presented  i n  a 

p o s i t i v e  l i g h t ,  which some might f i n d  too  o p t i m i s t i c .  On t h e  evi- 

dence adduced thus  f a r  i t  might w e l l  be  asked why, i n  view of t h e  

manifold advantages o f f e r e d  by t h e  HUD, has  i t  n o t  long  s i n c e  

been pu t  t o  use  i n  c i v i l  a v i a t i o n .  To c o r r e c t  t h i s  p o s s i b l e  i m -  

ba lance  of judgment, i t  i s  necessary  t o  p o i n t  ou t  t h a t  t h e r e  are 

v a l i d  reasons  f o r  showing cau t ion  about adopt ing t h e  head-up 

d i sp lay .  I n  t h e  enthusiasm which many-have f o r  t h e  head-up d i s p l a y ,  

i t s  shortcomings are sometimes overlooked. The reason  f o r  n o t  

devot ing a t t e n t i o n  t o  them up t o  now i n  t h i s  r e p o r t  i s  t h a t  most 

of t h e  problems wi th  t h e  HUD are of a t e c h n i c a l  and p r a c t i c a l  n a t u r e .  

No s e r i o u s  t h e o r e t i c a l  arguments a g a i n s t  t h e  HUD have been advanced 

i n  t h e  l i t e r a t u r e  which h a s  been reviewed. The o b j e c t i o n s ,  and 

t h e r e  are several, a l l  d e a l  wi th  implementation and n o t  wi th  t h e  

v a l i d i t y  of t h e  concept i t s e l f .  

The purpose of t h i s  chapter  i s  t o  o u t l i n e  t h e  problems which 

remain t o  be  so lved  be fo re  t h e  HUD can f i n d  f u l l  acceptance i n  c i v i l  

a v i a t i o n .  These problems may be d iv ided  i n t o  f i v e  types :  

o Display Technology 
o Technology of Associated Equipment 
o Human Fac to r s  
o D o c t r i n a l  
o Commercial 

Some of t hese  problems have been touched upon a l r eady  i n  va r ious  

con tex t s  throughout t h e  r e p o r t .  They are r e c a p i t u l a t e d  h e r e  a long 

wi th  t h e  o t h e r s  s o  as t o  g ive  a f u l l  p i c t u r e  of t h e  t e c h n i c a l  and 

p r a c t i c a l  d i f f i c u l t i e s  f o r  which s o l u t i o n s  must be  found. 
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DISPLAY TE CHN 0 LOGY 

D e s p i t e  yea r s  of i n t e n s i v e  r e sea rch ,  t h e r e  s t i l l  remain cer- 

t a i n  eng inee r ing  problems i n  connect ion wi th  t h e  head-up d i sp lay .  

Some o f  t h e s e  are b a s i c  t o  t h e  method of image genera t ion  and 

p r o j e c t i o n ,  and as such they  probably never  w i l l  be  so lved ,  on ly  

a l l e v i a t e d .  Other problems e x i s t  simply because of t h e  l i m i t a t i o n s  

i n  t h e  p re sen t  s t a t e  of HUD technology. 

e f f o r t  t h e s e  problems w i l l  be e l imina ted ,  o r  ways w i l l  be  developed 

t o  circumvent them. The fo l lowing  i s  a b r i e f  d i scuss ion  of t h e  

major t echno log ica l  problems t o  b e  overcome i n  implementing t h e  

head-up d i s p l a y  concept.  Of t h e s e ,  f i e l d  of view and HUD o p t i c s  

are of t h e  f i r s t  t ype ,  i .e. ,  i nhe ren t  i n  t h e  head-up d i s p l a y  

technique i t s e l f .  Br igh tness ,  c o l o r ,  r e l i a b i l i t y  and image genera- 

t i o n  are d i f f i c u l t i e s  which arise from l i m i t a t i o n s  of c u r r e n t  

technology e 

I n  t i m e  and wi th  s u i t a b l e  

FIELD OF VIEW 

F i e l d  of view r e f e r s  t o  t h e  angu la r  dimensions of t h e  t o t a l  

image presented  by t h e  head-up d i s p l a y .  

several ways of  desc r ib ing  f i e l d  of view, and a t  t h e  o u t s e t  i t  

i s  necessary  t o  d i s t i n g u i s h  among them. For t h e  purpose of 

o p t i c a l  a n a l y s i s ,  it i s  convenient t o  t reat  the observer  as 

though he  had a s i n g l e  eye.  

t h i s  "cyclops" is  known as t h e  monocular f i e l d  of view. 

f a c t o r s  which determine t h e  s i z e  of  t h e  monocular f i e l d  of view 

are t h e  diameter  of t h e  a p e r a t u r e  i n  t h e  o p t i c a l  system and t h e  

d i s t a n c e  from t h e  obse rve r ' s  eye t o  t h e  p l ane  of t h e  ape ra tu re .  

I n  f a c t ,  t h e  observer  has  and uses  two eyes i n  viewing t h e  HUD 
image. The area which he  can see wi th  one eye  o r  t h e  o t h e r  o r  

bo th  i s  c a l l e d  the  b inocu la r  f i e l d  of view. I n  a d d i t i o n  t o  t h e  

two f a c t o r s  which determine t h e  monocular f i e l d ,  t h e  s i z e  of  t h e  

b i n o c u l a r  f i e l d  of view i s  a l s o  a func t ion  of i n t e r p u p i l l a r y  

There are a c t u a l l y  

The area of t h e  image as seen  by 

The 
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d i s t a n c e  (which f o r  most people  i s  about 2 .5  inches)  e Thus, f o r  

an o p t i c a l  a p e r a t u r e  of 6-inch diameter  viewed a t  a d i s t a n c e  of 

25 inches ,  t h e  monocular f i e l d  of view i s  a c i r c u l a r  area about 14' 

i n  diameter .  Under t h e  same cond i t ions  t h e  b inocu la r  f i e l d  of 

view i s  an area measuring 14"  v e r t i c a l l y  and about 20' h o r i z o n t a l l y .  

(See Figure 31.) It should be noted  t h a t  normal-sighted i n d i v i -  

dua l s  do no t  pe rce ive  t h e  l e f t  and r i g h t  eye f i e l d s  as separate, 

b u t  as a s i n g l e  fused f i e l d .  

The foregoing  has  assumed that the  obse rve r ' s  head is  f i x e d  

i n  r e l a t i o n  t o  t h e  o p t i c a l  system. To account f o r  freedom of 

head movement i t  is  necessary  t o  i n t r o d u c e  two q u a l i f y i n g  terms, 

ins t an taneous  and - t o t a l .  _- 

may b e  h e l p f u l .  

somewhat l i k e  a knothole  i n  a fence .  

t h e  knothole  a l lows only  a c e r t a i n  p o r t i o n  of t h e  scene  beyond 

t h e  f ence  t o  be  viewed. By moving t h e  eye about ,  however, 

a d d i t i o n a l  areas may be  seen.  The in s t an taneous  f i e l d  of v i e w  

( e i t h e r  monocular o r  b inocu la r )  r e f e r s  t o  t h a t  area bounded by 

t h e  o p t i c a l  a p e r a t u r e  ( t h e  knothole)  f o r  any given,  f i x e d  eye  

p o s i t i o n .  The t o t a l  f i e l d  of view i s  t h e  o v e r a l l  image area 

which can be seen  by viewing from d i f f e r e n t  eye p o s i t i o n s .  

t o t a l  f i e l d  of view, u n l i k e  t h e  in s t an taneous ,  i s  n o t  a func t ion  

of t h e  ape ra tu re  s i z e  b u t  of t h e  r e s t r i c t i o n s  on head movement 

a t  t h e  viewing end of t h e  system and of  t h e  t o t a l  area repre-  

s en ted  by t h e  image genera t ing  element a t  ;he o the r .  

c i r c u l a r  area i n  F igure  r e p r e s e n t s  t h e  t o t a l  f i e l d  of view, 

t h e  smaller c i rc le  and t h e  ovoid r ep resen t  t h e  in s t an taneous  

monocular and b inocu la r  f i e l d ,  r e s p e c t i v e l y .  

Here t h e  f a m i l i a r  knothole  analogy 

The ape ra tu re  i n  an  o p t i c a l  system func t ions  

For any given eye p o s i t i o n  

The 

The l a r g e  

Obtaining a s u i t a b l y  l a r g e  f i e l d  of view i s  u s u a l l y  con- 

s i d e r e d  one of t h e  major problems of head-up d i sp lays .  The 
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problem i s  p a r t i c u l a r l y  seve re  i n  t ac t ica l  m i l i t a r y  a i r c r a f t  

where t h e  f i e l d  of v i e w  must cover a very  wide dynamic range of 

e l e v a t i o n  and azimuth l e a d  angles  f o r  s i g h t i n g  a i r - t o - a i r  and 

air-to-ground weapons. This  i s  complicated by t h e  need t o  pos- 

i t i o n  t h e  d i sp lay  (and hence t h e  o p t i c a l  ape ra tu re )  f a r  enough from 

t h e  p i l o t  t o  a l low f o r  c l ea rance  of an e j e c t i o n  seat envelope. 

Ne i the r  of t h e s e  c o n s t r a i n t s  o p e r a t e  t o  t h e  same degree i n  c i v i l  

a v i a t i o n  systems. The f i e l d  of view requ i r ed  i n  c i v i l  a v i a t i o n  

g e n e r a l l y  covers  a much narrower range of f l i g h t  s i t u a t i o n s ,  and 

t h e  d i s p l a y  can be s i t u a t e d  a t  c l o s e r  viewing d i s t a n c e s  -- t h e  

only  l i m i t a t i o n s  be ing  t h a t  t h e  HUD must no t  i n t e r f e r e  wi th  t h e  

p i l o t ' s  freedom of head movement o r  expose him t o  t h e  r i s k  of  

i n  j ury  e 

E s t i m a t e s  vary  as t o  t h e  r equ i r ed  s i z e  of t h e  HUD f i e l d  of 

view f o r  c i v i l  a i r c r a f t .  A f i e l d  of view between 25" and 30" i s  

gene ra l ly  considered adequate .  Obviously, t h e  p i l o t  would l i k e  

t o  have as wide a f i e l d  of view as p o s s i b l e ,  b u t  t h i s  i s  no t  

t h e  same t h i n g  as what he  needs o r  can use e f f e c t i v e l y .  The 

r equ i r ed  f i e l d  of  view can be de r ived  a n a l y t i c a l l y  by con- 

s i d e r i n g  t h e  p o s s i b l e  range of symbol movement f o r  a p a r t i c u l a r  

f l i g h t  phase,  l and ing  usua l ly  be ing  taken as t h e  most demanding 

case. 

I n  t h e  ver t ical  dimension t h e  lower l i m i t  of  t h e  f i e l d  of 

view f o r  landing  i s  t h e  cockpi t  c u t o f f  angle ,  which i s  about 

15" below a h o r i z o n t a l  r e fe rence  l i n e  through t h e  p i l o t ' s  eye 

p o s i t i o n .  The upper l i m i t  can be  obta ined  by cons ider ing  t h e  

maximum upward movement of a c r i t i c a l  d i s p l a y  element such as 

t h e  f l i g h t  d i r e c t o r  symbol o r  t h e  f l i g h t  pa th  marker, 

case i t  would be  s a f e r  to t a k e  i n t o  account no t  j u s t  t h e  landing  

bu t  t h e  p o s s i b i l i t y  of a missed approach. The maximum commanded 

I n  t h i s  
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climb ang le  i n  a go-around probably would no t  exceed 10" above 

t h e  h o r i z o n t a l .  This  would y i e l d  a v e r t i c a l  f i e l d  of view 

requirement of 10" upward p l u s  15" downward o r  25" t o t a l .  Th i s  

should ' n o t  n e c e s s a r i l y  be  considered a requirement f o r  i n s t an -  

taneous f i e l d  of view, s i n c e  some head motion would be pe rmis s ib l e  

between landing  and missed approach. However, f o r  t h e  moment, 

25" s h a l l  be assumed t o  b e  t h e  r equ i r ed  in s t an taneous  f i e l d  of 

view. 

The h o r i z o n t a l  f i e l d  of  view requirement can be determined 

from the maximum range of movement necessary  f o r  a symbol such as 

t h e  f l i g h t  p a t h  marker which must ove r l ay  t h e  p r o j e c t e d  impact 

po in t  even a t  severe crab angles .  An approach a t  120 kno t s  i n  a 

15-knot crosswing would n e c e s s i t a t e  a crab ang le  of about 7" .  

Addi t iona l  allowances must be made s o  t h a t  t h e  f l i g h t  pa th  marker 

does n o t  c o n f l i c t  wi th  o t h e r  d i sp l ay  elements, such as a i r  speed 

o r  a l t i t u d e  scales, which may be  pos i t i oned  on t h e  edge of t h e  

f i e l d  of view. 

t h i s  y i e l d s  a h o r i z o n t a l  f i e l d  of view requirement of 7' p l u s  

5" (o r  7") i n  e i t h e r  d i r e c t i o n  o r  25" t o  300 i n  a l l .  

Assuming 5"-7" t o  be  adequate f o r  such purposes ,  

An a n a l y s i s  of t h i s  s o r t  g ives  r e s u l t s  which are i n  almost 

p e r f e c t  agreement w i t h  t h e  gene ra l ly  accepted f i g u r e  of 25'-30" 

which h a s  been a r r i v e d  a t  by o t h e r ,  poss ib ly  d i f f e r e n t ,  l i n e s  of 

a n a l y s i s  and by empi r i ca l  means. 

The f i n a l  ques t ion  i s  can t h e  r equ i r ed  f i e l d  of view be  

obta ined  w i t h  p re sen t  o p t i c a l  systems? The answer i s  c l e a r l y  

yes .  Op t i ca l  systems wi th  ape ra tu res  of 6 i nches  are e a s i l y  

manufacturable ,  and those  of 9 i nches  have been proposed by 

some d i sp lay  manufacturers .  The weight of a 9-inch system i s  

r a t h e r  high (50 l b s .  o r  s o ) ,  bu t  t h i s  f a c t o r  does n o t  seem t o  
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be as important  i n  c i v i l  t r a n s p o r t s  as i n  m i l i t a r y  a i r c r a f t .  

With a 6-inch system and a t  a viewing d i s t a n c e  of 18 inches ,  

t h e  ink tan taneous  b inocu la r  f i e l d  of view i s  20' v e r t i c a l l y  and 

about 27" h o r i z o n t a l l y ,  which i s  s l i g h t l y  less than t h e  r equ i r e -  

ments p o s t u l a t e d  above. 

inch  v e r t i c a l l y  and + 1.5 inches  h o r i z o n t a l l y ) ,  a 6-inch system 

can f u l f i l l  t h e  requirements .  With a 9-inch system, t h e  i n s t a n -  

taneous b inocu la r  f i e l d  a t  a viewing d i s t a n c e  of 18 inches  i s  2aa 

v e r t i c a l l y  and 35" h o r i z o n t a l l y  -- w e l l  i n  excess of t h e  r equ i r e -  

ments. I f  t h e  viewing d i s t a n c e  i s  inc reased  t o  25 inches ,  9-inch 

o p t i c s  g ives  a 20' x 25' ins tan taneous  f i e l d  of view, which would 

a l s o  b e  adequate  i f  head motion were allowed. 

I f  some head motion i s  permi t ted  (+ 1 - 
- 

Thus, i t  would appear  t h a t  a number of des ign  t r a d e o f f s  

are p o s s i b l e  and t h a t  f i e l d  of view requirements  f o r  c i v i l  

a i r c r a f t  can be s a t i s f a c t o r i l y  m e t ,  a l though perhaps at some 

pena l ty  i n  bulk  and weight .  I f  t h e  requirements  are shown t o  

be g r e a t e r  t han  t h o s e  set ou t  above o r  i f  an 18-inch viewing 

d i s t a n c e  i s  unacceptably c lose ,  t hen  p resen t  HUD o p t i c a l  systems 

w i l l  be  marginal  o r  even inadequate  f o r  some a i r c r a f t  o r  f l i g h t  

phases .  On t h e  b a s i s  of c u r r e n t l y  a v a i l a b l e  evidence,  c i v i l  

a v i a t i o n  f i e l d  of view requirements  do no t  seem t o  pose a s i g n i -  

f i c a n t  t echno log ica l  problem. 

however, u n t i l  f u l l  empi r i ca l  v e r i f i c a t i o n  h a s  been obta ined .  

F i n a l  judgment must be  r e se rved ,  

Op t i ca l  Systems 

The key t o  t h e  head-up d i s p l a y  i s  t h e  o p t i c a l  system 

i t s e l f ,  which i s  used t o  co l l ima te  and p r o j e c t  t h e  image. A 

number of techniques may be  used f o r  t h i s  purpose.  

they  are of two classes: r e f r a c t i v e  o p t i c s  and r e f l e c t i v e  o p t i c s .  

B a s i c a l l y  

I n  a r e f r a c t i v e  system t h e  image i s  gene ra t ed , -pas sed  
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( r e f r a c t e d )  through a co l l ima t ing  l e n s ,  and then  presented  on 

a combining g l a s s  (beam s p l i t t e r )  which al lows both  t h e  image 

and t h e , r e a l  world scene  t o  b e  viewed s imul taneous ly  and i n  

r e g i s t r y  wi th  each o t h e r .  This  method i s  s o  commonly used i n  

head-up d i s p l a y s  t h a t  it has  come t o  b e  known as convent ional  

o p t i c s .  The elerr,ents of a r e f l e c t i v e  system are much t h e  same, 

except  t h a t  t h e  co l l ima t ing  element is  a m i r r o r  ( a  r e f l e c t o r )  

r a t h e r  t han  a lens. 

systems i s  t h a t  w i th  a r e f l e c t i v e  system t h e  image source  i s  

s i t u a t e d  on t h e  same s i d e  of t he  c o l l i m a t o r  as t h e  viewer,  wh i l e  

i n  a r e f r a c t i v e  system t h e  image source  i s  on t h e  oppos i t e  s i d e  

of t h e  co l l ima to r .  (Ref. 1) Schematic diagrams of t h e  two types  

of o p t i c a l  systems are presented  i n  F igure  32. For t h e  sake  of 

s i m p l i c i t y ,  d i r e c t  o p t i c a l  pa ths  are shown. In p r a c t i c e ,  m i r r o r s  

may b e  in t roduced  i n  e i t h e r  type of system t o  f o l d  t h e  beam and 

create a more compact package a 

Thus, t h e  b a s i c  d i f f e r e n c e  between t h e  two 

The b a s i c  problem i n  a r e f l e c t i v e  system is  g e t t i n g  t h e  

image source  ou t  of t h e  way of t h e  viewer's l i n e  of s i g h t .  

can b e  done i n  t h r e e  ways: 

This  

1. The on-axis r e f l e c t o r  w i t h  a double-pass 
beam s p l i t t e r  (F igure  32B). 

2 .  The o f f - ax i s  system i n  which t h e  co l l ima t ing  
mi r ro r  a l s o  serves as a beam s p l i t t e r  o r  
combiner (F igure  32C) e 

The o f f - ape ra tu re  system i n  which t h e  
c o l l i m a t o r  s t i l l  serves as t h e  image combiner 
b u t  i n  which t h e  o p t i c a l  axis i s  p a r a l l e l  t o  
t h e  viewer's l i n e  of  s i g h t  (F igure  32D). 

3 .  

Experimentation with r e f l e c t i v e  systems h a s  been active f o r  

m i l i t a r y  head-up d i s p l a y s ,  l a r g e l y  because they  o f f e r  l a r g e  

f i e l d s  of view wi thout  t h e  a t t e n d a n t  weight  problems of r e f r a c -  

t i v e  o p t i c s .  However, t h e r e  are some disadvantageous conse- 

quences.  R e f l e c t i v e  systems tend  t o  be more vu lne rab le  t o  h igh  
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ambient b r i g h t n e s s ,  which produces spu r ious  r e f l e c t i o n s  o r  

l o s s  of d i s p l a y  c o n t r a s t .  R e f l e c t i v e  systems a l s o  s u f f e r  from 

problems of inaccuracy ( d i s t o r t i o n )  as t h e  image of interest moves 

f u r t h e r  o f f  t h e  p o t i c a l  a x i s .  Table  IX shows a comparison of t h e  

advantages and disadvantages of r e f r a c t i v e  and r e f l e c t i v e  systems. 

A l l  t h e  o p t i c a l  systems descr ibed  s o  f a r  are t h e  so-ca l led  

"gunsight" t ype ,  which are l o c a t e d  a t  a r e l a t i v e l y  remote p o s i t i o n  

from t h e  viewer.  An a l t e r n a t i v e  i s  t h e  "binocular" device .  

This  u sua l ly  i s  a r e f r a c t i v e  device  (a l though r e f l e c t i v e  o p t i c s  

are p o s s i b l e )  which i s  p laced  d i r e c t l y  i n  f r o n t  of t h e  viewer's 

eyes and which he  uses  l i k e  a p a i r  of b inocu la r s .  The Bendix 

head-up d i sp lay  developed i n  t h e  U.S. i s  t h e  prime example of t h i s  

k ind  of device.  Experimental  b i n o c u l a r  d i s p l a y s  have a l s o  been 

developed by CSF i n  France and by RAE Farnborough i n  England. It 

should be  noted t h a t  t h e  term "binocular"  does no t  imply any s o r t  

of s t e r e o p s i s  o r  three-dimensional  image; i t  r e f e r s  only t o  t h e  

f a c t  t h a t  two o p t i c a l  systems (one f o r  each eye) are combined i n  

a u n i t  which resembles a p a i r  of b inocu la r s .  

Binocular  devices  o f f e r  t h e  advantages of compactness and 

l i g h t  weight and of very l a r g e  f i e l d s  of view. A s  a r e s u l t  of 

t h e  s h o r t  viewing d i s t a n c e  (1-w inches)  f i e l d s  of view on t h e  

o rde r  of 30" v e r t i c a l l y  and 60" h o r i z o n t a l l y  are a t t a i n a b l e .  

The prime disadvantages of t h i s  device  are i t s  proximity t o  t h e  

p i l o t ' s  eyes  and t h e  f a c t  t h a t  h e  must move h i s  head away from 

t h e  d i s p l a y  unit  i f  he  wishes t o  view t h e  ins t rument  pane l .  

a r e s u l t  t h e  b inocu la r  device  has  n o t  m e t  w i t h  p i l o t  accep- 

tance and i t  has  n o t  enjoyed commercial success .  

A s  

Op t i ca l  systems of any type  are never  p e r f e c t .  They a l l  

s u f f e r  from va r ious  inhe ren t  o p t i c a l  a b e r r a t i o n s  and d i s t o r t i o n s .  
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TABLE I X  

TYPE ADVANTAGES DISADVANTAGES 

REFRACTIVE Proven o p t i c a l  des ign  

I On-axis viewing 

Good accuracy (21 m r  a t  
c e n t e r ,  rt5 m r  a t  pe r iphe ry ,  
t y p i c a l )  

R e l a t i v e l y  invu lne rab le  t o  
ambient l i g h t  

High o p t i c a l  e f f i c i e n c y  

Fewer o p t i c a l  s u r f a c e s  t o  
b e  k e p t  c l e a n  

Large l e n s  needed f o r  l a r g e  
f i e l d  of view 

Weight (55 l b s ,  t y p i c a l )  

D i f f i c u l t  t o  ach ieve  ba lance  
of f o c a l  l e n g t h  ( f ) ,  s i z e  of 
image source ,  and accuracy 
( s h o r t  f ,  s m a l l  image source ,  
b u t  h i g h  accuracy) 

REFLECTIVE On-axis viewing Complex o p t i c a l  element 
( s p h e r i c  s e c t i o n )  

sou rce  o r  c o l l i m a t e r  p rope r ly  

Vulnerable t o  ambient l i g h t  

O p t i c a l l y  i n e f f i c i e n t  double- 
pas s  beam s p l i t t e r  

More o p t i c a l  s u r f a c e s  t o  b e  
k e p t  c l e a n  

Col l imat ing  mi r ro r  o b s t r u c t s  
p i l o t ' s  v i s i o n  

P o s s i b l e  format ion  of danger- 
ous s o l a r  images i n  cockp i t  

Shor t  f o c a l  l e n g t h  wi th  
good accuracy D i f f i c u l t  t o  l o c a t e  image 

Large f i e l d  of view p o s s i b l e  

Low weight (30 l b s ,  t y p i c a l )  

ON-AXIS 

REFLECTIVE Low'weight (30 l b s ,  t y p i c a l )  Very complex o p t i c a l  des ign  
(2  a s p h e r i c  o r  con ic  s e c t i o n s )  Large f i e l d  of view p o s s i b l e  

High o p t i c a l  e f f i c i e n c y  Long f i c a l  l e n g t h  r equ i r ed  
f o r  c o l l i m a t i o n ,  hence l a r g e  
image source  

P i l o t ' s  body and hand move- 
ments can i n t e r r u p t  l i g h t  beam 

REFLECTIVE Simple o p t i c a l  des ign  Excess ive  o p t i c a l  e r r o r  
OFF-APERTURE (astigmatism i n t o l e r a b l e  as 

l i t t l e  as 1" o f f - a x i s )  

More o p t i c a l  s u r f a c e  t o  be  
kep t  c l e a n  

Locat ion  of image source  a 
problem 
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While t h e  sc i ence  of c o r r e c t i n g  t h e s e  inaccurac i e s  has  pro- 

gressed  t o  very  s o p h i s t i c a t e d  levels ,  e r r o r s  can never be  e l i m -  

i n a t e d  a l t o g e t h e r .  Seve ra l  of t h e s e  e r r o r s  are important  i n  

t h e  head-up d i s p l a y  a p p l i c a t i o n .  F i r s t ,  t h e r e  i s  t h e  p o s s i b i l i t y  

t h a t  t h e  e x t e r n a l  scene  as viewed through t h e  o p t i c a l  system 

w i l l  be  s h i f t e d  o u t  of i t s  t r u e  l o c a t i o n .  This  might be  termed 

"static" e r r o r ,  and i t  i s  a t  i t s  e v e r e s t  i n  o f f - ax i s  and o f f -  

ape ra tu re  r e f l e c t i v e  systems. Next, t h e r e  i s  t h e  p o s s i b i l i t y  

t h a t  a given symbol, as i t  moves o f f  t h e  o p t i c a l  a x i s ,  w i l l  no 

longe r  r e g i s t e r  wi th  i t s  real world coun te rpa r t .  For a d i r e c t o r  

symbol t h i s  type  of e r r o r  (which can be  c a l l e d  "dynamic") i s  no t  

of much consequence. 

d i r e c t o r  symbol i s  f a r  o f f  t h e  n u l l  p o s i t i o n ,  which i s  usua l ly  

a t  o r  near d i s p l a y  c e n t e r  and t h e  o p t i c a l  axis. A s  t h e  f l i g h t  

pa th  e r r o r  n e a r s  ze ro  and t i g h t e r  a i r c r a f t  c o n t r o l  t o l e r a n c e s  are 

The g r e a t e s t  e r r o r  w i l l  occur  when the 

impl ied ,  t h e  accuracy of symbol p o s i t i o n i n g  due t o  o p t i c s  a l s o  

improves. The same i s  n o t  t r u e  f o r  a symbol such as t h e  f l i g h t  

p a t h  marker ( v e l o c i t y  v e c t o r  o r  impact p o i n t  symbol), which must 

be  i n  accu ra t e  r e g i s t r y  wi th  t h e  real world s i t u a t i o n  no matter 

where it l ies i n  r e l a t i o n  t o  t h e  o p t i c a l  axis. An e r r o r  of 10-15 

m i l l i r a d i a n s  (1/Z0-lo) i n  p o s i t i o n  a t  t h e  f l i g h t  p a t h  marker 

(which might w e l l  occur  f o r  l a r g e  crab angles  o r  extreme angles  

of a t t a c k )  i s  of s e r i o u s  p ropor t ion .  

Two o t h e r  t ypes  of e r r o r  which may be  important  are co l -  

l i m i n a t i o n  e r r o r  and b inocu la r  d i s p a r i t y .  The former could be 

a problem i f  t h e  co l l ima t ion  w e r e  d e f e c t i v e  t o  t h e  p o i n t  t h a t  

t h e  image d i d  n o t  appear a t  o p t i c a l  i n f i n i t y  bu t  a t  some f i n i t e  

and r e l a t i v e l y  c l o s e  d i s t a n c e  t o  t h e  observer  i n  r e l a t i o n  t o  

t h e  e x t e r n a l  scene.  Binocular  d i s p a r i t y  might manifest  i t s e l f  

as a v a r i e t y  of v i s u a l  problems (eye s t r a i n ,  double images, 
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b l u r r i n g  of images, e t c . )  i f  t h e r e  were a pronounced d i f f e r e n c e  

i n  t h e  HUD image as seen  by each eye.  

I 

Even though t h e  whole ques t ion  of o p t i c a l  e r r o r s  i s  of 

g r e a t  concern i n  r e l a t i o n  t o  t h e  HUD, very  l i t t l e  i n v e s t i g a t i o n  

has  been performed i n  t h i s  area. F l i g h t  t r i a l s  conducted s o  

f a r  have n o t  i n d i c a t e d  t h a t  o p t i c a l  system e r r o r s  c o n s t i t u t e  any 

impediment t o  s u c c e s s f u l  use  of t h e  HUD. But t h e  p o s s i b i l i t i e s  

c l e a r l y  ex i s t .  A major s tudy  of t h e s e  p o t e n t i a l  sources  of 

d i f f i c u l t y  have been c a r r i e d  o u t  by Theodore Gold and h i s  assoc- 

iates a t  Sperry Gyroscope Company, Great Neck, N.Y. ,  under the 

auspices  of JANAIR. Some of t h e  t o p i c s  be ing  considered are: 

1. 

2. 

3. 

4 ,  

5 .  

6. 

7. 

8. 

Absolute  t o l e r a n c e  f o r  b i n o c u l a r  d i s p a r i t y .  

E f f e c t s  of symbols wi th  image d i s p a r i t i e s  
over lay ing  t h e  real world.  

Visua l  discomfort  as a func t ion  of b inocu la r  
image d i s p a r i t y  r e s u l t i n g  from changes i n  head 
p o s i t i o n  and viewing angles .  

Magnitude of pe rmis s ib l e  image d i s p a r i t y  a t  t h e  
boundaries  of  t h e  monocular and b inocu la r  f i e l d s  
of view. 

The e f f e c t s  of r e t i n a l  r i v a l r y  (eye dominance) 

Tolerance f o r  co l l ima t ion  e r r o r .  

Minimum e x i t  p u p i l  s i z e .  

The e f f e c t s  of changing lateral  head p o s i t i o n .  

The r e s u l t s  of t h i s  s tudy  are i n  t h e  process  of p u b l i c a t i o n  

a t  t h e  p re sen t  t i m e . ,  It should shed l i g h t  on t h e  n a t u r e  of t h e  

v i s u a l  problems a t t e n d a n t  t o  t h e  use  of t h e  HUD and on t h e  a b i l i t y  

of o p t i c a l  system technology t o  measure up t o  t h e  u s e r ' s  v i s u a l  

requirements .  U n t i l  such evidence i s  i n  hand, t h e  adequacy of 

head-up d i s p l a y  o p t i c a l  systems must remain an open ques t ion .  
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Display Br ightness  

Display b r i g h t n e s s  ( o r  more p rope r ly ,  luminance) i s  of con- 

cern  i n  two circumstances.  F i r s t ,  t h e  head-up d i sp lay  must be 

of s u f f i c i e n t  luminance i n  h igh  ambient l i g h t  condi t ions  t o  a s s u r e  

adequate c o n t r a s t  r e t e n t i o n  f o r  good d i s p l a y  v i s i b i l i t y .  Second, 

d i s p l a y  luminance must be  c o n t r o l l a b l e  through a range of ambient 

i l l u m i n a t i o n  from f u l l  s u n l i g h t  t o  extreme darkness .  This  is 

necessary  t o  a s s u r e  a proper  ba l ance  between t h e  luminous i n t e n s i t y  

of t h e  symbols and t h e  i l l u m i n a t i o n  of t h e  e x t e r n a l  scene.  Of t h e  

two, achiev ing  adequately h igh  b r i g h t n e s s  has  been t h e  t r a d i t i o n a l l y  

g r e a t e r  concern wi th  head-up d i s p l a y s .  

The g e n e r a l l y  accepted f i g u r e  f o r  the maximum background 

b r i g h t n e s s  a g a i n s t  which t h e  HUD must be  usab le  i s  10,000 foo t -  

l amber t s ,  Against  t h i s  background a symbol luminance of approxi- 

mately 1000-1500 f o o t  w i l l  y i e l d  an  e f f e c t i v e  symbol luminance of 

11,000-11,500 f t . 1 .  This  i s  equ iva len t  t o  a c o n t r a s t  r a t i o  of 

10-15%, t h e  h ighe r  v a l u e ' b e i n g  d e s i r a b l e  t o  a s s u r e  adequate  detec-  

t i o n  and l e g i b i l i t y  of small  symbols such as scale markings o r  

alphanumerics (Ref.  2) .  Other sou rces  (Refs.  3 , 4 )  sugges t  t h a t  a 

15% c o n t r a s t  may n o t  b e  s u f f i c i e n t  and t h a t  20-30% may be  r equ i r ed  

f o r  "comfortable" viewing. 

and comfortable  i s  t h a t  adequate  is  an o b j e c t i v e  measure based 

on l a b o r a t o r y  exper imenta t ion  t o  determine t h e  minimum usab le  

d i s p l a y  luminance, whereas comfortable  is  a s u b j e c t i v e  measure 

The d i s t i n c t i o n  between adequate  

a r r i v e d  a t  by a l lowing  t h e  observer  t o  a d j u s t  t h e  d i sp lay  in t en -  

s i t y  t o  a level which s u i t s  him. Because t h e  r e l a t i o n  between 

adequate  (minimum usable)  and comfortable  has  n o t  been e s t a b l i s h e d  

and because t h e r e  i s  some i n d e c i s i o n  as t o  which i s  t h e  proper  

va lue  t o  use,  d i sp l ay  luminance requirements  cannot be s t a t e d  wi th  

c e r t a i n t y .  The i s s u e  i s  f u r t h e r  confused by t h e  q u e s t i o n a b i l i t y  

of 10,000 foot- lamberts  as a s t anda rd  h igh  b r i g h t n e s s  background. 
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Some sources  ( e .g . ,  Ref. 3) b e l i e v e  t h a t  10,000 is  too h igh  and 

t h a t  8,000 foot- lamberts  i s  more r e p r e s e n t a t i v e  of a c t u a l  f l i g h t  

cond i t ions .  A 20% c o n t r a s t  under t h i s  cond i t ion  would mean a 

d i s p l a y  luminance of on ly  1600 foot- lamberts  i n s t e a d  of t h e  2000 

foot- lamberts  which would be r equ i r ed  a g a i n s t  a 10,000 foot -  

lambert  background. 

Depending upon t h e  c h a r a c t e r i s t i c s  of t h e  o p t i c a l  system 

and t h e  luminous i n t e n s i t y  of t h e  image source ,  p re sen t  CRT 

head-up d i s p l a y s  can d e l i v e r  a luminance of between 1000 and 

1500 foot-lamberts*.  This  i s  equ iva len t  t o  t h e  minimum usab le  

i n t e n s i t y  i f  10,000 foot-lambers is  used as a s t anda rd  back- 

ground b r i g h t n e s s ,  b u t  f a l l s  s h o r t  of comfortable  viewing r equ i r e -  

ments (2000-3000 f o o t  lamberts)  * I f  an 8000-foot-lambert 

background i s  used as a s tandard ,  a di-splay luminance of 1500 

foot- lamberts  w i l l  y i e l d  a c o n t r a s t  of 19%, which i s  v i r t u a l l y  

t h e  same as t h e  lower l i m i t  of comfortable  viewing. 

I n  an e f f o r t  t o  achieve  improved d i sp lay  c o n t r a s t ,  some 

manufacturers  make use  of d i c h r o i c  o r  t r i c h r o i c  c o l o r  s e p a r a t i o n  

f i l t e r s  on t h e  combiner. These f i l t e r s  provide  an apparent  

i n c r e a s e  i n  d i s p l a y  b r i g h t n e s s ,  by improving t h e  co lo r  con- 

t ras t  be tween’ the  d i sp lay  and t h e  e x t e r n a l  background. The 

technique  involves  f i l t e r i n g  ou t  of t h e  e x t e r n a l l y  rece ived  

l i g h t ,  a p a r t  of t h a t  which is of t h e  same c o l o r  as t h e  dominant 

wave l e n g t h  of t h e  image source .  With such f i l t e r s ,  d i s p l a y  

luminances of as low as 850 foot- lamberts  provide  comfortable  

viewing. (Ref. 5)  Some f i n d  c o l o r  s e p a r a t i o n  f i l t e r s  

* A s  w i l l  be seen i n  a l a t e r  s e c t i o n  on i l l umina ted  re t ic le  
systems,  luminances of up t o  3000 foot- lamberts  can be 
achieved e 
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ob jec t ionab le  because they  t i n t  t h e  e x t e r n a l  scene .  

o t h e r  hand, t h e  f i l t e r s  a l s o  tend t o  reduce t h e  e f f e c t s  of 

haze ,  thereby  r ende r ing  bo th  t h e  real  world as w e l l  as t h e  d i s -  

p l ay  more e a s i l y  v i s i b l e .  

i t  t u r n s  around s u b j e c t i v e  judgments, There has  been no 

experimental  work t o  e s t a b l i s h  t h e  e f f e c t s  of d i c h r o i c  and tri- 

c h r o i c  f i l t e r s  on t h e  p i l o t ' s  a b i l i t y  t o  d i sc r imina te  and use  

e x t e r n a l  v i s u a l  cues.  

On t h e  

This  i s  a r a t h e r  hea ted  i s s u e  because 

In t h e  h igh  b r i g h t n e s s  s i t u a t i o n  it  may b e  concluded that  

head-up d i s p l a y s  (at  least t h e  CRT type) o f f e r  s u f f i c i e n t  

luminance f o r  adequate  viewing. They may o r  may n o t  meet t h e  

requirements  f o r  comfortable viewing, depending upon how one 

chooses t o  d e f i n e  zi comfortable level and what s t anda rd  back- 

ground luminance i s  used. 

needed, as w e l l  as exper imenta t ion  t o  e s t a b l i s h  t h e  advantages 

and disadvantages of co lo r  s e p a r a t i o n  f i l t e r s .  

Fur ther  r e sea rch  on t h i s  t o p i c  i s  

The o t h e r  concern w i t h  r e s p e c t  t o  HUD luminance, t h a t  o f  

main ta in ing  a proper  b r i g h t n e s s  ba lance  between t h e  d i s p l a y  

and t h e  e x t e r n a l  scene, i s  much less of a problem. A match 

between d i s p l a y  b r i g h t n e s s  and t h e  o u t s i d e  background i s  achieved 

by provid ing  a c o n t r o l  which al lows the p i l o t  t o  vary  d i s p l a y  

luminance cont inuously from maximum down t o  e f f e c t i v e l y  ze ro .  Most 

head-up d i sp lays  a l s o  inco rpora t e  an au tomat ic  b r igh tness  c o n t r o l  

f e a t u r e  which compensates f o r  changes i n  background luminance 

such as might be encountered f l y i n g  i n  and o u t  of clouds o r  

t u r n i n g  i n t o  o r  away from t h e  sun.  

b r i g h t n e s s  c o n t r o l  f e a t u r e s  seem t o  work s a t i s f a c t o r i l y ,  and no 

complaints have been voiced.  

Both t h e  manual and automatic  

I n  m i l i t a r y  HUDs t h e r e  i s  some concern about a t t a i n i n g  a 
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d i s p l a y  of s u f f i c i e n t l y  l o w  luminance t o  main ta in  t h e  p i l o t ' s  

dark adap ta t ion  and no t  t o  i n t e r f e r e  wi th  h i s  a b i l i t y  t o  d e t e c t  

t a r g e t s  a g a i n s t  very  dark backgrounds ( e .g . ,  t h e  open sea o r  t h e  

jung le  at n i g h t ) .  

a v i a t i o n .  

more i l l u m i n a t i o n  than  t h e  dark backgrounds involved i n  m i l i t a r y  

ASW o r  n i g h t  combat ope ra t ions .  I n  f a c t ,  t h e r e  i s  such a h igh  level  

of i l l u m i n a t i o n  i n  t h e  v i c i n i t y  of most a i r p o r t s  t h a t  i t  i s  doubt- 

f u l  the c i v i l  a v i a t i o n  p i l o t  i s  ever t r u l y  dark-adapted. Misgivings 

about t h e  u t i l i t y  of t h e  HUD i n  c i v i l  a v i a t i o n ,  bo th  i n  terms of 

achiev ing  a proper  luminance ba lance  w i t h  t h e  e x t e r n a l  scene  and 

of a t t a i n i n g  a s u i t a b l y  low luminance level ,  appear unfounded. 

There i s  no t r u e  counterpar t  t a s k  i n  c i v i l  

Even t h e  b l a c k e s t  of "black-hole" a i r p o r t s  have much 

Color 

Color is  gene ra l ly  recognized as an e x c e l l e n t  coding dimen- 

s i o n  f o r  v i s u a l  d i s p l a y s .  It commands a t t e n t i o n  and g r e a t l y  f a c i l -  

i ta tes  sea rch  and r ecogn i t ion  t a s k s .  It has  a l s o  been demonstrated 

that  i n  some circumstances t h e  use of co lo r  enhances performance 

i n  i n t e r p r e t a t i o n ,  r ead ing ,  t r a c k i n g ,  and h ighe r  cogn i t ive  t a s k s .  

Color l ends  i t s e l f  r e a d i l y  t o  combinations wi th  o t h e r  types  of 

codes e s p e c i a l l y  geometr ic  shape and alphanumeric symbols. (Ref e 6)  

Lee (Ref,  7 ) ,  i n  commenting on t h e  case f o r  c o l o r ,  adds t h e  

fo l lowing  example of how i t  may a i d  performance, 

"Color coding i n c r e a s e s  t h e  a b i l i t y  of observers  
t o  r a p i d l y  s e p a r a t e  task- re levant  in format ion  
ou t  of a p a r t i c u l a r  set of  in format ion  (coded i n  
one co lo r )  from a much l a r g e r  set. (coded i n  
o t h e r  c o l o r s )  

"Color coding techniques  appear t o  be  r e l a t i v e l y  t a s k  
s p e c i f i c .  Thus, i n  decoding t a s k s ,  co lo r  does 
n o t  show any c o n s i s t e n t  s u p e r i o r i t y  over  o t h e r  
coding methods. However, c o l o r  appears  t o  be  
q u i t e  u s e f u l  i n  search  t a s k s  -- s e r v i n g  as a 
cue t o  an ope ra to r  such t h a t  non-relevant  i n f o r -  
mation i s  " f i l t e r e d "  ou t  wi th  only minimal a t t e n t i o n , "  
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The number of abso lu t e ly  i d e n t i f i a b l e  c o l o r s  has  been 

e s t a b l i s h e d  exper imenta l ly  t o  be t e n  o r ,  i f  white i s  inc luded ,  

e leven .  Among t h e s e  are v i o l e t  ( 4 3 0 0 ) ,  b l u e  ( 4 7 6 0 ) ,  blue-green 

( 4 9 4 0 )  green (5150) , yellow-green (5820) , amber (6100) and 

red  ( 6 4 2 0 )  -- a l l  f i g u r e s  i n  Angstrom u n i t s ,  The number of usable  

c o l o r s  f o r  coding purposes i s  g e n e r a l l y  agreed t o  be f o u r  o r  

f i v e  (Ref.  8).  

The use  of c o l o r  i n  head-up d i s p l a y s  i s  regarded by most 

as an a t t r a c t i v e  p rospec t ,  n o t  on ly  because i t  would enhance 

t h e  i n t e r p r e t a b i l i t y  of  d i s p l a y s  wi th  a l a r g e  number of symbols 

bu t  a l s o  because it would make t h e  d i s p l a y  more r eadab le  a g a i n s t  

real world backgrounds Ne i the r  of t h e s e  conten t ions  has  been 

conc lus ive ly  e s t a b l i s h e d  by exper imenta t ion ,  b u t  they  s e e m  

p l a u s i b l e .  

P re sen t  CRT head-up d i s p l a y s  do no t  have mult i -color  capa- 

b i l i t y ,  

CRT devices  developed, t hey  have n o t  been pu t  t o  a c t u a l  f l i g h t  

test .  The Tomson-CSF HUD, which w a s  i l l u s t r a t e d  i n  F igure  

(Chapter  V I ) ,  i s  a four-color  d i s p l a y ,  b u t  i t  uses  i l l u m i n a t e d  

reticles as the image source  i n s t e a d  of a CRT. React ion t o  

t h i s  d i s p l a y  has  been mixed, b u t  gene ra l ly  f avorab le .  Those 

who l i k e  t h e  d i s p l a y  cons ider  t h e  use  of co lo r  e f f e c t i v e  and a 

h igh ly  d e s i r a b l e  f e a t u r e .  Those who are c r i t i c a l  of t h e  d i s p l a y  

Although t h e r e  have been some exper imenta l  two-color 

f i n d  t h e  use of c o l o r  excess ive ,  i .e .  ~ f o u r  c o l o r s  are too  many, 

and two would be p r e f e r a b l e ,  It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  

des igne r s  of t h e  d i s p l a y  do n o t  r ega rd  mul t i -co lor  c a p a b i l i t y  

as one of t h e  j u s t i f i c a t i o n s  f o r  us ing  reticles i n  p l ace  of a 

CRT. They f avor  re t ic les  f o r  o t h e r  reasons  (which w i l l  b e  

d iscussed  l a t e r ) ;  t h e  a b i l i t y  t o  provide  a four-color  d i s p l a y  i s  

considered by Thomson-CSF t o  be  an a n c i l l a r y  advantage.  (Ref,  4 )  
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The Thomson-CSF exper ience  w i t h  co lo r  i s  an i n s t r u c t i v e  

example of t h e  cons ide ra t ions  which must be taken  i n t o  account.  

The b a s i c  co lo r  scheme of t h e  CSF d i s p l a y  i s :  

o Amber - a i r  d a t a  
o Green - ground d a t a  
o Red - p o s i t i o n  e r r o r  (e .g . ,  ILS e r r o r )  
o White - d i r e c t o r  in format ion  

Experiments w i th  t h e  scheme, which was s e l e c t e d  more o r  less 

a r b i t r a r i l y ,  revea led  t h e  need f o r  modi f ica t ions  and l i m i t a t i o n s  

i n  t h e  use of t h e s e  c o l o r s .  A t  n i g h t  t h e  c o l o r  of d i r e c t o r  

in format ion  w a s  changed t o  b lue ,  s i n c e  wh i t e  tended t o  appear 

t oo  b r i g h t  i n  r e l a t i o n  t o  t h e  o t h e r  c o l o r s  a t  low d i s p l a y  luminance 

levels.  Blue w a s  n o t  used by day because i t  cannot be  discr im- 

i n a t e d  a g a i n s t  sky backgrounds. Yellow was  o r i g i n a l l y  t r i e d  as 

one of t h e  d i s p l a y  c o l o r s ,  b u t  r e j e c t e d  because i t  could n o t  

be d i sc r imina ted  from whi te  and amber. 

(ground da ta )  w a s  o r i g i n a l l y  green.  F l i g h t  t r ia ls  showed t h a t  

f o r  some unexplained reason t h i s  symbol w a s  ha rd  t o  see u n t i l  

i t s  c o l o r  w a s  changed t o  amber. F l i g h t  and s imula t ion  t r ia ls  

a l s o  showed t h a t  form and sharpness  of t h e  image w e r e  more 

important  t han  c o l o r  as f a c t o r s  i n  d i f f e r e n t i a t i n g  d i s p l a y  sym- 

b o l s  from e x t e r n a l  l i g h t  sources .  For example, one symbol tended 

t o  be l o s t  i q  t h e  approach l i g h t s  at n i g h t  and experimentat ion 

wi th  d i f f e r e n t  c o l o r s  produced no s a t i s f a c t o r y  s o l u t i o n .  The 

problem was remedied when t h e  shape of t h e  symbol w a s  modified.  

A s  a f i n a l  p o i n t ,  Thomson-CSF f l i g h t  t r i a l s  demonstrated t h a t  

t h e  use  of f o u r  c o l o r s  has  no e f f e c t  on dark adap ta t ion  s o  long  

as t h e  luminance level  i s  kep t  s u f f i c i e n t l y  low. (Refs.  4 ,  9 ,  

The heading scale 

10) 

I n  summary, i t  may b e  s a i d  t h a t  mul t i -co lor  head-up d i s -  

p l ays  o f f e r  s e v e r a l  t h e o r e t i c a l  advantages.  The incomplete 

evidence from t h e  one mul t i -co lor  d i sp l ay  which has been tested 
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i n d i c a t e s  t h a t  t h e s e  advantages are r e a l i z a b l e  i n  p r a c t i c e .  

The use  of  c o l o r  seems t o  be  d e s i r a b l e  and, i n  t h e  case of 

i l l umina ted  r e t i c l e  d i s p l a y s  a p r a c t i c a l  b e n e f i t .  Present  

CRT technology does no t  y e t  permit  mul t i -co lor  p r e s e n t a t i o n s ,  b u t  

t h i s  c a p a b i l i t y  i s  be ing  a c t i v e l y  sought .  

Image Generat ion 

Many of t h e  t e c h n i c a l  ques t ions  r e l a t i n g  t o  t h e  head-up 

d i s p l a y  come t o  focus  i n  t h e  i s s u e  of how t o  gene ra t e  t h e  image. 

A t  p r e s e n t  t h e r e  are two proven methods: t h e  cathode ray  tube  

and i l l umina ted ,  servo-driven reticles. Reticles are t h e  o l d e r  

technique,  having been used o r i g i n a l l y  i n  t h e  co l l imated  guns ights  

of t h e  World War I1 per iod .  The CRT supplanted  reticles dur ing  

t h e  1950s. I n  f a c t ,  i t  w a s  t h e  development of CRTs s u i t a b l e  

f o r  a i rbo rne  use  which gave t h e  o r i g i n a l  impetus t o  t h e  concept of 

t h e  HUD as a f l i g h t  d a t a  d i sp l ay .  

t h e  e f f o r t  of Thomson-CSF, t h e  i l l u m i n a t e d  re t ic le  has  re-ernerged 

as a f e a s i b l e  method f o r  gene ra t ing  complex d i s p l a y s  f o r  f l i g h t  

guidance and c o n t r o l  

I n  r e c e n t  y e a r s ,  l a r g e l y  through 

The c u r r e n t  deba te  over  which of t h e  two techniques i s  

s u p e r i o r  tends  t o  d i v i d e  along n a t i o n a l  l i n e s ,  The B r i t i s h ,  who 

pioneered i n  t h e  development of t h e  CRT head-up d i s p l a y ,  

f i rmly  main ta in  i t  i s  t h e  method of  choice.  The French are 

equa l ly  vigorous i n  t h e i r  p re fe rence  f o r  i l l umina ted  re t ic les .  

Although t h e  deba te  i s  conducted on t e c h n i c a l  grounds, one 

s t r o n g l y  suspec t s  t h a t  p o l i t i c a l  and p r o p r i e t a r y  concerns a l s o  

have much t o  do wi th  t h e  cont roversy .  U.S. views on t h e  s u b j e c t  

are mixed. Nearly a l l  of t h e  head-up d i s p l a y s  developed and 

o f f e r e d  f o r  sa le  i n  t h i s  country are CRT devices .  Hence, t h e r e  

i s  a n a t u r a l  tendency of U.S. d i s p l a y  manufacturers  t o  defend 

t h e i r  choice.  Through t h e  Thomson-CSF American l i c e n s e e  
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(Librascope of General P r e c i s i o n  Systems, Inc . )  t h e  L-191 and 

L-193 i l l umina ted  r e t i c l e  HUDS have been given wide p u b l i c i t y .  

Evalua t ions  of L-191 and L-193 have been conducted, o r  are n o t  i n  

p rogres s ,  a t  FAA NAFEC, NASA Ames Research Center ,  NASA F l i g h t  

Research Center ,  and USAF F l i g h t  Dynamics Laboratory,  P i l o t  reac- 

t i o n  t o  both t h e  CRT and t h e  i l l umina ted  re t ic le  HUD has  been 

f avorab le ,  and no clear p re fe rence  i s  i n d i c a t e d .  

The purpose h e r e  i s  no t  t o  e n t e r  i n t o  t h e  debate .  The 

fo l lowing  d i scuss ion  of t h e  two image-generation techniques i s  

in tended  only t o  b r i n g  out  t h e  p o i n t s  of comparison and t o  i n d i -  

cate some of t h e  more important  t e c h n i c a l  ques t ions  which relate 

t o  t h e  use of t h e  HUD i n  c i v i l  a v i a t i o n .  

Br ightness  

P resen t  CRT d i s p l a y s  are l i m i t e d  t o  a maximum b r i g h t n e s s  of 

about 1500 foot- lamberts .  Taking i n t o  account t h e  e f f i c i e n c y  of 

t h e  o p t i c a l  system and t h e  r e f l e c t i v i t y  of t h e  combining g l a s s ,  

t h i s  t r a n s l a t e s  i n t o  a luminance a t  t h e  CRT f a c e  of about 10,000 

f o o t  lamber ts .  CRTs capable  of  20,000 foot- lamberts  ou tput  ( i . e e 9  

3000 foot-lambers d i s p l a y  b r i g h t n e s s )  are under development , b u t  

t h e s e  r e q u i r e  ,extremely h igh  vo l t ages  (10-15 k i l o v o l t s )  . Il lum- 

i n a t e d  reticles can d e l i v e r  d i s p l a y  luminances of 3500 foot -  

lamber ts  f o r  more. This  i s  accomplished w i t h  incandescent  l i g h t  

sources  which can be  made t o  have almost any luminance d e s i r e d  and 

which have power requirements  i n  t h e  100-volt  range. 

Line Width 

Symbol l i n e  wid ths  on t h e  o r d e r  of 1-2 m i l l i r a n d i a n s  are 

a t t a i n a b l e  wi th  CRT d i sp lays .  The l i n e  width varies as a func t ion  

of d i s p l a y  luminance, t h e  g r e a t e r  t h e  b r i g h t n e s s ,  t h e  g r e a t e r  t h e  

energy i l l u m i n a t i n g  t h e  phosphor, and t h e  broader  t h e  l i n e  width.  
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Reticle d i sp lays  have l i n e  wid ths  between 0.35 and 0.6 m i l l i r a d i a n s ,  

and t h e  l i n e  width does not  broaden s i g n i f i c a n t l y  as d i s p l a y  

i n t e n s i t y  i n c r e a s e s .  While t h e  r e t i c l e  l i n e s  are f i n e r ,  e i t h e r  

method of genera t ion  g ives  l i n e  wid ths  small enough not  t o  obscure 

real  world o b j e c t s .  

Image Qual i ty  

CRT symbols are s u b j e c t  t o  d i s tu rbance  due t o  e lec t romagnet ic  

n o i s e  w i t h i n  t h e  system. This  r e s u l t s  i n  i r r e g u l a r i t i e s  i n  

shape and a tendency f o r  symbols t o  j i t t e r .  Reticle images 

are geometr ica l ly  p r e c i s e  and e x h i b i t  much g r e a t e r  s t a b i l i t y  

of p o s i t i o n .  A e s t h e t i c a l l y ,  r e t i c l e  images are supe r io r ,  b u t  

t h e r e  i s  no experimental  evidence t o  i n d i c a t e  t h a t  t h e  b e t t e r  

q u a l i t y  image l e a d s  t o  improvements i n  performance o r  d i s p l a y  usa- 

b i l i t y .  

Color 

A s  i n d i c a t e d  earlier,  a i r b o r n e  CRTs do no t  ROW have mul t i -  

c o l o r  c a p a b i l i t y .  It can be achieved b u t  formidable  t echno log ica l  

d i f f i c u l t i e s  are encountered i n  ba lanc ing  i l l u m i n a t i o n  levels of 

d i f f e r e n t  phosphors and i n  co l l ima t ing  t h r e e  o r  f o u r  images of 

d i f f e r e n t  c o l o r s .  With r e t i c l e s  c o l o r  can be had f o r  t h e  asking.  

F l e x i b i l i t y  

With t h e  CRT almost any s o r t  of symbols and p a t t e r n s  of 

movement can be  achieved. 

v a r i e d  a t  w i l l .  Reticle systems do n o t  o f f e r  such f l e x i b i l i t y .  

A d i s p l a y  c o n s i s t i n g  of more than  four  symbols moving i n t e r -  

dependently i s  d i f f i c u l t  t o  accomplish by electro-mechanical  

means. Moreover, r e t i c l e  d i s p l a y s  o f f e r  much less freedom i n  

t h e  number and v a r i e t y  of symbols which can be combined i n  a 

g iven  mode and i n  t h e  number of p o s s i b l e  d i f f e r e n t  modes. 

Also ,  t h e  conten t  and format can be 

The 
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use of re t ic les  a l s o  imposes c e r t a i n  c o n s t r a i n t s  on how symbols 

can be  manipulated.  For example, a runway symbol which grows 

i n  s i ze  t o  i n d i c a t e  range t o  go i s  f a r i l y  easy  t o  create on a 

CRT b u t  very  d i f f i c u l t  w i th  r e t i c l e s .  Likewise,  symbol deforma- 

t i o n  o r  shape v a r i a t i o n  (such as a skewing of a runway t r apezo id  

t o  i n d i c a t e  l a t e r a l  p o s i t i o n  e r r o r  and c r o s s  t r ack )  i s  much 

easier on a CRT than  on a reticle d i s p l a y .  

The i s s u e  of CRTs vs reticles i s  f a r  from s e t t l e d ,  however, 

even though t h e  l a t t e r  seems t o  have some s i g n i f i c a n t  engineer ing  

advantages.  I n  p a r t ,  t h e  dec i s ion  t u r n s  around how much impor- 

t ance  i s  a t t a c h e d  t o  p a r t i c u l a r  f a c t o r s .  CRTs have t h e  advantage 

i n  f l e x i b i l i t y  and i n  wide acceptance by d i s p l a y  eng inee r s .  

Reticle systems are s u p e r i o r  i n  t e r m s  of b r i g h t n e s s ,  image q u a l i t y ,  

c o l o r  a a p a b i l i t y ,  and perhaps r e l i a b i l i t y .  E i t h e r  technique  seems 

v i a b l e  i n  c i v i l  a v i a t i o n  a p p l i c a t i o n s ,  b u t  only f u r t h e r  test and 

eva lua t ion  can dec ide  which i s  t o  b e  p r e f e r r e d .  

I n  pass ing ,  i t  should be noted  t h a t  t h e  o t h e r  image-generation 

techniques  are be ing  i n v e s t i g a t e d .  A holographic ,  three-dimensional 

HUD i s  i n  t h e  process  o f  development under JANAIR auspices .  

11) The USAF F l i g h t  Dynamics Laboratory i s  experimenting wi th  a 

laster technique.  (Ref. 12) Various p e r i p h e r a l  v i s i o n  d i s p l a y s  

(PVD) have been developed. (Refs. 13,  1 4 ,  15) These are 

i n t e r e s t i n g  because they  do n o t  p re sen t  an image i n  t h e  p i l o t s  

c e n t r a l  cone of v i s i o n ,  b u t  i n  h i s  pa ra fovea l  f i e l d  which is  much 

more s e n s i t i v e  t o  rate of motion and which i s  n o t  used now as 

f u l l y  as i t  might be  t o  supplement t h e  cues gained through c e n t r a l  

v i s i o n .  A d e t a i l e d  cons ide ra t ion  of t h e s e  o t h e r  methods of image- 

genera t ion  i s  n o t  w i t h i n  t h e  scope of t h i s  r e p o r t .  They are men- 

t i oned  t o  i n d i c a t e  t h a t  o the r  a l t e r n a t i v e s  e x i s t  * 

(Ref.  
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TECHNOLOGY OF ASSOCIATED EQUIPMENT 

The u l t i m a t e  success  o r  f a i l u r e  of t h e  head-up d i s p l a y  i n  

c i v i l  a v i a t i o n  i s  only p a r t i a l l y  dependent upon t h e  r e s o l u t i o n  

of t e c h n i c a l  problems of  t h e  d i s p l a y  equipment i t s e l f .  

p r a c t i c a l i t y  of t h e  concept and t h e  success  of t h e  implementation 

w i l l  a l s o  be determined by t e c h n i c a l  developments i n  o t h e r  por- 

t i o n s  of t h e  a i rbo rne  and ground systems. The KUD i s  no t  a 

s e l f - s u f f i c i e n t  device .  It is  on ly  a l i n k  between man and the 

machine, and i t s  u t i l i t y  is i n t e r r e l a t e d  w i t h  t h e  n a t u r e  and 

q u a l i t y  of t h e  informat ion  which i t  t r a n s m i t s .  

The 

The fo l lowing  is a c a t a l o g  of some of t h e  major technolo- 

g i c a l  concerns f o r  equipment a s s o c i a t e d  w i t h ,  b u t  n o t  p a r t  o f ,  

t h e  head-up d i sp lay .  These problems are n o t  t r e a t e d  i n  depth 

because they  are n o t  c e n t r a l  t o  t h e  purposes of t h i s  s tudy  and 

because they  are ques t ions  of engineer ing  n o t  human f a c t o r s .  

However, mention of them must be made t o  h e l p  complete t h e  

assessment of t h e  p r a c t i c a l  concerns which surround t h e  head-up 

d i sp lay .  None of t h e s e  are p rope r ly  c r i t i c i s m s  o r  shortcomings 

of t h e  head-up d i s p l a y  i t s e l f .  I n s t e a d  they  are i n d i c a t i o n s  of 

t h e  g e n e r a l  improvements needed i n  a i r c r a f t  guidance systems,  

r e g a r d l e s s  a f  t h e  method of  d i sp l ay .  

A t t i t u d e  Reference Systems 

The HUD i s  b a s i c a l l y  an a t t i t u d e  d i s p l a y ,  and t h e  q u a l i t y  of 

t h e  a t t i t u d e  informat ion  is  of major importance.  There i s  a 

gene ra l  f e e l i n g  t h a t  p r e s e n t  gy roscop ica l ly  s t a b i l i z e d  a t t i t u d e  

r e fe rence  systems are n o t  a c c u r a t e  and respons ive  enough f o r  pro- 

v id ing  p r e c i s e  and s e n s i t i v e  i n d i c a t i o n s  on t h e  HUD. To r e a l i z e  

i t s  f u l l  p o t e n t i a l ,  t h e  head-up d i s p l a y  w i l l  probably r e q u i r e  

a t t i t u d e  informat ion  of t h e  q u a l i t y  o f f e r e d  By i n e r t i a l  o r  doppler  

systems. 
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F l i g h t  Path Sensing 

A s  i n d i c a t e d  i n  Chapter V I ,  s ens ing  and d i s p l a y  of f l i g h t  

pa th  ang le  i s  of major importance i n  t h e  HUD concept.  P re sen t  

methods of measuring ang le  of a t t a c k  and d r i f t  angle  by means 

of vanes o r  probes do no t  produce s u f f i c i e n t l y  accu ra t e  readings ,  

and they  s u f f e r  from inhe ren t  l a g s  and i n s e n s i t i v i t i e s .  There 

i s  a l s o  some ques t ion  whether t h e  angular  s ens ing  of  t h e  d a t a  

is  t h e  c o r r e c t  approach. Some f e e l  t h a t  i n s t e a d  of d e r i v i n g  

f l i g h t  pa th  informat ion  from r o t a t i o n a l  d a t a ,  a b e t t e r  approach 

would be t o  sense  t r a n s l a t i o n s  of t h e  a i r c r a f t  by means of 

acce lerometers  a s s o c i a t e d  wi th  an  i n e r t i a l  r e f e rence  system and 

i n t e g r a t e  t h e s e  d a t a  over  t i m e  t o  o b t a i n  i n d i c a t i o n s  of t h e  

h o r i z o n t a l  and ver t ica l  f l i g h t  pa th .  A l t e r n a t i v e  f l i g h t  pa th  

sens ing  methods under cons ide ra t ion  are doppler  systems and 

improved p res su re  d i f f e r e n t i a l  s enso r s .  

Other Ins t rumenta l  Information 

A l t i t u d e  measurement poses  a b a s i c  dilemna. Barometric 

systems provide  a l t i t u d e  informat ion  i n  i t s  most u s e f u l  form, 

he igh t  above a known re fe rence  ( e i t h e r  QFE QNH). However, 

t h e  inaccuracy of pressure-der ived a l t i t u d e  i s  such t h a t  i t  

cannot s a f e l y  be  used a t  t h e  low d e c i s i o n  h e i g h t s  c a l l e d  f o r  

i n  Category 11, and it i s  wholly unworkable i n  Category 111. 

Radar a l t i t u d e  i s  very  accu ra t e ,  b u t  s i n c e  i t  i s  a measurement 

of t h e  h e i g h t  above t h e  t e r r a i n  under t h e  a i r c r a f t ,  i t  is  

misleading f o r  approaches over  g u l l i e s ,  s m a l l  h i l l s ,  o r  urban 

areas. Some method must be found t o  measure he igh t  above run- 

way e l e v a t i o n  a c c u r a t e l y  o r ,  a l t e r n a t i v e l y ,  t o  provide  a smooth 

and level  p lane  i n  t h e  approach pa th  so  t h a t  r a d a r  a l t i t u d e  

can be used. 

The measurement of a i r speed  and ver t ica l  v e l o c i t y  a l s o  
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leaves something t o  b e  d e s i r e d .  Cane (Ref.  16) p o i n t s  ou t  t h a t  

t r i a l s  of  a Category I11 a u t o t h r o t t i e  system showed t h a t  air- 

speed s i g n a l s  were t o o  no i sy  and had t o  be f i l t e r e d  t o  prevent  

excess ive  t h r o t t l e  a c t i v i t y .  This  r e s u l t e d  i n  a l a g  which, i n  

t u r n ,  had t o  be  compensated f o r  by i n p u t s  from l a t e r a l  accel- 

e rometers  and ver t ica l  gyro senso r s .  Vertical v e l o c i t y ,  which 

i s  a l s o  der ived  from p res su re  d a t a ,  i s  no to r ious  f o r  t h e  l a g  

i n  readings  fo l lowing  abrupt  changes i n  t h e  f l i g h t  pa th .  Here, 

t o o ,  i n e r t i a l  systems seem t o  o f f e r  a s o l u t i o n .  

F l i g h t  D i rec to r s  

Many b e l i e v e  t h a t  t h e  success  of t h e  HUD as a guidance 

source  f o r  f l a r e  i n  l and ing  and f o r  missed approach t u r n s  around 

t h e  a v a i l a b i l i t y  of t h e  proper  d i r e c t o r  in format ion .  

d i r e c t o r  computers p r e s e n t l y  a v a i l a b l e  are adequate  f o r  t h e s e  

purposesI  b u t  t h e r e  s t i l l  remains t h e  t a s k  of  i n t e g r a t i n g  t h e  f l i g h t  

d i r e c t o r  w i th  t h e  HUD and of e s t a b l i s h i n g  t h e  proper  dynamic 

equa t ions  and t i m e  cons t an t s  f o r  d r i v i n g  t h e  HUD symbols. 

F l i g h t  

Category I11 Equipment 

As discussed  i n  Chapter V I  i n  connect ion wi th  t h e  p o t e n t i a l  

u se  of  t h e  HUD i n  Category 111, t h e  key t o  b l i n d  ope ra t ions  

i s  n o t  s o  much t h e  d i s p l a y  as i t  i s  t h e  sou rce  of t h e  informat ion  

t o  b e  presented .  The a p p l i c a b i l i t y  of t h e  HUD i n  Category I11 

is  i n t i m a t e l y  bound up w i t h  t h e  development of an improved ILS 

and an independent landing  monitor.  

HUMAN FACTORS 

Human f a c t o r s  concerns p l ay  a major p a r t  both i n  e s t a b l i s h i n g  

t h e  need f o r  t h e  head-up d i s p l a y  and i n  determining i t s  charac te r -  

i s t ics  f o r  p a r t i c u l a r  VFR and IFR a p p l i c a t i o n s .  The p i l o t ' s  

t a s k s ,  needs,  c a p a b i l i t i e s  and l i m i t a t i o n s  have been t h e  p r i n c i p a l  
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theme of t h i s  r e p o r t .  The enormous volume of t h e  r e sea rch  l i t e r -  

a t u r e  dea l ing  wi th  t h e  human f a c t o r s  of t h e  HUD i n d i c a t e s  t h e  

i n t e n s i v e  s tudy  which t h i s  aspec t  of t h e  problem has  rece ived .  

S t i l l ,  t h e r e  are some unce r t a in  areas. This  s e c t i o n  is  a summary 

of t h e  major problems on which human f a c t o r s  r e sea rch  must con- 

c e n t r a t e  

P r o t e c t i o n  of  Visua l  Cavab i l i t v  

The combining g l a s s  of  t h e  head-up d i s p l a y  is a beam 

s p l i t t e r  which r e f l e c t s  a p o r t i o n  of t h e  d i s p l a y  luminance 

s t r i k i n g  t h e  s u r f a c e ,  absorbs a s m a l l  amount, and t r ansmi t s  

t h e  remainder.  Usual ly  only  15-20% of t h e  d i s p l a y  luminance 

is  r e f l e c t e d  t o  t h e  p i l o t ' s  eye,  i . e . ,  t h e  r e f l e c t i v i t y / t r a n s -  

m i s s i v i t y  r a t i o  of  t h e  combiner i s  about 15:85 o r  20:80 (neg lec t ing  

t h e  abso rp t ive  p r o p e r t i e s  of  t h e  g l a s s ,  which are minor). 

However, t h e  combiner i s  a two-way device ;  i t  acts i n  t h e  same way 

on t h e  l i g h t  r ece ived  from e x t e r n a l  sources .  

l i g h t  i s  r e f l e c t e d  by t h e  combiner, and t h e  remainder i s  t r ansmi t t ed  

t o  t h e  p i l o t ' s  eye.  It i s  t h i s  a spec t  of t h e  combiner which i s  t h e  

cause f o r  concern.  Wallace (Ref. 21) h a s  s t a t e d  t h e  problem i n  

t h i s  way : 

15-20% of t h e  o u t s i d e  

"Some l o s s  of  l i g h t  occurs  through t h e  combining 
g l a s s  of HUDs ,  va ry ing  from 10 t o  20%, which 
could have t h e  e f f e c t  of making less v i s i b l e  
t h e  real world cues t h e  p i l o t  i s  seeking.  Under 
such cond i t ions ,  1200" RVR, f o r  i n s t a n c e ,  would 
n o t  b e  1200" t o  a p i l o t  us ing  EUD, b u t  something 
less e 

"The achievement of s u f f i c i e n t  c o n t r a s t  between 
a c t u a l  v i s u a l  cues seen  through t h e  g l a s s  and 
symbology ( b r i g h t  enough t o  be  r ead ,  a l though 
a t t e n u a t e d  i n  an optimum fash ion )  appearing on 
t h e  g l a s s  i s  a f a r  more s e r i o u s  matter, The 
ques t ion  i s  whether a p i l o t  w i l l  see real v i s u a l  
cues through t h e  combining g l a s s  as r a p i d l y  and as 
c l e a r l y  i n  t h e  presence of Head-Up Display symbology 
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as he  w i l l  i f  t h e  Head-Up Display g l a s s  and sym- 
bology were no t  t h e r e . . .  Head-Up Display char- 
acters (whether l i n e s  o r  symbols, and even when 
optimized i n  i n t e n s i t y  a g a i n s t  ambient l i g h t  con- 
d i t i o n s )  might s i g n i f i c a n t l y  reduce t h e  p i l o t ' s  
a b i l i t y  t o  see a c t u a l  v i s u a l  cues . .  . I n  a d d i t i o n ,  
t h e r e  i s  t h e  p o s s i b i l i t y  of i n t e r f e r e n c e  between 
HUD p a t t e r n s  and t h e  b r i g h t  approach, touchdown 
zone and c e n t e r l i n e  l i g h t s  r equ i r ed  f o r  low v is i -  
b i l i t y  ope ra t ions .  Such i n t e r f e r e n c e  may prevent  
t h e  p i l o t  from making an accura t e  assessment of 
t h e  real world -- o r  t h e  d isp lay ."  

Wallace has ,  i n  f a c t ,  r a i s e d  two important  ques t ions :  Light  

l o s s  through t h e  combiner and i n t e r f e r e n c e  of symbols wi th  ex te r -  

n a l  l i g h t  sources .  

There can be  no doubt t h a t  t h e  combiner c u t s  down t h e  

a v a i l a b l e  l i g h t  from t h e  o u t s i d e  world,  and i t  i s  a matter of  

e lementary phys ics  t o  know e x a c t l y  how much. The rea l  concern 

i s  t h e  e f f e c t  of reduced l i g h t  t r ansmiss ion  on t h e  range at which 

v i s u a l  cues can b e  seen.  The t h e o r e t i c a l  work of Koschmeider 

and Al l a rd  and t h e  a u t h o r i t a t i v e  a n a l y s i s  by Middleton ( R e f .  22) 

sugges t s  t h a t  a combiner which reduces t h e  l i g h t  from an e x t e r n a l  

source  by as much as 20% w i l l  have a very  s m a l l  e f f e c t  on t h e  

range of v i s i b i l i t y ,  which v a r i e s  roughly as t h e  square  r o o t  of  

i n t e n s i t y .  Thus, a l i g h t  l o s s  of 20% would imply a r educ t ion  i n  

v i s u a l  range of on ly  about 4 o r  5% (50 t o  60 f e e t  i n  an RVR of 1200 

f e e t ) .  The appropr i a t e  formulas from Middleton are: 

E =  

o r  E = 

where E = 
I =  
r =  

e =  
T =  

( T =  

I r - 2 ~ r  

Ir-2e-0T 

I l luminance 
Lurnino us I n t e n s i t y  
S p e c t r a l  Ref lec tance  
Transmiss iv i ty  
2 ,718 
E x t i n c t i o n  (At tenuat ion)  Coef f i c i en t  
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While t h e  foregoing  i s  w e l l  e s t a b l i s h e d  t h e o r e t i c a l l y ,  i t  

should b e  sub jec t ed  t o  experimental  v e r i f i c a t i o n  f o r  t h e  case of 

t h e  head-up d i sp lay .  The FAA has r e c e n t l y  concluded an agreement 

wi th  t h e  Univers i ty  of C a l i f o r n i a  at: Berkeley t o  make such tests 

wi th  a HUD i n  t h e  fog  chamber. Evidence from t h e s e  experiments 

should he lp  c l a r i f y  t h e  magnitude and importance of t h e  l i g h t  

l o s s  problem. 

Wallace's second ques t ion ,  the p o s s i b l e  i n t e r f e r e n c e  of 

HUD symbols wi th  e x t e r n a l  l i g h t s ,  a l s o  deserves  c a r e f u l  a t t e n t i o n .  

Many d i s p l a y  experts contend t h a t ,  s o  long as a proper  ba lance  

i s  maintained between d i s p l a y  and e x t e r n a l  l i g h t i n g ,  no degrada t ion  

of t h e  p i l o t ' s  a b i l i t y  t o  see n a t u r a l  v i s u a l  cues should r e s u l t .  

However, as Wallace p o i n t s  o u t ,  o t h e r  e x p e r t s  d i sag ree .  The evidence 

from f l i g h t  and s imula t ion  tests of t h e  HUD sugges ts  t h a t  t h e r e  i s  

no s e r i o u s  d i s r u p t i o n  of t h e  p i l o t ' s  v i s u a l  c a p a b i l i t y .  However, 

t h e s e  tests were conducted wi th  t h i s  s p e c i f i c  problem i n  mind, and 

t h e  evidence i s  l a r g e l y  s u b j e c t i v e .  It i s  t h e  a u t h o r ' s  under- 

s t and ing  t h a t  t h e  FAA tests a t  Berkeley,  mentioned above, w i l l  

a l s o  inc lude  i n v e s t i g a t i o n  of t h e  e x i s t e n c e  and e f f e c t s  of the 

p o s s i b l e  i n t e r f e r e n c e  between t h e  two v i s u a l  f i e l d s .  

r e s u l t s  of t h e s e  experiments are a v a i l a b l e ,  judgment on t h e  sub- 

j ec t  should be reserved .  

U n t i l  t h e  

Pe rcep tua l  Switching 

One of  t h e  ch ief  advantages claimed f o r  t h e  HUD i s  t h a t  i t  

permi ts  placement of d i sp l ay  informat ion  i n  t h e  same l i n e  of  view 

as t h e  o u t s i d e  world informat ion ,  t hus  enab l ing  t h e  p i l o t  t o  

combine t h e  two r e fe rence  sources .  The v a l i d i t y  of t h i s  asser- 

t i o n  i s  s u b j e c t  t o  cha l lenge ,  however, and i t  has  become one of 

t h e  most important  con t rove r s i e s  surrounding t h e  head-up d i s p l a y .  

Unfor tuna te ly ,  much of t h e  d i scuss ion  i s  c o n j e c t u r a l ,  and, t he re -  

f o r e ,  a matter of opinion.  
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The gene ra l  deba te  t u r n s  around man's a b i l i t y  t o  pe rce ive  

and make e f f e c t i v e  u s e  of in format ion  from two super-imposed, 

bu t  d i f f e r e n t ,  f i e l d s  of view. One content ion  i s  t h a t  on ly  one 

f i e l d  can be a t t ended  t o  a t  any given t i m e .  To  make use  of t h e  

o t h e r ,  t h e  observer  must "switch" h i s  a t t e n t i o n ,  hence t h e  term 

"perceptual  switching".  

a t t ached  by t h e  observer  t o  one f i e l d  may i n h i b i t  h i s  a b i l i t y  t o  

swi tch  t o  t h e  o t h e r .  A s  a r e s u l t  c e r t a i n  elements of in format ion  

i n  t h e  f i e l d  of lesser s u b j e c t i v e  importance may be neg lec t ed  

o r  n o t  perce ived  a t  all. The example f r e q u e n t l y  c i t e d  i s  t h e  

f a m i l i a r  case of t h e  cade t  p i l o t  i n  aer ia l  gunnery who becomes 

so  i n t e n t  on ho ld ing  a t a r g e t  i n  h i s  gunsight  and g e t t i n g  a good 

sco re  t h a t  h e  f l i e s  r i g h t  i n t o  t h e  t a r g e t  sleeve. A similar 

example has  been a s s e r t e d  by some p i l o t s  who have flown t h e  HUD 

on an approach. 

d i s p l a y  i n d i c e s  t h a t  they  would f a i l  t o  n o t e  another  a i r c r a f t  s i t t i n g  

on t h e  end of t h e  runway. 

A c o r o l l a r y  i s  t h a t  t h e  importance 

They b e l i e v e  they  could become s o  absorbed i n  

There are two opposing conten t ions .  The f i r s t  i s  t h a t ,  

wh i l e  such swi tch ing  does occur ,  i t  takes p l a c e  a t  a very  h igh  

rate ( i . e . >  several t i m e s  p e r  second) .  Thus, t h e  observer  i s  

sampling each f i e l d  s o  f r e q u e n t l y  t h a t  h e  has ,  i n  e f f e c t ,  a 

continuous view of each. The f u r t h e r  conten t ion  i s  t h a t  t h e  pro- 

cess is not  e n t i r e l y  one of v o l i t i o n .  The observer  does i t  

almost subconciously -- a t  leas t  as f a r  as pe rcep t ion  i s  con- 

cerned. How he  processes  and acts  upon t h e  perce ived  informat ion  

i s  more n e a r l y  a matter of v o l i t i o n ,  and i t  i s  a func t ion  of  h i s  

mental  set and h i s  awareness of t h e  importance of each f i e l d .  

The o t h e r  opposing view i s  t h a t  human pe rcep t ion  and i n f o r -  

mation p rocess ing  i s  n o t  a s ingle-channel  process .  Man has  

multi-channel capac i ty  which al lows him t o  a t t e n d  t o  t w o  o r  

more informat ion  f i e l d s  s imultaneously.  The s e p a r a t e  informa- 
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:, ' 

t i o n  sources  are perce ived  and processed a t  t h e  same t i m e  and t h e  

a c t i o n  which r e s u l t s  i s  a product of an i n t e g r a t i o n  of  t h e  separ-  

ate sources  by a h ighe r  cogn i t ive  p rocess ,  

The fol lowing,  which i s  a sample of t h e s e  c o n f l i c t i n g  views 

as they  relate t o  t h e  head-up d i s p l a y ,  w i l l  g ive  t h e  f l a v o r  of 

t h e  argument. F i r s t ,  t h e  remarks of t hose  who oppose t h e  HUD. 

"A r e l a t e d  problem concerns p i l o t  r e a c t i o n  t o  two 
sets  of  in format ion  i n  h i s  d i r e c t  f i e l d  of view, 
t h e  HUD symbology and e x t e r n a l  v i s u a l  cues.  It 
is  p o s s i b l e  p i l o t s  w i l l  n o t  see both  impulses 
s imultaneously.  A study made of p i l o t  eye move- 
ment us ing  HUD showed a s t r o n g  tendency f o r  t h e  
p i l o t  t o  gene ra t e  a f i x a t i o n  on t h e  f i r s t  o b j e c t  
s i g h t e d  i n  t h e  real world t o  t h e  exc lus ion  of 
t h e  d i s p l a y  and o t h e r  cues.  H e  must, t h e r e f o r e ,  
menta l ly  switch from ins t rument  t o  v i s u a l  f l i g h t  
whereas wi th  head-down, h e  p h y s i c a l l y  moves h i s  
eye t o  t h e  instrument  pane l  o r  o u t s i d e  of t h e  
cockp i t ,  an a c t i o n  which makes him very  aware 
of t h e  source  of h i s  f l i g h t  in format ion .  I f  i t  
i s  t r u e  a p i l o t  must menta l ly  swi tch  from one 
cue t o  the o t h e r ,  one of t h e  claimed advantages 
of HUD, s ee ing  two k inds  of in format ion  "at t h e  
s a m e  t i m e "  w i l l  no t  m a t e r i a l i z e .  

"In a d d i t i o n  t o  t h e  above problem i s  t h e  one of t h e  
d i s t r a c t i o n  caused by g e t t i n g  a f l e e t i n g  glimpse 
o u t s i d e  v i s u a l  cues wh i l e  on ins t ruments  t o  t h e  
p o i n t  s a f e t y  i s  compromised. All of which adds 
up t o  the f a c t  t h e  use of HUD may n o t  mean a p i l o t  
can v i o l a t e  t h e  o l d  axiom of  "never f l y  i n s t r u -  
ments and v i s u a l  a t  t h e  same t i m e . "  A s  one man 
experienced i n  t h e  use of t h e  o p t i c a l  gun s i g h t  
s t a t e d :  "It is  very d i f f i c u l t  t o  see something 
through something." (Ref.  23) 

"The a b i l i t y  of t h e  average p i l o t ,  i n  l i m i t i n g  
cond i t ions  t o  accept v i s u a l l y  and menta l ly  both 
e x t e r n a l  and d isp layed  informat ion  a t  t h e  
same t i m e  has n o t  y e t  been demonstrated.  Some 
p i l o t s  have found t h a t  t h e  tunne l ing  e f f e c c  
on v i s u a l  scanning,  experienced when stress i s  

V I I - 3 1  



high,  r e s u l t s  i n  "seeing" only t h a t  in format ion  
appearing i n  t h e  c e n t r e  of t h e  f i x a t e d  f i e l d  of 
view. Others  have found t h a t  they  "see" e i t h e r  
t h e  e x t e r n a l  f i e l d  o r  t h e  co l l imated  commands, 
wi th  t h e  re la t ive b r i g h t n e s s  o r  movement de t e r -  
mining which i s  unsuppressed; t h e  imp l i ca t ion  
i s  t h a t  mental  capac i ty  f o r  accep t ing  a number 
of d i s c r e t e  b i t s  of in format ion  reduces r a p i d l y  
as stress i n c r e a s e s .  It a l s o  seems t h a t  t h e  
v i s u a l  e f f e c t  of s t reaming approach and runway 
l i g h t s  i n h i b i t s  r ecogn i t ion  of t h e  s m a l l  move- 
ments of symbols demanding t h e  f l a r e -ou t  maneuver 
o r  d i sp l ay ing  v i t a l  d a t a .  

"In low v i s i b i l i t y  cond i t ions  and p a r t i c u l a r l y  
i n  Cat 3 minima, t h e  p i l o t s  s i g h t  l i n e  i s  
n e c e s s a r i l y  co inc ident  w i t h  t h e  bottom of t h e  
windshield where v i s u a l  in format ion  w i l l  f i r s t  
appear above t h e  v i s i o n  cut-off e Unless some 
means of a d j u s t i n g  t h e  r e g i s t e r  of  t h e  symbols i s  
a v a i l a b l e ,  i t  i s  u n l i k e l y  t h a t  head-up in -  
formation w i l l  be  absorbed by t h e  p i l o t  i n  
t h e s e  conditLans; i f  adjustment  i s  provided,  
t h e  displacement of symbols from t h e  p o s i t i o n  
occupied i n  good v i s i b i l i t y  may b e  q u i t e  con- 
f u s i n g  ." (Ref. 2 4 )  

The fo l lowing  are two examples of t h e  counterarguments:  

"It w a s  concluded t h a t  u se  of a common f i e l d  
p o s i t i o n  permi ts  combination of f i e l d s . . .  

"Qua l i t a t ive  conformation of t h e  preceeding.  . . 
w a s  ob ta ined  i n  f l i g h t  t r i a l s  rrsing a r e f l e c t i n g  
co l l ima to r  t o  p re sen t  an e l e c t r o n i c a l l y  gen- 
e r a t e d  d i s p l a y  as p a r t  of t h e  p i l o t ' s  forward 
view.,. Two cases were examined ( a )  dur ing  
v i s u a l  take-of f ,  when t h e  p i l o t  ob ta ined  v i s u a l  
in format ion  mainly from t h e  e x t e r n a l  world,  
and (b) dur ing  an "instrument approach when t h e  
d i sp lay  f i e l d  w a s  of ch ie f  importance s o  t h a t  
t h e r e  w a s  a change i n  t h e  dominant f i e l d  of 
informat ion  f o r  t h e  two cases Successfu l  
take-of fs  were r epor t ed  by 1 7  s u b j e c t s ,  who 
s t a t e d  t h a t  wh i l e  in format ion  w a s  drawn mainly 
from t h e  e x t e r n a l  f i e l d  they w e r e  aware of be ing  
a b l e  t o  acqu i r e  a t t i t u d e  informat ion  from t h e  
d i sp lay  i n  a monitor ing r o l e ,  Successfu l  
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11 ins t rument ' '  approaches were made by 1 3  s u b j e c t s ,  
us ing  t h e  d i s p l a y  f o r  guidance,  who s t a t e d  t h a t  
they  w e r e  a b l e  t o  s e e  t h e  ground t o  an e x t e n t  
governed by v i s i b i l i t y .  

"These r e s u l t s  were u s e f u l  i n  provid ing  s u b j e c t i v e  
evidence of combination i n  superimposed f i e l d s  
under t h e  more exac t ing  cond i t ions  of real  f l i g h t ,  
and they  a l s o  i n d i c a t e d  t h a t  t h e  i d e n t i t y  of t h e  
dominant f i e l d  i s  of l i t t l e  importance.  

"In o r d e r  t o  develop a more r igo rous  method f o r  
a s s e s s i n g  t h e  a b i l i t y  t o  observe concurren t ly  
i n  superimposed f i e l d s ,  t h e  d i s p l a y  f i e l d  (which 
w a s  of adequate  complexity) w a s  p resented  
i n  t h e  l a b o r a t o r y . .  . aga ins t  an a r t i f i c i a l  
background s imula t ing  t h e  forward view i n  f l i g h t  ... 
"Subjects  w e r e  guided through t h e  s imula ted  ex- 
t e r n a l  world by t h e  superimposed d i s p l a y ,  by 
p r e s e n t  i i ig t u r n i n g  demands a t  convenient pos i t  i o n s  
i n  t h e  s imula ted  landscape.  I n  t h i s  way i t  w a s  
p o s s i b l e  t o  c o n t r o l  t h e  forward view whi le  sub- 
jects used t h e  superimposed f i e l d  i n  a p r e c i s e  
manner (wi th  mean modulus heading e r r o r s  less 
than  1"). It w a s  a r ranged  t h a t  a f t e r  completing 
t e n  t u r n s  through go", each a t  a rate of 3" p e r  
second, t h e  forward v i e w  would be  t h a t  corresponding 
t o  t h e  v i e w  along a runway dur ing  an approach, 
when a p i l o t  would normally b e  very  concerned 
about t h e  alignment of h i s  v e l o c i t y  v e c t o r  wi th  
t h e  runway. A t  t h i s  p o i n t ,  and wi thou t  fo re -  
knowledge on t h e  p a r t  o f  t h e  s u b j e c t s ,  t h e  d i s p l a y  
w a s  made t o  demand a s l i g h t  d e v i a t i o n  (about  3 " )  
of f l i g h t  p a t h  from t h e  runway i n  o r d e r  t o  see 
whether t h i s  divergence would be de t ec t ed  by 
s u b j e c t s .  

"All t h i r t e e n  s u b j e c t s  who reached t h i s  p o i n t ,  
by us ing  t h e  d i s p l a y  w i t h  r e q u i s i t e  accuracy,  
were observed t o  f l y  "v i sua l ly"  a long  t h e  run- 
way, i gnor ing  t h e  d ive rgen t  d i s p l a y  demand, 
From t h i s  i t  w a s  clear t h a t  s u b j e c t s  observed 
concurren t ly  and c r i t i c a l l y  i n  both f i e l d s  obta in-  
i n g  p r e c i s e  guidance from the superimposed d i s p l a y ,  
wh i l e  observ ing  t h e  v i s u a l  background wi th  t h e  
same care as i n  an approach. It was concluded 
t h a t  f i e l d s  superimposed i n  a common p o s i t i o n  may 
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be combined t o  an e x t e n t  pe rmi t t i ng  c r i t i ca l  
examination of complex v i s u a l  in format ion ,  a 
r e s u l t  of some importance i n  t h e  contex t  of 
av ia t ion . "  (Ref 25) 

"The cri t icism t h a t  t h e  head-up d i s p l a y  d i v i d e s ,  
and hence weakens, t h e  p i l o t ' s  v i s u a l  c a p a b i l i t y  
does n o t  seem j u s t i f i e d  by experiments a t  t h e  
Centre d ' E s s a i s  de Vol ,  Bre t igny ,  w i th  t h e  
Thomson-CSF L-193 d i sp lay .  

"There i s  a school  of thought which condemns t h e  
sugges t ion  t h a t  i t  i s  p o s s i b l e  t o  f l y  head-up 
on ins t ruments  by c i t i n g  human f a c t o r s  
(ergonominique) evidence as t o  t h e  so-ca l led  
s e q u e n t i a l  p rocess  of human percept ion .  
t h i s  i s  n o t  t h e  p l a c e  t o  open such. a d i scuss ion ,  
we w i l l  conf ine  ou r se lves  t o  two remarks: 

Since 

- The arguments of t h i s  school  are n o t ,  
t o  our  knowledge, supported by system- 
a t i c  experimentat ion.  

and debatab le .  It would seem t h e r e  i s  a 
confusion between pe rcep t ion  and r e a c t i o n .  
Even though motor r e f l e x e s  are indeed a 
s e q u e n t i a l  p rocess ,  t h e  phenomenon of per-  
cep t ion  (as f a r  as w e  know) i s  p e r f e c t l y  
multi-channel ." 

- The l o g i c  of t h e  argument i s  s u p e r f i c i a l ,  

"Thus, we  conclude t h a t  t h e r e  i s  no reason f o r  
co l l ima t ion  of  i n s t rumen ta l  in format ion  i n  t h e  
e x t e r n a l  v i s u a l  f i e l d  t o  pe r tu rb  t h e  p i l o t ' s  
v i s u a l  p e r c e p t i v e  capac i ty ,  even though a 
c e r t a i n  amount of h a b i t u a t i o n  i s  necessary  -- 
j u s t  as l e a r n i n g  t o  r i d e  a b i c y c l e  r e q u i r e s  an 
adap ta t ion  of t h e  sense  of equi l ibr ium."  (Ref. 26),f 

The problem of pe rcep tua l  swi tch ing  must remain an open 

ques t ion  u n t i l  some more conclus ive  and r e l i a b l e  evidence i s  

* The o r i g i n a l  i s  i n  French. The t r a n s l a t i o n  i s  by t h e  au tho r  
of t h i s  r e p o r t .  
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presented .  

head-up d i s p l a y  concept ,  and i t  may w e l l  be  t h a t  pe rcep tua l  

swi tch ing  i s  t h e  i s s u e  upon which t h e  HUD w i l l  s t a n d  o r  f a l l .  

The ques t ion  i s  b a s i c  t o  t h e  p r a c t i c a l i t y  of t h e  

A s  a concluding remark, t h e  au thor  would l i k e  t o  sugges t  

t h a t  t h e  n a t u r e  of t h e  human percept ion  and process ing  t a s k  may n o t  

be as important  as t h e  r e l a t i o n  ( t h e  degree of s i m i l a r i t y )  

between t h e  d i s p l a y  and e x t e r n a l  f i e l d s  i n  determing t h e  p i l o t ' s  

capac i ty  t o  use  t h e  HUD. That is ,  whether t h e  process  i s  p a r a l l e l  

o r  s e q u e n t i a l  may n o t  be  of p r a c t i c a l  s i g n i f i c a n c e ,  The real 

concern may be  t h e  isomorphism of  t h e  d i s p l a y  wi th  t h e  real world.  

I f  d i s p l a y  elements  ove r l ay  t h e i r  real  world coun te rpa r t s ,  i f  

they  have some s i m i l a r i t y  of shape,  and i f  they  respond t o  t h e  

same l a w s  of motion, t h e  c o n f l i c t  between a r i t i f i c a l  and n a t u r a l  

cues should be  minimal o r  nonex i s t en t ,  I f  t h e  d i s p l a y  des ign  

i s  w e l l  thought ou t  i n  terms of t h e  p i l o t ' s  visx.al needs and t h e  

s t r u c t u r e  of t h e  v i s u a l  world,  i t  may n o t  matter much whether 

t h e  process  of in format ion  a s s i m i l a t i o n  i s  swi tch ing ,  r a p i d  

sampling, o r  s imultaneous pe rcep t ion  and i n t e g r a t i o n .  

Symbology and Format 

A s  i n d i c a t e d  by t h e  foregoing  comment and by t h e  d i scuss ion  

i n  Chapter V I  of the va r ious  r o l e s  of t h e  HUD, symbology and 

d i s p l a y  format are important  concerns.  P resen t  d i sp l ay  des igns  

e x h i b i t  a g r e a t  v a r i e t y  of symbol shapes and arrangements -- s o  

much s o  t h a t  it i s  ev iden t  no c l e a r  agreement exists on how 

b e s t  t o  p re sen t  t h e  information.  

Symbology and format are complex s u b j e c t s ,  and t h e  a v a i l -  

a b l e  r e sea rch  l i t e r a t u r e  i s  voluminous. I n  an ear l ier  s tudy  

(Ref. 27) t h e  au thor  surveyed much of t h e  r e sea rch  material and 

presented  a s y n t h e s i s  of  cu r ren t  t h ink ing .  The work w i l l  n o t  

be r e c a p i t u l a t e d  he re  s i n c e  i t  would r e q u i r e  a lengthy  d i scuss ion  
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and an excurs ion  i n t o  somewhat marginal  areas of i n t e r e s t .  

The fo l lowing ,  which i s  an adap ta t ion  of t h e  conclusions of 

a s tudy  done i n  1953 by Senders and Cohen (Ref 2 8 ) ,  

are o f f e r e d  as c r i t e r i a  of d i sp l ay  design wi th  r e s p e c t  t o  sym- 

bology and format.  I n  some cases  t h e s e  c r i t e r i a  may be  contra-  

d i c t o r y ,  b u t  good d i s p l a y s  are based on i n t e l l i g e n t  compromise. 

Symbology 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

I n d i c a t i o n s  should be e a s i l y  v i s u a l i z e d  o r  ve rba l i zed .  

Symbols should be  i n t e r p r e t a b l e  quick ly .  

Symbols provide  a reading  as a c c u r a t e  as necessary  f o r  
t h e  t a s k ,  

Changing o r  changed i n d i c a t i o n s  should  be easy t o  
d e t e c t  I) 

Information should be provided i n  an immediately 
u s e f u l  form. 

Symbols should be f r e e  from error-producing f e a t u r e s .  

The r ecogn i t ion  of e r r o r s  should be  f o s t e r e d ,  s o  they  
do n o t  p e r s i s t .  

I n d i c a t i o n s  should b e  r eadab le  over  t h e  f u l l  range of 
ope ra t ing  condi t ions  i n  which t h e  d i s p l a y  i s  t o  b e  
used. 

Symbols should n o t  be unnecessa r i ly  o b t r u s i v e .  

Symbols should g ive  c u r r e n t  in format ion ,  i .e. ,  l a g  
shohld be h e l d  t o  a minimum. 

Clear i n d i c a t i o n  should b e  given i f  t h e  d i s p l a y  o r  
i t s  informat ion  sources  are i n o p e r a t i v e .  

Format: 

o 

o The number of i n d i c a t i o n s  should be  as small as 

A given symbol should be  easy t o  f i n d  and i d e n t i f y .  

c o n s i s t e n t  w i th  e f f i c i e n t  ope ra t ion .  

in i n t e r f e r e n c e  o r  over lap .  
o Symbol placement and movement should n o t  r e s u l t  

o Cri t ical  i n d i c a t i o n s  should be r e a d i l y  d i s c e r n i b l e .  
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o Symbol arrangement should f a c i l i t a t e  t h e  i n t e g r a t e d  
i n t e r p r e t a t i o n  of r e l a t e d  i n d i c e s .  

Symbols should be p o s i t i o n a l l y  and dynamically 
c o r r e l a t e d  wi th  real-world coun te rpa r t s  (where 
they e x i s t )  e 

0, 

DOCTRINAL CONCERNS 

Assuming t h a t  t h e  head-up d i s p l a y  i s  deemed worthwhile 

as a concept f o r  c i v i l  a v i a t i o n  and assuming f u r t h e r  t h a t  

t e c h n i c a l  problems are so lved  t o  everyone 's  s a t i s f a c t i o n ,  t h e r e  

would s t i l l  remain c e r t a i n  ques t ions  of  o p e r a t i o n a l  d o c t r i n e  and 

usage. These are matters i n  which convent iona l  r e sea rch  can 

c o n t r i b u t e  very  l i t t l e  s i n c e  they  are b a s i c a l l y  po l i cy  dec i s ions  

which must be  made by those  r e spons ib l e  f o r  t h e  conduct and 

r e g u l a t i o n  of c i v i l  a v i a t i o n  ope ra t ions .  It would be  presumptuous 

t o  sugges t  h e r e  how t h e s e  dec i s ions  should be  reached o r  what 

course  they  should t ake .  The only  purpose i n  p o i n t i n g  them out  

i s  t o  show t h e  r e l a t i o n s h i p  between t h e  head-up d i sp lay  and t h e  

broader  concerns of o p e r a t i o n a l  phi losophy.  

Given t h a t  t h e  head-up d i s p l a y  i s  an a i d  t o  t h e  p i l o t ,  t h e  

f i r s t  ques t ion  t o  b e  answered i s  "An a i d  t o  do what?" 

t h e  HUD supply guidance f o r  manual c o n t r o l ?  

informat ion  t o  monitor t h e  performance of au tomat ic  systems? 

I f  i t  i s  t o  do both ,  how can t h e s e  purposes by f u l f i l l e d  i n  t h e  

d i s p l a y  design? Ul t imate ly  a l l  t h e s e  ques t ions  r e v e r t  t o  the 

more b a s i c  ques t ion  of t h e  in tended  r o l e  of t h e  p i l o t  i n  f u t u r e  

c i v i l  a v i a t i o n  ope ra t ions  

Should 

Should i t  provide  

I f  t h e  p i l o t  i s  t o  s e r v e  s o l e l y  as a system manager, exercis- 

i n g  command func t ions  b u t  no t  a c t i v e l y  p a r t i c i p a t i n g  as a con- 

t r o l l e r ,  t h e  head-up d i sp lay  could assist him by provid ing  in-  

formation on t h e  p re sen t  and p r e d i c t e d  s i t u a t i o n  of t h e  a i r c r a f t .  
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The managerial  func t ion  a l s o  r e q u i r e s  t h a t  t h e  p i l o t  have an in- 

dex of au tomat ic  c o n t r o l  system performance. That i s ,  t h e  p i l o t  

must b e  a b l e  t o  monitor t h e  output  of t h e  automatic  c o n t r o l  

system, b u t  he need no t  have i n d i c a t i o n s  of s i g n a l  i npu t s  o r  of 

t h e  c o n t r o l  laws by which i t  ope ra t e s .  Pursuing t h i s  l i n e  of  

reasoning  f u r t h e r ,  f a i l u r e  of t h e  automatic  system should n o t  

lead  t o  a p i l o t  takeover  t o  complete t h e  f l i g h t  phase i n  progress  

a t  t h e  t i m e  of malfunct ion.  The au tomat ic  system should f a i l  

s a f e  and f a i l  s t eady  such t h a t  the a i r c r a f t  i s  brought  t o  a 

s t a b l e  and level  f l i g h t  pa th .  P i l o t  i n t e r v e n t i o n  a t  t h i s  p o i n t  

would n o t  be f o r  t h e  purpose of cont inuing  t h e  maneuver b u t  f o r  

execut ing  some a l t e r n a t i v e  ac t ion .  Under such a philosophy t h e  

HUD becomes a r e l a t i v e l y  s imple "howgozit" d i sp l ay ,  w i t h  supple-  

mental  i n d i c a t i o n s  as t o  how t o  main ta in  (not  e s t a b l i s h )  level 

f l i g h t  i n  an emergency e 

A s  an a l t e r n a t i v e  philosophy, i t  i s  p o s s i b l e  t o  conceive 

of t h e  p i l o t  as an everpresent  manual c o n t r o l l e r .  Automatic 

c o n t r o l  systems, when used, are only  a p i l o t  r e l i e f  and never  

s u b s t i t u t e  f o r  t h e  p i l o t  i n  t he  c o n t r o l  l oop ,  Under t h i s  p h i l -  

osophy, t h e  head-up d i sp lay  must serve a d d i t i o n a l  purposes.  Not 

only must i t  , i n d i c a t e  t h e  p re sen t  and p r e d i c t e d  p o s i t i o n  of t h e  

a i r c r a f t ,  i t  must a l s o  provide informat ion  necessary  t o  conduct 

a g iven  maneuver and t o  execute  appropr i a t e  a l t e r n a t i v e s  i f  t h e  

maneuver shows s i g n s  of g e t t i n g  o u t  of t o l e r a n c e .  Thus, t h e  

HUD becomes not  a monitor d i sp l ay  b u t  a prime ( i f  no t  s o l e )  

source  of guidance 

A t h i r d  philosophy i s  a hybr id  v e r s i o n  of t h e  f i r s t  two. 

Prime c o n t r o l  may be  v e s t e d  i n  au tomat ic  systems f o r  f l i g h t  

phases r e q u i r i n g  very  p r e c i s e  c o n t r o l  o r  f o r  s i t u a t i o n s  where 

i t  is d e s i r a b l e  t o  r e l i e v e  t h e  p i l o t  t o  perform o t h e r  d u t i e s .  
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I n  t h e s e  circumstances t h e  p i l o t  would use  t h e  HUD as a moni- 

t o r  d i s p l a y .  However, t h e  p i l o t  r e t a i n s  t h e  capac i ty  t o  t a k e  

over  from t h e  au tomat ic  system a t  any t i m e ,  e i t h e r  as an op t ion  

o r  i n  an emergency r e s u l t i n g  from automat ic  system malfunct ion.  

Thus, t h e  p i l o t  and t h e  automatic  system work i n  p a r a l l e l ,  and 

t h e  p i l o t  p rovides  t h e  back-up t o  t h e  automatics  i n  case of 

f a i l u r e .  I n  terms of d i sp l ay  requirements ,  t h e  philosophy calls 

f o r  a HUD much l i ke  t h e  second. The method of use  would 

d i f f e r ,  however, depending upon which r o l e  t h e  p i l o t  exe rc i sed  -- 
monitor  o r  manual c o n t r o l l e r .  

A s  a consequence of adopt ing  any of t h e  above ope ra t ing  

phi losophies  o r  t h e i r  v a r i a n t s ,  c e r t a i n  dec i s ions  as t o  usage 

d o c t r i n e  f o r  t h e  HUD would have t o  fol low.  F i r s t ,  t h e r e  might 

be t h e  dec i s ion  as t o  how t o  use  t h e  HUD i n  VFR where c o n t r o l  i s  

normally manual and guidance v i s u a l .  

be mandatory, o p t i o n a l  (as wi th  VASI) ,  o r  should i t  be  used at 

a l l ?  

Category 1/11 case of IFR. 

t o  b e  e s t a b l i s h e d  f o r  Category 111. 

Should t h e  u s e  of t h e  HUD 

Next, s imi la r  dec i s ions  would have t o  b e  made f o r  t h e  

F i n a l l y ,  a usage d o c t r i n e  would have 

Concommitant w i t h  t h e s e  d e c i s i o n s ,  some de termina t ion  would 

have t o  be  made on who should have a HUD. 

a lone  s i n c e  he  i s  t h e  a i r c r a f t  commander and prime c o n t r o l l e r ?  

I f  so, what s h a l l  be  t h e  co -p i lo t ' s  r o l e ?  .And more impor tan t ,  i f  

only t h e  p i l o t  has  a HUD, how i s  t h e  co-p i lo t  going t o  g a i n  t h e  

exper ience  i n  i t s  use  necessary  t o  make t h e  even tua l  t r a n s i t i o n  

t o  p i l o t ?  An obvious s o l u t i o n  would be t o  g ive  each man a HUD, b u t  

t h i s  would double t h e  cos t  of  equipping t h e  a i r c r a f t  wi th  head-up 

d i s p l a y s  - 

Should i t  be  t h e  p i l o t  
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A f i n a l  ques t ion  i s  t h a t  of r e g u l a t i o n .  How can t h e  

government c e r t i f i c a t e  t h e  HUD f o r  use and v e r i f y  t h e  p i l o t ' s  

competence wi th  i t?  I n  in t e rv i ews  dur ing  t h e  course of t h e  

s tudy ,  t h i s  ques t ion  w a s  pilt t o  o f f i c i a l s  of t h e  FAA and of 

t h e  A i r  Regis t ry  Board and Board of Trade i n  England. Thei r  

answers i n d i c a t e  t h a t  i t  i s  f a r  from clear how c e r t i f i c a t i o n  

procedures  should be conducted. C e r t i f i c a t i o n  of t h e  equip- 

ment i s  a f a i r l y  s t r a igh t fo rward  procedure i n  both coun t r i e s .  

Approval t o  i n s t a l l  and use  a HUD (a "No Hazard TSO" i n  FAA 

par lance)  could probably b e  obta ined  upon demonstrat ion of 

equipment r e l i a b i l i t y  and of  t h e  e x i s t e n c e  of methods t o  d e t e c t  

and i s o l a t e  t h e  e f f e c t s  of malfunct ion.  Author iza t ion  t o  use  

t h e  HUD as a primary o r  s o l e  guidance source  (an Operat ion 

Approval TSO) would be much ha rde r  t o  o b t a i n ,  p r imar i ly  

because n e i t h e r  t h e  FAA n o r  t h e  A i r  Regis t ry  Board has  y e t  con- 

cluded what t h e  a p p r o p r a i t e  cr i ter ia  are. Both t h e  FAA and 

t h e  TJK Board of Trade have set down, f o r  advisory  purposes ,  a 

gene ra l  framework f o r  approval  of reduced v i s i b i l i t y  systems. 

(Refs.  1 7 ,  18, 19 ,  20) The r a t i o n a l e  and performance c r i t e r i a  

of t h e  HUD would c e r t a i n l y  have t o  be c o n s i s t e n t  wi th  t h e s e  

do cumen t s 

Demonstration of p i l o t  p ro f i c i ency  i s  a l s o  an undecided 

matter a t  t h e  FAA and t h e  Board of Trade (which has  respons i -  

b i l i t y  f o r  aircrew c e r t i f i c a t i o n  i n  t h e  UK). Tests under 

hooded cond i t ions ,  such as now used f o r  e s t a b l i s h i n g  ins t rument  

p i l o t  q u a l i f i c a t i o n , m i g h t  n o t  be wholly appropr i a t e  s i n c e  t h e  

HUD i s  in tended  t o  be  employed i n  conjunct ion  w i t h  v i s u a l  r e f e r -  

ence n o t  i n  p l a c e  of i t .  

q u a l i t y ,  l o w - v i s i b i l i t y  s imula to r  i n  t h e  a i r c r a f t ,  b u t  such a 

device  has  no t  y e t  been developed. Therefore ,  aircrew c e r t i f i -  

c a t i o n  ( l i k e  equipment c e r t i f i c a t i o n )  remains an open ques t ion  

The proper  t es t  would involve  a good 
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as f a r  as r egu la to ry  agencies  are concerned. Obviously some 

s u i t a b l e  methods w i l l  have t o  b e  devised be fo re  government 

s a n c t i o n  of t h e  HUD can be  secured ,  

COMMERCIAL CONCERNS 

Ul t imate ly ,  a f t e r  t e c h n i c a l  and d o c t r i n a l  problems have been 

reso lved ,  t h e  head-up d i sp lay  w i l l  have t o  m e e t  t h e  tes t  of t h e  

marketplace.  

i n d i v i d u a l  a i r c r a f t  ope ra to r  -- w i l l  have t o  make t h e  dec i s ion  

t o  purchase t h e  HUD, t o  i n c o r p o r a t e  i t  i n  h i s  r e g u l a r  o p e r a t i o n  

of t h e  a i r c r a f t ,  and t o  a c q u i r e  t h e  necessary  t r a i n i n g .  This 

i s  a matter of c o s t  vs. b e n e f i t ,  which i s  w i t h i n  n e i t h e r  t h e  

scope of t h i s  s tudy  nor t h e  competence of t h e  au thor  t o  d e a l  

wi th .  What fo l lows  i s  only  an a t tempt  t o  relate t h e  ques t ion  of 

t h e  a p p l i c a b i l i t y  of t h e  HUD i n  c i v i l  a v i a i t o n  t o  t h e  contex t  of 

t h e  genera l  requirements  set ou t  a t  the beginning of t h e  r e p o r t .  

Someone -- t h e  management of an a i r l i n e  o r  an  

I n  Chapter T I  i t  was suggested t h a t  t h e  HUD w i l l  have t o  

b e  judged according t o  t h r e e  s t anda rds :  s a f e t y ,  p r a c t i c a l i t y ,  

and economy. Also o f f e r e d  was t h e  opin ion ,  t h a t ,  wh i l e  s a f e t y  

and p r a c t i c a l i t y  are l a r g e l y  cons ide ra t ions  of b e n e f i t  and 

economy a Considerat ion of  c o s t ,  t h e  t h r e e  cr i ter ia  are n o t  

mutual ly  exc lus ive  o r  a n t a g o n i s t i c ,  That i s ,  i t  would be  an 

o v e r s i m p l i f i c a t i o n  t o  regard  t h e  matter as s a f e t y  and p r a c t i -  

c a l i t y  vs. economy. It r e q u i r e s  no e l a b o r a t i o n  h e r e  t o  see t h a t  

s a f e r  o r  more e f f i c i e n t  ope ra t ion  con ta ins  p o t e n t i a l  sav ings  i n  

ope ra t ion  c o s t s  and t h a t  economy impl i e s  much more than  a favor-  

a b l e  ba lance  s h e e t .  Y e t ,  i n  t h e  long  run,  it i s  necessary  t o  ask  

and answer t h e  ques t ion ,  "Does use  of t h e  €IUD l e a d  t o  measurable 

l e v e l s  of improvement i n  o p e r a t i o n a l  c a p a b i l i t y  and s a f e t y  which 

can b e  r e l a t e d  favorably  t o  t h e  economic f a c t o r s  of us ing  t h e  

a i r c r a f t ? "  This  i s  a dec i s ion  which su rpasses  t h e  realm of tech- 
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nology and behav io ra l  s c i ence  and l i e s  i n  t h e  hands of t h e  

owner and t h e  manager. 

Th i s  i s  no t  t h e  f i r s t  t i m e  such a d e c i s i o n  has been con- 

f r o n t e d .  The m i l i t a r y  s e r v i c e s  have faced i t  and have reached 

t h e  conclusion t h a t  t h e  HUD is no t  on ly  worthwhile b u t  h i g h l y  

d e s i r a b l e .  C i v i l  a v i a t i o n  has  n o t  y e t  fol lowed t h e  m i l i t a r y  

example, p a r t l y  because t h e  f a c t o r s  involved i n  t h e  m i l i t a r y  

dec i s ion  weigh d i f f e r e n t l y  i n  c iv i l  a v i a t i o n ,  b u t  only p a r t l y .  

The o t h e r  major reason  f o r  t h e  f a i l u r e  of t h e  HUD t o  ga in  accep- 

tance i s  t h a t  c i v i l  a v i a t i o n  does no t  f e e l  a clear and p r e s e n t  

need f o r  i t .  I n  m i l i t a r y  a v i a t i o n  t h e  HUD r e p r e s e n t s  t h e  only 

p r a c t i c a l  way t o  accomplish v i s u a l l y  guided o r  a ided  weapon 

de l ive ry .  This  c o n s t i t u t e s  t h e  j u s t i f i c a t i o n  f o r  t h e  HUD, and 

any o t h e r  uses  such as l and ing ,  t e r r a i n  fo l lowing ,  o r  t akeof f  

are simply f r i n g e  b e n e f i t s  t o  b e  had a t  l i t t l e  o r  no extra 

expense.  Civ i l  a v i a t i o n  has no such immediate need, b u t  i t  may 

emerge as l o w - v i s i b i l i t y  o p e r a t i o n s  are extended i n t o  Category 

I I B  and beyond. 

Although d e t a i l s  of t h e  c o s t / b e n e f i t  equa t ion  cannot b e  

w r i t t e n  h e r e ,  it i s  p o s s i b l e  t o  set down some of t h e  f a c t o r s  

which w i l l  come i n t o  p lay .  S ince  they  c o n s t i t u t e  two classes 

which must be  balanced a g a i n s t  each  o t h e r ,  t hey  are phrased 

as advantages and d isadvantages ,  The l i s t  i s  no t  exhaus t ive ,  

no r  does t h e  o r d e r  i n d i c a t e  relative importance.  The weight ing  

of t h e s e  f a c t o r s  and t h e  a d d i t i o n  of o t h e r s  are l e f t  t o  more 

capable  hands. 

Advantages 

1. On t h e  b a s i s  o f  p re l imina ry  ev idence ,  t h e  HUD 
o f f e r s  s i g n i f i c a n t  improvements i n  manual c o n t r o l  
performance i n  both  IFR and VFR. 
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2. 

3.  

4 .  

5. 

6. 

7. 

8. 

9. 

10. 

The HUD saves  t i m e  and eases t h e  t r a n s i t i o n  from 
instrument  t o  v i s u a l  r e fe rence  i n  Category 1/11. 

The HUD f a c i l i t a t e s  t h e  use of v i s u a l  r e fe rence  
cues i n  VFR. 

The use of a p ro jec t ed ,  see-through d i sp lay  con- 
forms wi th  t h e  p i l o t ' s  tendency and need t o  look 
out  of t h e  a i r c r a f t .  

The HUD alleviates p i l o t  anx ie ty  i n  IFR by reducing 
h i s  scan  problem and hence h i s  work load .  

A s  an  i n t e g r a t e d  d i sp lay ,  t h e  HUD f u r t h e r  reduces 
t h e  p i l o t ' s  work load  by r e q u i r i n g  fewer t r anspos i -  
t i o n  s t e p s  i n  a s s i m i l a t i n g  informat ion .  

I n  f u l l y  au tomat ic  approach and l and ing  t h e  HUT) 
provides  a n a t u r a l  means f o r  monitor ing system 
performance. 

The HUD is  easy t o  l e a r n  t o  use ,  even by novices ;  
t r a i n i n g  t i m e  i s  minimal. 

The HUD may extend t h e  c a p a b i l i t y  t o  use  a i r p o r t s  
which are marginal  o r  inadequate  wi th  p re sen t  ground 
and a i r c r a f t  equipment. 

P i l o t  acceptance and p re fe rence  f o r  t h e  HUD i s  q u i t e  
s t r o n g  . 

Disadvantages 

1. The newness of t h e  HUD has  no t  allowed t i m e  t o  
r e s o l v e  a l l  t echno log ica l  and human f a c t o r s  
problems a s soc ia t ed  wi th  i t s  use.  

2. To r e a l i z e  i t s  f u l l  p o t e n t i a l  t h e  HUD depends upon 
t echno log ica l  advances i n  a s s o c i a t e d  guidance, 
in format ion  sens ing ,  and a t t i t u d e  r e fe rence  equip- 
ment. 

3. The r e l i a b i l i t y  of t h e  HUD is  gene ra l ly  lower 
than  convent iona l  e lectro-mechanical  ins t ruments  
now i n  use.  
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4 .  

51 

6 .  

7. 

8. 

9. 

10. 

The HUD r e q u i r e s  s p e c i a l i z e d  maintenance equipment, 
personnel  and procedures ,  

Since t h e  HUD would no t  r e p l a c e  e x i s t i n g  in s t rumen t s ,  
i t  r e p r e s e n t s  an add-on c o s t .  

Present  a i r c r a f t  cockp i t s  are n o t  designed wi th  the 
HUD i n  mind; mod i f i ca t ion  and r e t r o f i t  may b e  expensive. 

U s e  of t h e  HUD would n e c e s s i t a t e  mod i f i ca t ions  i n  
p re sen t  and we l l - e s t ab l i shed  procedures  and ope ra t ing  
d o c t r i n e ,  

There are doubts  about t h e  p i l o t ' s  a b i l i t y  t o  use  
superimposed in s t rumen ta l  and v i s u a l  f i e l d s  s a f e l y  
and e f f i c i e n t l y .  

The new and unconvent ional  n a t u r e  of t h e  HUD f o s t e r s  
resistance and skep t i c i sm,  perhaps o u t  of p ropor t ion  
wi th  the  a c t u a l  t e c h n i c a l  and human f a c t o r s  problems. 

The HUD has  not  y e t  been proven i n  t h e  t e s t  of day-to- 
cay ope ra t ions  e 

With t h e  except ion  of i t e m  8, t h e  disadvantages l i s t e d  above 

apply t o  t h e  head-up d i s p l a y ,  n o t  as a concept ,  b u t  as an  opera- 

t i o n a l  device .  Such d i f f i c u l t i e s  are t o  b e  expected i n  t h e  normal 

course  of developing a new system f o r  t h e  improvement of s a f e t y  

o r  e f f i c i e n c y  i n  a v i a t i o n ,  and they  do n o t  c o n s t i t u t e  a r e f u t a -  

t i o n  of t h e  p r i n c i p l e  of t h e  HUD no r  a s e r i o u s  b a r  t o  i ts  implemen- 

t a t i o n .  A s  a pe r sona l  op in ion ,  t h e  p o t e n t i a l  va lue  of t h e  HUD 

j u s t i f i e d  t h e  expendi ture  of e f f o r t  necessary  t o  s o l v e  t h e  remain- 

i n g  t e c h n i c a l  and p r a c t i c a l  problems - 
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APPENDIX A 

ORGANIZATIONS AND FACILITIES VISITED 

NASA 

Ames Research Center,  Moffet F i e l d ,  C a l i f o r n i a  
E l e c t r o n i c  Research Center,  Cambridge, Massachusetts 
F l i g h t  Research Center,  Edwards, C a l i f o r n i a  
Langley Research Center, Hampton, V i r g i n i a  

MILITARY 

USAF, Aeromedical Research Laboratory,  Wright-Patterson 

USAF, Aeronaut ica l  Systems Divis ion ,  Wright-Patterson 

USAF, F l i g h t  Dynamics Laboratory,  Wright-Patterson AFB, 

U.S. Army, E l e c t r o n i c s  Command, For t  Monmouth, New J e r s e y  
U.S. Naval A i r  Development Cen te r / Johnsv i l l e ,  Warminister,  Pa. 
U.S. Naval Air T e s t  Center,  Patuxent  River, Maryland 
U.S. N a v y ,  ONR Branch O f f i c e ,  London, England 

AFB, Dayton, Ohio 

AFP, Dayton, Ohio 

Dayton, Ohio 

OTHER U.S. GOVERNMENT 

' F e d e r a l  Avia t ion  Adminis t ra t ion ,  Washington, D.C. 
FAA, Na t iona l  Avia t ion  F a c i l i t i e s  Experimental  Center ,  

A t l a n t i c  C i ty ,  New Je r sey  

FOREIGN GOVERNMENT 

Centre  d 'Essa i s  de V o l ,  Bre t igny ,  France 
RA??, I n s t i t u t e  of Aviat ion Medicine, Farnborough, England 
Royal A i r c r a f t  Establ ishment ,  Bedford, England 
Royal Aircraft Establ ishment  , Farnborough England 
U.K. Board of  Trade (Di rec to ra t e  of All-Weather Opera t ions) ,  

U.K. Board of Trade ( D i r e c t o r a t e  of Technica l  R&D), 

U.K. Min i s t ry  of Technology (Nav 4 ) ,  London, England 

London, England 

London, England 

PRIVATE AND INDUSTRIAL 

A i r  L ine  P i l o t s  Assoc ia t ion ,  Washington, D.C,  
B r i t i s h  Air Line P i l o t s  Assoc ia t ion ,  London, England 
Compagnie Generale de Telegraphie  Sans F i l  (Thomson CSF) , 

P a r i s  France 



E l l i o t t  Automation, Ltd. ,  Rochester ,  England 
I n t e r n a t i o n a l  Federa t ion  of Air Line P i l o t s  Assoc ia t ions ,  

Smiths I n d u s t r i e s ,  L td . ,  Cheltenham, England 
Specto Avionics Ltd.  (Smiths) ,  Feltham, England 
Sud Aviat ion (Concorde Program), P a r i s ,  France 
Syndicat  Nat iona l  des  P i l o t e s  de Ligne 
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