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FOREWORD 

This i s  the first of two technical reports  per ta ining t o  
the work performed by Norden under NASA contract  NASW-675. 

It covers the period f r o m  May 16, 1963 t o  August 16, 1963. 
A final report  w i l l  be issued on completion of the next quarter ly  
report ing period, November 16, 1963. 

This report  presents a study program which Invest igates  
methods of display in tegra t ion  f o r  the  X-15 hypersonic research 
vehicle. The study program was conducted under the technical 
guidance of .the Msplay and Guidance Section, F l igh t  Research 
Center, Edwards, California. 

The material covered represents a compilation of exis t ing 
data concerning the X-15 mission p r o f i l e  and corresponding display 
requirements. Only introductory information is included concerning 
spec i f i c  display applications,  since t h i s  area w i l l  be Investigated. 
during the second half of the  program. 
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ABSTRACT 

Contact analog techniques a r e  being investigated as a means of 
display in tegra t ion  f o r  the X-15 hypersonic research vehicle. 
The bas ic  contact analog display presents f l i g h t  information i n  
the form of a synthetic te levis ion p i c tu re  corresponding t o  the  
real-norla view from the  cockpit. 

Results of preliminary s tudies  of p i l o t  control  tasks and f l i g h t  
p r o f i l e s  f o r  the X-15 are Included as the  basis f o r  development 
of t he  optimum display format. Important f l igh t  parameters are 
analyzed w i t h  respect t o  t o t a l  range of var ia t ion  and rates of 
change f o r  display design considerations. 

A descr ipt ion of t he  present X-15 instrument panel is  included 
showing locat ions and configurations of cockpit displays. Techni- 
c a l  cha rac t e r i s t i c s  of t he  i n e r t i a l  f l igh t  data system and a t t i t u d e  
ind ica tor  are given. 

Basic requirements f o r  an integrated display f o r  t h i s  type of 
mission include the  following. 

-Wide dynamic range wfth good s e n s i t i v i t y  
- Capability of displaying command inf ormation 
- H l g h  accuracy 
- F l e x i b i l i t y  of operation 
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1, 

The X-15 occupies a unique r o l e  i n  today's space research 
program since it is the only operational a i r c r a f t  capable of 
bridging the  gap between high-alt i tude aerodynamic f l i gh t  and 
space f l ight .  It is, therefore, apparent tha t  an extreme varia- 
t i o n  of dynamic conditions exists during such flights, which 
requires  the p i l o t  t o  perform an unusually wide range of control 
tasks, The problem of displaying f l i gh t  information t o  the p i l o t  
is, therefore, complex. 

The immediate outcome of t h i s  Investigation w i l l  be a 
detailed set  of recommendations f o r  an advanced type of integrated 
display based on a thorough analysis of t h e  display problems 
involved. A Follow-on program w i l l  be described which concerns 
construction of feasibility models f o r  evaluation i n  simulator 
f a c i l i t i e s  and research vehiclee. 

The r e s u l t s  of the study w i l l  be compiled i n  the form of 
a final report  t o  be issued a t  the end of t he  program. 
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RESULTS OF STUDY 

The Present X-15 F'rOR~aln 

The three  X-15 research vehicles  have been operational 
for more than seven years, 
envisioned in t he  o r ig ina l  program have been e s sen t i a l ly  completed, 
Recently, a subs tan t ia l  follow-on program has been i n s t i t u t e d  
which u t i l i z e s  the X-15 as a v e r s a t i l e  hypersonic cruise-vehicle 
tes t  platform f o r  numerous space and near-space experimentation 
programs, 
shown i n  Table 2-1." 

During t h i s  time, the areas of study 

These experiments w i l l  be car r ied  on i n  the f ie lds  

The present configuration of X-15 research vehicles 1 and 
3 is  shown i n  Figure 2-1. Minor modifications were made i n  these 
vehicles  t o  accommodate some of the experiments previously men- 
tioned. Vehicle No. 2 is being r e b u i l t  t o  extend i ts  performance 
range for operation t o  Mach 10 and a l t i t u d e s  t o  400,000 feet, 
Present vehicle  cha rac t e r i s t i c s  and performance capab i l i t i e s  a r e  
l i s t e d  i n  Appendix A. 

The invest igat ion of integrated displays forms a la rge  
p a r t  of the  current experimentation program, both as a study i n  
Itself and ul t imately as a means of providing improved control of 
t h i s  and other  a i r c r a f t  f o r  space research. The need for display 
Integrat ion in t he  X-15 and other manned space-research vehicles 
resu l ted  from increasing demand8 imposed on the  p i l o t  t o  make 
rapid decisions based on information obtained from many sources. 
Present display methods require the p i l o t  t o  scan several  d i sp lays  
t o  gather  t he  necessary data f o r  such decisions. The objective 
of display in tegra t ion  i s  t o  present as many var iables  as possible 
i n  a format tha t  can be assimilated quickly i n  a single viewing. 

* Refer t o  Appendix C, reference a, 
------------.-------------------.--------.------------------------ 
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Table 2-1. Current X-15 Experimentation Program 

Ul t rav io le t  s t e l l a r  photography 
Ul t rav io le t  exhaust plume 

cha rac t e r i s t i c s  
Horlzon de f in i t i on  
Optical-degradation 
measurements 

Detachable high-temperature 
leading edges 

Infrared exhaust signature 

High-temperature windows 
Atmospheri c-dens1 ty 

Micrometeorite col lect ion 
Advanced integrated-data 

Vapor-cycle cooling 

measurements 

systems and energy management 

MISSION 

H i g h  a l t i t u d e  
Above 25 miles 

Above 40 miles 
Varied 

H i g h  heating 

100,000 feet  t o  
l3O,OOO f e e t  
Varied 
Above 125,000 f e e t  

Above l50,OOO f e e t  
Varied 

Long duration zero g 
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2.2 Fl ight  Profiles 

A s  shown i n  Table 2-1, t h e  X-15 vehicles perform a wide 

A t yp ica l  range of a l t i t u d e  and speed p r o f i l e s  
range of missions, each f l i gh t  w i t h  i t s  own p a r t i c u l a r  goals and 
f l i g h t  prof i le .  
is shown i n  Figure 2-2. 

Alti tude p r o f i l e s  involve high-angle f l ight  paths during 
t h e  boost phase followed by a period of b a l l i s t i c  (zero g )  fltght.* 
Alti tude flights are of the  longest duration and require the 
greatest degree of accuracy of control. The accuracy required 
i s  indicated by the  f a c t  t h a t  one degree of p i t ch  error during 
boost r e s u l t s  i n  a peak a l t i t u d e  e r r o r  of approximately 7000 
feet. 
c r i t i c a l  because of t h e  high accelerations and a i r c r a f t  
i n s t a b i l i t i e s  involved. 

m t r y  i n t o  the atmosphere from such flights becomes 

Speed p r o f i l e s  generally require a r e l a t i v e l y  shallow 
f l igh t  path during boost followed by a period of b a l l i s t i c  o r  
l e v e l  flight. 
one-third of those achieved i n  a l t i t u d e  build-up missions. 
Because of the r e l a t ive ly  low a l t i t udes  and high ve loc i t i e s  Involved, 
high l e v e l s  of dynamic pressure w i t h  r e su l t an t  aerodynamic heating 
are experienced i n  speed flights. 

Peak a l t i t u d e s  at ta ined are roughly one-half t o  

For the purpose of analysis, each f l ight  p r o f i l e  can be 
divided into t he  f ollowing four major phases: 

a. Boost 
b. B a l l i s t i c  
C. Entry 
de Terminal 

The boost phase can be f u r t h e r  divided i n t o  ro ta t ion  and climb 
eubphases. This study w i l l  t r e a t  t he  display requirements f o r  
each phase separately. 

* Refer t o  Appendix C, reference b. 
------I-------------_L------------I------------------o--~~--~- 
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P i l o t  Tasks 

A compilation of representative p i l o t  tasks f o r  many types 
of missions appears i n  Table 2-2. This t a b l e  l ists  only tasks 
per ta ining t o  accomplishment of a p a r t i c u l a r  mission, These must 
be performed i n  addition t o  the normal, o r  recurring tasks 
requi red . to  operate t he  a i r c r a f t  i n  a l l  other respects, such as 
maintaining t r i m ,  a t t i t u d e ,  heading, and voice communications, 

Specif ic  Information f o r  each mission i s  transmitted t o  
the p i l o t s  In  the  form of f l i g h t  request sheets, giving a break- 
down of a l l  f l i gh t  control requirements on a second-by-second 
basis from the time of launch, Each entry gives the  a l t i t ude ,  
velocity,  angle of attack, dynamic pressure, and special  p i l o t  
i n s t ruc t ions  corresponding t o  a p a r t i c u l a r  t i m e .  
abort  information i s  a l s o  included. 

hergency and 

The present  method of operation requires t h a t  the  p i l o t  
memorize t h i s  information p r io r  t o  each fl ight.  
ment of an Integrated display would be the capabi l i ty  of presenting 
t h i s  type of command information during flight. 

A basic  require- 

2.4 P i l o t  Task - Display Parameter Analysis 

Information is  being obtained f r o m  X-15 p i l o t s  concerning 

P i l o t s  are being asked t o  c l a s s i f y  f l i g h t  parameters f o r  
the display Information required f o r  a selected l i s t  of p i l o t  
tasks, 
each task according t o  r e l a t ive  importance i n  accomplishing the 
task. Parameters a r e  being ranked using the terms nprimary", 

w i l l  form the basis f o r  select ion of var iables  t o  be incorporated 
In  the Integrated displays. Mode switching w i l l  be investigated 
as a means of reducing the number of var iables  displayed a t  any 
given time. This  requires development of a display system with 
inherent f l e x i b i l i t y  of operation. 

secondary", and "monitorn I n  o r d e r  of importance, These data n 
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Launch 

Rotation 

.---- 

TASK 
---- 

a. Drop 
b. Ign i t e  engine 
e. Hold 2 degree right a i le ron  

___----I 

? l i m b  

Ball ist ic 

a. Maintain constant heading 
b. Maintain constant 2 g unt i l  given p i t ch  

angle 

a. Maintain constant p i t c h  angle; heading 
b. Reduce thrus t  a t  given t i m e  
C. Shutdown engine a t  given t i m e ;  veloci ty  
d. Pushover t o  zero g a t  given t i m e ;  speed; 

e. Monitor maximum veloci ty  
a l t i t ude ;  o r  rate-of -climb 

a. Maintain zero g 
b. Maintain constant v e r t i c a l  speed 
c. Extend speed brakes 
d. Maintain l eve l  f l i g h t  
e. 

f .  Roll In and re lease given bank angle 
g. Fly proportional t o  bank angle; roll rate 
h. Monitor peak a l t i t u d e  

Maintain m a x i m u m  8 degree p i tch  and r o l l  
e r r o r  

- 

a. E s t a b l i s h  given angle of a t tack  
b. Perf o m  air leron def lec t ion  pulse  
C. Perform rudder def lect ion pulse  
d. Monitor dynamic pressure 
e. Monitor angle of a t tack  - 
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Table 2-2. Representative P i l o t  Tasks (Continued) 

PLIGHT 
PHASE 

Entry 
(cont) 

Terminal 

-..I. 

TASK 
-- C__..C-.------8.- I-,.-- .- -1. ” -- - .. -- - .. - 

f .  Retract speed brakes 
g. Hold constant g pullout  
h. Monitor v e r t i c a l  speed 
I. Make level  f l igh t  recovery 

___- - ..-- --- -- --- - - - 

a. A t  key checkpoints: Es tab l i sh  proper 
a l t i t ude ,  airspeed, ground posi t ion,  
tu rn  ra te ,  a n d  rate-of-descent 

b. Je t t i son  v e r t i c a l  f i n  at  given a l t i t u d e  
C. Before Flareout: Es t ab l i sh  proper airspeed, 

height above runway, and sink-rate 
d. Lower flaps; gear  
e. Touchdown a t  given point  on runway 
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Important considerations i n  the  design of integrated f l i g h t  
displays are the  ranges of var ia t ion encountered i n  the f l i g h t  
parameters i n  ac tua l  operation, and the  m a x i m u m  r a t e s  of change 
of these parameters. Table 2-3 l is ts  these charac te r i s t ics  f o r  
the X-15 f l i g h t  parameters, indicat ing the sensors which furnish 
the input  information.* 

It i s  apparent t h a t  the rates associated w i t h  a t t i t u d e  
parameters are of such magnitude as t o  require  display devices 
capable of following la rge  cbmges with minimum t i m e  l a g  and 
overshoot, 
a l t i t u d e  and speed parameter:: r vquire t h e  addi t ional  capabi l i t i es  
of large dynamic range w i t h  high sens i t iv i ty .  A combined display 
capable of handling both groups of parameters must, therefore,  
possess the opposing charac te r i s t ics  of fas t  response, large 
dynamic range, and high sens i t i v i ty  w i t h  readability. 

The extremely w l d e  ranges of var ia t ion  associated w i t h  

2.5 Plight  Sensors 

Two primary sensors provide the input data  f o r  the f l i g h t  

Instruments. These include: 
a. 
b. 

I n e r t i a l  Fl ight  Data System (stable p l a t f o r m )  
Hypersonic Flow Direction Sensor ( b a l l  nose) 

They are discussed in d e t a i l  i n  t h e  following paragraphs. 

2.5.1 I n e r t i a l  F l igh t  Data System 

Input Infomat ion  f o r  displaying vehicle  velocity,  he ight ,  
rate-of-climb, and a t t i t u d e  is provided by t h e  i n e r t i a l  f l i g h t  da ta  
system? A funct ional  diagram of t h i s  system i s  shown in Figure 2-3. 
The two major system components a re  t h e  s t a b i l i z e r ,  which contains 
the  sensory elements, and the  computer, which processes data  from 
t h e  sensors t o  furnish the necessary outputs, 

* Refer t o  Appendix C,  reference a. 
**Refer t o  Appendix C,  references e and f. 

................................................................. 
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Table 2-3, Character is t ics  of X-15 Fl ight  Parameters 
- 

PARAMETER 

Barometric 
Alt i tude 

Iner t ia l  
Height 

I n e r t i a l  
Speed 

Airspeed 

Mach meter 

Vertical 
Speed 

Dynamic 
Pressure 

Angle of 
Attack 

Angle of 
S ides l ip  

Pi tch 

Heading 

Roll 

Time 

Acceleration 

Lateral 

Normal 

Ground Track 
D i  s tanc e 

TYPICAL RANGE 
O F  VARIATION 

0 - 60,000 f e e t  

4,500 - 500,000 
feet 

0 - 450 knots 

Mach .2 t o  
Mach 2.5 

f 4000 fps  

0 t o  2000 psf 

-1oOto +35O 

f loo 

* 60' 
360' 

f 120° 

0 t o  800 sec 

-2 g t o  +4 g 

-1 g t o  +1 g 

0 g t o  +6 €3 

325 m i  

24000 fps  

120 f/sec2 

75 psf/sec 

12 deg/sec 

10 deg/sec 

-" _-_. ' _.-.. .---- 

SENSOR 

B a l l  Nose 

Platf  om 

Platf  o m  

B a l l  Nose 

B a l l  Nose 

Platf  om 

B a l l  Nose 
( t o t a l  pressure)  

B a l l  Nose 

B a l l  Nose 

Platf o m  

Platf  o m  

P l a t f  o m  

Stop Watch 

Accelerometer 

Accelerometer 

Accelerometer 

Platform 
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DOPPLER 
RADAR 

BAROM ETRfC 
RATE 

OF CLIMB 
COMPASS 
SYSTEM 

INITIAL ALONO-RANGE POSITION 

INITIAL ACROSS- RANGE POSITION 

---------------- 

1 TELEMETRY I L,---- ---I 

Figure 2-3. I n e r t i a l  F l igh t  Data System, 
Functional Diagram 
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I n i t i a l  conditions necessary f o r  proper alignment of the 
system p r i o r  t o  launch are provided from a control panel i n  the 
B-52 mother ship. 
Doppler radar and I s  transformed In to  along-range and across-range 
components i n  t h e  control panel. 
introduced from a barometric rate-of-climb sensor, and heading is  
derived f-rom an N-1 compass system. 
are inser ted  manually. 

I n i t i a l  velocity i s  determined by means of 

Rate-of -climb information i s  

I n i t i a l  pos i t ion  and a l t i t u d e  

A block diagram of the on-board i n e r t i a l  system is shown 
i n  Figure 2-4. The s t a b i l i z e r ,  o r  stable platform, is maintained 
normal t o  the loca l  gravi ty  v e r t i c a l  under a l l  possible conditions 
of a t t i t u d e  and accelerat ion by means of th ree  integrat ing gyros 
on a mount having four  separate gimbals. The sequence of ro ta t ion  
from t h e  case inwards is r o l l ,  pitch,  inner  r o l l ,  and azimuth. 
The p i tch ,  Inner r o l l ,  and azimuth axes are maintained mutually 
perpendicular, while the  outer-rol l  axis is  gimbaled w i t h  respect 
t o  t he  a i r c r a f t  fore-af t  axis. 
necessary t o  allow unlimited maneuverability about any axis 
without the poss ib i l i t y  of gimbal lock o r  l o s s  of ve r t i ca l i t y .  
The servo amplifiers f o r  each axis are mounted d i r e c t l y  on the  
gimbal being driven. 

This redundant r o l l  gimbal I s  

Three l i n e a r  accelerometers a r e  mounted on the platform 
and a c t  as the  primary sensing elements f o r  veloci ty  and pos i t ion  
Infomation. These have an accuracy i n  t h e  order  of loo4 g. 

The computer processes the accelerometer outputs t o  derive 
the  var iables  t o  be displayed I n  t he  proper form. As a necessary 
par t  of t h i s  function, i t  a l so  furnishes ear th-rate  and accelera- 
t i o n  correct ion s ignals  t o  precess the gyros. Earth-rate correc- 
t i ons  are necessitated by the  requirement f o r  displaying veloci ty  
w i t h  respect t o  the  ear th 's  surface, since the  platform senses 
only ve loc i ty  w i t h  respect t o  i n e r t i a l  space. Acceleration 
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Figure 2-4. Inertial System, Block Magrm 



8 
I 
8 
II 
8 
1 
I 
II 
8 
I 
I 
8 
8 
8 
8 
1 
8 
8 
1 

1141 R 0003 
Page 2-14 

oorrectlons compensate f o r  errors introduced by Coriol is  and 
Centr ipetal  accelerations,  as well as e r ro r s  resu l t ing  fx?om varia- 
t i ons  i n  mass a t t r a c t i o n  w i t h  a l t i t u d e  due t o  gravi ty  gradient. 

The computer outputs are  furnished t o  the displays both 
as synchro s igna ls  and as potentiometer resistances.  These In te r -  
f ace  data are given i n  Appendix Bo 

2.5.2 Accuracy of I n e r t i a l  Data 

The accuracy charac te r i s t ics  of the i n e r t i a l  f l i g h t  data 
system are shown i n  Figure 2-5.* Velocity information i s  su f f i c i en t ly  
accurate t o  be used f o r  f l i g h t  control over most of the  f l igh t .  
However, a l t i t u d e  error increases with t i m e  u n t i l ,  near the  end of 
t he  f l ight ,  errors r e s u l t  of more than *10,000 feet. This pre- 
cludes use of i n e r t i a l  height information over a l l  but the i n i t i a l  
phases of f l ight .  
data must' be furnished t o  the p i l o t  by voice eomunloations i n  l a t e r  
f l i g h t  phases. 

For t h i s  reason, a l t i t u d e  cues from ground radar 

Atti tude information i s  su f f i c i en t ly  accurate, throughout 
t h e  e n t i r e  f l i g h t ,  s ince i t  involves no Integrat ions from platform 
data. 

2.5.3 Hypersonic Flow Direction Sensor 

The hypersonic flow direct ion sensor, Figure 2-6, provides 

a. Angle of a t t ack  
b. Yaw angle 
C .  Airspeed 
do Dynamic pressure 

Inputs f o r  the display of t h e  following parameters: 

Technical data concerning t h i s  sensor w i l l  be contained i n  
the f i n a l  report. 
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Figure 2-5. Inertial P l i g h t  Data System Accuracy 
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Figure 2-6. Hypersonic Flow Direction Sensor 
( B a l l  Nose) 
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Present CockDlt Displays 

Figure 2-7 shows the  layout of the cockpit instruments 
ueed I n  a recent s e r i e s  of flights. 
t o  test new indicators  and Indicator arrangements; therefore,  
l i t t l e  can be discussed about a standard instrument panel. 
However, t he  f l igh t  Instruments shown i n  Figure 2-7 a r e  typ ica l  
of those present ly  In  use and Include the  following: 

Panel configuration changes 

a. Airspeed ind ica tor  
b. Pressure a l t imeter  
C. Angle of a t t ack  indicator  
d. g meter 
e. q meter (dynamic pressure) 
f. Roll rate indicator  
g. I n e r t i a l  a l t i t u d e  Indicator 
h. I n e r t i a l  speed indicator  
I. I n e r t i a l  rate-of-climb indica tor  
j. S t a b i l i z e r  posi t ion ind ica tor  
k. Altitude ind ica tor  (3 axis b a l l )  

I n  addition t o  these indicators,  newly developed displays 
are being tested In current and  fu tu re  f l i g h t s .  
include peak a l t i t u d e  prediction displays, ground t rack  e r r o r  
Indicators,  on-board energy management displays, and moving tape 
Indicators.  

These displays 

Atti tude Indicator  

Att i tude information I s  present ly  displayed t o  the p i l o t  
by means of a three-axis a l l - a t t i t ude  ind ica tor  similar t o  the  
one shown i n  Figure 2-8. 
about 3-1/2 Inches i n  diameter with unlimited freedom In  t h e  
three a i r c r a f t  axes, and it is  servo-driven from an on-board 
i n e r t i a l  platform. The sphere has  a white horizon l i n e  w i t h  

This indica tor  contains a spherical  ball 
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Figure 2-8. All-Attitude Indicator 



azimuth marklngs every 5 degrees. 
black below the horizon. 
every 30 degrees of azimuth wi th  supplemental p i t c h  markers every 
10 degrees along t h e i r  length. I n  a special  modification f o r  t he  
X-15, addi t ional  azimuth markers have been provided on the  *3O 
degree p i t c h  l ines .  

It is colored white above and 
Vertical  azimuth l i n e s  are Included a t  

Superimposed v e r t i c a l  and horizontal  crosspointers a r e  
used t o  ind ica te  angle of' a t tack and s ides l ip  angle. A mode 
sni tching arrangement In t he  X-15 allows the v e r t i c a l  cross- 
po in t e r  t o  be used f o r  displaying heading e r r o r  instead of angle 
of s ides l ip .  m i c a 1  s e n s i t i v i t i e s  f o r  these parameters a r e  
as fallows: 

a. Angle of attack: *5O F.S.* 
b. Angle of s ides l ip :  *12' F.S. 
c. Heading er ror :  212' F.S. 

A vern ier  p i tch  indicator  I s  located on the left side of 
t he  faceplate.  
p i t ch  e r r o r  from a command p i tch  a t t i t u d e  which is  s e t  In on a 
counter below t h e  display, 

It has a t o t a l  range of 55 degrees and displays 

Ro l l  Is displayed by a roll pointer  which moves w i t h  t he  
r o l l  ax i s  of t he  spherical  ball. 
markers on the facepla te  a t  210, k20, 230, +60, and kg0 degrees. 

Readout I s  provided by reference 

Inf'ormation is current ly  being obtained concerning the  
operating cha rac t e r i s t i c s  of th is  indicator.  
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Contact Analog Display DescriDtion 

2,8.1 General 

The concept of display integrat ion discussed i n  t h i s  study 
is known as the Vert ical  Si tuat ion Display System, o r  simply 
contact  analog. The lat ter name refers t o  the  method of display 
used, and it presents  Important f l igh t  parameters In  t h e  form of 
a synthet ic  p ic ture  representing the  real-world view from the  
p i l o t ' s  posit ion.  
computations on input  data  received from t h e  a i r c r a f t  sensors 
and is displayed on t h e  face of a cathode ray tube. 

The p ic tu re  is generated by a se r i e s  of 

A photograph of an operating contact analog display i s  
shown I n  Figure 2-9. The basic  pic ture  contains a ground plane 
w i t h  t ex tu ra l  elements shown i n  t rue  perspective, an a r t i f i c i a l  
horizon, and a sky w i t h  clouds, 
on t h i s  background giving command f l i g h t  information. Additional 
symbols, such as cross, square, and ground posi t ion iden t i f i e r ,  
are provided, 

A f l i g h t  path can be superimposed 

2.8.2 Display Format 

The ground tex ture  represents the surface of the ear th  
by a plane containing a pa t te rn  of shaded squares. The orienta- 
t i o n  of the  vehicle  with respect t o  the ear th  l s  described by 
r o l l ,  p i tch ,  and heading angles and i s  shown by corresponding 
motions of the display elements. Vehicle a l t i t u d e  is displayed 
by var ia t ions  i n  t h e  apparent s ize  of the  squares which make up 
the  ground tex ture  pattern.  
t o  the  a i r c r a f t  veloci ty  in the  direct ion oppos i te  t he  vehicle  
motion, 

The pa t te rn  has motion i n  proportion 
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The command path contains a center l ine and tarstrips 
which move toward the  vehicle. Pa th  or ientat ion is  described 
by roll, pitch,  heading er ror ,  elope e r ror ,  a l t i t u d e  e r ror ,  and 
la te ra l  offset .  A typ ica l  system contains several  modes of 
pathway presentation. These inc lude  command, navigational and 
reentry modes. Various path configurations are shown i n  Figure 2-10. 

I n  the command mode, the pathway is  vehicle-stabil ized, 
i,e,, f ixed  t o  a point  beneath the  a i r c r a f t ,  During normal 
f l igh t ,  the path i s  approximately 15 feet  below the a i r c r a f t  
and vanishes a t  the center  of t h e  screen, 
the path t i p  t o  bend l e f t  o r  r i g h t ,  and slope errors move the t i p  
up o r  down. Roll angles cause a corresponding r o l l  motion of 
the  path. A lateral displacement w i l l  cause the near-end of the  
path t o  move r igh t  o r  l e f t  while the  t i p  remains f ixed.  
primary advantage of t h i s  mode I s  t h a t  the path does not disappear 
from the screen under conditions of large heading and slope errars. 

Heading er rors  cause 

The 

The navigational mode is similar t o  the  command mode 
except tha t  the path is  earth-stabil ized, The path does not 
bend in t h i s  mode t o  indicate  a command turn,  but  merely changes 
apparent heading. 
cause the path t o  move off the  screen.) 
marily i n  s i tua t ions  where input information is  avai lable  i n  
navigational form. 

(As a re su l t ,  excessive heading error8 could 
This mode I s  used pr i -  

n The reentry mode contains two paths which form a corr idor"  
f o r  displaying upper and lower l i m i t s  of f l i gh t ,  such as those 
defined by heating l i m i t s ,  deceleration l i m i t s ,  and minimum entry 
angles. The corr idor  has the  same degrees of freedom as t h e  
navigat i  onal pathway . 
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Cross and square symbols a r e  provided f o r  display of 
variables which have no d i r e c t  counterpart i n  a real-world 
picture .  
as angle of at tack,  angle of s idesl ip ,  impact point,  and vehicle  
longi tudinal  axis. 

These symbols can be used t o  display such parameters 

The ground pos i t ion  i d e n t i f i e r  e f fec t ive ly  i l luminates a 
spec i f i c  port ion of the ground plane and represents selected 
ground fea tures  such as landing areas,  obstacles,  o r  landmarks. 

P l i m t  Research Center Dimlay Program 

A program for the  experimental determination of p i l o t  
performance with contact analog equipment is under way a t  P l igh t  
Research Center. 
Figure 2-11. A n  external te levis ion monitor was mounted i n  a 
general  purpose cockpit simulator having the  performance range of 
t h e  X - 1 5  vehicle with necessary inputs provided by the  ex i s t ing  
simulation computers. 

The display equipment being used is shown i n  

A l i s t  of t h e  areas  under Investigation i n  t h i s  program 
is shown i n  Table 2-4. Data obtained from these o r  similar 
experiments w i l l  be included i n  the  f i n a l  report ,  i f  schedule 
considerations permit. 

A document per ta ining t o  the use of t h i s  equipment w i t h  
the  X-15 f l igh t  p r o f i l e  was generated as a pa r t  of t h i s  study 
and is included i n  the  following section. 

2.10 Preliminary - Conclusions on the U s e  of Contact Analog 
With X-15 P ro f i l e  

2.10.1 Pathway Modes 

Under conditions of b a l l i s t i c  f l i g h t  where aerodynamic 
control  Is not possible,  t he  command pathway should be used s ince 
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Table 2-4. Contact Analog Ekperimental Areas of Study 
1_ - __ __ 

GROUND PLANE AND HORIZON ONLY 
- -  

A b i l i t y  t o  : Discern a t t i t u d e  and a t t i t u d e  r a t e s  
Assume given a t t i t u d e  (accuracy) 
Hold given a t t i t u d e  
Discern unusual a t t i t u d e s  
Discern changes i n  a t t i t u d e  
Discern changes in veloci ty  
Discern a t t i t u d e  i n  absence of horizon 

PATHWAY ONLY 
_ _  ~- 

~~ 

Ability t o  : Discern a t t i t u d e  and a t t i t u d e  r a t e s  
Hold given a t t i t u d e  

Estimate (Lateral Displacement 
(Alt i tude E r r o r  

and (Heading E r r o r  Correct 
Estimate veloci ty  
Follow f a s t  command inputs 

GROUND PLANE PLUS PATHWAY 

Comparison of Plight  phase8 
path modes 
r e l a t i v e  to:  Recovery from excessive e r ro r s  from 

command inputs 
Atti tude Infomation content 

Ability t o  Uses of cross and square 
follow command 
inputs  : Optimum sens i t i v i ty  of symbols 

Information content VS. percent of screen 

Other path conf igurat lons 
area 

Quantitative readout 
Predictive displays 
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i n  t h i s  mode, it i s  not  possible t o  "lose" the  pathway due t o  ex- 
cessive e r r o r s  i n  heading, a l t i tude ,  o r  l a t e r a l  displacement. 
During port ions of the f l i g h t  when vehicle  is under aerodynamic 
control,  the navigational o r  reentry pathways can be used. 
three modes, a t t i t u d e  e r r o r  in fomat ion  can be derived from t he  
pathway In  the absence of the  horizon. 

I n  a l l  

The reentry mode i s  used t o  ind ica te  reentry corr idors  
defined by maximum heating limits, m a x i m  g l i m i t s ,  minimum 
reentry angles, etc. I n  such cases, the width of t h e  corr idor  
may be varied by appropriate scaling of t he  a l t i t u d e  e r r o r  
inputs  I he] A and Ihe JB* 

Aircraf t  veloci ty  o r  velocity error can be displayed on 
The distance-to-path end input can the  pathway tarstrips (VA). 

be used t o  display checkpoints along a given fl ight.  
the t i p  of the  path could be programmed t o  approach the p i l o t  a t  
t h e  same veloci ty  as the  tarstrips t o  ind ica te  an oncoming trans- 
i t i o n  between f l i gh t  phases, such as burnout, pushover t o  zero g, 
and high key. 
a t  a predetermined r a t e  u n t i l  it disappears a t  the edge of the 
screen. A t  t h i s  time, a new path would appear giving command 
information f o r  t he  next phase. 

For example, 

In  such cases, the path would decrease i n  length 

2.10.2 Ground Plane and Horizon 

The ground plane and horizon provide basic information 
concerning a t t i t ude ,  ( r o l l ,  p i tch  and heading), a l t i t ude ,  and 
velocity. 
and a t t i t u d e  Information must be obtained from the  pathway. 
vehicle  veloci ty  inputs (V,, VE) can be made proportional t o  
a i r c r a f t  velocity,  o r  remain constant. 

A t  large p i tch  angles, the  horizon i s  not on ' the  screen, 
The 
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Altitude scal ing should be chosen f e r  greatest s e n s i t i v i t y  
cons is ten t  wi th  dynamic range considerations. If only a portion 
of t he  mission i s  t o  be simulated, scal ing can be chosen so t h a t  
no s c a l e  switching occurs. A n  example of t h i s  m i g h t  be the  boost 
phase requir ing an a l t i t u d e  range from 45,000 t o  450,000 feet. 
Since t h i s  i s  only a 10 t o  1 range, one sca le  with a sca le  f a c t o r  
of X 450 feet could be used. 
t o  about 3O0,OOO f e e t ,  one range would be su f f i c i en t  f o r  about 
80 percent of the f l i g h t  from launch t o  high key point. Using 
a l l  three a l t i t u d e  sca l e  ranges, a l t i t u d e s  from approximately 
500 feet t o  5OO,OOO f e e t  can be e f fec t ive ly  displayed, 

If the m a x i m u m  a l t i t u d e  is l imited 

2.10. 3 Symbols 

2.10.3.1 Cross and Square 

Past experience has shown that  the square i s  the preferred 
symbol f o r  representing the vehicle longitudinal axis. 
hollow center  permits viewing t h e  t i p  of the pathway a t  nul l ,  
thus, permitt ing greater accuracy. 

The 

The cross used i n  conjunction w i t h  the  square represents 
flow di rec t ion  (a and f3). 
displayed w i t h  the  cross during port ions of the  f l i g h t  when these 
parameters are of prime importance. In t h i s  case, the  s e n s i t i v i t y  
of the  input signals can be increased t o  provide the  required 
vern ier  indicat ions f o r  Increased accuracy. 

Heading e r r o r  and p i t ch  e r r o r  are 

2.10.3.2 Ground Posi t ion Ident i f  i e r  

The Ground Posi t ion I d e n t i f i e r  (GPI)  i s  used t o  indicate  
the t e m i n a l  landing area o r  any of the emergency landing areas 
with s u i t a b l e  mode switching. 
o r  low key checkpoints, bu t  some visua l  extrapolation would be 
necessary s ince the  GPI i s  i n  ground coordinates. 

It could a l so  represent high 



1141 R 0003 
Page 2-30 

LE landing maneuvers are t o  be conducted, the GPf; can be 
The path i s  u t i l i zed  i n  conjunction with the path cutoff input. 

adjusted t o  terminate a t  the  GPI t o  represent a given gl ide slope. 
To conduct the maneuver involves 
represent aircraft velocity vector and maintaining the Croat3 
within the GPI during the approach. 

programming the cross Inputs t o  
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3. PROGRAM FOR RQUIAINDER OF STUDY 

Efforts  f o r  the f i n a l  period of t h i s  program w i l l  be 
d i rec ted  toward generation of an Integrated cockpit display 
design based on f u r t h e r  extensions of the  preliminary concepts 
es tabl ished t o  date. 
emphasis w i l l  be placed on design requirements of flyable m o d e l  
d isplays as w e l l  a8 extension of the  capab i l i t i e s  of present 
simulator models. 
where possible. 

Once the  display format has been determined, 

Such desPgn8 w i l l  include budgetary estimates, 

Human fac to r s  considerations will play a large p a r t  i n  
s e l ec t ion  of display technique and content. Attempts will be 
made t o  obtain experimental data t o  support t h i s  area of the 
study. This work will be conducted w i t h  avai lable  displays 
and simulation f a c i l i t i e s .  Application of closed c i r c u i t  
t e l ev i s ion  t o  vehicle control using video mixing techniques 
will be considered. 
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APPENDIX A 

A. X-15 VEHICLE CHARACTERISTICS 

A. 1 General 

A. 2 

Length: 
Wingspan : 
Height (with lower 
ver t ica l )  : 

Power Plant:  
Maximum Thrust: 
Minimum Thrust: 
Fuel and Oxidizer: 

Weight: 
Launch : 
Burnout: 

Payload ( f o r  
experimen a1 
equipment f : 

Elec t r i ca l  System: 

50 feet 
22 feet (wing sweep 25') 

13 feet  
YLR-99 engine 
57,000 pounds 
28,000 pounds 
Anhydrous ammonia - l iqu id  
oxygen 

32,800 pounds 
15,000 pounds 

2000 pounds 
115 vac 400 cps 
26 vac 400 cps 
28 vdc 

Performance Character is t ics  

DESIGN LIMITS ATTAINED TO DATE 
Alti tude 25O,OOO f e e t  351,000 f e e t  

M a x i m u m  Skin Temperature 1200°F 1150°F 
Veloci t y  6,600 fps  6020 f p s  

M a x i m u m  Dynamic Pressure 2500 p s f  2000 psf 



B. 

1141 R 0003 
Page B-1 

APPENDIX B 

INERTIAL PLATFOFM INTERFACE DATA 
- 

FUNCTION 
- 

Heading 
Pi tch 
Roll 
Alti tude 
N-S Velocity 
E-W Velocity 
Ver t i ca l  Velocity 
Total  Velocity 

N-S Distance 
E-W Distance 

TYPE OUTPUT 

Synchro 
Synchro 
Synchro 
Synchro 
Potentiometer 
Potentiometer 
Potentiometer 
------------- 

Synchro 
Synchro 

1' per  1' shaft ro ta t ion  
1' per  1' shaft  ro ta t ion  
1' per  1' shaft ro ta t ion  
500K feet pe r  shaft  ro ta t ion  
7000 fps  per 2K ohms 
5000 fps  per 2K ohms 
5000 fps  per 2 K  ohms 
Amplifier I n  Indicator  sums - 

2 VEw 2 I and VH2 and 
'NS 
ext rac ts  square root  through 
potentiometers 
720 naut ical  miles/shaft rev. 
240 naut ical  miles/shaft rev. 
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APPENDIX D 

D. PROJECT MANAGEMENT 

D. 1 General 

The contract  was received on May 16, 1963. 

a. Review of contract  f o r  technical  content 
b. I n i t i a t i o n  of l i t e r a t u r e  survey 
C. 

Preliminary 
tasks included: 

Liaison meetings wi th  Technical Program Director 

An out l ine  of the  s tudy  program appears i n  Figure D-1. 
This r e f l e c t s  the  revised objectives discussed i n  paragraph D.5.1. 
Work has progressed up t o  and including t h e  d i s p l a y  integrat ion methods 
phase the  resul ts  of which have been incorporated i n  P a r t  2 of 
t h i s  report. 

Figure D-2 shows the  cumulative engineering manpower f o r  
the  e n t i r e  program, the actual  l e v e l  t o  date, and the projected 
manpower f o r  the next th ree  months. 
is planned f o r  t h e  second half of t h e  program. 

An increased manpower e f f o r t  

Also shown i n  Figure D-2 is a graph of expenditure t o  
date versus t o t a l  project  funds. This indicates  t ha t  32 percent 
of p ro jec t  funds have been spent as of t he  end of the report ing 
period. This i s  primarily the r e s u l t  of the lower l eve l  of 
manpower loading f o r  the  f i r s t  study period. Documentation 
expenses are not  ref lected i n  t h i s  f i g u r e .  

I). 2 S chedu 1 e 

The schedule f o r  the  six-month s t u d y  per iod  appears i n  
Figure D-3. The f i rs t  phase o f  the  program involving program 
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de f in i t i on  and accumulation of data is  almoat completed. 
second half of the program w i l l  be concerned with the reduction 
of th is  data t o  a meaningful form and the  appl icat ion of contact 
analog pr inc ip les  t o  t he  development of an integrated cockpit 
display. 

The 

D. 3 Contract Revisions 

As a r e s u l t  of discussions with the Technical Program 
Monitor and Technical Director (paragraph D.5.1), a revised 
contract  work statement was drafted and sent  t o  NASA headquarters 
f o r  review. 
ment w i l l  be submitted through the proper channels f o r  incorpora- 
t i o n  i n  t h e  contract. 
wri t ing t h i s  report. 

Upon receipt  of wri t ten approval, the new work state- 

This was not  accomplished a t  the time of 

D. 4 Literature Survey_ 

A continuing search f o r  technical  l i t e r a t u r e  concerning 
the X-15  program and r e l a t ed  subjects i s  being conducted f o r  t he  
purpose of obtaining the necessary background information t o  
apply t o  t h i s  study. To data, approximately 100 references have 
been obtained. Some areas  of invest igat ion a r e  l i s t e d  as follows: 

a. 
b. 
C .  

d. 
e. 
f .  

g. 
h. 
i. 

3. 
k. 

Aircraf t Instrumentation 
Att i tude Control Methods 
Cockpit Display Systems 
P l ight  Simulation Techniques 
Human Factors 
Hypersonic F l igh t  
I n e r t i a l  Navigation 
Manned Spaceflight 
Pi loted Control of Hypersonic Vehicles  
Reentry Techniques 
Research Aircraf t  
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D* 5 Communications 

D. 5.1 T r i p  t o  NASA Headauarters 

A meeting was held a t  the off icea of t he  Control and 
S tab i l i za t ion  Program, Office of Advanced Research and Technology, 
Headquarters, NASA, on June 21, 1963 t o  discuss plans and objec- 
t i v e s  of t he  study program. Personnel in  attendance included 
M r .  Robert Taylor of NASA and Mssra. T. Kegelman, (3. Conron, 
Pa W i l l i ~ s ,  and J. Chute of Norden. 

The program objectives,  a8 outlined i n  the i n i t i a l  
contract  work statement were discussed, These a re  l isted In  
Table Dol, After reviewing these obJectives, Mr.  Taylor noted 
tha t  t he  most Inmediate need f o r  a study of t h i s  type existed 
i n  the  X-15 program a t  the NASA Fl ight  Research Center and Ames 
Research Center, In their  space simulation programs, Presently 
avai lable  contact analog equipment was recently purchased by 
these centers f o r  experimentation purposes. It was, therefore,  
decided that  the content of the study program would be confined 
t o  these areas. 

It was determined t h a t  technical guidance for both areas 
would be provided by Roger Wlndblade, Display and Guidance Section 
F l ight  Research Center, Edwards A i r  Force Base, 

D.5.2 T r i p  t o  Flight Research Center 

During the period J u l y  7-10, 1963, a t r i p  was made by the 
Project  Engineer t o  the  Display and Guidance Section, Flight 
Research Center, Edwards Air Force Base, California. The t r i p  
had the following two main objectives: 

a. To finalize program objectives and revise  contract  
work statement. 

b. To obta in  data on the X-15 research vehicle 
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Table D-1. Original Objectives of Integrated Display Study 

a. 

b e  

C. 

de 

e. 

Conduct a survey of present  cockpit display 
instruments used, o r  planned f o r  use In  space 
vehicles,  including v i s i t s  t o  major space 
development centers t o  obtain necessary data 

Hold discussions with p i l o t s  and astronauts 
concerning the degree of adequacy of present ly  
used display methods t o  determine areas f o r  
improvement 

Conduct a study of p i l o t  tasks  f o r  various 
phases of t y p i c a l  space missions t o  determine 
r e l a t i v e  importance of f l i g h t  parameters f o r  
each task.. Phases t o  be considered include: 
launch, orb i t ,  o r b i t  correction, rendezvous, 
reentry, and landing 

Invest igate  methods of display integrat ion on 
t h e  outcome of t he  task parameter study, t o  
include contact analog techniques 

Generate a f i n a l  r epor t  covering t h e  r e s u l t s  of 
the study and recommendations based on these 
resul ts .  These would include a follow-on 
program f o r  experimental confirmation of the 
proposed display configurations, including 
the construction of display models f o r  simulator 
t ie- in ,  where available. 
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I 
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I 
8 
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I 
I 

I 
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Several discussions were held t o  more closely define 
program object ives  and methods of operation. 
a revised contract  work statement indicat ing the  change i n  
content of the study. 
ment concerning the experimentation program being conducted 
by the  Display and Guidance Section with recent ly  purchased 
Norden contact analog equipment. T h i s  paragraph stated t h a t  
c e r t a i n  experiments could be suggested by Norden, using t h i s  
equipment f o r  the purpose of obtaining data f o r  t he  study, 

These resul ted i n  

A paragraph was added t o  t h e  work state- 

A large amount of p rac t i ca l  data concerning the X-15 

This included the  following Items: 
a. 
b. 

missions and vehicle  charac te r i s t ics  were obtained during t h i s  
v i s i t .  

Technical data on X-15 vehicles 
Photographs and drawings of presently used cockpit 
displays 
Pi lot  control  data f o r  various missions i n  the form 
of Pl igh t  Request Sheets 
Graphs of f l i gh t  data including veloci ty ,  a l t i t ude ,  
dynamic pressure, temperature, and mach number f o r  
typical  f l ights 

C. 

d. 

Several items of technical data required more time than 
These was available t o  assemble and were sent  a t  a l a te r  date. 

included a p i l o t ' s  f l i g h t  manual, sensor information, environmental 
specif icat ions,  panel indicator  data, time-line charts ,  and radar 
f l igh  t -p10 t s . 

Considerable time was spent i n  famil iar izat ion w i t h  the 
current  display evaluation and simulation programs a t  the F l igh t  
qesearch Center. 
was made, including the  computer f a c i l i t i e s .  
was observed during a c t u a l  use by a tes t  p i l o t .  

A complete tour of t he  simulation f a c i l i t i e s  
Simulator operation 

Special  a t ten t ion  
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was given t o  the  behavior of cockpit f l i g h t  instruments under 
clynanlic conditions. 

On Ju ly  9, an actual  X - 1 5  f l i gh t  was obsemed from B-52 
take off t o  X-15 touchdown. The maJority of the f l igh t  was 
observed from the  ground control s t a t i o n  where radar tracking 
data and p i l o t  communications were available.  Visual observations 
were made during the  approach and landing phases of the f l i gh t .  

A second v i s i t  t o  the  P l i g h t  Research Center I s  planned 
during the f i n a l  period of t he  study. 

D.5.3 Communication with Ames Research Center 

A scheduled t r i p  t o  v i s i t  Norman McFadden, of t h e  Man- 
Machine Integrat ion Branch, Biotechnology Division, Ames Research 
Center, was cancelled because M r .  McFadden was not a t  t h e  Center 
during the period Ju ly  7-10, 1963. In  h i s  absence, a telephone 
conversation was held with John Stewart who described t h e i r  plans 
for experimentation w i t h  contact analog equipment. These p lans  
ca l led  f o r  simulation s tudies  in the areas of supersonic t rans-  
p o r t  landings, lunar landings, and low-level-high speed ( t e r r a i n  
avoidance) f l i g h t .  In  addition, i t  was learned tha t  actual  work 
w i t h  the contact analog d i s p l a y  equipment was not  scheduled t o  
begin f o r  several  weeks. 

Because of t h e  differences in scheduling and areas of 
study i n  the  Ames programs, it was decided not t o  include them 
i n  t h e  present  study ef for t .  This decision has subsequently been 
approved by Mr. McFadden and Technical Program Monitor, M r .  Windblade. 


