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PREFACE

The experimentation reported herein was conducted by the Aerospace Me di cal Resea rc h La boratory,
Environmental Medicine Div ision , in 1975 as a stud y on human operator control of remotely piloted
vehicles. I t was condu ct i d in suppor t , of the Air Force Flight Dynamics Laboratory ’s work on a landing
system for the Compass (‘ope reconnaissance vehicle. The AM R L p roject was 6893 , tas k 02, “Optimiza-
tion of Crew Effectivene ss in Weapon Delivery systems. ”
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INTRODUCTION

Remotely Piloted Vehicles Rl’V~ are in development  as fu ture  Air Force operational systems. In the
design of these unp i lo te d aircraft , many  options are open to the control designer. The degree of remote
operator invo lveme nt  II the flight control process is an im port an t con sidera t ion , not only for indiv idual
aircra ft types , hut eve n for mission segments.

I n 1974 , the A F  Flight  Dynamics Laboratory (AFFDL ) undertook a research and development pro-
gra m to gain insight into the problem of all weather operations of RPV , particularly dur ing approach
and landing. That effort was directed at establishing design guidelines for adverse weather takeoff and
la nding systems for the Compass Cope reconnaissance aircraft . The program was designed to investi-

V gate t he landing guidance , fli ght contro l , and re mote operator criteria.

As part of that  overa ll effort , t he Aerospace Medical Research Laboratory was requested to investi-
gate the abil i ty of a remote operator to control the RPV during an approach and landing in zero
vis ib i l i ty  con(l it ion s and to determine the effect of various control-display configurations on his
pe rformance. Spec ifically, the  objectives of the A M R L  study were to:

1. Train pilot and nonp ilot subjects to operate the RPV by ins t rument  refe rence alone.

2. Determine whether  sat isfactory levels of perf ormance could be achieved , given a remote
operator manua l  takeover at various points during the landing approach.

3. Compare four control-disp lay configurations to determine the best for remote operator control.

4. Compare the results of using pilots versus nonpilots as remote operators.

METHOD

SIMULATION SETU P
A remote operator ’s console configuration s imi lar  to the AFFDL console was chosen for use in the
A M R L  study. The panel layout is depicted in Figure 1. The active instruments were the following:
Att i tude director indicator (AD!) wi th  flight path angle tape, horizontal situation indicator (HSI),
se nsitive lateral deviation indicator , airspeed ind i cator , instantaneous vertical speed indicator , radar
altimeter , baro metric alt imeter , and range-to-touchdown indicator. In addition , annunciator li ghts
indicated the status of the automatic approach and landing system , including failures of both vertical
and lateral-directional axes. A pictorial view of the approach and runway environment was displayed
on the video screen for initial  subject familiarization and training onl y. The vertical and horizontal
needles on the AD I displaye d glide slope and loca lizererror. The inst ruments  disp layed raw flight data
on l y; i .e., no flight director commands. Aircraft control was accomplished through pitch and roll
(coordinated t urn )  inputs into a two-axis disp lacement side-arm controller.

3
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The aerodynamic data was s imp lified and li nearized from the Compass Cope data. Two vertical control
modes were simulated:  pitch att i tude (PA) and flight path angle tFPA). The FPA mode emp loyed
fast-acting spoilers and conventional elevator inputs to stabilize on the commanded FPA. Throttle !
speed control and turn coordination were accomplished automatically by the flight control system. Two
methods of information display were used for each control mode , t hus giving four possible control-
disp lay configurations:

1. Pitch attitude (PA) oniy — stick displacement commands proportional pitch a t t i tude , pitch
att i tude displayed , flight pat h angle not displayed.

2. Pitch att i tude with f l igh t  path angle display (PA/FPA)— stick displacement commands propor-
tio nai pi tch attitude , pi tch a t t i tude  and fli ght path angle both disp layed .

3. Flight path angle (FPA ) only — stick commands proportional flight path angle; pitch attitude
n ot disp layed , flight path angle disp layed.

4. Fli ght path angle with p itch attitude (FPA/PA) — stick displacement commands proportional
fl igh t path angle , both pitch atti tude and flight path angle displayed.

The aircraft dynamics , trajectory computation , scoring, and display generation were handled by an
EA I 680 Pacer hybrid and a PDP 11/40 digital computer.

PROFILE
The flight profile consisted of a ten-mile final approach at a nominal 40 gli de slope, flare , and 

V

touchdown. The true airspeed was constant at 100 knots. The approach profile is shown in Figure 2. The
control system automatically performed the approach and landing until a simulated failure occurred;
at that point the remote operator took over the failed axis or axes of control and completed the landing.

Low pass white noise simulated vertical and lateral gusts , but no wind shear was included.

GL IDE SLOPE
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~t

.,— ~, . ~°PROACH
WIND OW

(FLA RE INITIATION~7000 !O MILES ~~~-

1700 1

Figure 2. RP V Landing Profile
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TEST SUBJECTS
Ten subjects part icipated ii  the  s t u d y .  Six began as na ive  m emb ers of a panel  ul  trackers used for
var lou ~ e x p er i m e nt s  involving hu~i iami  operator performance. T u e  othe r fou r  were experienced in-
~t r u m er i t  p i l ot s . Two w e r e  regular  KC- 135 aircraft  conimim anders , ami d two were c i v i l i a n  m n s t r u i i i e m i t
l i st  r t i r t o r  pi lots .  Fhese  fou r  p i lots  we r e  all between 25 and 31) years  ot age. Each had approximate ly

1 .~ i f l ight  hours  except one c i v i l i a i i  p i lo t  wi th  over  20 1(0 hours.

TRAINING
.-~l l  te n  subjects  were g iv e n  an i n i t i a l  b r i e f ing  d u r i n g  wh i c h  the objectives o f t h e  stud y and the  ou t l i ne
I f  the  experimental  plan were  presented. Following this  briefing, they comp leted a questionnaire to
ev a lua te  an ~ ; ) n - e e x i s t i I i g  a t t i tudes  they  might  have  had concerning the overall  task and the potent ial
work lo ad  a l l ) accuracy associated w i t h  any  of the four  cont ro l -d isp lay  modes.

~~ l I I t t t h e  Ii rst obj ec t i ve  of the  s t i ly  was  to q u a l i f y  the subjects to a pre(letermined degree of profi-
ci~•n i c y  i i i  t he  m an u a ~ approach and lan ( l i  ng task , the followi rig procedu res were developed for t raining.

f i r s t , an i n i t ~~t l f aj i r i l i a r i z a t i o n  session acqua in ted thesu l ij e ct s  wi th the in fo rma t ion  presented i i i  each
rea(lout , the ‘perat ion of the  cont ro l s , and the  con tro l  t echniques  necessary to fly the RPV.

a co r i t r o l - l i s ~ lav  conf igura t ion  was ra l idomly selected for each subject on which to begi n
t r a i n i n g .  (‘s ing both the  f l ight  i n st r um e n t ’~ a n d th e ou t s i ie world v ideo di sp lay(a  s imula ted  TV viewof
the  r u n w a y  fro in the nose of the vehicle), each subject was taught  to track the localizer and glide slope
an to  land the  aircraft. After  some degree of proficiency was attained , the v ideo display was removed.

Thi rd . the  subjects were evaluated for p r of ic ien ic~ level. l f s ix  successful(noncatastrophic) approaches
and landings  could be completed consecut ively on a given day,  they were considered qualif ied in t ha t
control-d isp lay mode and proceeded to learn another  mode. if not , then  remedial  t r a in ing  was given
un t i l  such proficiency could be attained. Upon completion of t ra in ing  for all four modes , the subjects
were ready to begi n data runs.

Dur ing the t ra in ing phase , the  approach and landing flight parameter scores were presented to the
subject after each run to serve as a tutorial  aid. In addit ion , a composite score was displayed to the
subjects to evaluate their overall per formance. Each of five  ind iv idua l  parameters was given a figure
of merit  fr om 0 to 30 and the total was used as the land ing  score. Zero was a perfect licore (nomina l
land ing  — no error) and 30 was catastrophic (off r u n w a y ,  drag wingti p, etc.) for each ind iv idua l
pa rameter, so all were weighted equal ly  — rate of descent , lateral error , longitudinal  error, heading,
and bank attitude. Furthermore , if any of the parameter l imits were exceeded , on if pitch attitude was
less than  zero , the landi ng was recorded as a “crash. ” Appr oximately 6 weeks of t ra in ing  each day were
required for all of the subjects to become proficient. After reachingthe fully qualified criterion for each
control-disp lay mode , the subjects were asked to rate the R’~°V handling qualities, usi ng the Cooper-
Harpe r Rating Scale (A ppendix )  and to register comments  regarding each mode.

TEST PROC E DURE
Each subject made six runs per day during 12 days of data taking, for a total of 72. The control-disp lay
modes were selected in random order for each subject. Each control-display mode was flown for three

I~ ys before proceeding to the next one. Before starting data runs  with a different mode , the subject
was allowed one practice run to become reacquainted with tha t  mode.

-i
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During the  six  runs given each day, a r and oni  order of three j o i n t s  of au tomat ic  system failure in the
approach and two degrees of f a i l u r e  were s i m u l a t e d, as shown in th~ fol lowing mat r ix .

I ” \ l I . ( ’RE l~~lN T

S .1I~Ir’ I S  .-tG L 50 -nc!.

~~( V r t &  ii ( i n k X X X

~
‘
~ r t sa i i i f l - :  • , ‘~~V~~~ X X X

The t a s k  t h e  s i r  I I . - !  Wa S  1’ i ’ ’  ,ij l i ~ h , i n i s i s t r ’ l of t a k i n g  over  the fai led au tomat i c  f u n c t i o n s and
m a n u a l l y  c u l j i l e t i n i g  t h e  l a n d i n c  No go-ar oun d s  were permi t ted ;  i Ve . ,  a l and ing  was manda to ry

DATA COLLECTION AND ANALYS IS
Before be g inn in g  t h e  e’. p i ’r i m e n i t .  each subjec t  f i l led  out a ques tionna i re  to measure any p re ex i s t i ng
biases.  After each day ’s r u n s , t he  sub je cts comp leted a ( V ooper~ll a rper  r a t ing  on that  day ’s niod e and
recorded any  c o mm ef l t - ~ t h ey  wi sh e d  n ’ ’ r n ~r ig t h e  m odes or runs .  The Cooper-Harper ratings were
tall ied and averaged to determine the s i i ) j ect ive  preferences. The comments  were summarized to
determine deficiencies and ti support  the  pilot  ra t ings .

T( m easure pe r fo rn n iance , t h e  fo l l o w i n g  da ta  Were rec ,rd ed on di g i ta l  tape at 25 samp les per second:

Localizer devia t ion in feet
Glides lope dev ia t i on  in feet
Distance to r u n w a y  threshold  in feet
Bank angle in degrees
Pitch a t t i tude  in degrees
Fl ight  path angle in degrees
Vertical v e l o c i ty  in feet per second
Heading error in degrees
Alt i tude in feet V

These data were recorded t h r o u g h o u t  the approach to facilitate modelling of the human operator if
t h a t  became desirable.  However , for t he  pr imary  objectives of this study, the parameters existing at
the in s t an t  of touchdown w e r e  a n a l y z e ) to determine the quantitative differences between control-
disp lay mode conf igura t  ~oni s  and subject groups.

RESULTS

The results of the  exper im ent  are listed by objective , as follows:

The f irs t  objective , tha t  of t ra in in g,  took considerably longe r than anticipated for several of the n a ’s e
subjects , a l though  all had extensive t racking experience from other programs. The most difficult area
proved to be that of recognizing and correcting a dangerous vertical descent close to touchdown , as the
require d visual scanning rate and control bandwidth increased. The pilots , too , found this to be the
most troublesome are a, although they adapted much more quickly. The average training time was 2
weeks for the p ilots versus 6 weeks for the nonp ilots. The on~, consistent preexperimental bias that
could he found was toward more disp layed informat ion;  i.e.. the combined display modes.
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The second objective was to de termine  whether  sa ’ i s fae tor y  •V e n i l ( , t ( .  operator performance could be
ach ieved  w ith  any  of the four nuo les use ) . The first measure used was  tha t  of Level 1 performance , or
no crashes. Table 1 shows th e dist ribution ofcr:ishes experienced in each mode.

1’AHLE I

l ) l S T R I H t ~TJ~~~ ~ F ( ‘R. A~ I 1ES ~~V 0~

I~ V t  I n  b i ’  H~ F I ’ I ’ %

Late ral err o r 2 4 II 1

I’itch • ( I ,w r I  1 I i  0 0

Bank angIe 0 0 1 I I

( leacent  rate iS 12 I I

iso t r i a l s  for each made)

These figu res indicate that  even with  best control/display modes , the operato rs had difficulty at taining
consistent Level I performance. The percentage of approaches in the Level II performance category
(acceptable for rout ine operations) was below 60~~.

The th i rd  objective was to determine which of the four control-disp lay modes tested would give the best
land ing  performance.  Of all the data collected , the only parameter found to have statistically signifi-
cant differences between modes were longi tudinal  touchdown dispersion , pitch att i tude , and rate of
descent. A n y  differences in other measured parameters were not significant. The means and standard
deviat ions  of t hese three parameters are plotted , along wi th the act ua l distr ibution fu nct ion s, in V

figures 3- 17.

The largest differences appear between the pitch attitude control modes and t f e  flight path angle
control modes. Display variations seemed to have less effect upon performance. En g€ner al , the flight V

path  angle control modes exhibited 30 to 50 percen t im prove ments i n the standa rd deviat ions of these
three parameters.  The Cooper-Harper ratings and subjective comments were i”. agreement with the
perfor mance results. Table 2 contains the average ratings given to each mode by both the pilots and the
nonpi lots. and it shows the excellent correlation of the ratings between subject groups.

TABLE 2

AVERAGE COOPER-HARPER RATINGS

P.1 PA FP PP EPPA

Nonpi lot s : .; 3 2.5 2.5

P ilot s 3.5 3 2 2

The subjective comments pointed out the tendency to overflare , or balloon , when using the pitch
attitude modes. In addition , the workload with total system failure was considerably higher ~t~r the
pitch attitude control modes than for the flight path angle control modes. The pilots , however , regarded
t he pitch attitude disp lay as more familiar and therefore easier to learn than the (light path angle only
display.
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The fourt h objective was to compare the results of us ing pilots vs. nonp ilot s as RPV remote operators
w hen accomp lishing a manual l y cont rolled landing. An analysis of variances among subject groups
revealed no s igni ficant  differences in any  parameters except rate of descent , shown in F’igui’es I ~-2 1.
Fur thermore,  this difference was found onl y in the pitch a t t i tude mode with di sp layed f l ight  path ang le
IPA FPA . The red uction in e r ror fo r t he pilots was 3() percent from the n onp ilots.

In  addition to the above analyses , chec ks we re conducted to determine whether the results were
consisten t with variat ions in failure point in the  approach (5 miles , 150 feet AGL , 50 feet AGL)  and in
t he degree of system fai lure ( long itudinal  only or total sys~ e n a ) .  No statistical differences or interac -
tions could be found among any of those conditions.

D~SCUSS~ON

Several aspects of t his experiment were felt to be worth men t i on ing  regarding th e  results . The f i r ~-t

was that the s imulated r u n w a y  size was 700t) feet long and ~~~ feet w i d e ;  2 ( I i ( I I  feet of r u n w ay  lengt h
were requ ired for rol lout. A diffe rently sized runway m i g h t  have changeti the percentage of i n s a t
factory landings.

Second , the 4- glideslope was steepe r than the conven t i ona l  :1 . which had two effects: the high d e s c u i t
rate required a !arge pitch change for flare and a fast pi lo t  re sponse,thus favor ing  the fligh t path angle
n i i u u i l es: and the pi lots ’ f an i i l i a r i t y  with normal :1 syst ems  probably caused some problem for them in
adj usting, thus t h e  comments  about  “ballooning ”

Third , t he lack of a pi t ch t r i , n i  i~ tpa t u I l i t  ~
- cau sed a g’n’att- r effort in al l  modes to ma in t a in  a ~~‘ al it j u t  l i - l i

a t t i t ude  or fl ight pa th  angle t h a n  i f  i t  ha il  been avai lab le .

Fourt h . the t~~~t ar t  , , f  t h e  . i , 1 - I  n i d l u i l  e xpe r imen t  ( l e n d each sub j ect t u u c u u , i t p t n’’ t . ev er  to olin g . n i t

matter  l u i w  ha ‘ fle a h u r t  ~ i h  i i i  , k u . i  I . i C.,  l i i  g o - u r u i n i n i l s were permitt ed . even t h o u g h  the  t i n - n d Wa~
‘.oil it ’t  i i i t ~~ r ecogniz eul  l~~~ ( ( i n . I n !  —

Last , the  t u rbuj er i rn ’  i t t  t h e  s i r u i c i l a t  am . t ’ u u r u~~u p i t  Big , i i u du r ; n t n  v~’rtl ( ’a1 ai i i l l a t e r a l  gu s t s .  i n a i n t a i u i e d
constant i i it e , i s t~ t uu  t u , i i l V l ~~ ,% I t t  t u , d i ’~~ . th e i n t t t ’ n s i t y  ~- i i l i I ln ’ n n ~’’.t~— e w i th  o t t  it  i l t  l l t i i I i l g t  I I ,  f l u t i

maneuver.

In sp i t e  u t  the a h u t u ~~~, la i r ’ . . —u - ç u i j u u t s  I n u t u n  .~F’FIfl . t , ’ t t  t h a t  t h e  — i i i i i d t u ( i u ri  ‘,.as
realistic tha t  t h e  n ’ x j i s ’ r l u u I t  u r , . i u t t  — w , ui u t  h~ r e l iab l e .

• 
. 

CONCLUSIONS

The conclusions from t exp er im ent  are briefly summar ized  as follows:

I )  The expe rimenters  fel t  t ha t  s~~ t s m u t  o ry  renu ot  e operator  p en’ fuui’mai t  i c  fui r ou t  itt’ t i l t  nigs
was not demonstrated As a failure or backup -type  operat ion . the i le ’n onst  n’ateul  P’t’ t~u r n l nflc e
might  be acceptable if vehicle Ios~ rates in excess of one percent c ’uu ld be l o i n - r a t  t.~~~.

(2) The flight path angle control modes ( l i spl ay cul  better p e r f o r m a n c e  t h a n  th e  p i t ch  t i l t ! l i i i

modes. Rate of descent , longi tudinal  touchdown dispersion , and pitch a t t i tude  con t ro l  w u i , V ti ll
signi f ican t ly  improved. Disp lay var iat ions appeared Ii ,  h ave less significant effects.
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3 When t aken  s i n i u t t a n i e i u s l v  w i th  l o n g i tu d i n a l  control s y s t e r i i  f a i lures , lateral  control system 
V

fa i lures  i ncreased operator workload but  did not adversely affect performance.

4i  Rat ed a ir c ra f t  in s t r u m en t  pilots achieved the  same remote operator performance capabil i ty inone th i rd  as much t r a in i ng  t ime as naive nonp ilot personnel. Performance in data runs  wascomparab le , except for touchdown rate ofdes’~ent , which  was better for the pilots. Other effects Vof experience factors on decision making ,  etc ., were not evaluated.

RECOMMENDATIONS

After  the  completion of the RPV remote operator experiment described herein , the following recom-inend a t ions  were made to AFFDL regarding remote operator landing control and the use of pitcha t t i tu d e  ve r su s  f l ight  path angle control modes:

(1) Remote operators should be active elements in the flight control system during instrumentlandings only if loss rates in excess of one percent are acceptable , unless significantly moreeffective contro l-dispj a ~ technology becomes available.

2 If active remote operators are desired , then the additional costs oftraining naive operators andthei r  lack of flight experience or j udgement must be weighed against the cost and availabi l i tyof ra ted pilots as remote operators. Addi t ional  experience in this tradeoff area is require d toreac h a f irm co n clu sio n , and the decision will be mission and task dependent.
(3) For remote operator active landing control , fli ght path angle stabilization is the min imumacceptable level of automation in the longitudinal  control system. Reductions in attitude Vdisplay req ui rements , operator workload , and operator frequency response are the advantagesof such a mechaniza t ion.
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