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USE OF TUE OPTIMA L CONTROL MODEL IN TUE I)E~ I GN OF ~ O’I I O~ CUE EX PER IMEN TS *

By Andrew M. Junker  and W i l l i am  H. Levison

Aerospace t -k- dicnl  Research  Laboratory
W r i gh t — P a t t er s o n  A i r  Forec Base , Ohio 45433

and
Bolt Beranek and Newman

50 Eu it on Street 1
Cambridge , ~~1~ s a chu s et t 3  02133

ABSTRACT

An experiment is pre sented in which the e f f e c t s  of roll , mot ions
on h~m~an operat or  per formance  ~-:ore Investigated. ‘ihe m~ t io n cues
considered were the result  of conrtiauded you ! ci e rot Ion ~md vehicle  di s tu r b a u c e n .
An optimal control pilo t--vehicle madel wns  uced in  the ~~~ 1gm of t~~e experiment
and to predict  sys tem performance  p r i o r  to execu t ing  the  exp er innn t . The
model p r ed i c t i ons  and exper imenta l  r c su l t c  ~re compar e d .  ~e v c n t y — e i  ‘~b t  per
cent of the model predic t ions  are w i th i n  one s t a n d a r d  d e v i a t i o n  of the means
of the exper imen ta l  r e ) )u i t s .  The h igh  c o r r’l  : t ion  twee r .  model ~ rc ’iict ions
and system pcrfo rr:mtce Indicate t h e  u s ef u i r ~ ss of the  p r ~~J i c tive  model  fo r
exper imenta l  design and fo r  p r e d i ct i o n  of p i lot  perfora:c ’ ce i n f l u e n c e d
by motion cues .

INT RObUC’i’ ION

A requi rement :  ex i s t s  In th e  A i r  Force [or a p r e dI c t  ly e  human
opera tor  p i lo t  mode l ~:hi ch is scnuitlvo to cue~’icx 1/at m a  envi ronment s .
Such a model woti l . d  have a number  of impor t an t epp li ca t io r t s . For ex:~i-: p 1e , one
mi gh t -use the model to (1) de te rmine  wh e t h e r  c r  no t  mot ion  cues are u~:ec~ by
the pilot in a particu lar control s~~ u:~tIen ; (2) cxtr3poi ~te the  resuits of
f ixed—base  s imulat ion  to a m o t i on  environlrient; (3) facilitate the design
of groun d—b~n;ad s il nu l ar o r s ; (4) id er l t i f y s it u a t ions where  :: iis in t orpr e tn t ’ion  of
motion cues is like ly to cause a p ilo t response  tha t  se r ious ly  degrade s  sys ten
per fo rmance .  At t he  E n v i r o n m e n ta l  EedIcine f l iv ision  of the  Aerospace Eadica l
Research Laboratory (AM i& [,) , a research  progr am is bein g pursued  to s a t i s f y
th is  requi rement .  I t  is di~~ecte .d tow ;lrds  develop ing a ‘• ‘~n cr a l Ized  de sc r ip t i o n
of the  manner  in which p ilot uses mot ion C UeS , w i t h  the  u l t i m a t e  geal of
p r o v i d i n g  a model tha t  can p r e d i c t  t h e  c f i e c tg  of mot ion  cues on sys t em
per f ormance  in a var i e t y  of control  s i t uat i o n s .

*The resea~ ch r epo r t ed  in t h i s  a r t i c l e  was c o n d u c t e d  1w pe r sonnel, of the
Acrospac’- ~-~dicai Kc~;ear I :}I Loboxatory . Aerosp:~ce ~edIcal  Divis ion , . \ ir  Force
Systems Comr m d , U r i ~ h t — P ;. i tterson A~ r Force thise , Ohio .  The v o l u nt a r y
informed coa. -’ent of the subjects used in  t h i s  re search  was o b t a in e d  as rec~ui re~
by Air Force F~.egu Iat  Son 8~’)— 33. Fu r t h e r  1 / p r o d u ct i o n  is a u t h o r i ze d  to ~ . t t J c f v
the  needs of  t i le U . S .  G o v e r n m e n t .  ~~-p r in t s  01 thi . .~ a r t l e l e  are id& - a t i f i e d  b y
ihe Ae rospa t.. ~‘f rdI ca i  1 ( ar (h  I ~boi  i tory  a~ i\ flU — T R — 7 7  6~
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Al though a number  of exper imenta l  s tud ie s  have b een conducted to d~-termlr.c
the e f f e c t  of mot io n  cues on pilo t respon~;e behavior  (1— 5 ) , a genera1i:~cd
model has not been  developed and t e s t e d .  P a t he r , the  conclus ions  reached
in these studies have been r e s t r i c t ed  to the context of the experiments
yielding the dat a .  in addi t ion , other titan the pitch axis motion exp er imen t
performed by vanGool and Mooij (5), t he work done in this area has
principally been for  comPensatory systcn-s with the motion cues resulting
from vehicle d is turL ance inpu ts .  At AMRL , we arc a l so  ln t e r c te:I in the
ef fec t s  of motion cua-s on pe r fo rm ance  r e su l t in g  f rom commanded inputs  as
encountered in ai r—to—air  combat s i tua t ions . Therefore , a sc r ies o f
experiments were p erforme d at ANRL to inves t iga te  the e f fe c t s  of motion
cues resulting from commanded inputs  on tracking periormance (6,7,8).

One of the products from this research effort was a modificat ion of
the Bolt Beranek and Newman optima l control pilot—vehicle model to account
for changes in performance caused by the presence of motion cues due to
commanded inputs .  Since the pi lot  model has predict ive cap abil i t ies , the next
step was to ascertain how well i t  could predict p ilot performance under
differen t experimental, conditions. The ability of the model to predict  human
performance and aid in experimental design is the topic of this paper.

A moving base simulator , different from the one used in the earlier
series o f expe r imen ts , was emp loyed. D i f f e r e n t  vehicle dynamics were
us ed and motion CUC S resul t ing from both commanded vehicle motion and
vehicle disturbances were exp lo red . In addi t ion , the  p ilot model was used
to aid in p r e l i m i n a r y  expe r imenta l  design to insure that  vehicle mot ions
resu l t ing  f rom p ilot input s  would remain wi t h i n  the l inear  operat ing range
of the s imula tor .  A f t e r  experi ;~cntal  condit ions had been selected , the  opt imal
control p i lo t—vehic le  model was exercised fo r  the various conditions and
performance scores we re computed. Human t rack ing  was then per formed and
performance data was collected. The control  vehicle , expe r imental  desi gn and
results from model p red ic t ion  and human t r ack ing  are presented and discussed
in this paper.

EQUIP~’!ENT

A Mu lt i—Axis Tracking Simulator  (?IATS ) was used as the controlled vehicle
for this exper iment .  Only the roll  axis mot ion capabil i t ies of the  ‘-1X1’S
were used.  The s imula tor  consisted of a sing le seat cockp it w i t h  a te levision
monitor display and side mounted force stick for vehicle control. The
cockpit was  c o n f i g u r e d  such t h at  the pilot sat one inch ~hove the roll axis of
the simulator. The veh icle cock pi t  was l i gh t — t i g h t  to e l i m i n a t e  ex te rna l
visual cues . The roll axis system dynamics were ident ified and simulated on a
hybr id  computer .  The sys tem c h a r a ct e r i s t i c s  are p resented  in Table I. To
tes t  the c a p a b i l i t i e s  of  the o p t im a l control  pi l o t — v e h i c l e  mode l , i t  was
decided to investigate the ef ~ ccts of i~~o typ e-s of mot ion  cues in t h i s
exper iment .  One was d e f in e d  as t h e  Coimr and condi t ion because  vehic le  mot ion
was commanded as a r e su l t  of f o l l o w i n g  a t a r g e t  and the  o th e r  the  D i stur b~rice
COfl(IiLiofl because di s~~urb ance  I np u t s  drove t h e  vehi  d o  d ir e c t ly .  Both
condi tion’; were investigated with and without the drive system on , making a
total of four experimental conditions . The b l o c k  d1.agrai:~ f o r  the  experiment ,
presen ted in Figure 1, shows all conditions. For the command condition , t

he2
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TABLE I

MULTI—&XIS TRACKIN G S iMU LATOR

ROLL AXIS CHARACTERISTIC

~~~~SFER FUNCTION : 
+ PL.&NT (deg) K
u . , , . . (pou nds )  ~~(3 + 1)

CON ’l ~OL

POSITION LIMIT : ± 90 deg

VELOCITY LIMIT: ± 61) deg/ cec

ACCELERATI ON LIMiT : ± 100 deg/ scc 2
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dis turban ce  input  
~~~~~~~~~~~~~~ 

was set to ze ro and for  the dis turbance
condi t ion  t h e  ta rget input ~~~~~~~~~~~~~~~~~~~~~~~ was set to zero . A low pass f i l t e r
with break point at 5 radians per second was added to the veh ic l e  mak i n g  the
equivalent plant dynamics for  all experimental  condit ions as given in
eq uation 1.

(Deg) -

Plant Dynamics ~PLANT = 
-~~~~~ K (1)

U CONT~~ L
(L

~~
S) s + 1) (

~~_~_ + 1)
5 20

In addition , a t ime delay of 95 milliseconds due to digital computatIon , visual
disp lay delay and an i n — l i n e  s ign a l  f i l t e r  ex i s t e d  in the  v isual  pathway .
In the command condition , the task was to follow a t a rge t  a i r c r a f t  in
the roll axis. The d i f f e r ence  between the targe t roll ~ug le and the
controlled vehicle position was provided to th e human operator on a 9
inch diagonal television moni to r .  The i n s i d e — o u t  display consisted
of a 1.25 inch long ro ta t ing  line whose cen te r  was superimposed upon a
stationary horizontal ll.ne as indIcated in Figure 2. A 0.083 inch perpendicular
line at the center of the rotating line provided uprigh t orientatIon .
The ang le between the ro ta t ing  and s ta t ionary  line depicted the d i f f e rence
between the controlled plan t toll angle and the target  roll angle. The
display was centered in azimuth a distance of 20.5  inches f rom the control ler ’s
eyes . Sub j ects ’ s i t t ing he igh t s  were such tha t  the display was within  10
degrees of eye level of each sub jec t .  ~or the dis t ur ban ce condi t ions , since

~‘rARcET = 0 , th e displayed err o r equa lled the bank ang le, of the controlled H
vehicle and the task was to null out the hank angle by keep i n g the con t rolled
vehicle upright . -

EXPERI~~ NTAL DES IGN

With the vehicle to be controlled ident i f ied  and the four t rack ing
conditions chosen , the  nex t s tep  was to select task pa rame te r s  f o r  r i t e
experiment.  The fo l lowing cons t ra in ts  and design goals m ot iva ted  the
sel ection of pa rameter values :

1. To achieve face va l id i ty ,  we desi red to simula te  roll axis -

dynamics represen tat ive of high performance a i r c r a f t  in air
combat. The dynamics of equat ion (1) were chosen on th is  basis .

2. In order to assure that. roll mo t ion w o u l d  he well a ir ve the
subje ct ’s threshold of percept ion , nnd to allow celdp arison with
a recent stud y (8) , an RNS b ank ang le of 10 degrees was desired .

3. Physical l imi t a t ions  on the roll r at e  and roll accelerat ion of
the rot :at ing s inu la to r  had to be con side red.  S~ cci f i ca l l y ,  our
goa l was to ach ieve ex p e r in -n t a l  ~~~ roll  ra tes  and accelera tions
t hat  were no grea ter  t h an  1/3 the cor res pondinr  l i m i t s  so that these
limits would he reached less than Y/. of the t ime .

- -.- .
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4. A wide bandwidth of pilot response was desired to maximize
our ability to analyze the effects of motion cues on pilot
response behavior ; at the same t ime , we wanted to nvol.d a
tracking task that  was unreasonabl y di f f i c u l t .

5. In order to test our model for motion cue utilization , we
desired tasks in which motion would have a significant effect
on pilot response behavior.

Experimental parameters that we could adjust to meet these goal- s consisted
of (1) RMS amplitude and spectral shape of the tracking input , (2) control
gain , and (3) performance criterion.

The inpu t amplitude was adjusted to induce vehicle response of the
desired magnitude , and the control gain was adjusted to allow such response
to be achieved with comfortable control forces . A second order noise
process was considered for  the t racking  input  and the critical frequency of
the input spectrum was chosen to achieve the desired balance between
measuremen t bandwidth and tracking difficulty.

To keep RMS response r a te  and accelerat ion well below the ph ys ica l
limitations of the rotating simulator , as well as to encourage the test
subjects (who were not trained pilots) to respond in a smooth manner , a
performance  c r i ter ion  was def ined as the  w e i g h t e d  sum of mean—squa red  t racking
error and mean—squared vehicle accelerat ion.  That  is ,

+ w o 2 .. (2)

~ERR0R ~PLANT

where C is the total “cost”, ~
2 ti’e variance of th e tracking error ,

~ERR0R
and the variance of the acceleration of the vehicle or simulated

~PLAN T
veh icle , in the absence of motion cues.

The issnedi a te effect of introducing a pena l ty  fo r  vehicle acce le ra t ion
was t o limi t the gain of the sub j ec t ’s response ; the larger  the w e igh t i ng
W, the lower the  p ilo t gain. Pi lo t  gain . d i r e c tl y i n flu e n ced  overa l l  nan /mach ine
system bandwid th , which in tu rn  In f luenced  roll rate  and roll accelerat ions
achieved during tracking.

Task parameters were selected 1.n the fol lowing way . Art initial set of
paramete rs was chc~ en based ot, knowledge gained f ro m previous  experimental
st u di es , and p redict  tons of p i lo t—veh ic l e  per fornance were ob ta ined  w i t h  ihc’
pilot—vehicle model. Task parame ters were readjusted In an ~tt t er . ip t  to b e t t e r
meet the experimental constraints , and t he  sys tem was r eana lyzed .  We i t e r a t e d
on this procedure until satisfied with the expected outcome of the experiment.

7
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The optimal control pilot—vehicle model wed In this procedure
has been described in the literature (9—12) and ie reviewed b r i e f l y  in
a companion paper (13) . Independent p i l o t — t e l  -ited model parameters  were
held f ixed  th rough ou t  th is procedure at values ol t a ln o d  f r om  previous
analysis. Speci f ica l ly, t ime delay wa~; set at 0.17 second , the  “mo to r
time constant ” (a f i r s t — o r d e r  lag associated wi ib p i lo t  respon se)  was
0.1 seconds , and the  “noise/s ignal  r e t lo ” ( t o  account  for  p i l o t  response
randomness) was set at —20 dB. Visual—only tracking was represen ted b y
considering only tracking error and tracking error rate in the set of
informational quantities available to the p i lo t .  P~ol1 angle , roll rate ,
and roll acceleration of the gimulat e( 1 vehicle ~-‘e ru added to th i s
informat ional  set to account for  the presence of i~ot I o n  cues .

As a result of this iterative design process , the following task
parameters were selected. The force stick gain was adjusted to produce
10 degrees/second vehicle roll rate for one pound of force m -2asured at
thumb height on the control grip and the cost weighting W (o~uation 2)
was set to 0.1. In addition , both the target and disturbance inputs
were constructed from 13 sinusoids whose amplitudes were selected to
simulate random noise processes hav ing power spectral densities of the form

~j j (~i) K ,J2
(j u + w

j
)~~~

where n1 was 1.0 rad/sec for the target input and 2.0 rad/sec for
the disturbance input . Input amplitude was adjusted to provide an R’-IS
target input of 10 degrees and an R’-IS disturbance input of 14 deg/sec.
In order to prevent subjects from learning the inpu t  w avefo rms during
the experiment , a random number  genera tor  was used to vary the phase
relationships of the input sinusoids from one exper imenta l  t r i a l  to
the next .

EXPERI!1ENTAL PR0C1~DURE

Six healthy college students between 18 and 25 years of age were • =
used for  the  e x p e r i m e n t .  Sub jec t s  t:racked each condit ion each day .
Tracking under each condition was considered one run .  Each run lasted • 

-
•

165 seconds and the four  - on d i  tions or runs ~7ere .  presented in a random
orde r each day . At t h e  end of each run , s u b j e c t s  were p resen ted  the i r
t~~ree performance scores fo r  that run : ~c;ta1 cost C , error variance

and weighted accelerat ion 0.1 o~ . They were instructed
EP.ROR PLANT

to minimize the total cost C. In add i t ion , they were told tha t  it was the
sum of the other two , that the er ror  sco re was r el ated to  h much er ro r
they allowed and that thc  acce l e ra tIon  score was re la ted  to bo~ smoot h ly the  - 

-

trackcd . They were not  to ld p redi cted scores , nor were  they told how to
divide their  total .  score between e r ro r  and acce le ra t ion . To nainta in
subject motivation , subjects were also made aware of each other ’s
per formance  sco res . Each sub jec t  wore  a f l ig h t  helr~~t with intercom
capabi l i ty  w h i l e  p e r f o r m i n g  the  t r a c k i n g  t a sk .  The subject was permitted
to p e r f o r m  t h e  ta sk  b r i e f l y  ~r ior  to each sco red run in o rde r  to a d j u s t
men t o l ly  and p h y s f e~~ily to the t r a c k i n g  t a sk .

8
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Perform an ce scores were p lot ted da i ly  111 order to evaluate subject
and group p erfor inanc. - . On ce t h e  error  scores indicated t h a t  the
subjects  had “learned” the t racking tasks for  all exper ts eiital condit ions ,
t racking was cont inued  for ano t:her e igh t days and t ime h i st o ry  da ta  was
collected f o r  subsequent  anal ys is. From these last ei ght  Jays of runs ,
pe rformance scores were computed fo r  each subjec t  fo r  each condi t ion ,
making a to ta l  of 48 measurements per c o n d i t i o n .  For pur i -~ ses of cc-~ p ar in g
the exper imenta l  resul ts  to pred ic ted  values for  each condi t ion , t b -
results of the six subjec ts  we re averaged toge the r .

RE SULTS AND DISCUSSION

Once subject training had been accomplished , da ta was col lected
for eight days for  all sub jec t s .  T ra in ing  was considered completed when
subjec t  performance , as measured by total  cost C for  all condi t ions , had
reached asymptotic level s.

From the collected data , var ious  system paramete r  va lues  were
computed and average d to~~cther  across days and s u b j e c t s .  The exper imental
resul ts along ~-iith the  pred ic ted  model  values are given in Table II for
the comman d condition and Table I I I  f o r  the  d i s tu rbance  condi t ion . The
experimental values include the mean and standard deviation resultiug from
averaging together  the six subjects ’ resul t s . From Tabhs II and l i t
we can see t h at the model pred ic t ions  are qui te accura te , 28 of the  36
predictions are w i t h i n  one s t andard  devi a t ion of the  means of the experir= :ental
values and the  remainder are within two s t an d a r d  devia t ions  of the  me an .

To better compare predicted and experimental results across cond i t ions ,
these values are also presented graphically for total cost (PE gF0RN A~ c~-: scoRi~)
and pilot inpu t ( RNS CONTROL FORCE) in Figure 3, for plant position
(ENS ~ I’LANT) and system error (RMS ~ ERROR) in Figure 4, and plant ve locity(RMS ~ PLANT) and acceleration (1i~IS ‘~ PLANT) In Fi gure 5. Experiaental
conditions are indicated on the abscissa of each gtaph ; C/ ~ indi cates the
command with motion condition , C/S command—stat-ic , D/M disturbance—notion ~nd
fl/S the  d i s t u r b a n c e — s tat i c  cond i t i on .  From F igure  3 we see that wi th  the
model we were able to predict total performai-ice score and the contro l force
the pilot used for  the  four  conditions . The same trends can he observed in
Figures 4 and 5 for  the vehicle motions and the e r ror  the  p i l o t  a l lowed.

The expe r imen ta l  r e sult s  also i n d ic ht e  t h a t  our design goals w e r e
achieved. One of the  requi rements  was tha t  the con t ro l  tasks not be
unreasonably diffi cult. The control farces used by the s ub j e c t s  (F igure  3)
indicate that the tasks were not excessivcl.y difficult to contro l aad
that- the forces we re within the design region of 0.5 to 1.5 pounds . To
insure that t h e roil motion would be well above pilo t thresholds , we desired

~n EMS baak angle of approximate ly  10 degrees . From Figure  4 we see that
this requireTuent was a l s o  ne t .  For the disturbance motion case , the
subjec ts  were abl e to  r educe the h ank angle i ror below what  the model
predic ted .  Also for 1L ~e static—disturbance case , the mo ’cl pr ed ic t ions were
less than the expe rink-u ta l  resul ts. 1w; m e n t i on e d  ea rl  .t c- r , t here  existed
a 95 ins time delay  In the visual loop that was not present in the motion cue
loop. Itodel predict ions did not include the plesence of the visual time
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TABI.~ LI

PREDICTED VERSUS -EX PER1t1E ~ TA L REsuI,T~; FOR i-iw

COMMA N Li CON1) 1TI ON

VAR IABLE UNITS 
- 

STATIC MOTIO N

PR EDICT ED E X P E R I M F NTA L PR E DICTED E XPE R f l IEN T AI

_____________ —_______ ____________ 
MEAN 

______ ___________ 
MEAN 

_______

Total Cost — —
~~~~~~~~ — —— 67.0 12.8 8.9 53.1 66.1 7.5

Cout on ———— —  52.4 50.7 11.9 45.5 48.2 11.1

Coat on 14.6 22.2 9.7 7.57 17.90 8.64

a pounds 0.730 0.754 0.120 0.516 0.669 0.156
U

a deg 10.1 9.2 0.9 6.37 7.63 1.25

deg/sec 6.86 7.10 Lii. 4.84 6.74 1.69
V p

degf sec 2 12.1 14.6 3.1  8.?0 12 .9 3.51

a dog 7.24 7 .06  0 .74  6 . 7 5  - 6.90 0 .78

deg/ sec 11.7 11.9 0.7 10.7 11.8 0.79
B
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TABLE 111

PREDICTED VERSUS EXI ERIIIENIAL RESULTS FOR TUE

DISTURBANCE INPUI CONDITION

VARIABLE UNITS STATIC NOTION

- PREDICTED EX P ER I~O~NTAL PREDICTED EXrERl~-: r -~- rtL
• _

_ _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _ _  
AN 10 

-, 
1;

Total Cost  178 197 29 91.6 7-3.6 15.5

Cos t 
~~~~  

86.2 81.6 33.4 37.2 20.5 15.4

Cost on~~  91.5 115 36.7 54.4 58.1 9.2

a pounds 1.56 1.55 0.14 1.49 1.49 .08
ii

a deg 9.29 8.83 1.80 6.1 4.2 1.5

dog/sec 12.1 11.9 1.3 7.76 6.81 1.41

a.. deg/sec 2 30.3 -33.6 5.0 23.3 24.0 1.9
$1)

11 

— --- .- -.-~~~~~~~
--~~~~ ~~~~~~~- ~~~~~~~~~ 

- j - - -
~~~~



z
1.4

I

0 ft
(s91) 

~~~~~OE~~Od 1O~dINO3 s~i~

-

~~~~~~~ hz
O O Wo o.

~~~~~~~~~~~~~~~~~~~~

zo

0..
><w

(

0 0 0 0
0 0 L()

9 OOS JONVV~~Od~d~d

_ 
~~~~ . ~~~~~~~~~

- -- 

-

~~~~~



- —
~~~~ ~

-
~~~~~~

-—— .‘-— - —- -

~~~

---

~~~~~~~~~

- 
~~~

-
~

- -
~~~ ~~~

w_

0 .

~~~~~~

+1 - 2 S
i::

-J 0 ~0
I— 0.

______ 
~~~~~~~~~ 

I
~~~~~~~ ~~ I

(09a) ~dO~~~J c1~ SV~
j

Qj 1.1

El’ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~

0 0

E1~~~ •
0 Q~~~~~

w
I-— —.- —“~-r’--— — -k ~~~~~ ~

2
(03a) INV 1d ~

13

~

— —- -

~ —



~ .—-
~~

- - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ I

w W

I
&02s/02a) INV1d ~1? SV’J~J

_ _  

H

~~~~~ C) 8~~
—‘

...:D0 0
~~~1 (i, o ~~‘

- - I

~~o 
~
Iw

___________ 
-*

(o~si~~a) INV1d ~ SV*J
14

_
_ _  ~~~~~~~-~~~~~~~~~~~~~~ --~~~~ ~~ - - - ~~ ~~-~~~~~~~~~~~~~ -~~~~~~~~ -~~~~~~~~~-



delay . These circumstances may account for the  d i f f e r e n c e s  be tween  the
model predictions and experimental results. The physical limitations of the
simulator , namely a velocity limit of 60 dep/sec and an acceleration limit of
100 deg/sec 2 , had to be considered dur ing  mot ion  t r ack ing . Our design goals
were to achieve exper imenta l  RNS roll rates and accelerations that were no
greater  than 1/3 the corresponding liml t:s. The expe r imen ta l  r e su l t s
(Figure 5) indicate that these goals were satisfied.

As siated earlier , the motion sensitive aspects of the model were
developed fo r  experimental  c o n d i tio n s  di f f e r en t  from those Inves t i ga t ed
in this study and a different simulator wi th narrower bandwidth
vehicle dynamIcs (8). These facts further emphasize the usefulness
of the predic t ive  capahi l i t ies  of the model .  The next step In the study
was to determine what model par amete r a d j u s t m e n ts were needed t o  improve
the match to the data. This is the subject of a companion paper -in these
Proceedings . By readjusting the model parameters , we hope to gain additional
insight into how the pilot utilizes motion information .

CONCLU S ION S

The major objectives of our experimental program have been (1) to
investigate the usefulness of the model as an exp eri~ient:a1 desi gn tool ,
(2) to demonstrate the ability of the model to predict the  Influence of
motion cues on pilot—vehicle performance for different tracking tasks and
(3) to provide a data base from which we could improve our unders tand ing
of how the pilot utilizes and is effected by m otion cues. tn conclusion ,
we feel the results of this experiment demonstrate the  usefulness  of the
predictive optimal control pilot—vehicle model. With the model , we were
able to predict pilot—vehicle response for the various motion cue conditions.
In addition , by making use of the  model , t h e  experimental design process
was not on ly simplified , we were assured t h a t  useful data could he collected.
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