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MI Ti lOt) FOR COMPENSATING TRANSPORT LAGS IN COMPUTER
INIA(;F GI NERATION VISUAL DISPLAYS FOR FLIGHT SIMULATION

I. INTRODUCTION

One iii time Immajor problem im areas in flight simulation today is integration of visual, motion , and
Llerlld yl la lmi ic siib~ s t C m l l s . \ partic ular subproblem is the compensation of the visual subsystem to
.111 I’L’Spill md to tIme ,iel d\ ia mm ii , (IISII a IIV cal led “flight ’’) system. Tlmis compensation is normmia iiv both
software am id hardw a re contr o lled. In (‘ol mmp mi ter Imm iage Gem meration (CIG) systems, a fixed transport lag on
tIme mmi d er i 50 to  100 mi ill iseeo imd ,s iecds t t i  he com impe nsated. After comimpensation is achieved, the resulting
out put is sImm(m (It Ii ed t i m rem mmove flut t e m ci lec ts. Tlmis pape r introducer a general method for this
com Ii pcnsat R In.

II. PR(fl t l. I \t I OR%t L I.ATt O~

I. Ba’~ic &s%uInp t i i ) i l ~

.1. ‘[‘he i i mm ar ~ i t e r ; i t i i I m  immt e r sal t i  hitili time light amid visual svs t ei mms is Ii (a typical value m r  Ii is
I 3() s ecomm d) . I li i~ i~ 11th I j I Im j ! a t ! t t I I  to t h e  iiiet imod . but certain nmodit lcations mus t he made if

im mtcrp o la ie d IllIlpIlt to the SISIIaI  pioeess mr is used.

Ii . .\im er each ligh t  outpu t .  p t ts i t ion .  s e I t t c m t ~ . and iccele rat i tml m data are cu r rem mt b r  all orientation
a id  p05111011 s i t  iahle~.

c. ‘[lie tligll; i t im tp l i l  is L’ I ISIdeI II .iL ’cmI ra t c  m i l It is . sse Ii~’at t h e  s i m im ulatiomi mn a t hem mma tica l model as
t iIIhIICll i t 55 .1,’ t c i I c s e m m t a t i s  III hi s ’ I iiiil I i r c m I I t .

ii. l’hie st ’q IIe mIce t i i’o t i i m e  LISL ’ciL ’ m ’a t i l i lms ammi l  the pImsit Ioll. vcIt c i m ~ . and acceleration at any nhmm m nent

i mi ti; mme serves to  de ti lm e t h e emitm i e j )(t SItiI ti l Imm d S eh e I ? \  iIisthl r \ i l t rWar d.

2. Integration

I tom mm oui a~o ii imm m pt i i t mis . sse It, ive t ime  I tlh tssum i~ it mt egr a t i im n mmm o de l fur arbitrary variab le v (here

• 
denotes t h e  l Isi l al dii i e r en t i a t n tm m with e~pe5m t i m t i m I l s ’ ).

I5tmsi t i tm i ‘ ‘ I 2 ~

.

Ve loci t~ 2 ~~~. ~~ ~ + 1 ‘
~ t ’  2 2~ T

\ c s e l e r I 1 I II 2 ‘ i1 a , o

Tiimme (n’ llm (ii• i lii nh (n+I tim f mm+ ’p i m l tm +2+ r)lm
known Predicted

W hie m e (
~ r~ t for il lustrat loim purposes.
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Assumption (Id) implies that the knowledge of a 1, a,, , a together with v 1, ~~~~
, and ‘~t

’ 
dct einmi ne

“~~+i ’ ~n?i’~~’ ~~+2+1~ ~~~~~ 
v P 4, ,,, and yP

÷2,~ ,~ Consider , for example , the trapezoidal method of
in tegrat ion , w here:

I v
~, ~ 1 ~~~2

v n+ i  
= v

11~~Iv’11+1 +~11 1

This method is clearly of the typ e specified by paragraph I d.
Figure I highlights another important prope rty of CIG co immp cnsatio n, namely, that t h e  final variab le

to be predicted (in this case v P+2 +~) may not lie evenly on an integral mouttiple of hi. For our purposes, it is
necessary to consider the integration operator as a continuous one. Normally, we ill: ’ , retain the
acce leration derivative sequence values up to any desired length and time prediction point im i the future Ili:i\
require extrapolation forward any number of iteration intervals , h owever, nianv pre diction tee lm imiques also
induce flutter , the rapid oscillatory response of a visual syst clmm to h igh f rCc~iICncy pilot control inputs:
there fore , it is desirable to couple, in line, a low-pass Ill ter to remove high lr c c h iiemmc ~ ct ’fccts . Tlmis leads us
to the formal definition of the compensation probleimm.

3. CIG Transport Compensation Definition
For each variable , v , require d by the visual system for disp lay purposes ,
Given v , v , v , v , . . . v  , find coefficicnts c . c ,. c , such thatfl n n tm ’ I n~ 1 1,4 3

2
= C 1v + c ,v +  ~; c 3~ . v .

is a “ smoo th” appro ximation to

where k , and o<r�i are given.

Here the only open ended definition is t hat of “imooth.” Sonic researchers have defined a moore
training oriente d definition (Ricard, Norman, & Collyer , 1976). However , the genera l i iahih ity of our
technique is partia lly due to the capability of adjusting this smoothness parameter for each degree of• freedom of air craft motion .

Problem Solution

Sinc~ t he integratio n techn ique itself is completely deterministic , we can fin d constants , I t ’  l~ . i~ , i~
,

‘t k+4 suc h that

V +k +r = l1 v +12 5 +J 3~~+l4 a 1 +I 5 a 2 + , . ~~~~~~~~~ a

where the parameters a1, a2 ak , a are determined as linear combinations of the v~, v 
and the coeff icients II~ 

1~ etc. depend ing, in general, on h.
First ,

‘ a. v +s~ 41(S+I)V2v + ...3(s+1)(s+2)( ..
2’ 2’
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where s 1, 2 ,3, . . . k, k+r(ak+T = a) ;(Hijdebrand, 1956)

however, even though the above relation can be expressed conveniently in matri x operator form, a
modification so that the vector (v n, cy~ V~”n) is transferred into (vu, ~~~ “n.2 ‘/

~~
,
~~

) is
required. Using the notation of Hildebrand (1956) wherein

f .s \ = l,f ’s \ s,f .s \ s(s+1)etc ,
I I I I I I -~~\ 0/  \ l J  \ 2 1  2!

we can Write t he vector (a1, a2 . . . , ak, a) as the product of two matrices and the vector (v~,v
11 I~ “n-2 ’ 

a 1 I 1 1 . .. 1 0 0 0 . . .  v
a 1 1 2 3 . . . 1 —1 0 0 . . .
a3 1 3 6 . . .  1 —2 1 0 . . .

ak 1 k k(k+l)

:. ~ ~ T 

kft (k+ i )(k+ l+ r) ...  
_

* 

1 
~~~~~~~~ 

B 

~~~~~~~~
‘“  

*

( j -l i~~Genera l Term: ‘ —
~~. \ = T~ , B1~ = (—I) (j .I)

~ 0 1<0

‘C 
w here t~ i il.  2 k

= k+T

Imbeddingv ’ into 
~ 

by

V

I ~* ]

1 _ _  
_ 

_ _
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and a into a~ by

V n

V
-+

a~ = v

-~

a

l
~
I,

and

1 I 0
3X3 I 3X2

M1 =

0 i 0
(k+I)X3 I (k + l )X Q

Here we imbed the (k’t-l) X(Q+I) product T*B into the (k+4) X (2+3) product M2.

0 0

• 3X2 3X(2÷l)

M2 = ‘ ‘

0 0
; 1 (k+I)X2 (k + 1)x( 2+l ’i

Simp lify ing notation , we let
M= M

~ +M 2
implying tha tI

’

8
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V

~+ k+ T ~~~~~~t

where denotes transpose. That is. the sca lar estimmmate of V ] + k ~ 
is just t ime inner l)roduct of a fixed

vector C and tIme vec to r  V , I t l  held data. T he selection of C (cq uival e m mt to a houimded h i m mear functional over
the h u b e r t  space for w h ic h 

I t  
IS a s e c l t t r )  is prec isel~ determm m ined h~ t h e  to pokti~s induced oh the space

conta init mg V h~ t h e  I m m t e i r a t i o t m  mmm e th io d used. Time remaining structure on time space is defined hs t h e
low-pass filtering rei luireimme ll i . \ i tb mou g hi se seral iii sI I l l  der lilt em ’s arc avail ab le . ss e h ave chosen I3iitte~~’ort Im
filters. Th ese fi lters j~~5Ss’SS t h e  , I i l \ a h lh i ecs ti  S IIIOI )tl i  imiar mmi t u ik ’  and phase m s ’s p t mi se . lime iim t ereste d re ade m
should c t ,m ms u lt Oppenhietin , i i i d ShiaL ’rm I 10 7c and S ie r m is 1975 t ’ itr add iti o t m il intor limation regar din~digital filterine mmmc thiods.

} :or nota t ion a l  c imnSs ’ , I i eu i cs ’ . SSC .Isl o pt t h m c I 1 t ’ i . I T i ~ ’ I t  
~~11+k i~ de mm iw mded pl t s itmlt Tm prediction

at time nh for the (‘l( ~ , .umd ‘ .1’ TI le ~t l i t I I u I l m  I t i l m e i e d  r~~I L m l t n .  ‘Time t SSt t  are m e lat e d h~

p*
41 = fp* + ( l 1) 

•

where 0<f< I is time Rut Ic ISS m tI m f i lter ~i Im lsiami t

Substituting p11 = C 
~~~~~ 

p = C \ ‘ ,~

p*
41 = f p* + (

~
)
~ 

(~ ~~~ +~~)

with initial condition given by p~ = 1,, =
Due to the simplicity of time above form, it immay ea~ I~ he executed eit h er by softwar e or hardware.

Remarks and Recommendations

Wit im appropriate mnodiflcations , t his technique can be ex t ei md e d to  com imh , inatio tm s o f transport arid
phase lag. is are common in m xlel-probc visual svs t em m m s.  l)ue to its ge ne ra l ie:ih i lmms . tif~Iimme evaluations of
ca rmd idate soIuthIIns to the overall integration problem , taking into account d i f te r i t m g i t e ra t ion  r a t e s .
serv i.~character ist ics . and simulation requirements is possible. Researc h conducted at the Naval Training atmd
I’c iuipmcrm t (‘en Icr (N TI C) has demonstrated time positive value of such a technique (Ricard et al. . 1976) . We
recommen d time use of this analytical tool in time off’line analysis of full mission fligh t simulators for
mmaxim ii.ing cue corre lation .

9
_ _ _  ~~ . 
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