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ABSTRACT

Evaluation of tank fire contro l systems is the subject

of much emphasis at the present time. Test data collected

during a fire contro l test conducted by the Un i ted States

Army Material Systems A n a l y s i s  Activity is examined using

several different a n a l y s i s  procedures. The objective of the

an a l y s i s  is to determine the optima l time to employ in the

tracking rate fi l t e r  of a tank fire contro l lead prediction

algorithm. An a d d i t i o n a l  objective is to quantify i n d i v i d u a l

• components of target error and to investigate the character

of these errors ~s a funct ion of varying tracking rate

f i l t e r  times .
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I. INTRODUCTION

Currently much emp hasis is being placed on the develop-

ment of advanced tank fire  control systems . Tanks incorpo-

rating these advanced systems are expected to constitute a

s i g n i f i c a n t  pa rt of the A l l  led force opposing the for m i d a b l e

Soviet threa t present in Eastern Europe.

Thi s  thesis ;Tresents an an .. i l y s i s  o f data collected dur —

ing a tank tire cont ro l t~e~~~t condu cte.i by the United States

Army Material Sy stems A n a l ~~s H~ A ctL I t y (AM SAA ) in September

1 977 . The sp e c i f i c  .2r . .1 o ~~~~~~ inv o l v e s  the inv estiga-

tion of the opt i m a l r i m e  ,o 
~~~~~~ in the tracking rate fi I—

ter used in a tank f i r e  L L ) n t r C l  le a d ~red i cit o n a l gorithm.

The a n a l y s i s  also had t e o L ~je ct iv e of i d e n t i f y i n g  i n d i v i d ua l

components of tank gunner y error . A n investigation was made

of the r e l a t i o n s h i p  be tween these errors and the va l u e  H

a s s i gned to the tracking rate f i l t e r  u t i l i z e d in the fire

con t ro l  sys te m .

Sect ion II  of this thesis motivates the need to pursue

the development of advanced tank fire contro l systems and

provides a historical development of improvements w h i c h  have

been made in f ire contro l teChno logy. An overview of recent

experimentation which has been conducted to investi gate the

• dynamics associated w i t h  engaging moving targets is i n c l u d e d .

The test purpose and test scenario is described in s u f f i —
P

c ien ~t deta i l  in Section I l l  to provide the re ader w i t h  an

7
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u n d e r s t a n d i n g  ot how and why the test was a c c o m p l i s h e d .  A

knowled g e of the rest scenario a l l o w s  the reader to ev a l u a t e

t he a n a l~~ses , and the a n a l y s e s  results , In l i g h t  of the re-

st r i c t i o n s  i m p o s e d  by t he  scenario.

The test data obt ai n ea from .AMSAA was th e raw instrumen-

tation data as it was recorded d u r l n ~ the conduct of the

test. Before any a n a l y s i s  c o u l d  be performed on the data it

had to be expressed In standard u n i t s  of measure. A descrip-

ti o n  of the data reduction pr oce s- i- ; i n c l u d e d  in sec t ion I\ .

I n i t i a l l y  t our ana l~~s i s  pr o cedures wer e used to in ~~e s t i —

q ate the test data. p roced ures I a r id  d e a l t  w i t h  a n a l y s e s

whoje o b j ec t i~~es were ~o e s t a b l i s h  a r e l a t i o n s h i p  b etwe en

me a n  a z i mu t h t rac ~ I n~ e r ro r a n  ~ v a i n~i track I n q en i n t er—

v a i s .  These in ter~~a I- ; w~’r e  c a l  l e d  “ d e l t a  t i m e ” . P ro c e d u r e s

3 and 4 i n v e s t i ~~a~~ed -ie r e l a t i o n s h i p  b e t w e e n  the  me an  az i -

muth t r a c k i n g  ~~~~ error ari d d~~I ta  t i me .

T~ie f i n a l  ~~~~~ ~~t t h e  t h e s i s  a n a l y s i s  used two models

ro d e s c r i b e  t o t a l l ar d e t  a z i m u t h  error as a f u n c t i o n  ot d e l t a

time . T hrou.i h he u~’e ~~t t h e s e  m o d e l s  an o p t i m a l  d e l t a  t i m e

t o r  t h e  t r a c k i n - q  r a t e  t i l t e r  w a s  i d e n t i f i e d .  A d d i t i o n a l l y ,

v a l u a b l e  i n s i g h t s  w e r e  ga i n ed  r e l a t i v e  to the  c h a r , c t e r i s t i c s

of  i n d i v i d u a l  c o m p o n e n t s  of total target az imuth error.

P

~ 

~~~~~~~~~~~~~~ ~~~~~~ 
- .

~~~ 
______



——~~~~~ p~~~~-~~~~~~ ~~~~.. “~- ... - -~~— -.. ~~~~~~~-—~
•- ,— .—

~ 
..
~~~ 

. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ 

. 
-

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

I I  . BACKGROUND

A . H I S T O R I C A L  DEVELOPMENT

The even t s of  the 1967 A r a b — I s r a e l i  War once a gain served

to rem ind  the n a t i o n s  of the worl d  who m a i n t a i n  standin g ar-

m ies  t h a t  m o b i l e  a rmored  w a r f a r e  can  be , and o f t e n  is  the

e l e m e n t  w i t h i n  the c o m b i n e d  arms team w h i c h  can  most e f f e c -

t i v e l y  b r i n g  about  s u c c e s s  on the b a t t l e f i e l d.  Not s i n c e  the

ear ly  c a m p a i g n s  of W o r l d  W a r  I I  in w h i c h  the German p a n z e r

d i v i s i o n s  i n t r o d u c e d  B l i t z k r i e g,  or l i g h t n i n g  w a r , h a d  t h e

e f f e c t i v e n e s s  of  tank  w a r f a r e  been  as d e v a s t a t i n g l y  empha-

s i z e d .

A l t h o u g h  the bas ic  t a c t i c s  of a rmored  w a r f a r e  as a d v a n c e d

by L i d d e l  I Hart , He inz  G u d e r i a n , and Erw in  Rommel  have

c h a n g e d  l i t t le s i n c e  i n c e p t i o n , t h e  s a m e  i s n o t  t r u e  of  t h e

f i g h t i n g  mach i n e s  e m p l o y e d  i n  the a rmored  c o n f l i c t .  The mod—

em  b a t t l e t a n k  b e a r s  l i t t l e  r e s e m b l a n c e  to i t s  f o r e r u n n e r s

of  Wor ld  W a r  I I.  D r a m a t i c  t e c h n o l o g i c a l  a d v a n c e s  have  been

made in a re a s  such  as  m e t a l l u r g y  w h i c h  has vastly enhanced

the e f f e c t i v e n e s s of armor  p l a t i n g.  D e v e l o p m e n t  of more re-

l i a b l e  and  d u r a b l e  v e h i c l e  power  p l a n t s  and s u s p e n s i o n  sys-

tem s g i v e  the modern tank  m o b i l i t y  and d u r a b i l i t y  c h a r a c t e r —

i s t i c s  w h i c h  w o u l d  have been d i f f i c u l t  to e n v i s i o n  t h r e e  de—

c a d e s  ago.  S i m i l a r  i m p r o v e m e n t s  have  o c c u r r e d  in the a r e a s

of  f i r e  p o w e r  and f i r e  c o n t r o l.  C l e a r l y  a l l  o r  t h e s e  a d v a n c e —
P

ments serve to leave the modern tank w i t h  I i t t l e  in common

9
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w i t h  its forerunner - s except perhaps t om the manner In w h i c h

one goe s a b o u t  e v a l u a t i n g  ta nk  e f f e c t i v e n e s s .  I f  has been

sa id  t ha t  o f  a l l  b a t t l e f i e l d  t a r . ie t s  w h i c h  the tank is cx—

p ec t e d  to engage , the most  d i f f i c u l t  c o n s i s t s  of  h o s t i l e

t a n k s .  As  a c o n s e q u e n c e , the ab i l i t y  to “ k i l  I” enemy t a n k s

has become the cr i t e r i o n  of the ~ac t l c a l  e f f e c t i v eness  of

tan ks. The adoption of t h i s  c r i t e r i o n  i m p l i e s  that tanks

w h i c h  a r e  e f f e c t i v e  a g a i n s t  enem y t a n k s  are at least as ef—

f e c t i v e  a g a i n s t  t a r g e t s  o the r  than tanks . W h i l e  t h i s  ma y

not be u n i v e r s a l l y  t r ue , in gene ra l t he  a b i l i t y to d e s t r oy

other tanks is a satisfactory b a s e l i n e  measure of tank ef r ec—

tiveness [I].

U n l i ke tan ks of th e p a s t , tanks on the modern b a t t l e f i e l a

must be a b l e  to successful lv engage and kH l  movin g  enemy

tanks in order to ensure their own s u r v i v a l .  A l t h o u~.ih the

a b i l i t y  to s u c c e s s f u l l y  n e u t r a l i z e  moving enemy targets has

a l w a y s  been a hi gh l y  d e s i r a b l e  c a p a b i l i t y to p o s s e s s , its

u t t e r  n e c e s s i ty i s  of  r e l a t i v e l y  r ecen t  v i n t a q e .  T e c h n o l o g i-

c a l  breakthroughs in the area of turret sta~~i l i : a t i o n  now per-

m it the modern  t ank  to f i r e  i t s  m a i n  ~1un ~ t t h e  sa me t i m e

t ha t  i t  c l o s e s  w i t h  i t s  t a r g e t . In o r d e r  to  s u r y i v e , t h e

t ank  be i ng  engaged mus t  be a b l e  to  n e u t r a l  i :e i t s  m o v i n g

ad v e r s a r y .

The key to the d e l i v e r y  of e f r e c t i~~e n e u t r a l i z i n g  t i r e

a g ainst a movin g tar get is a t i r e  contro l s~~stem w h i c h  e t f e c —

t i~~el y assists rh o tank crew in the employment of the

v e h i c l e ’s armament , It w o u l d  he d i t t i c u l t  to locate an C\— P

per i enced tank gunner who w o u l d  not concede that one of the

10
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more d i f f i c u l t  a s p e c t s  of  tank  gunnery  i s  the p r e c i s e  es t i -

mat ion o f  r ange  to the t a r g e t .  To a s s i st the gunner  in  range

• d e t e r m i n a t ion , tht. U n i t e d  S t a t e s  Army  began i n s t a l l i n g  opt i -

cal range f i nders on its tan ks soon a ft er t h e close of Worl d

Wa r I [I]. F o l l o wi ng t h e in s t a l l a t i o n of t h ese d e v i c e s  n o

dramatic new advances were made in t L j  area of range determi-

nat ion u n t i l  the recent advent of the laser range finder.

Th e laser range finde r ’s a b i l i t y  to very acc u rately d eterm i ne

ra n ge to ta rget w i t h  l i t t l e  or no d eg rad a t i on b y a m b i ent l i ght

or w ea the r  c o n d i t i o n s m a kes i t an id ea l  component  of any

state—of—t he—art f i r e  contro l system . Ra n ge i n for ma tion i s

p r od u c e d  by the l a s e r  range  f i n d e r  in  the fo rm  of e l e c t r i c a l

i m p u l s e s .  T h e s e  i m p u l s e s  become m e a n i n g f u l  to the tan k gun-

ne r only after th ey ha ve been properly interp ret ed b y a nother

element of th e f i re contro l system , the electro ni c b a l l i s t i cs

computer . Al t h o ugh the electronic b a l l i s t i c s  computer serves

the same bas ic f u n c t i o n  as  the m e c h a n i c a l  compute r  w h i c h  it

r e p l a c e d , i t s  r o l e  in the f i r e  c o n t r o l  sys tem has been g r e a t —

ly  e x p a n d e d  b e c a u s e  of the o rde r  of magn i t u d e  i n c r e a s e  in

computing c a p a b i l i t y  w h i c h it possesses over its predecessor .

With i nput d a t a  f r o m  a n c i l l a r y  f i r e  contro l system components ,

the electronic b a l l i s t i c s  computer can compute target range ,

v e h ic l e  c a n t, cro s s w i nd , a i r  t em p e r a t u r e, p o w d e r  t e m p e r a t u r e ,

a ir p r e s s u r e , and tube  w e a r  p a r a m e t e r s .  Those  p a r a m e t e r s  a re

i n t u r n  u s e d  b y  t h e  computer to determine corrections in m a i n

gun a z i m u t h  and e l e v a t i o n  to c o m p e n s a t e  f o r  the e f f e c t s  of

g rav i t y ,  d r i f t , para l l a x , gun j ump ,  tub e d roop ,  and  c r o s s w ind

on the t r a j e c t o r y  of the p r o j e c t i l e .  I n c l u d e d  in the a z i m u t h

11
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corrections is the lead requi red to hit a target which is

mov i ng [2].

B. R E C E N T  E X P E R I M E N T A T I O N

W i t h i n  the past severa l years there has been a hig h  pri-

ority among me mbers of the armor community and material devel-

opers to deter m ine the relationship, if any, between combat

ve h i c l e  s u r v i v a l  on the b a t t l e f i e l d  and v e h i c u l a r  m o b i l i t y

an a ag i l i t y .  Mob i l i t y  as used w i t h i n  the present  contex t  me—

f e r s  to the a b i l i t y  of a v e h i c l e  to reduce i t s  e x p o s u r e  t i m e

to a h o s t i l e  f o r c e  by m o v i n g  at a h i g h  s p e e d .  A g i l i t y  i s  de—

f ined as the a b i l i t y  of a v e h i c l e  to p e r f o r m  e v a s i v e  maneuve rs .

It s h o u l d  be c l e a r  that  any i n c r e a s e d  s u r v iv a b i l i t y  w h ic h  a

comba t v e h i c l e  g a i n s  because  of i t s  i n h e r e n t  m o b i l i t y  or

~ g i l i t y  r e s u l t s  f r o m  t h e f a c t  t h a t  t h e s e c ha r a c t e ri st i cs h av e

l e s s e n e d  the e f f e c t i v e n e s s  of the f i r e  b e i n g  d e l i v e r e d  by the

host i l e  combat  v e h i c l e .  A l t e r n a t i v e l y  e x p r e s s e d , the d i f f i -

c u l t y  e n c o u n t e r e d  b y t h e h o s t i l e v e h ic l e i n h i t t i n g  i t s  i n —

t e n d e d t a rg e t m a y  be i n c r e a s e d  b e c a u s e  the effec tiveness of

i t s  f i r e  c o n t r o l  sys tem has in  par t  been n e u t r a l i z e d.  H a v i n g

thus  hypo t h e s i z e d  the f o r e g o i n g  i m p l i c i t , a l b e i t  s u b t l e  re la -

t io n s h i p  be tween  d e g r a d a t i o n  of  f i r e  cont ro l s y s t e m  e f f e c t i v e -

ness  and s u r v i v a b i l i t y ,  it seems d e s i r a b l e  to a t tempt  to g a i n

d e f i n i t i v e  information regarding their correlation.

Experiments conducted in the Federa l Repu b l i c  of Germany

and anal ysis of data col lected at the United States Ar mor Cen—

ter have indicated that h i g h  mo b i l i t y / a g i l i t y  may increase

combat vehicle survival on the b a t t l e f i e l d .  Spec i f i c a l l y  the

12



Germ a n e x p e r i m e n t  i n d i c a t e d  t ha t  t he re  w a s  a h i g h  s u r v i v a b i -

l i t y p a y o f f  when  veh i c u l a r  l a t e r a l  a c c e l e r a t i o n s  of  app rox i -

mately 0.7c~ were attained. Two f i e l d  tests recentl y con-

ducte d in the United States gathered gunner tracking p orform—

ance and hi t  p r o b a b i l i t y  data against mane uvering targets.

These tests were the S—Tank Ag i I i t y / S u r v i v a b i  I ity (STAGS)

Test an d the Anti — T a n k  M i s s i l e  Test (ATMI). Because of test

con d i t i o n s  and other c o n s t r a i n i n g  factors , neither of these

tests generate d v e h i c u l a r  lateral accelerations above O.4g;

t h e r e f o r e, the da ta  f r om these  t e s t s c o u l d  not be used  to

s u b s t a n t i a te  e a r l i e r  f i n d i n g s  c o n c e r n i n g  v e h i c l e  s u r v i v a b i l i -

t y  re l a t i v e  to l a t e r a l  accelerations in the O.7g range [3].

The most  recent  e f f o r t  to g a t h e r  f i e l d  t es t  da ta  regard-

ing h i g h  m o b i l i t y / a g i l i t y  v e h i c u l a r  characteristics and their

• co rresponding correlation to s u r v i v a b i l i t y has been under—

t a k e n  as a p a r t i a l o b j e c t i v e  of the A rmored  Combat  V e h i c l e

T e c h n o l og y  (ACVT ) program . In order to accompl ish t h i s  objec-

t i ve , th e United States Army Combat Developments Experimenta—

t ion Com mand (CDEC) was given a d i r e c t i v e  to conduct a Hi g h

M o b i l i t y /Ag i l i t y  f i e l d  exp eriment b e g i n n i n g  in November 1977 .

The exper iment was named the High M o b i l  i ty/ A g i 1 ity , Phase I IA ,

Extended (HIMAG I IA EXTENDED ) and was conducted at the CDEC

f i e l d test site at Fort Hunter Ligget t , CA. The HIMA G I IA

test u t i l i z e d  a wheeled target v e h i c l e  w h i c h  performed eva-

sive manuevers (designated s i n u s o i d a l  wave patterns w h i c h

generate d latera l a ccelerations up to O .7q) on an a i r f i e l d

locat ed at the f i e l d  test site. D u r i n g  the maneuvers the tar—

i et ve h i c l e  was tracked by TOW and Mr5OA I qunners who were

13
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pos itioned at sp e c i f i e d  ranges and offsets r e l a t i v e  to the

v e h i c l e  maneuver path . Ana i y s i s  of the gunner tr a cki ng data

relat ive to the apparent motion of the test v e h i c l o  was in-

tended to provide information regarding the r e l a t i o n s h i p  be-

tween vehic u l a r  m o b i l i t y / a g i l i t y  and v e h i c l e  s u r v i v a b i l i t y .

As indicated e a r l i e r , the test i ng w as cond u cte d to provide

data from w h i c h  a r e l a t i o n s h i p (If any ) between degradation

of f i r e  control effectiveness and target v e h i c l e  m o b i l i t y !

a g i l i t y ca n be established.

in  September  19 7 7 , the Un i t e d  S t a t e s  Army  M a t e r i a l  S y s t e m s

A n a l y s i s  A c t i v i t y  c o n c l u d e d  a t es t  at  A b e r d e e n  P r o v i n g  Ground

( A P G ) , MD , w h o s e  o b j e c t i v e s  w e r e  v e r y  s i m i l a r  to those  set

forth for the H IMAG I IA  t e s t .  The  t e s t i n g  at APG d i f f e r e d

f rom that planned i n th e H IMAG I IA te st in tha t t h e APG test

was conducted in a hi g h l y  i n s t r u m e n t e d  l a b o r a t o r y  e n v i r o n m e n t

and therefore could not be c l a s s i f i e d  as a true f i e l d  test.

The a n a l y s i s  con ducted in t h i s  thesis u t i l i z e s  a portion of

the data collected in the A PC test. A descrip tion of tha t

test is pres ented in a subsequent section of t h i s  thes is.

P
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• l i i .  TEST D E S C R I P T I O N

As discussed in Section II , the dynamics of the modern

b a t t l e f i e l d  place a hi g h  premium on the modern tank’ s

a b i l i t y  to successfully engage hostile moving targets. Future

f i e l d i n g  of vehicles w h i c h  possess increased m o b i l i t y / a g i l i t y

characteristics w i l l  make the task of hitting these h i g h l y

maneuverable targets more d i f f i c u l t  and w i l l  therefore inten-

sif y the need for more effective fire control systems. The

testing completed by AMSAA at APG in September 1 977 repre-

sents an important l i n k  in the development chain  necessary

• to f i e l d  a fire contro l system w h i c h  w i l l  meet future ch a l—

I enges.

A. PURPOSE

The APG test was entitled “Supplementa l Fire Control

Test, M60A3” and its purpose was to examine the implementa—

tion of the fire contro l lead prediction algor ithm , and to

assess the system ’s c a p a b i l i t y  to cope with moving targets

traveling at varying speeds and directions of motion. An

algorithm is , by d e f i n i t i o n , a rule for solving a certain

type of problem. The problem to be solved in this instance

is that of a i d i n g ,  to the maximum extent po s s i b l e , a tank

gunner in h i t t i n g  hostile targets which are moving as pre—

v i o u s l y  described. In the absence of a fi re contro l system

which incorporates a lead prediction algorithm , the tank

gunner is required to me n t a l l y compute the lead necessary to

______ ___________  1 :...



hi t t h e  m o v i ng t a r g e t  a n d  h a v i n g  c o m p u t e d  t h i s  l e a d , h e  m u s t

m a n u a l l y  move the turre t controls causing the lead to be in-

c l u d e d In the f i r i n g  azimuth. Using t h i s  method , the train-

ing, exper i ence , and aptitude of the i n d i v i d u a l  tank gunner

are key elements In whether or not he is successful in hit-

ting the moving target .

Th e APG tests were conducted using an M6OA IE3 fire con-

tro l system . Th i s fire control system assists the tank gun-

ner b y automaticall y comp u t i n g  the lea d r e q u i r e d to h i t  a

moving target and by a u t o m a t i c a l l y  m o v i n g  the t u r r e t , t h e r e by

incorporating the computed lead Into the f i r i n g  azimuth. The

lead computation is made b y the fi r e  contro l b a l l i s t i c s  com-

puter accor di n g  to the lead prediction algorithm. A t y p i c a l

mov ing t a rge t  f i r i n g  s e q u e n c e  fo r  a tank  e q u i p p e d  w i t h  an

M6OA IE3 fire control system wo u l d  be the f o l l o w i n g .  The tank

gunner places the center of the si ght reticle pattern on the

center of mass of the moving target a nd tracks i n this ma nner

for a sp e c i f i e d amount of time. After the gunner has main-

tained h i s  track of the target v e h i c l e  for the m i n i m u m  amount

of t ime he engages a lead lock fire control switch w h i c h  m i —

tiates the b a l l i s t i c  comp uter computation of the lead . Having

computed the lead , the fire control system a u t o m a t i c a l l y  In-

serts the lead b y caus i ng the tank turret to rotate b y an

a n g u l a r  amount w h i c h  corresponds to the c a l c u l a t e d  lead. At

the same time that the turret is being rotated , the sight

retic l e patt ern is moved by the amount o f lead in the direc-

tion opposite to that in w h i c h  the turret is rotated . Move— P

ment of the s ight reticle pattern a l l o w s  the gunner to

16
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cont inue to track the target v e h i c l e  center of mass even

though in actual ity the target vehicle Is being led . The

• advantages offered by a fir e  contro l system whi c h  incorpo-

rates an automatic lead option can be summarized as follo w s .

First , the gunner is no longer require d to compute the neces-

sa ry target lead m e n t a l l y .  In essence , the human error in-

v o l v ed in lead c a l c u l a t i o n  is e l i m i n a t e d .  Second , the f ire

contro l system a u t o m a t i c a l l y  moves the turret in azimuth by

an amount corresponding to the computed lead. Since the gun-

ne r is r e l i eved of the responsibi I ity of m a n u a l l y  moving the

turret controls , he is more a bl e  to concentrate on tracking

the maneuvering target v e h i c l e . F i n a l l y ,  the movement of

the s ight reticle pattern a l l o w s  the gunner to continue to

track the center of mass of the target vehicle vers us h a v i n g

to maintain the s i ght reticle pattern at a constant distance

(actually at a constant angle w h i c h  corresponds to the calcu-

late d lead ) in front of the target v e h i c l e .

Based on the foregoing discussion , it seems clear that a

fire  control system whi c h  automat i c a l l y  computes and inserts L

target lead in mov i ng target sit u a t i o n s  is a very d e s i r a b l e

opt ion to pursue. Given that prem i se , the next log ica l ques—

tion to be answered is the f o l l o w i n g .  What are the c r i t i c a l

elements of f ire contro l lead prediction a l g o r i t h m  w h i c h

when optimized , y i e l d  the best solution to the problem? Al-

thoug h there may be alternative solutions to th i s  question ,

• the a n a l y s i s  performed In t h i s  thesis deals w ith an inv es ti-

gat i on of the optima l c haracteristics of the trac king rate

f i l t e r .

17
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A des c r i p t i o n  o f  the f u n c t i o n  p e r f o r m e d  by the t r a c k i n g

r a t e  f i l t e r  is  h e l p f u l  in i l l u s t r a t i n g  the v i t a l  pa r t  i-f

p l a y s  i n  the l e a d  p r e d i c t i o n  a l g o r i t h m .  The l e a d  p r e d i c t i o n

a l g o r i t h m  r e l i e s  on the f a c t  tha t  when  the gunner i s tracking

the mov ing  t a rge t  th rough  the f i r e  c o n t r o l  s i ght , the tra-

v e r s e  ra te  of  the t u r r e t  corresponds to the angular rate of

change  o f  the t a rge t  as v i e w e d  f rom the f i r i n g  p l a t f o r m  (t he

t a n k ) .  When the c o r r e c t  d i s t a n c e  to the t a r g e t  i s  known ( a s

deter min e d  by the laser range f i n d e r )  and is coupled w i t h

other factors such as projectile type , powder temperature

a n d  t u b e  w e a r , the ba l l i s t i c s  computer  can  u t i l i z e  t h i s  da ta

to compute the p ro jec t i l e  t i m e  of  f l i g h t  ( T O F )  f rom the gun

to the t a rge t . The TOF m u l t i p l ied by the mean a n g u l a r  tra-

v e r s e  r a t e  of  the tank  t u r r e t  e q u a t e s  to the angu l a r  l e a d

requ i red  to h i t  the moving target. From the r e l a t i o n s h i p ,

Lead TOF x Mean Angu l a r  Rate o f  T u r r e t

i t  i s  c l e a r  tha t  the c o r r e c t  s p e c i f i c a t i o n  o f  the a n g u l a r

r a t e  i s e s s e n t ia l to a c o r r e c t  l e a d  c o m p u t a t i o n .

By d e f i n i t i o n , rate represents cha nge per u n i t  of time.

The question a r i s i n g  in the foregoing problem centers around

choo sing the “unit of time ” which w i l l  b e optimal in terms

of m i n i m i z i n g  the error of the lead p rediction a l g o r i t h m .

The “u n it of time ” as specified in t h i s  context w i l l  be re-

ferre d to in the remainder of t h i s  thesis as “delta ti me ”.

The problem can be ill u s t r a t e d  by using examples w h i c h  repre—

sent extreme cases. A ssume that the a n g u l a r  turret rate was

comp uted based on the mean traverse rate of the turret over

a delta tirne o f  10 seconds . Suppos e that the target ‘.ehi c l e

18
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was not mov ing for the first 5 seconds of the delta time per-

iod , yet moved at a mean rate of 3 mi Is per second thereafter.

Th e mean a n g u l a r  ra te  of  movement  in t h i s  e x a m p l e  i s  1 . 5  m i l s

p er second ;  h o w e v e r , t h i s i s  n o t  representative of the move-

ment of  the ta rge t  in  the c r i t i c a l  p e r i o d  j u s t  b e f o r e  f i r i n g

t akes  p l a c e .  A s i m i l a r  ex t reme c a s e  can be v i s u a l i z e d  at the

o p p o s i t e  end of the s p e c t r u m  w h e r e b y  the mean a n g u l a r  r a te  i s

computed  bas ed on a d e l t a  t i m e  p e r i o d  w h i c h  i s  too sma l I to

be rea l i s t i c a l l y  r e p r e s e n t a t i v e  of the t rue  a n g u l a r  r a t e,  It

seems a p p a r e n t  tha t  the opt ima l d e l t a  t i m e  p a r a m e t e r  l i e s

s o m e w h e r e b e t w e e n  l a r g e  d e l t a  t ime va l ues (10.0 seconds w i l l

be cons i d e r e d  l a r g e)  and those a p p r o a c h i n g  zero  as a I i m it .

T he pu rpose  of t h i s  t h e s i s  i s  to p r e s e n t  an a n a l y s i s  of the

APG t e s t  data  w i th an objective of i s o l a t i n g  the range where-

in  op t ima l delta time values occur.

B. TEST PROCEDURE

T h e  A P G  f i r e  c o n t rol  t e s t  un d er consi d erat i on was compose d

o f  t w o  p h a s e s , a s t e a d y — s t a t e  p h a s e  and a t r a n s i e n t  p h a s e .

Each p h a s e  i n v o l v e d  s i mulated f i rings by a stationary M6OAI

t ank  f i t t ed  w i t h  a M 6 O A I E 3  t u r re t , at a sim u lated target

wh i c h  was moving in a horizontal plane . Because of the non—

f i r i n g  aspect of the test , it was accomplished in a b u i l d i n g

at APG e s p e c i a l l y  equi pped for the conduct of fire contro l

testing. The terminology “stead y—state ” refers to the motion

pattern wh i c h  the s i m u l a t e d  target described. The test was

desi gned so that the eval uation of the f ire control lead pre-

d i c t ion a l g o r i t h m  w o u l d  be based on the data col lected d u r i n g  P

the stea dy—state test phase; whereas , other types of a n a l y s e s
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w o u l d  be accomplished u s i n g  the transient test data. Becau5e

t he subject ot th i s  thesis i n v o l v e s  an anal y s i s  p e r t a i n i r i q to

the f i re  c o n t r o l  l ead  p r e d i c t i o n  a l g o r i t h m , a f u l l  t e s t  d e —

script ion w i l l  be presented for the steady—state test phase

only.

Thro ughout the test , the s i m u l a t e d target was a laser—

generated spot of l i g h t  w h i c h was projected onto a la r~ie rect-

a n g u l a r  screen positioned 31 .5 meters in front ot the center

of mass of the tank test v e h i c l e .  The motion of the simu-

lated target was control led by projecting the out p u t o f  the

lase r onto a mirror w h i c h  in turn reflected the energy onto

the t a r g e t  s c r e e n .  The m i r r o r  used  in  t he  p r o j e c t i o n  p r o c e s s

was mounted on a d r i v e  m echanism so t h a t  the m i r ro r  m o t i o n

could be contro l fe d by a programmable m i n i — c o m p u t e r . The de-

sire d target motion was accomplished by progr amming the m i n i —

compu te r  w i t h  an a p p r o p r i a t e  t u n c t i o n  d e s c r i b i n g  the  m o t i o n .

In the steady—state test phase the m i n i — c o m p u t e r  was p ro-

g ra m med wi th a si n e function resulting i n a si n u so id p r o f i l e

b e i n g  pro jected on t he  projecti on screen. As viewed through

t h e t an k fi re cont r o l s i ght , the back and forth motion of

t he projected laser spot represented the apparent moti on w h i c h

would b e presented b y a target vehi c le m oving at a const a nt

spee d around a c i r c u l a r  path. S i m u l a t i o n  of vJr~~ing target

ranges and speeds was accomplished by v a r y i n g  the range and

rate or the mirror a ngul a r movement. The steady—state test

ph as e was cond ucted b y runni ng a seq uenc e of  t r a c k i n g  runs

(simulated f i r i n g s )  at s i m u l a t e d  ranges of ~~ m eters and

500 m e t e r s .  S i m u l a t e d  t a rge t  s p e e d s  w e r e  ~O k i l o m e t e r s  p e r

20
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hour (kph ) at the 500 meter range and wer e 25 kph , 35 .4 kph

and 50 kph for the 1500 meter range. These range and spee d

combinations correspond to target v e h i c l e  maneuvers w h i c h

w o u l d  generate later al accelerations of O. I75 g, O.35g and

O.7g respectively. An i l l u s t r a t i o n  of the target s i m u l a t i o n

apparatus an d setup is depicted in Figure I.

SIMUt AT ED

- 
c

PAIH
~~~~~~~~~~~~~~~~~

- 

SCREEN

\ I
LASER 

MIRROR _\~~~ \.
\j

\f~4— Vt DICON

COMPUTER -

Figure I

The M 6 O A I  tank  w a s  e m p l a c e d  w i t h  cant blocks under the

r igh t  t r a c k  w h i c h  r e s u l t e d  in a 90 .2  mM (5.07 d e g r e e s )  can t .

Th e p u r p o s e  of the i n t e n t i o n a l  can t  w a s  to c a u s e  the t a r g e t

to  h a v e  a n a p p a r en t motion i n e l e v a t i o n, as  w e l l  a s  i n
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azimuth , even though the si mulated target was being projected

in a horizonta l p l a n e  across the projection screen . Instru-

mentation on the test v e h i c l e  i n c l u ded a gated t e l e v i s i o n

(TV) ca mera w h i c h  recorded the view through the ma i n  gun fi r e

control sight and also a gate d TV camera mounted on the gun

tu be which was cante d to co rrespond to the bores ig h t of the

m a i n  gun. Each gated TV ca mera was connected to a videotape

recorder . U t i l i z a t i o n  of the gated TV instr umentation in con-

junction w i t h  a target simulated by a hi gh energy l i ght sou rce

ma de it p o s s i b l e  to co n t i n u o u s l y  record the po s i t i o n  of the

f ire control si ght and th e pos i tion of the gun tu be relat i ve

to the po s i t i o n  of target throu ghout the test tracking runs.

Data recor ded in t h i s  manner were r e a d i l y convertible to

an g u l a r  dev iations and therefore became a fundamental portion

of the data base for each of the test tracking runs .

Dur ing the testing, the tes t  s y s t e m w a s  o p e r a t e d b y e i ther

of two tank gunners from the Unite d States Army Armor Center ,

Fo rt Knox , Kentuck y. The tra i n i n g  and p r o f i c i e n c y  of these

ind i vi d u a l s  was consi d ered by the sponsoring agency at the

Armor Center to b e representative of typical tank gunners

fou nd throughout the Army. Each gunner was a l l o w e d  to ga i n

f a m i l i a r i t y  w ith the test equi pment and the test scenario

prior to being u t i l i z e d  In a tracking run (being recorded )

fo r record .

W i t h i n  each recorded tracking run there were approx imate- .

ly II  s i m u l a t e d  fi rings. The gunners were instructed to

track the si mu lated ta rget du r i n g  th e ent i re d u ra tion o f a

given track ing run. The test system was set—up so that the

22
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t e s t  d i r e c t o r  c o u l d  i n i t i a t e  a s i m u l a t e d  t i r i n g  s e q u e n ce  by

a c t i v a t i ng  a r e a d y  l i g h t  l o c a t e d  in the  gunne r ’ s s Hh t . W h e n

the gunner observed the i l l u m i n a t i o n  of the reaJ ’~ I i g h t he

i n i t i a t e d  the fo l l o w i n g  f i r i n g  s e q u e n c e .  T r a c k i n g  c t  ~he

s i m u l a t e d  target was m a i n t a i n e d  by the gunner b~ h i s  s l e w i n g

of  the t u r r e t  and  gun ( a n d  c o r r e s p o n d i n g l y  the f i r e  c o n t r o l

s i g h t )  a t  the a p p r o p r i a t e  r a t e  in a z i m u t h  and e l e v a t i o n .

When the gunner made the judgem ent that h i s  t r a c k i n g  m o t i o n s

m atched the motions of the target he activated the t i r e  con-

tro l lea d lock enab l e switch . ,A cti y ati o n of the l e ad lock

enable switc h  i n i t i a t e d  the computation of required lead ana

its subse quent automatic ins e r t i o n  into the t i r i n g  a z i m u t h .

A f t e r  the lead insertion and s i m u l t a n e o u s  m ovement ot the

sig h t ret ic l e patter n , the g u n n e r  reacquired target track in g .

The f i r i n g  sequence c u l m i n a t e d  in the gunne r ’s a c t i v a t i o n  c f

the t i r i n g  m e c h a n i s m . Throughou t  the f i r ing s e q u e n c e , t e s t

i ns t r u m e n t a t i o n  r e c o r d e d  cr i t i c a l  d a t a  r e l a t i v e  to the comm and

to f i r e , the a c t i v a t i o n  of the  l e a d  l o c k  e n a b l e  s w i t c h  and

the gunner ’s i n i t i a t i o n  of a trigger p u l l .  The comm ands to

f i r e  g i v e n  to the gunner  w e r e  g i v e n  a t  v a r i o u s  p o s i t i o n  l o c a —

t i ons  o f  t he  t a rg e t  on i t s  s i n u s o i d  p a t h  so t h a t  a f u l l  s p e c —

trum of its apparent motion w o u l d  be represented in the re-

c o r d e d  t r a c k i n g  run d a t a .
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IV . D A T A  REDUC T I O N  METHODOLOGY

A . INTRODUCTIO N

T h i s  sec t ion c o n t a i n s  a d e t a i l e d  d i s c u s s i o n  of  the d a t a

reduc t ion m e t h o d o l o g y .  It i s  p r o v i d e d  fo r  those  r e a d e r s  not

f a m i l i a r  w i t h  the character of the Su p p l e m e n t a l  F i r e  Contro l

Test data . Those pers ons not in t h i s  category may skip this

s e c t i o n  w i t hou t  l o s s  of c o n t i n u i t y .

B. RAW DATA TRANSFORMATION

A character is t i c  of many h i g h l y  ins trumen ted testing pro-

grams is that the data collec ted d u r i n g  the conduct of the

t e s t i n g  i s  v e r y  s e l d o m  u s e f u l  f o r  a n a l y s i s  p u r p o s e s  in  i t s

• raw form . Most often , before any a n a l y s i s  can be conducted

the raw t es t  da ta  must  be c o n v e r t ed i n t o  u n i t s  w h i c h  a re

mean ing f u l  in terms o f  the s u b j e c t  under  i n v e s t i g a t i o n .  The

f o r e g o i n g  i s  a p p l i c a b l e  to the f i r e  c o n t r o l  t es t  da ta  w h i c h

is a n a l y z e d  in t h is thesis.

The A PG t es t  cons is t e d  of a s e r i e s  of  s e p a r a t e  t r a c k i n g

runs.  Each  i n d i v i d u a l  t e s t  t r a c k i n g  run w a s  c h a r a c t e r i z e d  by

a des i gna te d run n umb er , ta rge t  range , target spee d and gun-

ner i d e n t i f i c a t i o n .  A p p r o x i m a t e l y  32 runs  w e r e  c o n d u c t e d

d u r i n g  the s t e a d y — s t a t e  t e s t ing p h a s e .  Each  t r a c k i n g  run

w a s  rough l y 4 minutes in d uration. The a n a l y s i s  performed in

• t h i s  thes is  used da ta  f rom seven  t r a c k i n g  runs .  The rema inde r

of t he  t ra~~k i n g  runs  w e r e  not ana l y z e d  b e c a u s e  the t i m e  a v a i l —

a b l e  d i d  not perm i t  both  the d e v e l o p m e n t  of a n a l y s i s  method—
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o logy and a n a l y s i s  of a l l  the t es t  d a t a .  In l i g h t  of  the

t !me c o n s t r a i n t , pr i m a r y  e m p h a s i s  w a s  p l a c e d  on the  d e v e l o p -

ment of a n a l y s i s  methodology. A l l  of the runs selected for

ana l y s i s  ( r u n s  136  t h rough  1 4 2 )  w e r e  c o n d u c t e d  at a s i m u —

f a t e d  r a n g e  o f  15 00 m eters and with a si m ulated target spee d

of 50 kph. This range and speed com b i n a t i o n  corresponded to

max i m u m  target v e h i c l e  latera l a ccelerations of 0.7 g. As

noted p r e v i o u s l y ,  t he re  i s  mu ch i n t e r e s t  in o b t a i n i n g  data

re l a t i v e  to gunner pe r formance aga i nst targets capa b le of

g e n e r a t i n g  h igh  l a t e r a l a c c e l e r a t i o n s .  T h e  se l e c t e d  t a rg e t

r ange  and  s p e e d  comb i n a t i o n  w a s  chosen  on the b a s i s  of the

foregoing consideratio n. Altho u g h  o n l y  one range and speed

w a s  i n v e s t i ga ted in  t h i s  t h e s i s  the  a n a l y s i s  m e t h o d o l o g y

emp l o y e d  i s  e q u a l l y app l i c a b l e  to t r a c k i n g  runs conduc ted

at different s imulated speeds and distances.

Thro u g h out each test tracking run , da ta  f rom the tes t

instru mentation was collected and recorded on magnetic tape

at an average rate of 106.55 sam p l e s  per second. The compo-

s i t i o n  o f  an i n d i v i d u a l  magnetic tape data frame , or logical

recor d , in c l u d e d  the f o l l o w i n g  elements of informat ion: time

the lo g i c a l  record was created; tracking/firing sequence

event code; mirro r dr ive position location; and azimuth/ele-

vat ion position location r e l a t i v e  to the sim u l a t e d  target.

Other types of data were also i n c l u d e d  in the l o g i c a l  record;

however , that data was not used in the present analys i s and

• t h e r e f o r e  w i I I not be discussed.

The ge nera l approach taken w i t h  regard to the data trans—

fo rmation was to write a Fortran computer program w h i c h  w o u l d
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transfer selected portions of the raw data onto a b l a n k  mag-

netic tape w h i l e  s i m u l t a n eousl y a c c o m p l i s h i n g  desired trans-

for mations on the raw data d u r i n g  the tran scription process .

The magnetic tape created as a result of this procedure con-

tained the test data expressed In a m e a n i n g f u l  form for ana-

l ysis purposes. Subsequent paragraphs w i l l  i n c l u d e  a descrip-

tion of the character of the raw data and of the transforma-

t i ons wh i ch wer e perfo rm ed d u ri ng t he tape tr a nscr i p t i o n  pro—

ces 5.

As p r e v i o u s l y  s t a te d , lo g i c a l  records were created at an

average rate of 106.55 records per second. The tim e component

o n ea c h log ica l record was recorded in u n i t s  of hour s , m m —

utes and seconds to the nearest hundredth. Because of the

m a n n e r  in w h i c h  the logica l records wore generated and re-

corded , occasional adjacent p a i r s  of records had i d e n t i c a l

recor ded times. The hours and minutes portion of the time

data was converted -to u n i t s  of seconds d u r i n g  the da t a reduc—

t i o n/ t r a n s c r i pt ion p r o c e s s .

Each log ical record i n c l u d e d  an event code w h i c h  corre-

sponded to one of four s p e c i f i c  phas es w i t h i n  the tr ac kin q /

f i r i n g  s e q u e n c e .  Even t  code 20~~2 spec i f i e d  t ha t  t h e  g unner

was In the nor ma l  tracking mode. Code 2033 reflect e d th at

the test director had g i v e n  the gunner a comm and to I n i t i a t e

a f i r i n g  sequence. The gunner ’s engagement of the (ir e con—

t ro I I ead l o c k  sw i tch was s i gn i f i ed by even f code 20 ~ • Th ~‘

actual f i r i n g  event corr e sp ondin g to the gunner ’s tr i g q c r

p u l l  was de s i g n a t e d by ev ent cede 20.S0 . Each ot these eve n t

codes was transcribed to t h e  a n a l  ys  i - ;  t a p e  w i t h c u t  a I t e r a —

t ion.
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The pos i t i o n — l o c a t i o n  of t he s i m u l a t e d  t a r g e t  w a s  re-

corded in raw data form from instrumentation connected to

• t he mirror d r i v e  pedestal. The back and forth movement

p a t t e r n  o f  t h e  m irror drive resulte d in ra w d at a wh ic h

range d from —48 to —4048. The un i t s  of the raw data had no

p h ysica l  s i g n i f i c a n c e  a s i n i t ia l l y  recorde d ; howeve r , a f t e r

be i ng transforme d , the data was express ed a s an angular

measure w i t h a range of 0 to 2ii radians. During the conduct

of th e testing, it was note d that there was a S l i g h t  amount

of m echanic a l sl ack w i t h i n  t h e mirror d rive pedest a l w h i c h

re s u l t e d  i n a m i nor d e v i a t i o n  be t w e e n  the  a c t u a l  l o c a t i o n  of

the mirror d r i v e  and the location w h i c h  was being recorded by

t he test instrument a tion. Perso n nel at APG in ch arge of th e

test i nstrument ation were ab l e  to q u a n t i f y and recor d t hi s

dev i ation the reb y a l l o w i n g  t h e necess a ry correction of t h e

m i r ror dr i v e  data to be acc o m p l i s h e d  d u r i n g  the data trans-

formation process . A plot of the transformed mi r r o r  d r i v e

p o s i t i o n  data is shown in A p p e n d i x  A , Fi g ure 2 .

The last elements of the test data contained in the logi-

ca l r eco rd w h i c h  r equir ed tr a nsfor m at i on were the gun tube

r a w  az i m u t h  and e l e v a t i o n  d a t a .  bated  TV v i deo  c a m e r a s  w e r e

used to record the gun tube p o s i t i o n  data in u n i t s  of “c o u n t s ” .

Pr ior to the b e g i n n i n g  of each tracking sequenc e , a c a l i b r a —

tion of the gate d TV instrumentation was p e rt o rm e d to o b t a i n

the proper a l i gnment between th e TV instrum ent a t i on an d t h e

• boresi ght of th e tank gun tube. The d at a r e s u l t i n g  tr ern the

ca l i b r a t i o n  was recorded on the magnetic t i c e  record . Th i s

c a l i brat ion data was uti Ii  zed to reexpre ss the a :  i m u t h  a nd
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elevat i on “count” data as centimeter d i s p l a c e m e n t  r e l a t i v e

to the target. It w as noted earl icr that the MuOA I tank

was int e n t i o n a l l y  canted 90.2 mi l s  i n  t h e cou n t e r c l o c k w i s e

d irection r e l a t i v e  to the target . In order to e s t a b l i s h  a

comm on coordinate system between the gun tube TV camera in-

str u mentation and the target , a transformation was us ed to

rotate the camera coordinate system 90.2 m i l s  clockw ise.

The fi n a l step was to corvert the azimuth and elevation data

expressed in centimeters to an a n g u l a r  expression w h i c h

w o u l d  fa c i l i t a t e  the pl a n n e d  a n a l y s i s  of the data. Since

the distance between the target and the gun components was

known an d remained const ant thro u g hout the test i ng, the

desire d transformation to mi Is was ac c o m p l i s h e d  by d i v i d i n g

the cent imeter devi a t i o n  data by the known distance to ob—

• ta m radians . The radian measure was subsequently converted

to m l Is .

C. DATA TRANSCRIPTION AND SMOOTHING

As a consequence of the hi gh s a m p l i n g  rate at w h i ch th e

test data was collected an d record ed , appr oximately 25,500

log ic al records of raw data were created for each i n d i v i d u a l

tracking run. Becaus e of the enormous amount of data w h i c h

was generate d d uring the series of tracking runs , it was not

cons idered practica l to analyze each i n d i v i d u a l  log ic a l  re—

cord of data. An a l y s N  of the data had to proceed under the

constra int imposed by computer core storage capacity, yet

coul d not be reduced in volume to the p o i n t  that s i g n i f i c a n t

i n f o r m a t i o n  was lost. The amount th a t the data cou l d he can—

densed w i t h o u t  si g n i f i c a n t  i n t o r m a t i o n  Io~~s was l a r g e l y
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su bjective and therefore di d  not lend i t s e l f  to a u n i q u e

so I ut ion.

Two separat e data tapes were created using the computer

program pre v i o u s l y  described. E ach of the tapes contained

d ata pertaini n g to tracking ru ns 13 6 th rough 142 b ut th ey

differed in the amount of data w h i c h  each contained. The

i n i t i a l  tape (tap e I ) created f rom the raw data tape con-

ta ined gun a z i m u t h  and elevation t r i c k i n g  data and mirror

drive position data , along w i t h  corresponding time data.

Logical recor ds p e r t a i n i n g  to times when the lead e n a b l e

switch was engaged and those corresponding to s i m u l a t e d  fir-

ings were not transcr Ibed. Thus , only log ica l records which

• perta i ne d to norma l t racking were transformed and copied to

the ne’- tape. The volu me of the raw data was reduced by

processing and transcri b i n g  every 22n d log i c a l  reco rd  o f the

tracking data. Since the raw data was recorded at 106. 55

log ica l records per second , transcri b i n g  every 22nd record

reduce d the dat a to a sequence occurring approxim a tely 4.84

t imes per second. The rationale for choosing each 22nd re-

cor d was to obtain tracking data points at a p p r o x i m a t e l y  0.2

second intervals. A 0.2 second interv a l b etwee n l og ical re-

cor ds was chosen because previous fire contro l testing at

APG , s i m i l a r to that b eing inve stigate d in t his thes i s , had

• employed a data base collected at O.~ sec ond Intervals. Sub-

sequent a n a l y s i s  of the data collected at th i s  rate had been

practical in ter ms of the amount of computer core storage re-

q u i r ed an d also ha d provi d ed a sati sf actor y r ec or d et  th e 0

dynamics of the track ing process.
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A p r e l i m i n a r y  a n a l y s i s of the test data in c l u d e d  p l o t t i n g

gun tube azi muth and elevatio n data versus time for each

tracking run. The n lots obt a ined for tracking run number 136

are representative of those obt a ined for other tracking runs.

These plots are shown in Appen d i x  A (Figures 3 and 4). The

data tra n scr ib ed on the i n i t i a l  d ata tap e was also pr i nted so

that the character of the data could be examined for each

lo g i c a l  record. As w i l l  be e x p l a i n e d  in d e t a i l  in the section

conce rni ng Dat a A na lys is Metho d ology to f o l l ow , the rel a tion-

shi p  between varying f i l t e r  delta time i n t e r v a l s  and me an gun

tu be az i m u t h  error rates was analyzed. Based on the a n a l y s i s

of the data contained on tape I , it was concluded that a sub-

seq uent tape (tape 2) should be produced from the raw data

tape. The decision -to create a second tape for a n a l y s i s  pur-

po ses was m otivate d b y t he nee d to ob tain greater resolut i on

for the opt imal t ime span for the tracking rate f i l t e r  than

the 0.2 secon d interval would permit. Ad di t i o n a l l y ,  empirica l

evaluat ion of the az i m u t h  and elevation data revealed erratic

fluctuat i ons in ad ja cent log i cal records w h ich suggest ed t h e

n eed to perfo rm a smoothing process on th e raw d at a t o

e l i m i n a t e  the observed aberrations.

Appropriate changes were made in the data reduction pro-

gra m so that the gun tube a zimuth and elevati on data on every

- 
• t h i r d  logi cal record was processed by a data smoothing routine.

Processing eac h thi r d  l o g i c a l  record of the raw dat a tape re—

suit e d  in a data recording d e n s i t y  w h i c h  avera ged 3’ •5•~ l o g i —

c a l records for each se . on d o f  tracking t i m e . In order to p

f u r t h e r reduce  the number of l o g i c a l  r e c o r d s  recor ded per
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second , only each secon d log ical record of the sm oothed

data was transfor med and subsequently transcribed to magne-

t ic tape 2 for a n a l y s i s .  The transcrip tion of each second

record of the smooth data sequence res ulted in a recording

rate wh i c h  average d 17.75 logIca l records per second. As

previously note d , the time between adjacent logica l records

was not consta nt and for this reason the time Interval be-

tween subseque n t log i cal re cor d s on the transc r ibe d tap e

was either 0.05 seconds or 0.06 seconds . Tape 2 i n c l u d e d

mirror drive position data , a n d eve n t co d e d at a in a d d i t i on

to time , and gun tube az i m u t h/elevation data. The entire

t ra c k i n g ,  command to f i re , lea d i ns ert , and f i r i n g  sequence

• was i n c l u d e d in the data transcribed to the second a n a l y s i s

tape , whereas tape I i n c l u d e d  o n ly logica l records per t a i n —

• i n g to peri d s  when the g unner was in the norma l t racking

phase.

The smoothing routine u t i l i z e d  in the data reduction pro-

gram to smooth the gun tube a z i m u t h  and elevation tracking

dat a used the technique of taking r u n n i n g  m e d i a n s  of three

u n t i l  convergence. The method was developed by John W. Tu ke~~.

The Fortran cod ing of the smoothing a l g o r i t h m  was taken from

a text entitled “Interactive Data A n a l y s i s ” by Don al d  R.

McNe i l  [4]. 

~~~~~~~~~~~~~~~~~~ -~~ .



_ _  
_ _  

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

1
4~4

V. DATA ANALYSIS METHODOLOGY

The purpose of this section is to describe the analys is

w h i c h  was conducted regarding the opt i m a l  “delta time ” to

use in a tan k fire contro l tr acking rate f i l t e r .  Several

dif f e r e n t  a n a l y s i s  approaches were u t i l ized in t his thesis.

Eac h approach w i l l  be described and w i l l  be fol lowed by the

conclus i ons which were drawn fro m the ana l ysis.

A . AZIMUTH TRACKING ERROR

Tape I was used as the data base for the anal ysis of

gunner mean azimuth tracking errors as a functio n of delta

ti me. The procedure employed was to investi gate how the

gunner azimuth tracking error changed as the delta time

(averag ing time ) was increased from zero to a max i m u m  of

approximately 1 0.25 seconds. The reader w i l l  r e c a l l  that

because of the way the t i me d ata was i n i t i a l l y  recorde d

there was not a constant time interval between each log ical

record  o f  d a t a .  The t i m e  b e t w e e n  the log i ca l records used

in this analys is was either 0.20 seconds or 0.21 secon ds.

The delta ti me steps used in the averaging process were at

either of these ti me intervals . For the sake of c l a r i t y  the

f o l l o w i n g  d i scussion w i l l  consider that the time between

success ive log ical recor ds was a constant 0.20 seconds.

Two different proce dures were used to c a l c u l a t e  mean

gunner azimuth tracking error . The firs t  procedure (pro— 0
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cedure I ) employed was to start at the b e g i n n i n g  of the

tape co n t a i n i n g  the test data and ca l c u l a t e  the mean gunner

azi mu th tr acking error by group ing the l o g i c a l  records into

• N — t u p l e s  where N was incre ased from I to 50 in increments

of I . Considering data records in gro ups of N — t u p l e s  corre-

sponded to a delta time averag ing interv a l of (N—I )(0.20

secon ds) , depen d i n g  on the assigned value of N. As an ex— 
4

a m p l e  when N equal led I , the track ing error from a l l  l o g i c a l

r ecords was taken i n d i v i d u a l l y  and a mean was taken of the

entire group. Th i s  corresponded to a zero delta ti me. When

N equal le d 2, the mean error was computed for each adjacent

lo g i c a l  record pai r  and th e mean of a l l  the pa i r s  was taken

as the tracking error for a delta time corresponding to 0.

secon ds. The effect of this averag ing procedure w a s to

“leap frog ” throug h the data by grouping l o g i c a l  records I

an d 2 as a pair , 3 an d 4 as the second p a i r  u n t i l  f i n a l l y  K—I

and K const ituted the f i n a l  p a i r .  An analogous “leap frog ”

eff ect occurred when the l o g i c a l  records were grouped as

~—tu p Ies on through 50—tuples. Log ic in the Fortran anal y-

sis pro gram detected time breaks in the norma l tracking data

cau sed by simulated f i r i n g s  and skipped these areas In the

aver a ging computat ions. A genera l d e scription of the Fortran

pr ogram used to accom plish the foregoing is located at

A ppen di x B , flowcharts I and 2.

The second method (proced u re ) em pl oye d to comput e mean

az imuth tracking error was to c a l c u l a t e  the error for in—

creasing de l t a time i n t e r v a l s  starting w i t h  the last l o g i c a l
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record prior to a si mulated f i r i n g  sequence , proceeding back-

war d in time. The rationale for using this scheme was based

on the idea that the gunner ’s tracking performance was most

l i k e l y  best (had m i n l m u m error ) pr i or to a s i m u l a t i n g  f i r i n g .

By invest igating mean tracking errors in the cri t i c a l t ime

just prior to fi r i n g  it was hoped that some re l a t i o n s h i p  be-

tween mean gunner error and delta time could be established

w h i c h  was not detectable by the first procedure employed.

Delta time was increased in increments of 0.2 seconds by in-

c l u d i n g  I ad d i t i o n a l  log i ca l record in the averaging process

each t ime the computation was repeated. Mean errors were

ca l c u l a t e d  for each tracking segment prior to a f i r i n g  Se—

quence and then these m eans were combined to form an overall

mea n for the entire block of data. Flowchart 4 gives a

descri ption of this procedure.

At this point it is appropriate to rec a l l  that the a naly-

sis being conducted invol v e d  searching for an optima l d elta

t im e to assi gn to the track ing rate f i l t e r  in a tank fire

contro l lead prediction algorithm. Lead prediction as used

in the context of this thesis involves the pro blem of deter-

m i n i n g  the a n g u l a r  amount by w h i c h  to augment the gun f i r i n g

azimuth in order to compensate for the lateral motion of a

moving target. The point to be made is that the solution of

the lead prediction algorit h m  provides a correction to azi-

muth , not elevation. Because of this consideration the

analysis conducted in this thesis is keyed on searching for

an optima l delta t ime wh i ch w i l l  m i n i m i z e azimuth f i r i n g

error. E-rors occurring in elevation are not considere d in

the anal ysis.
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A scatterplot of delta time versus azimuth error in m i l s

for a n a l y s i s  procedur e I and 2 is shown in Figures 5 and 6

respectively. The mean tracking error in each of these scat—

terplots decreases as delta time increases . During the track-

ing sequence the gunner ’s fai lure to perfectly trac k the tar-

get in a zimuth results in p o s i t i v e  a z i m u t h  t r a c k i n g  e r r o r s

when he overleads the target and negative errors when he

u n d e r l e a d s . W i t h  i n c r e a s ing  d e l t a  t i m e  t hese  p o s i t i v e  and

nega tive errors tend to cancel themselves r e s u l t i n g  in a mean

tric king error w h i c h  approaches zero .~ Comparison of the mean

az i m u th trac k ing errors of t h e two procedures fo r d elta t im e

val ues between zero and approximately I second shows that

the  mean e r ro rs  are l e s s  for  p r o c e d u r e  2 . In p r o c e d u r e  2

th e errors w ere comp ute d st a rt i ng ju st prior to th e f i ring

sequenc e moving backward in time. Th i s  suggests that the

gun n er w as track i ng the target wit h  less average er ro r in

az im u th just before the f i ring sequence t h a n at ot h er times

in  the t r a c k i n g  s e q u e n c e .  E a c h  gunner  who  p a r t i c i p a t e d  in

t he test was told p r i o r  to the i n i t i a t i o n  of testing that he

shoul d track the target as c o n s c i e n t i o u s l y  d u r i n g  n o n — f i r i n g

tracki ng sequences as d u r i n g  the f i r i n g  sequences . Even

thoug h each gunner was given these i nstructions , the lower

mean errors just prior to a f i r i n g  ten d to reveal the human

i n c l i n a t i o n  to perform most ef f e c t i v e l y  d u r i n g  those times

he perceives to be most important.

The conclusion to be drawn from the fore~i ci n g a n a l y s i s

is s i m p l y  that increasin g delta time periods increase the P

chances that the gunner ’s posit i ve an d n egat i ve az i m uth
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tracking errors w i l l  cancel themselves , thus resulting in a

mean tracking error tending to zero . This result seems to

arg ue that p erhaps only large delta ti mes should be con-

sidered for use in the fi r e  co ntro l lead prediction a l g o r i t h m .

This consideration w i l l  be addressed again in the analyses

to fo l l o w .

B. A Z I MUTH TRACK I NG RA T E E RROR

A n a l y s i s  of the mean azimuth tracking rate error as a

funct ion of delta time was accomplished in a manner very

s i m i l a r  to tha t  d e s c r i b e d  fo r  the mean a z i m u t h  t r a c k i n g  e r ro r .

Aga i n , tape I was used as the data base for the ana l y s i s .

A n a l y s i s  p r o c e d u r e  I and 2 w e r e  m o d i f i e d  so tha t  mean a z i m u t h

tra cking rate errors were calculated where mean azimuth

error had been previo us l y  computed. The m o d i f i e d  versIons

of prooc dures I an d 2 w i  I I be referred to as procedures 3

and 4 respectively.

As was the case for i ts counterpart , pro cedure  3 grouped

the log ical records of data  i n to  N — t u p e s  w h e r e  N w a s  i t e r a t e d

f rom I to 50 in  I u n i t  increments . Azi muth tracking rate

erro r wa s computed between adjacent lo g i c a l  records by sub-

tra cting the error for the i ‘th record from the ( i ‘th + I ”

reco rd  er ror  and  by d i v i d i n g  t h i s  r e s u l t  by the t i m e  b e t w e e n

the two records. De l ta t ime i n t erva l s we re i ncreased accord-

ing to the expression (N)(O.20 seconds). As an example when

N equal led I the error rate ca l c u l a t i o n  was:

2— I 3— 2 K — ( K — l )
+ + . . . +

K—I

36



where K = total number of logica l records in data base

= time between adjacent l o g i c a l  records.

For a delta time interval of 0.40 seconds , w h i c h  w o u l d  be

the c a s e wh en N e q u a l l e d  2 , the c om p u t a t i o n  wa s :

2- I  3-2  4 -3  5-4 (K-l )- (K-2 ) (K )- (K-l )
+ + —s-— + + ... + — +

2 2 2
(K +l ) 

-

Th e gen e ral sch eme shown a bove w as repeate d for d elt a t im e

c a l c u l a t i o n s  through N e -i u als 50. Whenever the progr am log ic

detected a t i m e br ea k in  t h e t r a c k i n g seq u e n ce t hi s in te r v a l

was Skipped and the rate c a l c u l a t i o n s  were continued for the

l og ica l records f o l l o w i n g  the break. A d e s c r i p t i o n  ot the

p r o c e d u r e  3 error rate c o m p u t a t i o n  i s  g i v e n  in f l o wchart 3.

As i n a n a l y s i s  pr ocedure ., p rocedu re 4 l ocate d the last

log ic a l  record prio r  to a s i m u l a t e d  f i r i n g  sequence and began

error c a l c u l a t i o n s  starting at that point proceeding backward

in time . As before , the si ze ot the N — t u p l e  in a gi v e n  intera—

t ion of the a n a l y s i s  procedure governed the  l e n g t h  of the

de l t a  t i m e  p e r i o d . In gene ra l the d e l t a  t i m e  p e r i o d  w a s  ( N~

~~~~~ s e c o n d s )  fo r  any  g i v e n  N. The va l u e  o f  N w a s  m e r e—

me n ted  in s t e p s  of I t rom an i n i t i a l  v a l u e  ot  I to a m a x i m u m

value of 50. The r a t i o n a l e  for b e g i n n i n g  error rate computa—

t ions  j u s t  p r i o r  to a s i m u l a t e d  f i r i n g  s e q u e n c e  w a s  t he  same

as o u t l i n e d  in the disc u s s i o n  of a n a l y s i s  procedure 2. Pro-

cedure 4 is described in f l o w c hart 5.

The results o f th e m ean azimuth er ror rate comp u ta ti ons

tor proce dure 3 and 4 a r e  s h o w n  in F i g u r e s  7 and ~ resp ec—

t i v e l y.  The p l o t s  c l e a r l y  i n d i c a t e  t ha t  the err or r a t e
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d e c r e a s e s  as the i n t e r va l  ot  d e l t a  t i m e  i n c r e a s e s . T h i s  re—

su it i s  s im i l a r  to t h at w h i c h w as ob ta i ne d i n the case  o t

th e mean a z i m u t h  error . The ex ;~l a n a t i o n  for the decreasing

t r end  a g a i n  l i e s  in  the  t a c t  t h a t  as d e l t a  t i m e  becomes

g r e a t e r , the p o s i t i v e  and ne g ative tracking rates be g i n  to

cancel themselves r e s u l t i n g  in a mean tracking rate error

w h i c h  a p p r o a c h e s  z e r o .  It i s  i n t e r e s t i n g  to compare  t h e

s l o p e s  of  the  mean e r r o r  rate scatterp lots (Figures 7 and 8)

w i t h  the s l o p e s  o f  the  mean e r r o r  s c a t t e r p l o t s  ( F i gures S and

o ) .  The s l o p e s  of  the e r r o r  r a t e  p l o t s  a r e  g r e a t e r  than those

t o r  the mean e r ror  p l o t s .  The d i f f e r e n c e  in the s t e e p n e s s

o r  t h e s e  s l o p e s  can  be e x p l a i n e d  as f o l l o w s .  Pos i t i v e  and

n eg a t i ve a z i m uth t rac k i n g e rror s a re t h e re s u l t  o f  t r a c k i n g

t l r s t  in  t r o n t  o f  the t a r g e t  and  t hen  b e h i n d  the t a r g e t.  In

order to generate p o s i t i v e  and negative a z i m u t h  tracking

e rror ra tes  i t  is  not nec e ss a r y to track back and forth

ac ross the target. Positive (negative ) error rates can be

caused by nonconst ant movement of the turr et even though

throu ghout the pe riod that the errors are generated the gun

tube is a l w a y s  l e a d i n g  ( l a g g i n g )  the target. Based on the

forego ing it  seems r e a s o n a b l e  to ex pe c t  a hi gher  r a t e  of

error c a n c e l l a t i o n  of mean az i m u t h  error rates , as com p are d

to those  o f  mean az imuth errors , f ar a given i n t e r v a l  of time.

The m a g n i t u d e  o f  the mean a z i m u t h  t r a c k i n g  r a t e  e r r o r s

a re  sma l le r  f o r  p r o c e d u r e  4 t han  f -o r pr ocedure 3. T h i s  sup—

po r t s  the e a r l ie r  o b s e r v a t i o n  tha t  the  g u n n e r  t ended  t

track the target w i t h  less error just prior to a f i r i n g  se—

que nce  tha n  d u r i n g  t h o s e  t i m e s  w h e n  a f i r in~ w a s  not  e m i : ~e n t .
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The re s u l t s  of  a n a l y s i s  procedures ~ and 4 d i d  not reveal

any s i g n i f icant information regarding the optima l v a l u e  for

a de l t a  t i m e  t ha t  had not been o b s e r v e d  in a n a l y s i s  proce-

dures I and 2~ A l l  tou r of the analyses demonstrated that

mean error could be reduced by increasing the len gth of the

delta time i n t e r v a l .

C. T O T A L  TARG ET A Z I M U T H  ERROR ( MODEL I

The data base used fo r  the a n a l y s i s  d i s c u s s e d  in t h i s

sec t ion e m p l o y e d  the  d a t a  r e c o r d e d  on t ape  2 . T h i s  w a s  the

s e c o n d  t a p e  wh i c h  w a s  t r a n s c r i b e d  f r o m  the m a g n e t i c  t a p e

c o n t a i n i n g  the raw  t e s t  d a t a .  The t i m e  i n t e r v a l  b e t w e e n  t h e

log ica l r e c o r d s  on t a p e  2 w a s  e i t h e r  0.05 seconds or 0.06

s e c o n d s .  The da ta  con ta i n e d  on t a p e  2 r e p r e s e n te d eac h of

the f o u r  p h a s e s  of each  t r a c k i n g  run.  Th i s  i s  c o n t r a s t e d

to ta pe  1 w h i c h  c o n t a i n e d  o n l y  d ata p e r t a i n i ng to per i od s

w h e n  the gunner  w a s  i n  the norma l t r a c k ing s e q u e n c e .

The method of a n a l y s i s  described in t h i s  section was the

i n i t i a l  a t t emp t  to q u a n t i t y  a z i m u t h  e r r o r  as f u n c t i o n  of

t u r re t  r a te , gunner  er ror , targ et rate and delta time . Th i s

w as done in the fo l l o w i n g  manner .

The first step in the a n a l y s i s  process was to e s t a b l i s h

a common c o o r d i n a t e  s y s t e m  in  w h i c h  to e x p r e s s  the  t u r r e t

and target positions. T h i s  step was necessar y in order to

b e a b l e  to d e f i n e  re l a t i o n s h i p s  b e t w e en targe t  m o t i o n  an d

t u r r e t  mot ion w h i c h  w o u l d  p e r m i t  c o m p u ta t i o n  of t o ta l t a r g e t

az i m u t h  e r ro r  as f u n c t i o n s  of  t h e s e  m o t i o n s .

A mong the e l e m e n t s  of  d a t a  c o n t a ined  in each  log i c a l  r e—

cor d of tape 2 was th~ mirror d r i v e  position expressed in
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rad i a n s .  The range of the m i r r o r  d r i v e  p o s i t i o n  data  w a s  0

to 2-it ra dians. The mirror drive position data represented

• the posit ion of the target (the laser spot) as it moved back

an d forth across the target screen. Since the target motion

w a s  s i nuso id a l , taking the sine of the mirror drIve data

res u l t e d in t r a n s f o r m i ng the p o s i t i on of the ta rge t  to a

s c a l e  rang ing fro m —I to + 1. The ra d i u s  of the projection

path ac ross the target screen was computed to be 60.323

cent ime te rs  t h e r e f o r e  by m u l t i p l y i n g  the c o n v e r t e d  m i r r o r

d r i v e  p o s i t i o n  da ta  by t h i s  v a l u e  the ta rge t  mo t i on  c o u l d  be

e x p r e s s e d  in cent i m e t e r s  w i t h  a range  o f  — 6 0 . 3 2 3  to + 6 0 ,3 2 3 .

In order to have a coordinate system w i t h  zero as an o r i g i n ,

t h e s c a l e  w a s  s h i f t e d i n a p o s i t i v e  d i r e c t i o n  by a d d i n g

6 0 . 3 2 3  to each  c o o r d i n a t e  va l u e . The r e s u l t  w a s  a c o o r d i n a t e

• system wh i c h  reflecte d the target motion on a scale ranging

f rom 0 to 12 0 . 6 4 6  c e n t i m e t e r s .  The c o r r e s p o n d i n g  range  of

th is  c o o r d i n a t e  s y s t e m  e x p r e s s e d  in  ml Is  w a s  0 to 38 . 16 3  mi l s .

The a z i m u t h  track i ng data recorded as an e l e m e n t  on each

log ica l record indicated the devi a t i o n  of the gun sight from 4

the target in m l Is. The si gn c o n v e n t i o n  e m p l o y e d whe n t h is

data  was  i n i t i a l l y  c o l l e c t e d  w a s  to a s s i g n  a n e g a t i v e  v a l u e

to the devia t i o n  when the sight was to the r ight of the tar—

get and to assign a p o s i t i v e  v a l u e  when the sig h t  was to the

left of the target. W i t h  the knowledge of the t a r g e t  loca-

t ion and  w i t h  the known d e v i a t i o n  b e t w e e n  the gun s i g h t  a nd

the t a r g e t  i t  w a s  p o s s i b l e  to l o c a t e  the p o s i t i o n  of  the

s ight  in the target  coord i na te s y s t e m .  E x p r e s s e d  in s y m b o l s

the r e l a t i ons hi p was  as f o l l o w s :
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T : 4 ~~~ ~~~~~~~

x = Y — Z

w h e r e

X = c o o r d i n a t e  of the gun s i ght

Y = c o o r d i n a t e  o f the t a rget

2 = d e v i a t i o n  in a z i m u t h  b e t w e e n  the gun s i g h t
ai d the target

H a v i n g  a c h i e v e d  the goa l of c r e a t i n g  a c o o r d i n a t e  s y s t e m

common to both the si g ht and the target the next step in the

a n a l y s i - , w as to derive an expression for target az i m u t h  error

w hich w o u l d  be a function of the gun and target parameters ,

~ w e l l  as delta time.

For t he sake of c l a r i t y  it Is appropriate to point out

t h at the gun sight rate computed in t h is a n a l y s i s  is equit-

a b l e  to th e turret rate. The o n l y  time when these qu a n t i t i e s

w o u l d  not be i d e n t i c a l  w o u l d  be for a moment of time d i r e c t l y

f o l l o w i n g  the gunner ’s a c t i v a t i o n  of the lead lock e n a b l e

sw i tch . T h a t  per iod o f  time is  not  p e r t i n e n t  to th is  a n a l y -

s is  t h e r e f o r e  gun s i g h t  r a t e  and turret rate should be con-

sidered to be synon ym ous.

In t h i s  a n a l y s i s  the model used to compute the total

target a z i m u t h  error was:

E (~~t) = C (~~t)TOF — B — (F)TOF .

•

(G (~~t)— F ) T 3F — B

where E (~~t) Total target a:Imuth error (mi Is )

= Mean turret rate delta time before
lead i n - e r t i o n  (mil s /sec )

TOE PraJ oct i Ic t i ml ’ e f l i g h t  (sec

B = ufl ne r error in a z i m u t h  at f i r i n g  (m l Is) p
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F = Mean target rate du r i n g  the TOE (mi ls/sec )

At = Denotes that the parameter is a function
of delta time (sec )

The azi m u t h error computed usin g  the model above wi I I be

p o s i t i ve whe n t h e t a rg et m i s s  occu rs  to t he r i g h t of the

target and w i l l  b e negative when the miss occurs to the left

of the  t a rge t . T h e f i rst a nd l a s t  terms in the e q u a t i o n  w i l l

cancel themselves when t he mean turret rate before lead in-

se r t i o n  e q u a l s  t he me an t a rget  ra t e d ur i ng t h e p r o j e c t i le

ti me of f l i g h t .  When these two rates are id e n t i c a l  the lead

computed by the f i r e  control p r e d i c t i o n  a l g o r i t h m  w i l l  equal

• the true l ead required t-o h i t  the target. The gunner  a z i m u t h

error at the time of lead insertion was used in the model as

a s ub s t i t u t e  for  the gu n ner az i m u th e r ror  at th e t i m e o t

t r i g g e r  pu l  I. The a c t u a l  gunner  az imu th  e r ror  at the t i m e

of f i r i n g  could not be computed from the data w h i c h  was trans—

• scribed on a n a l y s i s  tape 2. Af te r lea d i n s e r t i o n  the g u n

tube azimuth no longer coincided w i t h  the sight az imuth thus

the pos i t i o n  of the s i g h t r e l a t i v e to the ta rg et cou l d not

be determined. A l l  of the computations performed in t h i s

thes is used the gunner a z i m u t h  error at lead insertion as a

surrogate for the actual gunner a z i m u t h  error at the time of

• f i r i n g .  In t h i s  a n a l y s i s  a l t hough it was not p o s s i b l e  to

determine how closely the gunner azimuth error at lead inser-

t i o n  a p p r o x i m a t e d  th e g u nner a z i m u th er ro r at f i r i n g,  it seem ;

l og i c a l  t ha t  any e r ro r  c a u s e d  by t h i s  a p p r o x i m a t i o n  i s  not

l arge. Tank gunners are taught in t heir gunn e ry instruction

to o b t a in a n e s t i m a t e  o f  the t a rqet mov eme n t ra te p r io r  to P

le ad insertion by tracking the target center of miss , A f t e r
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lea d in s ertion has been acc o m p l i s h e d  the gunner resumes track-

ing of the target center of mass u n t i l  f i r i n g  has occurred.

• S ince the gunn er is t h e o r e t i c a l l y  tracking the target center

of  mass at both l e a d  i n s e r t  ion a nd at f i r i n g ,  th e error a t

these two d i s t i n c t  times shoul d be h i g h l y  p o s i t i v e l y  corre-

lated.

The proj e c t i l e  time of f l i g h t  used in t h is a n a l y s i s  was

1 ,0699 seconds. This parameter value was obtained from

AMSAA a n d  it r e p r e s e n t s  the e x p e c t e d  l e n g t h  of t i m e  r e q u i r e d

for a pro jectile to travel a distance of 1500 m .

F l o w c h a r ts of the Fo r t ra n  p rogra m u se d to acco m p l i sh the

com p u t a t i o n s  d e s c r i b ed in t h i s  sec t i on are l o c a t e d  in

A p p e n d i x  B , flowc harts 8 through 5. The actual a z i m u t h

err or comput a t i o n i s a c c o m p l i s h e d i n t h e su b rout in e d esc r i b e d

• • in flowchart 12 ,

A scatterp lot of the total target a zi m u t h  error versus

delta t ime is shown in Figures 9 and 10 . F i g u r e  9 s h o w s  t h e

mean azimuth error over a delta time interval r a nging from

0.06 seconds to 5,59 seconds . The delta time interval was

expand ed from its lower v a l u e  to its upper v a l u e  by i n c l u d i n g

one a d d i t i o n a l  l o g i c a l  recor d in the error c a l c u l a t i o n  each

tim e the computational loop was repeated. T h i s  resulted in

an incrementa l d elta time step of either 0.05 secon ds or ~~~~

seconds, The maxi mum delta time v a l u e  of 5.59 seconds repre-

sente d the i n c l u s i o n  of 100 logical records in the azi m u t h

error computation. Th e plot shown in F i g u r e  10 r e f l e c t s  the

az imu th  e r r o r  r e s u l t  w h e n  a m a x i m u m  number  ot  S S  l o g i c a l  re—

cords were used in the computation. L i m i t i n g  the m a x i m u m
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num ber of logica l records (used In the computation) to 33

had the effect of m a g n i f y i n g  the d eta i l of  the  s ca t t e r p lo f

tor a l l  data points occurring in the delta time i n t e r v a l

fro m 0.06 seconds to 1. 8 1 seconds.

Figu re 9 shows that the computed azimuth err -or is a mini-

mum at a delta time equa l to ap proximately 0.o8 seconds , but

increases for a l l  delta times w h i c h  are greater than 0.b8

sec onds. The point where the m i n i m u m  error occurs is shown

in greater detai l  in Figure 10. From this figure the delta

ti me corresponding to m i n i m u m  target azimuth error can be

determined to be equal to approx i mately 0.70 seconds.

In order to g ain a clearer i n s i g h t  concerning why the

az imuth error m i n i m u m  occurred at 0.70 seconds a comparison

was made of the me an deviation between the turret rate before

lead insertion (as a function of delta time) and the target

rate d u r i n g  the pr o jectile ti m e of f l i ght. It can be seen

f r om the ta rge t  a z i m u t h  error  e q u a t i o n  that  az im uth e rro r i s

sensitive to differences between these two rates. Fi g u res

I i  an d 12 show the results of the rate comparison . Both of

t hese  f i gures  show th a t t h e mi n i m u m d e v i a t i o n b e t w e e n  th e

turret rate and target rat e occurred at a delta time inter-

val nea r 0.70 seconds. Comparison of Figure II  w i t h  F i gure

9 shows that the two plots are e s s e n t i a l l y  i d e n t i c a l  w i t h  the

e x c e p t i on that  m i n i m u m o r d i n a t e of  F i gu r e I I  i s  s l i g h t l y l ess

than that of Figure 9. Thi s  d i f f e r e n c e  is caused by the in-

c l u s i o n  of the gunner  az i muth er ro r at le ad i ns e r t i o n  in  t h e

target er ror compu tation where as this error was not i n c l u d e d

in the rate comparison.

44 

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



The results of this a n a l y s i s  demonstrated th at azimuth

error is h i g h l y  sens i t i v e  to the error wh i c h  results because

• the turret rate before lead insertion - is not equal to the

actual target rate after f i r i n g .  In contrast to the error

i d e n t i f i e d  above , the error re s u l t i n g  from the gunner ~~s

f a i l u r e  to have the s ight r e t i c l e  on the target in a zimuth

at the time of f i r i n g  was not great. Th is suggests that the

mag nitude of the target azi m u t h  error is very dependent upon

the effect iveness of the fire control lead p r ediction a l go—

• r i thm .

A f t e r  the a n a l y s i s  d e s c r i b ed above  had been acco m p l i s h e d ,

a c r i t i c a l  a p p r a i s a l  of the ta rge t  a z i m u t h  error  m od el w a s

m ade for  the pu rpose  of  i d e n t i f y i n g improve m ents  w h i c h  c o u l d

be ma de in the model structure. Keeping in m i n d  that the

• • 
• primary purpose of the entire a n a l y s i s  was to investigate

• the p r i n c i p a l  dynamics of azim uth error as a function of

d e l t a  t i m e , It was considere d d e s i r a b l e  to redefine the model

in terms mo re descriptive of the real world. The redefini-

t ion of the model and the subsequent a n a l y s i s  on the e l u c i —

dated model are described in the next section.

D. TOTAL TARGET AZIMUTH ERROR (MODEL 2)

This a n a l y s i s  was si m i l a r  in many respects to the analy-

sis described in the preceding section. The a n a l y s i s  was

cond u cte d on the data  recorded  in tape  2 and made use of t h e

procedures requ i red to construct a target coordinate system

based on the mirror d r i v e  position data ,

I
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Till Thl~ ~~II ~~~~~~~~~~~~~~~~

The mo del used to compute total target azimuth error as

a function of delta time , t a rge t  ra te , t u r re t  ra te  an d gunner

• error was a summation of three sources of azi muth error. The

f i r s t  source of error w a s t hat error  c au sed by an i nco r rec t

lea d comp u tat i on r e s u l t i n g  b e c a u s e  th e t u r re t  ra te  was  not

e q u a l  to the ta rge t  ra te  i n a v a r i a b le  d e l t a  t i m e  i n te rv a l

• p r ior to lead i nsertion. The difference between these two

ra te s m u l t i p l i e d  by the t i m e  o f f l i g h t  of the p roje c t i l e  is

equal to the error due to incorrect lead. This first error

i s  c a l l e d  l e a d  p r e d i c t i o n  e r r o r .  The second source of error

i d e n t i f i e d in the model is the error created as a result of

t h e gunne r ’s f a i l u r e  to place the sight reticle on the target

-

• 
cente r of mass in a z i m u th at the time of f i r i n g .  This error

w i l l  be referred to as gunner azimuth error. The third and

• f i n a l  sou rce of azimuth error i n c l u d e d  in the model is that

error caused by a target rate after f i r i n g  w h i c h  is d i f ferent

from that compute d d u r i n g  a g i v e n d e l t a  t i m e  i n t e r v a l  p r i o r

to the gu n n e r~~s i n s e r t i o n  of l e a d .  The d i f f e r e n c e  b e t w e e n

these two target azimuth rates m u l t i p l i e d  by the pro je c t i l e

time of f l i g h t  w i l l  be c a l l e d the target induced error. The

targe t induced error reflects the error caused by evasive

movement of the target after f i r i n g  w h i c h  was not pre dicted

based on the target~~s movement in a delta time interval p r i o r

to lead insertion . As an example , it w o u l d  be l og ica l to

expect that target induced error wou l d  be h i g h  for target

• v e h i c l e s  possessing h igh mob i l l  ty/og i l l  ty. The model com-

pose d of the errors j us t de sc r ibe d can be exp ressed a s f o l l o w s:
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• E (At) = A (At ) ÷ B + C (At )

= (D (At) — G (At))TOF + B ÷ (F — D (At))TOF

= (F — G (At))TOF ÷ B

where

E ( A t )  = Total target azimuth error (m i l s )

A(At) Lead pre dic t i o n  error (m i l s )

B = Gunner error in azimuth at f i r i n g  (m i l s )

C( A t )  = Target induced error (ml Is)

D (At ) = Mean ta rget  ra te  d e l t a  t i m e  b e f o r e  l e a d  i n s e r t i o n
(m i I s / s e c )

G (At) = Mean turret rate delta time before lead insert ion
(m l Is/sec)

L
TOF Projectile ti me of f l i g h t  (sec)

F = Mean target rate duri n g  the TOE (mil s/sec)

At Denotes that the para meter is a function of delta
t ime (sec)

The target azimuth error expressed by t h i s  model w i l l  be

positive if the target miss occurs to the left of the ta rget

and w i l l  be po s i t i v e  for m isses to the ri ght of the ta rge t .

From an exa min a t i o n  of the model above it can be seen that

the product D(At)TOF occurs twice and that it cancels itself.

A f t e r  t h e c a n c e l l a t i o n  of these terms the r e s u l t i n g  mo d e l

is identica l to the model used in the previous a n a l y s i s  of

the tota i target azimuth error. The value of expressing the

model as it is done in this a n a l y s i s  is to permit the total

target azimuth error to be segmented into three d i s t i n c t

sources of error. By quant i f y i n g  the azimuth error in terms

of its unique sources it was hope d that insi g h t s  could be

gaine d concerning wh i c h  of these three sources contributed a
most s i g n i f i c a n t l y  to the total error.
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Genera l flowc harts of the Fortran program used to imple-

ment the azimuth error model are located in A p p e n d i x  B , flo w —

• charts 8 through 5.

The results of the a n a l y s i s  described in t h i s  section

w i l l  be presented by using scatterplot s that d i s p l a y  total

target azimuth error sources as a function of increasing d e l —

• ta time. Because the a n a l y s i s  objective was to gain i n s i gh ts

r e g a r d ing the r e l a t i o n s h i p  b e t w e e n  the target azimuth error

and delta time , emphasis was pl a ce d on the general trend of

the target error as delta time increased rather than on the

ma gnitu de of the error.

The scatterplot of target i nduced error versus increasing

d e l t a  t i m e i s sho w n in Fi gu r es 1 3 an d 14 . These two f i gures

were c r e a t e d  f rom the sa m e dat a ;  h owev e r, the p l o t  shown in

• F i gure  14 r e f l e c t s  a d e l t a  t i m e  p e r i o d  w h i c h  is  a p p r o x i m a t e —

• ly one—t h i r d  of that shown in F i g u r e  13. Fi gu re  13 s h o w s  a

genera l p o s i t i v e  t ren d in the t a rge t  i n d u c e d er ro r  b eg i n n i n g

at a delta time of approximatel y 1 .0 secon ds. This p o s i t i v e

tren d results because as delta time is increased the mean

t r a v e r s e  ra te  of the t u r r e t  becomes i n c r e a s i n g l y  l e s s  repre-

sentat ive of the target rate after f i r i n g .  As was observed

i n  t r a c k i n g  ra te  a n a l y s e s  ( S e c t i o n  V B ) , the mean a z i m u t h

t r a c k i n g  rate tends to converge  to zero  w i t h i n c r e a s i n g  d e l t a

time. Fi gure 14 shows that the target in duced error g l o b a l

m i n imum occurs at a delta time equal to app r o x i m a t e l y  0.93

• seconds . Thi s  i ndicates that for the data used in this

ana l y s i s  the t a r g e t  i n d u c e d  e r ro r  can be m i n i m i z e d  by select —

ing a delta tim e of 0.93 seconds. Because the a: imuth error
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mo del i n c l u d e s  two other error sources in a d d i t i o n  to target

i nduced  error , it cannot be concluded that a delta t ime of

this duration m i n i m i z e s  total azimuth target error.

A scatterp lot of the mean deviation between the turret

rate an d the target rate prior to lead insertion is shown in

Fi gure 15 . The deviation in the rate is plotted versus in-

creasing delta time. The deviation m u l t i p l i e d  by the pro—

j e c t i  le t ime  of f l i ght (a constant ) represents the source of

error  e a r l i e r  i d e n t i f i e d  as l e a d  pred i c t i o n  er ror . The de-

creasing trend of thi s  plot reflects a n inverse r e l a t i o n s h i p

betwee n increasing delta time and the rate deviation. As

the delta time interval is increased the instantaneous track-

i n g e r ro rs  m a d e b y the gunner  ten d to c a n c e l  t h e m s e l v e s  wi t h

the result that the average turret rate becomes an increas —

• i n g l y  better approximation to the actual target rate.

The two sources of target azi muth error discussed above

represent opposite error trends as delta time is increased.

The lead prediction error decreases with larger delta time

whereas the target induce d error increases . The results of

the summation of these two sources of error are shown in

F Igures 1 6 and 17. This scatterp lot shows that the target

induced error c l e a r l y  dominates the le ad prediction error .

As shown in F i g u r e  17 the g l o b a l  m i n imum of t h e s um of  t h ese

• errors occurs at the delta t ime equal to app r o x i m a t e l y  0.70 -
•

seconds.

The third sourc e of target error not considered in Fi g-

ures 16 and 17 is the gunner azimuth error at f i r i n g .  T h i s

— - - - • - •  ~~~~ •~~~~~~~~~~~ • ~~~~~~~~~~~~~ •
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• error is independent of del ta time. For the reasons e x p l a i n e d

p r e v i o u s l y ,  gun ner error at lead Insertion was used as a sub-

stitute for the actual gunner error at f i r i n g .  When the

three components of the target azimuth error model are summed

a nd p l o t t e d  v e r s u s  d e l t a t i m e , the results are as shown in

Fi g ures IS and 19. By c o m p a r i n g  t hese  f i gures w i th those

s h ow n in  1 6 a nd 17 i t i s ap p aren t  th a t gunner  a z i m uth e rror

at t i r i n g  (as model e d by the gunner error at lead i n s ertion )

is not a ma jor contributor to the tota l target azimuth error.

The p l o t s  s ho w n i n F i g u r e s  IS a n d 1 9 are  i den t i c a l  to t hose

sho w n i n F i g u res 9 an d 1 0 thus v er i f y i n g  that  the m o d e l s

used  i n a n a l y s i s  m etho d I an d metho d 2 w e r e  i d e n t i c a l  excep t

for the manner in w h i c h  they were expressed. Both models

show that a delta time corresponding to approxim a t e l y  0.70

seconds results in the m i n i m u m  total target az i m u t h  error .

O f the three sources of error i n c l u d e d  in t h i s  target

error  model , t h e e r ro r term w h i c h  co n tr i b utes  mos t  to t h e

total target az i m u t h  er ror is the target induced error. The

s c a t t e r p l o t  shown  in F i g u re 20 r e p r e s e n t s  the m ean a z i m u t h

error m i n u s  the target induced error. Comparison of thi s

f i gure  w i t h F i g u r e  1 8 s h ows t ha t  the t a rge t  i n d u ce d er ror

c l e a r l y  dominates the other factors in the model. Without

the target indu ced error in the model the tota l target azimuth

error is d r a s t i c a l l y  reduced. Co n s i d e r i n g  the dominance of

the target induced error over the other error sources , it is

a p p a r e n t  tha t  to t a l  ta rge t  a z i m u t h  e r ro r  co n most  e f f e c t i v e -

ly  be m i n i m i z e d  by r e d u c i n g  the  t a r g e t  i n d u c e d  e r r o r .

~~L 
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V I .  CONCLUSIONS

In  th is  t h e s i s  s e v e r a l  a n a l y s i s  t e c h n i q u e s  w e r e  d e v e l o p e d

for the purpose of a n a l y z i n g  the tank fire control test data .

The a n a l y s i s  objective was to investigate the optima l t i me

(delta time ) to assi g n to the t r a c k i ng ra te  f i l t e r  emp l o y e d

i n a tank fire contro l lead p r e d i c t i o n  a l g o r i t h m. An addi-

t i o n a l  o b j e c t i v e  w as to ga in i n s i g h ts c o n c e r n i n g  th e dy nam i cs

of target error. This i n volved the i d e n t i f i c a t i o n  of sources

of target error and the investigation of the r e l a t i o n s h i p be-

twee n these sources and delta time.

• The r e l a t i o n s h i p  between azimuth tracking error and delta

t ime was analyzed in Section VA . Both a n a l y s i s  procedures I

and 2 de monstrated that the gunner mean azi muth tracking

error decreased as delta time was increased. The gunn er mean

azimut h tracking error was shown to be s m a l l e r  just prior to

f i r i n g  sequence than at other times in the tracking sequence.

Thi s  suggested that the gunner was motivated to track the

t a rge t  more con s c i e n t i o u s l y  d u r i n g  t h ose t i m e s  j u st b e f o r e

a f i r i n g  sequence  than at those t i m e s  when  f ir i ng  w a s  not

i m mi nent.

A n a l y s i s  procedures 3 and 4 in Section VB i nvestigated

g u nner mean a z i m u t h t rac ki ng ra te  erro r as a f u n c t i o n  of

d e l t a  t ime.  The r e s u l t s  s h o w e d  tha t  the mean a z i m u t h  t rack -

i ng  r a t e  e r ro r  d e c r e a s e d  as a f u n c t i o n  of i n c r e a s ing  d e l t a

time.
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The r e s u l t s  ob ta in e d  f rom a n a l y s i s  p r o c e d u r e s  I t h rough

4 demonst rat ed that t h e m ean a z i m u t h tr ac k ing e r ror a nd m ea n

azim uth tracking rate error could be m i n i m i z e d  by a s s i g n i n g

large values to the tracking rate f i l t e r .  The i n s i g h t s

gai ned serve to motivate the subsequent analyses wh i c h  were

cond ucte d but d id  not p r o v i d e any  f i n d i ngs  that  i s o l a t e d  a

u n i q u e  v a l u e  to assign to the trackin g rate f i l t e r .

Based on the i n i t i a l  a n a l y s i s  it became a p p a r e n t t h at

s u b s e q u e n t  ana l y s e s  s h o u l d  i n c l u d e  the p o r t i o n s  of the tes t

data pert a i n i n g  to the f i r i n g  sequences as w e l l  as the data

representing the n o n — f i r i n g  sequences . In a d d i t i o n  it w~~s

concluded that it wo u l d  not be p o s s i b l e  to arr i v e  at any

m ean i n g f ul f i n d i n g s  r elative to an optima l d elta time v a l u e

unless the interval of time between adjacent data records

• was reduced by i n c l u d i n g  more records per u n i t  time in the

a n a l y s i s ,  Based on these f i n d i n g s  a second a n a l y s i s  tape

w as transcribed from the raw test data w h i c h  i n c l u d e d  the

ad d i t i o n a l  data that was not i n c l u d e d  in the i n i t i a l  a n a l y s i s .

Model I desc ribed in Section VC was formulated to quanti-

f y tota l ta rget a z i muth er ror as a function of delta time.

The r e s u l t s  of t h i s  a n a l y s i s p roce d ure showed  tha t  m i n i m u m

target error occurred at a delta ti me equal to 0.70 seconds.

It was determined that error produced by the gunner ’s fai lure

to have the si ght reticle on the center of mass in a z i m u t h

was sm a l l  in comparison to the error caused by movement -of

the target after f i r i n g  that was not predicted by the lead

p re di c t i o n  a l gorith m prior to f i r i n g .
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A n a l y s i s  Mo d e l  2 q u a n t i f i e d t o t a l  ta rge t  a z im uth er ror

a s the s um of three in d i v i d ua l  sou rces  of erro r. The three

so u rces w ere l ead  pred i c t i o n  e r ro r , gun ner azimuth error ,

an d ta rget induced error. The lead prediction error and the

ta rge t  i nd uce d error  were  i n v e s t i gate d i n d i v i d u a l l y  to deter-

mi n e  their characteristics as a function of delta time.

The results of the a n a l y s i s  e m p l o y i n g  Model 2 revealed

an i n verse  r e l a t i o n s h i p  bet w een t h e lea d pre di c t i o n  error an d

increas ing delta time. Ta rget induced erro r was shown to in-

crease as delta time became greater. The gunner azimuth

error w as not a major component of azimuth error when com-

pared to the lead pred iction error and the target induced

error. The target induced error component dominated the

ot her two components in terms of magnitude and therefore was

the major contributor to the total target azimuth error.

Both Mo dels I and 2 demonstrated that tota l target azimuth

er ror was m i n i m i z e d  at a delta time equal to approximately

0.70 seconds.

T h e v a l u e of the a n a l y s i s  proc ed u res desc r ib e d in t h i s

thesis does not l i e  e n t i r e l y  in the determination that the

m i n i m um to ta l  ta rge t  a z i m u t h  e r ror  occu r red  at a d e l t a  t i m e

of 0.70 seconds. This f i n d i n g  is no doubt dependent on the

character of the test scenario a nd therefore would be expec—

ted to change some what if other scenarios were used. The

importance of the a n a l y s i s  is that it lends i n s i g h t s  concern—

ing w h i c h compo nents of the tota l target azimuth error are

most dominate and how components vary as a function of delta

t i me.-
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APPENDI X A. I l~~l Ji ~E S

The fi gures depicte d in t h i s  A p p e n d i x  show p I ’ t s  of the

raw test data and results of the an a lyses conducted in the

thes is.

r igures 2 through 4 are plots of the raw test data.

Fi g ures 5 through 8 show the results of a n a l y s i s  procedure s

I thr ough 4 respectively.

The results obtained fro m the a n a l y s i s  e m p l o y I n g  Mo de l

are shown in Fi gures 9 throu gh 12 . F i g u res 13 th rou g h 20

depict the results of the a n a l y s i s  in w h i e h  Model 2 was

uti I i zed.
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APPENDIX B. FLOWCHARTS-

The flowcharts contained in th i s A p p e n d i x  provide a

ver bal description of the two Fortran computer programs

used in the a n a l y s i s  of the fire contro l test data . The

a n a l y s i s  concerned with the computation of azimuth track-

ing error and azimuth track ing rate error Is described

in flowcharts I through 7. Ana l y s i s  p rocedures  I through

4 are e x p l a i n e d  in flowcharts 2, 4, 3, and 5 respectively.

Flowcharts 8 through 15 describe the computer program

written to execute a n a l y s i s  Mo dels I and 2.

1
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FLOWCHART I. MAIN PROGRAM
(Ana l ysis Procedures I through 4)

Read data from magnetic tape I. Each logical record read contains
the fo l low ing informat i on:

Azimuth tracking data ( m H s )
Elevat ion tracking data (mils )
Mirro r dr ive 7osition data (radians )
Recordi ng t i me of the log ica l record (012 sec)

+
Record the number of log ica l records which were read (N)1

4 I
-

Specify the number of iterations C h IMES) which are to be accom-
plishe d within each subroutine. This specif i cat i on w i l l  cause mean
azimut h error and mean azimuth rate error to be computed by averaging
over delta t i mes rang i ng from approx i mately 0.2 seconds to the product
of (ITIMES) (0.2 seconds) in increments of 0I2 seconds.

+
Call Su broutine BLKERR . This subroutine computes mean azimuth

track i ng error beg inning w i th  tracking data fo l l ow i ng a tr i gger pu l l ,
wor king forward in time.

4
Call Subroutine AVRATE . Th is subroutine comp utes mean azimuth

tracking rate error beginning with track ing data follow i ng a trigger
pu l l , work i ng forward i n time .

4
Call Subrout i ne ETUPLE• This subroutine computes mean azimuth

track ing error beginning with tracking data just prior to lead insert ,
work ing backward in time1

4.
Cal I Subroutine RTUPLE. This subroutine computes mean azimuth

track ing rate error beginning with tracking data just prior to lead
i nsert , working backwa rd in time .

4
Call Su broutine OUTPUT. This subroutine provides a printed output

of the data calculate d in p reviously called subrout i nes.
4

Call Subrout ine PLOTS. This subroutine creates scatterp l ots of
the data ca l cu l ated in previously called subroutines.

E~d . -
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FLOWCHART 2. SUBROUT I NE BLKERR

Enter l oop 20 which w il l  be iterated ITIMES start i ng with L= l . In-
dex L is incremented in steps of I I  The product (L)(O. 2 seconds) equals
the delta time increment under cons i deration for any given iteration of
loop 20.

+
Enter l oop 10 which w i l l  be iterated N times as specified from the

ma in p rogram. The constant N corresponds to the number of log i ca l records
to be p rocessed.

4
Identify the beginning of each tracking sequence which follows a

simu l ated trigger pull by l ocating successive log i cal records wh i ch are
separated in time by more than (L)(O.25 seconds).

+
Enter loop 6 which w i l l  be i terated L times as s pec i f ied by the i ndex

of l oop 20.
4-

Calc ulate the cumulative sum of azimuth tracking error from each
success i ve log ica l record p roceed i ng forward in time . Mainta in a count
of the number of sUms taken.

+
Exit loop 6

+
Calculate the mea n of the cum ulative sum recorded in l oop 6. Calcu—

late the absolute va l ue cumu lative sum of the mean computed in this step .
4

Calculate the time interva l over which the cumulative tracking error
computed in l oop 6 was taken. Ma i ntain a cumulative sum of these times.

+
Ex i t l oop 1 0

4.
Ca l cu late -the mean azimuth tracking error from the cumulative sum

computed in l oop 10. Calculate the mean time i nterva l over which the
track ing error was computed .

4-
Record these val ues in vectors whose index value is equal to L.

+
Ex i t l oop 20

+
Return

0~
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FLOWCHART 3. SUBROUT I NE AVRATE

Enter l oop 20 which w i l l  be iterated ITIMES start i ng w ith index L=i .
In dex L is incremented in steps of I . The product (L)(O.2 seconds)
equals the delta time increment under consideration for any given itera-
t i on of loop 201

+
Enter loop 10 w hi ch w i l l  be i terate d N t im es as spec i f i ed fro m the

ma i n p rogram. The constant N corresponds to the number of log i ca l records
to be processed.

+
i dentify the beginning of each tracking sequence which follows a

simulated tri gger p ul l  by l ocating successive logica l records which are
separated in time by more than CL ) (0.25 seconds).

~1-
Enter l oop 6 which w i l l  be iterated L times as specified by the i ndex

of loop 20.
4- I -

Calculate the cumulative sum of azimuth tracking rate error from
each success i ve log i cal record p roceedi ng forwa rd in time . Rates are
calculated by subtracting the i’th azimuth error from the j5th azimuth
error and dividing this sum by the time between these successive errors.
Maintain a count of the number of sums taken .

-I-
Exit loop 6

-4-
Calc ulate the mean of the cumulative sum recorded in l oop 6. Calcu—

l ate the absolute value cumulat i ve sum of the mea n compute d in th i s
step.

4-
Calculate the time i nterva l over which the cumulative tracking

rate error computed in l oop 6 was taken. Maintain a cumulative sum of
these times .

+
Ex i t loop 1 0

+
Ca l culate the mea n az i muth track i ng rate error from the cumulat i ve

sum computed in l oop 10. Calcu late the mean time interva l over wh ich
the tracking rate error was computed. Record these va l ues in vectors
whose index va l ue is equa l to L.

+
Exit l oop 20

+
Ret u r n

I
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FLOWCHART 4. SUBROUTINE ETUPLE

Enter l oop 10 wh ich w i l l  be iterated N times as specified from the
main p rogram.

+
I denti fy the last logica l record in each i nd i vidua l trac ki ng sequence

by l ocating success i ve log i ca l records which are separated in time by
more than 0.25 seconds• Create a vector conta ining the l ocation number
of the log ica l records identified .

4.
Enter loop 30 which w i l l  be iterated ITIMES start i ng with index L=l .

Index L is incremented in steps of I. The product (L)(O.2 seconds)
equals the delta time increment under cons id eration for any g iven itera-
tion of l oop 30.

‘I.
Enter loop 20 which w i l l  be iterated IA times. IA corresponds to

the number of ~ndivi dua I tracking sequences previously identified.
+

Encounter logic to determine when the end of an individua l tracking
sequence is reached • When the end of a tracking sequence is i dentified ,
transfer back to the top of loop 20.

+
Enter l oop 25 which w il l  be iterated L times as specified by the in—

dex of loop 30.
+

Calculate the cumulat i ve sum of azi muth tracking erro r f rom each
successive log i cal record p roceed i ng backward in time from the last
record in each i ndividua l tracking sequence.

+
Calculate the cumulative sum of the time between each successive log i-

cal record wherein tracking data was summed in the preceding step .
4-

Ex i t l oop 25
+

Calculate the mean of the cumulative sums recorded in l oop 25. Ca l-
culate the absol u te va l ue cumulat i ve sums of the mea ns compute d in th i s
step.

+
Exit l oop 20

+
Calculate the mean azimuth tracking error from the cumu Ia~~ive sum

computed in l oop 25. Calcu l ate the mean time interva l over whi ch the
track ing error was computed. Record these values in vectors whose index
va l ue is equa l to L.

+
Return

1
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FLOWCHART 5. SUBROUTINE RTUPLE

Enter loop 30 wh ich w i l l  be iterated ITIMES start i ng with index L= l.
Index L is incremented in steps of I. The product ( L) ( O .2  seconds)
equals the de l ta time increment under consideration for any given itera—
tion of loop 20.

-I-
Enter loop 20 which w i l l  be iterated IA times . IA corresponds to

the number of individua l tracking sequences p reviously i dentified in
Subroutine ETUPLE I

-I-
Encounter logic to determ i ne when the end of an individua l tracking

sequence is reached. When the end of a tracking sequence is identified ,
transfer back to the top of loop 20.

4-
Enter loop 25 which w il l  be iterated L times as specified by the in-

dex of l oop 301
+

Calculate the cumulative sum of azimuth tracking rate error from
each successive log i ca l record proceed i ng backward in time . Rates are
calcu l ated by subtracting the i’th azimuth error from the j’th azimuth
error and d ividing this sum by the time between these successive errors.
Maintain a count of the number of sums taken•

+
Calc ulate the cumulative sum of the time between each successive

log ica l record wherein track i ng rates were computed and summed in the
preced i ng step.

4.
Ex i t loop 25

4.
Calculate the mean of the cumulative sums recorded in l oop 25. Ca l-

culate the absolute va l ue cumulative sums of the means computed in this
step.

+
Ex it loop 20

4.
Calcu l ate the mean azimuth tracking rate error from the cumulative I -

sum computed in l oop 201 Calc ulate the mean time interva l over which
the tracking rate errors were computed.

4.
Record these values in vectors whose i ndex val ue is equal to L. - 

-

4.
Exit l oop 30

+
Return

I
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FLOWCHART 6. SUBROUT I NE OUTPUT

Create a pr inted output of mean azimuth tracking errors and the
correspond ing de l ta time data computed in Subroutine BLKERR .

+
Create a printed output of mean azimuth tracking rate errors and the

correspond ing de l ta time data computed in Subroutine AVRATE I
+

Create a pr inted output of mean azimuth tracking errors and the
correspond ing delta time data computed in Subroutine ETUPLE.

4.
Create a pr inted output of mea n azimuth tracking rate errors and

the corresponding de l ta time data computed in Subroutine RIUPLE.
+

Return

:1 
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FLOWCHART 7. SUBROUTINE PLOT

Create a sca-tterplot of del -ta t ime versus mean az i muth tracking error
as computed in Subroutine BLKERRI

+
Create a scatterplot of del ta t im e versus mean az i mut h track in g rate

error as computed in Subroutine AVRATE.
+

Create a scatterp l ot of delta ti me versus mean azimuth trackin g error
as computed in Sub routine ETUPLE.

+
Create a scatterplot of de l ta t ime versus mean azimuth tracking rate

error as computed in Subroutine RTUPLE.
+

Return

1
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FLOWCHART 8. MAIN PROGRAM

(Analys is Models I and 2)

Read data from magnet ic tape 2. Each eq i cal record read contains
the f o l l ow i n g  information :

A :imuth tracking data (m iis )
Elevation trac king data (mi l s r
Mirror drive position data (radians )
Event code des i—i na t i o n
~t—co rd i ng tim e of the log ica l record (0.06 sec~

4-
Recor d the number of I oq i ca I records wh i ch were read (N) .

4
Subt ract a constant K f rom each eq I ca l  r:-cord r~cor d i nq t ~me so that

the r e sult ing times can be represented more accuratel y in the binary
number system .

+
Cal l Subroutin e LOCPUL. This subroutin e locates the first Ionic - i l

record in each firin g sequence and creates a vector KTPULL (l ~ which
records the I oca t i o n  of each record i d e n t i f i e d . A count of the number
of firin g sequences detected (NPULL ~ is computed .

+
• Specify the value of the constant NDELTA. Thi s value de te rm ine s  the

lenqth of the delta -t i me interva l to be considered in the a n a I v - ~is .  The
del ta tim e int e rv a l w i l l  equa l (NDELTA) (0.06 seccrlds) I

+
Enter I oop ~ wh I ch w ii I be i I er-i t OIl once fo r  each t i n rrq -~equenco of

which there are NPULL.
4

Cal I Subroutine S I LEAD. Th i s  ~u breu  t i ire pertorm~ compu t~ t ions - e l i —
t i vt’ to the I oca t ion and movement of the tank tur ret  ( iqht ) and -; imu—
lated target a v a ri able time interva l p r ior to the qunnor ’-s in sertion of
a.: i mu th lead.

4
Ca I I Subrou t I no LASER. Th i ui h r o ut i no per forms compu tat I on~

; re I a—
I ye to the I oc.i t ion and movemen -t of the s i mu I at  ed i a rq e  t -if ter the

-nm nne r ’ -; i r l ue r t ion of a zimuth I eid .
4

C. I I Subrout i ne ERROR. Ih I suhrout I no 1 -ompu I ei; tot a I I n-qc t a: I mu th
I I  - ~r 

~
- . a f unction of del Li t irne based on i n p u t  data f rom suhr-ou t I nos

I - Al~ ~r l~ 1 I A S F R.
+

1



+
Call Subroutine ABSDIF. This subroutine computes the mean devi at ion

between the turret rate and the target rate as a funct i on of delta time .
-‘-

Enter loop 10 which w i l l  be iterated NDELTA times in increments of I .
4-

Calcul ate the cumulative sum of the times between successive lo g ic a l
records and maintain this result in the vector SlIME.

+
Calcul ate the cumulative sum of the target azimuth errors computed in

subroutine ERROR.
+

Ex i t loop 10
4-

Exit loop S
4-

Calcu la te  the mean t ime I nterva I between suc cess i ye Ioq I ca l records
by using the cumulative time data in vector STIME. The times computed
in this step represen t the mean intervals in which delta time is incre-
mented as it is increased f rom 0 to (NDELTA)(O.06 seconds).

+
Call Subroutine OUTPUT . This subroutine provides a printed out put

of se l ected data previously computed .
4-

Call Subroutine PLOTS. This subroutin e creates scatterp lots of
selected data previously computed .

+
END

p
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FLOWCHART 9. SUBROUTINE LOCPUL

Enter loop 5 which w i l l  be iterated N times as specified f rom the
ma i n program . The constant N corresponds to t he number of log i ca l
records to be processed .

4-
Chec k the event codes of each log i cal recor d to dete rmin e i f t hey

are code 2038. Event code 2038 corresponds to a firing sequence trigger
pu l l .  Whe n a trigger pul l  event is detected jump out of loop 5 and
record the log ica l rr’cord number where the trigger pul l  occurred in
vector KTPULL (I).

4
Return to loop 5 and start the search for s ub sequ ent tr i gger pu l l

event codes beginning at the point where the loop was ex i ted.
4.

Ex it loop 5 when the last log i cal recor d to be processed has been
reached .

4-
RETURN

_

i1 
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FLOWCHART 0. SUBROUTINE SILEAD

Enter loop 5 for the purposes of l ocating the log i ca l record al which
the gun ner engaged the lea d loc k enab le sw i tc h the reby insertin q l ead in t o
the firing az i muth. Exit loop 5 with the number of the loq i cd l record
w here lea d was i nserted .

4-
Compute the elapsed time between lead insert ion and the gunner tr innt ~r

pu I I
4-

Enter loop 15 which w i l l  be iterated NDELTA times in incremen ts of I
+

Create a vector SPOTML which represents the coordinate ot the simulated
tarqet in m i l s  beg inning at the time of l ead insert to the time equal to
time of lead insert minus (NDELTA)(O .06 seconds~ . Hereafter , for the pur-
pose of brevit y , this time interval w i l l  be referred to as time interv a l
ALPHA .

4
Create a vector APR I ME which represents the coordinate of the turret

( s ig h t )  in m i l s  in the target coordinate syste m for t ime in terval  ALPHA .
Both vector SPOTML and APR IME have a max i mum lenqth ~ f NDELIA and con ta in
coordinate data for each logical record within t i m e  interva l ALPHA.

4
Enter loop 19 where the gunner azimuth error is computed for time in—

terva l ALPHA . Gunner azimuth error is p o s it i v e  i f  the gunner is  t rac k i ng
in front of the target and i-s negative if the gunner i s  l agg i ng the target .

+
Ex i t loop l- )

+
Enter loo p 30. W i t h i n  th is  loop the vec tor AZRTUP and SPOTRI are com-

puted . Vector AZRTUP represents the a.’ imuth traverse rate of the turret
in m i ls / sec  for t ime interva l ALPHA . The vector SF’OTRT represents the
azimuth rate of the target in m i l s / s e c  over t ime interva l ALPHA.

4
Calculate the cumulative sum of the t ime in terva l  between succ e ss i \ e

• lo g ical records within time int erv a l ALPHA. Store this result in vector
DELTMI

+
Ex i t loop 30

+
Enter l oop 40 which is iterated NDELTA times in increments ct I .

+
Calculate the cumulative sum of the dev i ation between the turret rate

and the target rate in t ime interva l ALPHA.

41

0
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+
Ex i t loop 40

4-
If the f iring sequence is the last one i n t h e  series of firing Se—

quences enter loop 45 and compute the mea n dev i at i on bet ween the turret
rate and target rate in time interva l ALPHA .

+
Ex it loop 45

4-
If the var iab le  JRITE is set equa l to I enter loop 55 wh i ch w i l l

cause data cards w i t h  gunner target error and ta rget appa rent ve l oc i ty
to be punched .

+
If the variable JPLOT is set equa l to I create a scatterplot of tar-

get appa rent veloc i ty versus gunner target error.
4-

RETURN

k

S
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FLOWCHART II .  SUBROUTINE LASER

Enter loop I. Compute a vector TGTLD which represents the coordinate
of the target in m i l s  beginning at the time of l ead insertion through the
time at which the gu nner initiates a trigger pul l .  Vector TGTLD wi l l  be
of var iable length which is dependent on the time interva l between the
insertion of l ead and the initiation of a tri gger pu l l .  Coordinate data
is calcu l ated for each log ica l record withi n this time interval.

4.
Ex it loop I

4.
Enter l oop 2 -and compute the azimuth rate of the target in mi ls/sec

from the t ime that l ead is inserted through the time of trigger pul l .
Store the cumu la t ive  sum of the rates computed .

+
Ex it loop 2

+
Compute the mean az imuth rate of the target from the time of l ead in-

sert through the time of tri gger pul l .
4.

Enter loop 5. This loop w i l l  be iterated 25 times. Compute a vector
TGTMIL wh ich represents the coordinate of the target in m i l s  beg inn in g at
the t i me of tr i gger pul l  th rough the next success i ve 25 log i cal reco rds.
The computat i on of 25 target coord inates w i l l  permit subsequent computa-
tion of the target rate through a simu l ated projectile time of fl i ght of - -

I .0669 seconds.
+

Ex it l oop 5
+

Enter loop 10 and compute the target rate in mils/sec over an inter—
val of time corresponding to a s imulated pro jec t i le  t ime of f l i g h t  of
1. 0669 seconds. Ma i ntain a cumulative sum of the computed target track-
ing rates.

+
Ex i t loop 10

4.
Compute the mean target rate from gunner tri gger pul l  through a simu-

l ated projectile time of fl i ght of 1.0 669 seco nd s.
+

Enter ioop 18 and compute the target in duced error f rom the t i me of
lea d insert i on through the time of simulated p rojectile impact . Projec—
t ile impact is assumed to have occurred 1.0669 seconds after firing.

+
Exit loop 18

+

I
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+
Enter l oop 20 which w i l l  be iterated NDELTA times in increments of I.

+
Us ing 3 d i f ferent  computational formulas compute target error in m i l s

and store the resu l ts of each computat ion in a separate vector. Ca l culate
the cumu l at ive sum of the target errors for each firin g sequence.

+
Exit loop 20

4.
If the f ir ing sequence is the last one in the ser i es of f i r ing  se-

quences enter l oop 25 and calculate the mean target error for each of the
3 target error sums acc umu l ated i n loop 20.

4.
Ex it l oop 25

+
RETURN

0 
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FLOWCHART 12. SUBROUTINE ERROR

Compute the variable TARGET whic h is equa l to the product of the
target rate after f iring times the projectile time of fl i ght.

4.
Enter l oop 5 wh ich  w i l l  be iterated NDELTA times as spec i f i ed  f rom

the main p rogram.
+

Compute the vector SIGHT wh ich  is equa l to the product of the turret
rate pr ior to lead insertion times the projectile time of flight. The
vector SIGHT has l ength NDELTA.

+
Compute tota l target azimuth error in m i l s  by subtract i ng the quan—

tity TARGET and the gunner azimuth error at the time of lead insertion
f rom the vector SIGH T. The resul t ing vector is tota l target azimuth
error in m i l s  as a function of increasing delta time .

+
Ex i t loop 5

+
If the variable I PRT is set equa l to I output se l ected computationa l

results f rom subroutines SILEAD , LASER and ERROR.
4.

RETURN

0~
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FLOWCHART 13. SUBROUT I NE ABSDIF

Enter  l oop 5 which w i l l  be iterated NDELTA times in increments of I.
• +

Compute the cumulat ive absolute va l ue difference between the turret
rate before gunner insert i on of lead and the rate of the target after

• f iring . Mainta in a count of the number of sums taken.
+

Ex it l oop 5
+

If th is firing sequence is not the last in the series of firin g se—
quences return to the main program.

4.
Enter l oop 10 which w i l l  be iterated NOELTA times in increments of I.

+
Compute the mean deviat i on between the turret rate prior to lea d

i nsertion and the target rate after f i r i ng  as a funct i on of del ta t i r
4.

Exit loop 10
4’

RETURN

0 
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FLOWCHART 4. SUBROUTINE OUTPUT

- 

- Create a printed output of the log i ca l record l ocation of all simu—
lated firings.

~1~
Create a printed output of selecte d var i a b les compu ted in sub rou t ines

SILEAD , LASER and ERROR.
4.

Create a printed output of selected variables computed in the MAIN
program .

Create a printe d ou tput of selected variables computed in subroutine
SI LEAD.

4.
RETURN

I

- 
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FLOWCHART 15. SUBROUT I NE PLOT

Create a scatterp l ot of delta time versus mean tota l target azimuth
error as computed in Subroutine ERROR.

+
Create a scatterp l ot of delta time versus the mean deviation between

the turret rate prior to lead insertion and the target rate after f iring
as computed in Subrout i ne ABSD IF.

-4.
Create a scatterp l ot of de l ta time versus the mean deviation between

the turret rate and target rate prior to l ead insertion as computed in
Subroutine LASER .

-4.
Create a scatterplot of de l ta time versus the mean target induced

error as computed in Subrout ine LASER .
+

Create a scatterplot of de l ta time versus the mean tota l target azi-
muth error ( TGTER2) as computed in Subroutine LASER.

4.
Create a scatterp l ot of delta time versus the mea n tota l target azi-

muth error (TGTER3 ) as computed in Subroutine LASER.
+

Create a scatterplot of delta time versus the mean tota l target azi—
muth error (TGTER5) as computed in Subroutine LASER.

4.
RETURN

S
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