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SLUt I ON I

INTRODUCTION

The objective of this report is to provide defense community standardized
definitions of parameters and their known/unknown characteristics which affcct

V air combat gunnery, and to show the methodology for their treatment in the
Dynamic Air-to-Air Model , First Ed ition (DATAM-I). It is not intended as a
treatise on the theory of fire control. That is well covered in Reference 1 ,
which was used as the basis for formulating DATAM-I.

Any error/inaccuracy that causes a weapon to miss its target can be
categorized as a fire contro l error. However, mach ine guns are no t always
directed to cause every projectile to hit the target. Sweeping/dispersion
of the fire pattern is design-intended to cover uncertainties so that some
percentage of the pattern covers the target . Thus , the definition of fire
control errors can be ambiguous . One intent of this report is to provide a
common basis to avoid amb iguities/misinterpretations.

The accuracy prob l em of any gunnery fire contro l effort can he readil y
divided into three areas; sighting accuracy, solution accuracy of the cstimate/
prediction , and accuracy of the estimate . During the time interval of the
burst , correlations within and between the areas must also be considered .
How ever , treating each area separately first provides a simplistic nature to
a very complex overall problem. The separate treatments then form a good
basis for envisioning the interactions between the areas.

A common practice in previous accuracy analyses was to assume all areas
to be perfect while examining the influence of imperfections/inaccuracies of
one parameter . Independen t var iations of ind ivid ual pa rameters , d iv ided by
the change/interval , were modeled to determine the sensitivity of accuracy
to that particular parameter . Af ter all identified parameters were examined ,
it was also common practice to assign standard deviation (root mean square ,
rms) val ues for the parameters. Ass ignments have histor ical ly been based on
very scant test data , heuristics , or educa ted guesswork . Similarly, the
correlations of the variables as a function of time within the pass and from
one pass to another have been estimated in a very cursory manner ; i .e.,
linear or other simple regression fits have been applied to determin istic
responses which are obviously several orders higher. The sensitivity arid
rms-value products were listed out as fire contro l error budgets which have 

‘
one enviable quality; i.e., in the absence of substantiatin g data , rational
arguments are difficult. Finally, error budgets have been combined in various F
and sundry ways . The root sum square of al l , sometimes called hopper
statistics , or of the correlation-coefficient modified sighting/random and
solution/systematic errors has been esoterically pleasing to some who prefer
the dialec tical approach , while especially irritating to the plodding
engineer who is diligen tly search ing for cause and eff ec t . Even the mos t

1
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exacting can lose insight between the problem and model mechanics which,
sometimes determine how certain variables must be treated . Of equal impor-
tance , these analyses have invariably neglected to consider the interactions
that can have significant impact on the total accuracy problem .

This report is structured to: (1) describe DATAJ4-I mechanics, develop-
ment , and grey areas to provide the necessary insight for examining error
characteristics; (2) identify parame ters and their charac teris t ics in each
of the three areas; (3) examine the influence of interactions, and (4) offer
conclusions and recoimt~ ndations. While efforts have been made to keep
heuristic offerings to a minimum , it is noted that the major purpose of the
model is to forecast . Accordingly, in lieu of clairvoyance , some rules
of thumb must be proffered .

2
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SECT I ON I I

DATAM- I MECHANICS , DEVELOPMENT AND LIMITATIONS

Orig inated circa 1967 , L)ATAM- I was conceived as a parametric/sensiti vity
model . At that time , there were many opinions but hard ly any data to sub-
stantiate the validity of specific/selected values of the parameters . As
expec ted , its existence aided the impetus to collect data bases which have
greatly narrowed the parametric uncertainties of the model . However , even
though DATAM- I results show close agreement with historical data , extra-
polations of the characteristics of statistical data bases to forecast the
outcome of modeled events sometimes result in arguments of cause and effect.
Obviously , the myriad of factors that can influence the results are uncon-
trollable , some undefinable. Accordingl y, wh ile comple te agreem en t appea rs
highl y unlikely, the reward s ~f discovery in striving for agreement warrant
the efforts of trying.

Two bases of the model which were originally considered gross simplifi-
cations have turned out to be the model’ s stronges t att r ibutes. One , perfect
tracking of the predicted impact point is used as the basis for subsequent
inclusion of sighting errors. Two , simplistic modeling of the estimated
target flight path mechanics is used as the basis for defining the basic
si ght/estimated solution . Solution inaccuracies , estimate/target uncer-
tainties , and interaction influences are then accounted for in a statistical
manner which accommodates an efficient method for digital computer
evaluations.

The obvious attribute of this type of modeling is the ability to isolate
and examine individual factors , and also f lex ibly comb ine factors in any
arrangement while retaining the capability to run many thousands of cases
for the same time/cost of a single case using a Monte Carlo deterministic
model.

Development of DATAM-I has been one of continuous evolution . The
probability of hit is determined by use of a nominal diffuse target area

• definition in the Gun-Val equation (Reference 2). The shoe box method of
determ ining presen ted areas as a fu nction of cross ing/ impac t angle was
added to alleviate the necessity of calculating and inputting a nominal area
for each geometry. Aim wander was calculated as a function of attacker load
factor (Reference 3) and combined with other errors in the esoteric manner
that was mentioned in Section I. Intended for Air Force Armament Laboratory
evaluation of gun system design , it became obvious that the model mechanics
could show improvement in effectiveness indices from overkill; i .e., exces-
sive hits for occurrence of hitting condition s. Accordingly, detailed
modeling of firelines arid hit array printouts were added to ascertain that
increasing firing rates did not cause excessive firing densities. Ai m
traces from gun camera films of Combat Hassle experiments and recent
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combat documentat ions , and from manned s imula tor experi ments wer e analyzed
to determine fire lin e characteristics (References 4 through 8). To chec k
the sens i tiv i t i es at uirel inc definitio ns , linear , quadratic , cubic , and
hyperbo lic l

V
urms of differently oriented lines and variable densities along

the line were modeled and compared with data-derived firelines. When this
detail ~as found to wash out over the distributio n of miss errors, linea r
model ing of the fi reli n e s was adopted . The linear form can be envisioned
as the mean of fireli nes which arc bent in opposite directions. Results of
rate distributions along the firelines were checked and found to agree with
those for the nominal rate. The nominal rate was first adopted on the
heuristical bases substantiated in Reference S that pilots tend to normalize

— si ghting results; i.e., efforts correla te with difficulty . Later , a
heuristical g and angle-off sensitivity was adopted when it was found to
match recent combat results.

Estimated target flight path mechanics , straight or turning , are modeled
to show the nominal estimated or erroneously estimated path (i.e., a
constant one/specified turning g path shows the error of matched-g-estimate/
linear computing sights) without regard to the instantaneous orientation of
the gravity vector. Note that the Lead Computing Optical Sight (LCOS) does
not use verticality (gravity orientation) in its solution . With the sta-
t istica l approach of DATAM-I , this serves as the basis for later addition V

of the inaccuracies, It is not intended to model actual target flight path
mechanics.

~iisin formcd individuals have attempted to discredit the model as only
a;- p lica b le to horizontal plane engagements , stating that real world combat
encompasses three dimension s. Not only have they misconstrued estimated /
predicted or erroneously estimated flight mechanics to be deterministic ,
they would encumber the model with all known deterministic mechanics in-
cluding exterior ballistics . Obv iously , to deterniinistically model mechanics
whose accuracy data bases are well known adds useless complexities to the
mode l , wasting time/money and energy.

Data bases , used by the model , are real world. These data bases do not
differentiate any of the parameters as a function of either canting of or
state within the target maneuver plane . If controlled-experiment data are
derived to show the sensitivity, it could easily be accounted for in the • 

-accuracy distributions , no t the mechanics of the model , or variable turning
g to define gravity orientation tactics can be programmed to affect the
erroneous estimate. Note that the attacker g and sight limitations derived
in the model are based on this estimated target flight path mechanics which
is what the attacker is attempting to follow .

The simplistic mechanics of DATAM-I which provides a clear overview of
what is being modeled also clearly shows its grey areas/limitations. DATAN-I
data bases def ine it s c apab il it ies and limi tat ions. It is not capable of
showing sensitivity to specific aircraft , si ghts , evas ive spectra , tactics ,
etc. which would change the modeled characteristics. Details of the model
mechanics are included in Reference 9. 
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In  trade temmi nologe , the pre dict ~~~~ 
V i~~j ui- . ~ - ~-o i t i t  /si :~~t - cue is called

— the ~) l ~~~) e r .  Some sights use an open c ross  hair i~hi~rc the  gup s in bo th  t he
ele~ at ion and t rav e r se l in e s  sub tend abou t 10 to 20 n i i s , centered about the
i n t e i - sect i on point. Ihe log ic of the open cross h a i r  design is that the gap
dues not occ lu de  any part of the  t a rg et  such as i t s  con t ro l  sur faces  which
can sI~çIIal change of maneuver. The p ipper  of the  most common desi gns is a
2-nj I dij :nt-rer d ot .  C e n te red about t h e  p i pper , an ou te r  r i n g ,  u s u a l l y  so l id
but solnet i m es composed of  a number of diamond or tr I ang .ilar- shaped symb ols
subtends a fix e d d ionR-i cl - of 50 m~ ls or ‘:ar~~s in di ame ter s i t h  r u n g i n ; ’,
i np u t s  to m a t c h  the p i  1 ) 1  —in putted est i i o i t e  of t h e  t , L r : I c t  1 5 ~~~~~~~~~~~~~~~~~~~ or the
pi lot thumb w h e e l s  t o  uu t ch wingspan whi cli e st  in ia te s  r a n g e .  Soni c s i g h t s
i n c l u d e  an i nner  ring ( u s u a l l y  b roken)  of about o n e - h a l f  t h e  O i Z e  of the
oute r r ing  w h i c h  can be used as a gauge of t r a c k i n g  4 u a l i t v ;  a range bar
w h i c h  expand s the w i d t h  of an arc of the  outer c i r c l e  in a c l u c k - t y p e
fa sh ion  or runs from the  pi pper or spec i f ic  point  on the outer  c i r c l e  on a
s p e c i f i e d  d i a m e t e r  or provides  a l ine  gauge of about one d i ame te r  l eng th
a long one side of the  c i r c l e ;  ro l l  tabs for horizon reference; and/or a
f i r e  poin t cue , si gn a l l e d  b~- b l i n k i n g  or a l i n e  running from the pipper  to
th e  undamped s igh t  so lu t ion  as an ind ica to r  of s igh t  solut ion accuracy/
damping .  The c o l l e c t i v e  set of svnibo ls is u s u a l l y  ca l l ed  the t r ack ing  or
s ight  r e t i c l e .  Most designs include a caging swi tch . When caged , the
s ight  r e t i c l e  should superimpose the gun cross which  nay or may not be
v i s i b l e .  When v i s i b l e  b y e l e c t r o n i c/ o p t i c a l  genera t ion  or combining g lass
et c h i n g ,  the  gun cross is u s u a l ly  closed cross hairs  of about 20 m i l s  sub-
t e n s e .  The gun cross is the gauge for  gun harmonizat ion . The purpose of

F caging t h e sight is to avoid the d i s t r a c t i o n  of a bobbin si gh t ret icle
d u r i n g  conve r s ions , in  addi t ion  to h a m m o n i z a t i o n / h o r e s i g h t  checks .

Pi pper posi t i o n s  w i t h  respect to (wr t  ) the  a inipoi rrt /t arg c-t — c e n t e r  can
be d i r e c t l y reduced from gun camera f i  l iii . lhe  t i n e  history , usual ly p l o t t  i’d
in an e l e v a t i o n - t r a ver s e  p l ane  that is target—centered and p a r a l l e l  t o t he
a s s oc i a t e d  si g ht  axes , i s  c a l l ed the ( t r a c k i n g / p i l o t )  a i m  t race.  This b r i n g s
up t he amb ig u i t y  of the term , ai m t r a c e , wh i ch i s  a l so  used to d e f i n e  where

• the gun is actually shooting , neglecting ballistic d i s persio n , of cou rse.
The gun aim trace which  AFATL calls the f i r e l i n e  to avoid amb i g u i t y  is the
resultant factor which  de te rmines  h i t s  or misses .  U n l i k e  r i f l e  shooting at

V 
fixed targets where boresight and r-inging errors can be calibrated in the
operator ’s head , there is considerably more complexity in the relationships
between t racking aim traces and firelines with aircraft lead computing sights.
In addition to the time-varying simultaneous solution of future target and
bullet positions , the sight includes an equilization/stabili zing transforma-
tion between the gunline and sightline which is necessary for pilot control-
lability; i.e., such that the pilot can fly the aircraft so that ~he pipperwill either superimpose or at least cross near the ammpoint.

— • - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ — — V • V  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



As in other processes where error is not directl y assessable , there are
the supershooters ‘Ow scoce well in comparison to others . R~ tiona1izers
claim that the supershooters have figured out the magic of the sight , that
i s , k n o w i n g  how to spot the s igh t . If this were true , they would be aiming
the ~uri , r a t h e r  t h a n  the  p ippe r .  A l l  i n d i c a t i o n s  from gun camera f i l m
~i ia l y’~es are t h a t  p i l o t s  t r ack  w i t h  t he  pipper. Accordingly, the aim trace
used suh stu p i e n t l v  in  thi s report refers to pipper-target relations unless
noted otherwise.

One i m po r t a n t  fact and a corol lary can be associated with the aim trace.
I h o  fa c t  i s t h a t  t h e  c i i  l o t  c o n s i d e r s  t h e  q u a l i t y  of t h e  a i m  t race to be t h e
resu l t s  u t

V 
hi s (~ url t ro l J e f f ’o r t s .  t I n -  c o r o l l a r y  is that the p i l ot c o n s i d e r s

t t i l -  cs t he h i s  or the s i g h t ’ s f
V
u u I t  , a c c o r d i n g  to  w h e t h e r  ~hc a i m  P a t t e r n

( ‘  r Ice p l u s  b a l l i s t i c s  d i s p e r s i o n )  mi s s e s  or crosses the t a r g e t .

UP DAT E

Major  i nnova t ions  in gunnery  a s s e s s m e n t s  have been achieved  s i n c e  t h e
or i g i nal  d r a f t i n g  of t h i s  report . They, including further refinements , are
anticipated to be documented in about i year  w i t h t h e i r  use reducing the
A1!~1VAL/ACEVAL Gunner>’ Data Base. According ly , this subsection has been
added to identify them and their potential impact with minimum revisions to
the remainder  of the  report . The m a i o r  portion of the original drafting of
this section is included in the Background sId’Scct ion .

It is noted that Combat Hassle rcd~~ ions and reduction techniques have
evolved over an interim that is approaching a decade. The innovations ,
spe c i f i c a l l y the  Com pu te r -gene ra t ed  Tracer  E v a l u a t o r  (CTh) concepts wh ich
p r o v i d e  accu ra t e  d i r ec t - a s s e s s a b i l i ty  ot V 

the formerl y unknown dynamics be-
J tween si ght line and gun linc , are relativel y new. Accordingly, assessments

O t  data bases for which they have been av a ilable have not been as extensive
a - , those for Combat Hassle. It is noted that some of’ the insight discussions
in subsequent sections are based on Combat Hassle reductions , while more

V recent data bases have larger and more linear aim traces. Thus , while the
- I techn ique is still correct , the driving functions will obviously be

different.

A Butterworth filter has been programmed that removes the high frequency
V reader errors and vibration modulations of gun camera film readings/data

without significantly changing the actual characteristics of the aim trace.
A dig ital/ -transform mechani :ation of the inverse sight transformation has
bee n deve loped . Tho ugh subject to initialization errors that prevent assess-
ment of exact location , it prov ides fireline characteristics such as shapes ,
magnitudes , and rates for specific pipper data. Since the gunline-to-

- 
- 

sightline transformation is primarily a lag , the inverse is essentially a
differentiation. Thus , it occasionally blows up for very noisy inputs.
How ev er , these cases are very easily spotted in the plots. Feed ing the
pipper readings through the Butterworth filter greatly reduces this sensi-
t ivity. The inverse t ransform technique was developed to reduce fireline

()
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Most authorities consider the tracking phase to be that port i on of the
a i m  t race  where the error is less than some specified value . The value
v a r i e s  among a u t h o r i t i e s .  Two t y p i c a l  v a l u e s  are 2 and 3 degrees; roughly
35 to ~() i m i i l s , r e s p e c t i v e l y .  T h i s  co r re l a t e s  to 35 to 50-mi ! 3-sigma
boundary estimates for aim traces that are discussed later in this report .
Other c r i t e r i a  such as t r i gge r -on , t r i g g e r - o f f , and total time tend to pro-
vide insight to the arbitrary boundary criterion . In  low d i f f i c u l t y  cases ,
pilot discrimination has been observed that reduces aiming error statistics
for trigger -ott times. In higher difficulty cases, the boundary condition 

. 

-
is exceeded in most cases. Specifically, in high angle-off (non-design)
cases , the in itial trigger-on error may be as high as 200 mils or more for
i dea l t i m i n g .

l i t  t o r mer AF ATL r educ t ions  of the present ly-assessed low d i f f i c u l t y  data
bases , the 50-nil diameter s i ght  r e t i c l e  was used as a boundary c r i t e r i o n ,
because it simp lified instructions to the filnm readers ; i.e., pipper-t o—
t. i rpet errors w e r e  such that target-center was within the outer ring. Refer-
ei tce  t o  this criter ion as stable tracking is not intended to imp ly fixed
p ipper _ targ et error/displacement , hut  r a ther  tha t  the  mean of the e f f o rt
ap p e a r ’ , stable. Note that this is s u b j e ct i v e .  However , t h e av a i l a b i l i t y
of  U I - i n s t r u m e n t a t i o n  makes t h i s  choice much mo re concrete;  i . e . ,  the lo n ge r
t i n e  h i s t o r i e s  a l l o w  assessment tha t  the p i l o t ’ s tiuean e f fo r t  has matched the
t u r n i n g  rate w i t h  the mean w i t h i n  a boundary which  could logically he chosen
as th e s ight  r e t i c l e .

Due to d i f f i c u l t y  or i n ap p r o p r iat e  aim response or both , a si g n i f i c a n t
number  of passes occur where s t ab le  t r a c k i n g  is not achieved . These occur-
rences are cha rac t e r i z ed  by tu rn ing  rate matching (or nea r ly  so) ou t s ide  the
reticle and a contro l response that results in the reticle passing over the
target , usuall y one time. TAC representatives have called this dyn amic
t racking , which is possibly controls system terminology applied to unsta-
b iliz ed tracking. ‘t’h e error characteristics should l o g i c a l l y  f a l l  some-
where  between s t a b l e  t r a c k i n g  and the s l a s h i n g  attack to he discussed n e x t .
Rased on fo rmer o b s e r v a t i o n s , they were a n t i c i p a t e d  to be closer to those
1)1 s t a b l e  t r a c k i n g ,  w h i l e  recen t observations look closer to those for
s l a s h i n g  a t t a c k s ,  l a c k  of ’ s u f t ’i c  i en t  da t a  p rec ludes  c o n f i d e n t  e s t i m a t o r s .
Ilowever , the t rend indicates that presently unquantif iable environment
t i t l i s t  he a st r o n g  driving function . Qualitatively, i t  i s  apparent  t h a t  the
l i t t e r  data bases encompass more difficult environments. However , there
is prese ntl y no regression structure to quantify base—to—base variabilities.

Finall y , there is an apparent trend towards high a n g l e - o f f  shots , many
of which are induced by the pilot to satisfy some t a c t i c a l  c r i t e r i o n  such
as minimum t ime to fire , sequential attacks by supporting elements , safe
disengagement , etc. Formerly called Snap Shoot or Golden B-B attacks , they

V 
a r e  s e t up s , 1w a hu ge m aj o r i t y ,  r a t h e r  than i n s t i n c t i v e  burs t s  as the target
t

V l a she s  t h r o u g h  the windscreen from some unknown direction . Generally, the
p ilot sets up an overlead and holds it while his g builds up to 4 or S at
an open fire range OI

V 
about to 2000 to 2500 feet , presumably an adjusted

S

V -
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c u r r ’ o v c n ’  cu t  t h e I I t ) l l i l mi ; i l 1OUO h 1 1)1) i
V
eet i i  i r u g  i ’a i tg e  h i t  design—int ent

gunnery and allowance fur bur st duration with high closure rates . Method s
cu t  m a i n t a i n i n g  v i s u a l  c o n t a c t  for  a l l  hut the last instant are too compli-
cated for brief description. Similarly, some pilot s hold g while others
increase or decrease g d u r i n g  the  bu r s t  . Pilot -preferred burst durat ions
range from 1 to 3 seconds. Film reductions show ti- i gger times from a
fraction of a second to several second s with a mean in t h e  I to 2-second
range. to be successful , the pilot must t’oll the target under the plane ’ s
nose at the last instant to  match fireline and target directions and open
f i re ~~ }i l i e  the target is still under the nose. Thus , the gun camera (‘jim
shows that the target emerges from under the nose in  a predominantly upward
d I r e c t i o n .  A stita ll fraction of slashing attacks occur with sideways target
not ion ; u . e .  , the attacker matches his wing plan e with the target turning
plane. Occasional l v , the attacker wi ll roll Opposite to target di rect ion
w h i c h  i l l s  been soniet imes cafled the inverted slashing i tt ick - Cursory
a n a l y ses of’ s l a s h in g  i t t  :tcks show error stat i st i c s  which are a ma g n it b It’ or
more l a r g e r  than those t’or stable tracking p lus a hu i as due t o  p r e d o m i n a t e l y
late t r i gger p t t l l s .  There  are a l r e a d y  a number  of ’ I- ir ol)ose (t s i g h t  m d i  f l e a —
t i ons / concep t s  to improve  accuracy . ‘Fhei r RD’I’l~I w I 11 titmdouh ted 1)’ t> ccu r
ove r  the nex t  few y e l l ’ s , m i  cat  in g  cont  i nn i n g  ; I c c t i r ; I c y  analyses. It ’ presen t
t r ends  con t i nue , adequate  da t a  bases for  both s l a s h i ng  a t t a c k s  and dyn amic
t rackin g should be available in the not-too-distant future.

BACK GR OUNI )

‘i’he aim trace statistics that were formerl y used in  l)AT AN - l were der ived
primarily from extensive analysis of over 170 simulated gun firing passes
from Combat Hassle flight test experiments , conducted in 1967-1968 . Although
this simulated combat between F-41)s, afterburner thrust capabilities of one
of the two combatants was restrained in four test phases front none to full.
Thus, the results can be interpreted as those from a variety of engaging
aircraft . The magn i tttdes and trends of reduction of approximately 25 Israeli
combat-gun camera film passes and 600 EXPO inann ed-sint ilator experiments/runs
appear to corroborate the Combat h assle data base. It is noted that the
I~XPO exper iments  covered a variety of sights. Sighting statistics do change
with sig ht type .

A f ew ii m i t a t  i on s  and dedmu c t i o n s  about t he  gun caitiera f i l m  reduc t i ar m s
and simulator experiments scent n o t e w o r t h y . F i r s t , t he  t i  I n u  a n a l yst  canno t
deduce the s t a t u s  of the cat and mouse game l eading ilI to or front the filmed
a i m  t race , such as countermoves , counter -counters , m i s s e d  f i r i n g  opportu-
n i t i e s , e tc .  Manned simu l ator exper iments  do show all valid firing oppor-
tunities , but time/expense has l)recluded all but the f i n a l  convers ion  and
firing phases. In  these experiments , target maneuvering capabilities are
drastically constrained by necessity to provide reasonable chances of ob-
taining firing opportunities; i.e., drastic target nlancuveriig in the
terminal gunnery phases is beyond the response capabilities of fixed forward -
firing gunnery . Additi onally, all simulations in  flight -test and simulators
lack realism , especially the life or death stimu ul of i’eal gunfire . Further ,
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the  best p ilots are usually assigned as test subjects , possibl y as a reward
for their excellence. Second , Combat Hassle target evasive actions were
mostly moderate-g horizontal turns , a half dozen or so low-to-moderate
evasions , and about S or -l of what might be considered high evasion for
that aircraft . Further , there were only a couple of instances where radar
lockon was achieved . The 1500-foot range , assumed by the sight when no radar
ran ge is available , resulted in a relatively stiff reticle for the predom-
uuu ant l y long ranges with a nominal in excess of 3000 feet with an approx- V

i n n a t e l y  normal distribution between 800 and 5500 feet. While there were a
s u  gu i  I I  c an t  u t u mb e r  of ’ h i gh t a r g e t  aspec ts  i n c l u d i n g  a few in the forward —

huc in i sp here , a cc o t t i j t a i t y  I r ig long  r a n g e s  p r e c l u d e d  hi gh s i g h t i n g  d y n a m i c s .
A~ c o r d i n t g I y ,  c o n l ’ i d e t t c c  i n  the a u i t u  t race s t a t i s t i c s  must  be I i t t u i t e d  to low-
eV ; i s  i n n  sp e c t r a .  i l n u a l  t v , a i m  t race  c h a r a c t e r i s t i c s  were h i g h l y  v a r i a b l e
u t i d e r  seem i ngl y s i m i l a r  e n c o u n t e r  c o n d i t i o n s .  W h i l e  a t t a c k e r  s igna tu res
including concentrat i on , method , and i n i t i a t i o n  are obv ious ly  important ,
the unknown or p i l o t  task-to-task variability seems to be the largest
influence. It appears t ha t  guesswork can make or break a successfu l
engagement.

Before d e s c r i b i n g  the salient characteristics of aim traces , one impor-
tant  aspect needs c l a r i f i c a t i o n .  DATAM- I models  f i r e l i n e s , not a im t races.
Thus , analysis of aim traces should be kept in perspective;  i . e . ,  a d i rec t
measure of pilot task performance and a basis for definition of fireline
ch ai’act ei ’ j stj c s  when d i r e c t  measur es  are not a v a i l a b l e .

Aim traces show two qualities which simplif y the methods of analysis.
While variable from t r a c e  to  t r ace , the  r a t e s  along a g iven t race  are
f a i r l y constant over t ime intervals that correspond with nominal gun bursts.
The loops along t h e t r ace s  t hat cou ld i nd i ca t e  mu l t i p le c ross ings  of the
t a r g e t  are n e g l i g i b l e .  lh u s , t h e  actual shape of the trace is not very
i l t i l ) o r t an t , hut  r a t e s  a l o n g  the line define target crossing times.

Reference 3 shows the  raw data average rate of the pipper wrt the
target to he about 25 mils/sec , while the smoothed/draw average rate was
abou t 7.3 mi ls/sce . The ave ra ge o f t h e 12 c lo Se  range cases (0 to 1500 —

feet bin , actuall y’ 800 to 1500) i s  41 m i l s/ s e c . E l i m i n a t i n g  one question-
ably high rate , the average is 25. I)ynamics of the t racking task are
inversely Proportional to range; i.e., the shorter the string, the higher
the frequency which would be expected to cause tracking rates to be pro-

- - portiona l to d ynamics .  Desi gn of Combat I-lassie experiments  were directed
to examine the effect of thrust capabilities on conversion . Gunnery -

tracking documentations were a secondary objective. IV i th  w e l l  over 50 per-
cent of t he  eases outside the specified gun envelope of inside 3000 feet

4 range and 30 degrees angle-off , and wel l over 95 per cent wit h no s i g n i f i c a n t
target evasion , i t  seems apparent that extreme caution must be exercised
in  interpr eting t h e  indicated trends. Thus , whi l e  a pilot normalization
of the task can be interpreted f rom Combat Hassle analyses , additional
bases are c o n s i d e t - e d  n e c e s s a ry  for  an accep tab le  level  of con f idence .
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Obviously, the raw data rates includ e both reading errors and camera and
sight vibrations. Rev iew of the smoothed data shows that the group ings used
to smooth the data flattened the major peaks and wiped out intermediate
variations which were obviously neither reading errors nor vibrations.
Accordingl y, the draw analysis data are not considered accurate. Based
on the 6 to 7 n i l  range of the standard deviation and the  aforementioned
constant rate along the line , the calculated rate would be between 20 and
24 mils/sec . Accordin gly, a nominal rate around 20 mils/sec would appear
reasonable.

- Three other distributions of Combat Hassle aim trace characteristics
‘ were analyzed : the average/meanpoint of the aim errors (AAE), the closes t

• p o i n t s  of app roach (CPA) , and spotting. Recalling that aim wander is meas-
ured wrt the AAE , collective consideration of wander and the AAE gives an
indication of the timing/phasing of trigger pulls with the oscillatory
na ture  of the aiming effort . The salvation of disturbed reticl e sight’-; is
the inability of a i m  efforts to achieve and hold good aim , si ib s ta n t i : t t ed
by the anecdote that the safest place fur the target to he i s  unde r  the
pipper. Sometimes , during all the wandering , the bullet stream crosses the
target . Addition of CPA to wander and AAE provides a measure of the direc-
tivity of the aiming process. Assuming perfection of the other areas and
no interaction , the important part of the aim trace is the CPA and close
proximi t ies .  As used here , spotting is not the shoot , observe and adjust
process of the less dynamic f ie ld/naval  a r t i l l e r y  problems . It ’s the
“Kentucky Windage ” where the shooter-adds/ spots  some angle  onto the sight
solut ion to correct for various factors that he knows or suspects that the
sight does not handle right .

Attempts  were made to check the sensitivity of the rms value of AAEs
as a function of range , angle-off, attacker / tracke r load fac tor , target
evasiveness , target turn severi ty,  wander rate , and tracking quality. AAEs
were in the range of 10 mi l s  for poor tracking (target-center outside the
inner reticle) and high wander cases. Almost always , poor tracking indicates
high wander and vice-versa. For good tracking (inside 5 mils )/low-wander ,
the AAES were about 5 mils. AAEs change proportionally by a nil or so in - 

- 
-

side th i s  range for low to h i g h  increases of the other pa rame te r s .  Smal l  V

samples in large bins in addition to aforementioned cautions l eaves li t t l e
confidence in the measured s e n s i t i v i t i e s .  It seems factual that 5 t i t u s

- - looks like the lower bound of the m s  value of the AAI. distribution , and
this will double , maybe quad ruple , as difficulty increases. Ag’iin , p ilot
variability as categorized by tracking quality is clearly the dominant
factor in this data set .

The rms values of the CPAs were also analyzed as a function of these
variables with similar findings. The lower limit looks like about 2 mils.
It was abou t 5 mi ls for the more d ifficul t Comba t Hassle cas es which co u ld
indica te an upper bound of, 10 mils or so for combat/forced conditions.

Various au thor i t i es , both users and system and component manufac tu re r s ,
have proffered . various and sundry techniques of spotting the aiming effort

11
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to maximize hits . Some suggest adding a number of pipper diameters in spec-
ified directions for dart firings and specific target evasive actions , while
others suggest crossover anticipation schemes involving time-of-flight esti-
mations. In general , pilots cannot handle it; therefore , they don ’t like it.
While  i t  is manageable  for dart f ir ings and other highly control l ed experi-
ments , they invariably think of the pipper as the actual firepoint when

• under the duress of air combat maneuver tracking and firing . Nothing frus-
trates them more than getting the pipper on the target and not registering
hi t s .

Combat Hassle data were also analyzed to determine whether pilots were
s p o t t in g  the  s ight  solut i on . The analysis showed that the pipper was below
the target about 69 percent of the time which should be expected from both
the  f o l l o w ing na tu re  of the t r ack ing  task and breakoff. Otherwise , the
quadrant distribution of aimpoints was fairly even . These statistics plus
sub j e c t i v e  v i e w i n g  of the  f i l m s  ind ica te  that  the p i lo ts  were not inten-
t i o n u a l l y spotting the solution in the Combat Hassle experiments.

In  conc lud i ng t h e  d i scuss ion  in the area of aiming accuracy , it is noted
that  wi thou t  some form of p i lot  s igh t ing  error compensation , the results
that could be computed from the aim traces without other errors is the best I - -

that the system can do. Also , it is the pilot’ s interpre tat ion of wha t is
or should be going on. DATAM-I does not generate such results in its present
form at . This could be of s igni f icant  va lue  to show how wel l  the pilo t does
the interpreted job and the influences of sight/estimated-solution errors ,
target uncertainty, and/or interactions. The p ieces of the problem and how
they interact could be quite revealing .

12
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SI (1f1 ACCURACY

BAC KVR Ot JNii

;tinnei’y est m ates became a sc i eiice , primari I v through the efforts of
Siacci  i n the l a te  N i n e t e e n t h  C e n t u r y , when rela tiv e motions were slow . That
is , the future position of the target was not much ol a problem ; and artil-
lery pieces could be layed with deadl y accuracy, CV eO at long ranges requiring
C o r i o l i s  c o r r e c t i o n s .

High mobility Ot
V 

the l’wen tie th Century forced the est imates to compromise
in many cases in order to handle future target position VV st iiiiat es w i th state—
of-the-art technology. The speed ring sight of World l ’ar  II vintage is a
good ~xamp le .  The advetit of jet engines and guided missile s in that era
posed a much greater problem .

Following World War Ii , considerable effort was directed to develop
sights/estimators which would be effective against these more mobile threats.
The automatic director sight was the obvious ultimate answer for free-flight
weapons , but automation technology was in the infancy stage. Sensing/tracking
and comp u t a t i on al mechanizations were encumbered by the reliability of hard
tube electronics which was barely advanced from the original Fleming Valve.
Servos were first cousins of the Stewart-Warner classic , and filter theory
was essentiall y limited to smoothing and memory networks. The heavy and
bulky packag ing, especially electro-mechanical components , caused avionics
(aircraft electronics) to lag behind the state-of-the-art in other fields.
Solid-state avionics with sophisticated best-estimator and error distribution
filter theory is j u s t beginning to impact this area, and is still understood
by onl y a selec t few .

Before the development of the automatic di rector system , the optical
sight later called either the manu al director or ECOS , w; i~~ the Princ i pa l
basis of fire contro l estim ation s. It became the backup node to he used
when the automat iv d i rector system broke down which was most of ’ the I line i n
these earl y st ages .  VlV iIUs adaptation of the I.COS as the gunsight for
wei gh t - s e n s i t i v e  f i g h t e r  a i r c r a f t  was a n a t u r a l  d u r i n g t h i s  era .

In  l ieu of d r i v i n g  the gunline to lead the line of sight (LOS) by
- 

- computations derived from LOS tracking variables , the ECOS used gunline
motion to estimate a lead angle which is added backwards/disturbed from the
gun l ine. While regenerative in nature , this backwards solution of the fire
control problem can address all aspects of fire contro l as well as the di-
rector if the disturbed reticle can be held on or very near to the target .
The eyebal l director system has been coined by promoters of this concept .
It works quite well from stable tracking platforms in situat i ons with low

13
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dynam ics such as fighter-against-bomber attacks where nominal conditions
are easily attained . When automation assistance is needed to stabilize the
t r a c k l i n c , it s imply  makes sense to convert to the automatic director
a1)proac h , avoiding the regenerative nature of the backwards solution . Pres-
ent LCOS systems dampen their solutions to provide a flyable reti...le which
does extend the acceptable range of sighting dynamics at the expense of
causing errors between the presented and actual lead angles.

Almost all current fighter aircraft use the LCOS-type sight for air
combat . Accordingly, the major impetus in this report is placed on the
accuracy/error of this sight to perfectly solve the estimate.

In addition to assuming/estimating that the target is in some state and
will continue to remain in that state for a specific time interval , some
sights espec ially the LCOS ass ume nom inal cond it ions for some of the fir e
control variables , rather than ins t rumen t ing and acc ounting for them . One
rationale given for ignoring some variables is that the 3-sigma bound of
aimpoints is a circle of 30 to 50 mils radius about the target center , so
why worry about an error source whose rms value is a couple of m i l s  or so.
The obvious error in this rationale is the loss of aim trace CPA charac-
teristics in this hopper statistics viewpoint . Assumptions on both target
states and other fire control variables can cause ambiguities in definition
of sight/solution accuracies. In these discussions, s ight accuracy ass umes
perfect angular tracking input and perfect target state matching with the
estimate. Input errors of noninstrumented variables are simply their
perturbations about the assumed nominal.

In the following discussions , sight accuracy is covered as harmoni .zation/
boresighting , input , approximation , and mechanization errors.

HARMON! ZAT ION/ BO RESI GUT ACCURACY

While guns do have tendenc ies to change boresi ght during burst stressings ,
the change is generally in the mudlevel of boresight mensuration accuracy
and is therefore ignored in error analyses . Slight finger pressure on the
combining gl ass w ill change the sigh t boresight ret icle alignment by about
1 m u .  The influence of 4 or S gravitational units should be considerably
greater . Changes of pilo t head/eye posi tion can cause a couple of mi ls
change in the direction of the boresight axis .  For analog mechaniza t ions
of the LCOS uti liz ing the lead co mpu t ing gyro , the pipper is a light-mask

• refl ection off a mirror that is driven by electro-nuechanical servos which
displ ace the mirror ali gnment to input elevation and traverse lead angles.
Thus , in addit ion to the bas ic op tical alignmen ts and f ideli ty , there are
gear/backlash tolerances and all of the servo balance , l ineari ty , and
temperature et al sensitivities. Gun camera films have shown sticky, step-

• wise pipper motions which users have confirmed seeing in airborne operations
of these he rme t i ca l l y - sea l ed , l i f e - t i m e-u n s e r v i c e d  s ight  u n i t s .  Head-Up
D i s p l a y s  (IIIJDs) should help, hut they have similar problems. Further , the
airframe flexes d i f f e r e n t l y  under l a n d i n g  gear support , boresight  a l i g n m e n t

14
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j tc ks •utd the various ~ier -Jvtia jnic 1o~ d i t ~gs in li ght. 1e~ u:e has lic t i
ct! thrated for side ’ i !’ i rug g un s h i ps and l ,

_
O I

V 
the new er USAF fig hter s for

a t  r - t o — g round g u n n e r y .  Th ere i s  no confi m e d  cotnpen~ a t i on  for  ai r- to—air
gunn e ry . In  the dry/nonf I. ring hares i gh t  procedures , t h e  si ght is ii i gned
wr t the at rframe by means of a peepsi ght that is screwed into hard point s
that a rt’ located near the middle of one side of the fu c- lage. The 1000-inch
standard is usuall y wh ite—background —paint ed p1 ywood with black —pa inted
ret ivies for peeps i ght , gu n s  i ght  , gun opt teal boresi ght , and gun  mean—pc i l it  —

of-impact alignments. ,Jurv - r igging ot’ va n  otis forms of standards arc conunon
practice. Prohl ems ;uhoun I with establishing vert ical and hon :oii t a 1 / level
plane alignments of both the s t anda rd  and the a i r c r a f t . Because the gun is
not generall y aligned to the level -‘water plane of the ai i’craft , the aircraft
mus t be jack— tilt ed u l e v e l  the gun at’  the s tandard uliust be moved and cocked

a co mp e n s a t e .  S l op  , i t , d  t o ler a n c e s  of  both the peepsight and the elbow sight
V that are t’itted into the ntu::le end of the gun barre l , a re well known problems

with unknown er ror  d i s t r i b u t i o n s  in addition to quadrature correction uncer-
taint tes of the elbow si ght . Technical Orders that speci t ’v harmonization
procedures usua l l y allow ~ to 5 oils error per axis without requiring
adjustment/rea djustment. We t -fi rin g boresights are rarel y performed and
when made , onl y one or two short bursts are fired on a range that is not in-
strumented to properl\’ account for local wind effects. Nean-point-of-impact
variations of nominal bursts are unknown for even the type of a i r c r a f t  i n s t a l -
lation . This causes a grey area of one -nil-or more to start with. ~

V
~t r i at i o ns

w ith short burst length are also unknown , hu t shou ld be expected to be larger.V No documenta t ion  on h a r r n o n i : a t i o n  is required or kep t .  One loca l  check of
a squadron of the 33rd TFW at E g l i n  AFB , F lor ida  showed measuremen ts of about
3 mi l s ruts on dry boresight of the best . Including the four aircra ft with
errors over ten m ils , the rms was about 6 mils. In the mid 1960s, the
Fi ghter Weapon School at Nelli s AFB , Nevada best-guessed these errors in the
3 to 5-nil rms ballpark. Because these users are onl y familiar with the
measured errors and not the basic unce r t a in t i e s , a 4 to 6 - n i l  rms v a l u e  is
p r o f f e r e d .

I NPUT ERRORS

Sight inputs include variables to estimate both the target and buflet
fli ght paths for intersecting solutions. Target path estimate inputs will
be addressed first , followed by those for bullet path estimates. However ,
the estimate is the simultaneous solution of both paths. Accordin gly, they
interact and completely separate treatment is not possible. 

‘ 

-

Targe t path pred ict ion requ i yes inputs of range and angles (polar
coordinates) and their derivatives. It is noted that while t ransformations
to Euclidean /Cartesian coordinates may assist some to better envision the
p r ob l e m , the accuracy of polar coordinate solut ions are mathem aticall y
i d e n t i c a l .  Range and angles define the ze ro -o rde r  s t a t e , present  P o s i t i o n .
Ra nge I s either an i npiit from the  onboa rd radar or assumed to  be a mont i flu 1
vu I tie ; e . g .  , 1500 feet . Wh ile some improvements have been tn :ide , the ortho ;i I~J
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radars  of c u r r e n t  t’ i gh t e r  a i r c ra f t  a rc  s t i l l  p r imar i l y designed as m i s s i l e
directors which compromise  their already inherently-limited capabilities in
a ir combat gunnery . Influential user groups continue their insistence that
t hey want a si ght system that does not require range inputs even though
simula tions (Reference 8) show about a half order of magnitude reduction in
ex pected h i t s .  I f  not the largest , lack of range input is one of the largest
acc t r a c v  parameters in the sight solution. Selecting mid range of sight
solution limits with the above mentioned nominal range for insight/apprecia-
tion into the int’luence , the sight would compute about 40/30 mils long/short
fo r 1000/2000 feet target  range , based on the resul tant  inaccurate t ime-of-
f l i ght  c a l c ul a t i o n s .  Not e that this affects both linear/velocity and second-
o r d e r/ a c c e l e r a t i o n  te rms .  These errors fit into the most stringent degr~-dation category, bias.

The LCOS also uses range rate from the ranging input . Based on 1 percent
ms l i n e a r i t y ,  the accuracy due to this parameter for nominal closing rates
sho Lu ld be f u r t h e r  down in the mudlevel wrt steady-state elevation and traverse
an ga l ar  rates t h a t  are d iscussed  next .

Based on the Premise  of perfec t tracking and on the fact that gunsights
solve this estimate in the relative frame of reference (gunstation coordi-
nates), there are no angular errors; i.e., the target is under the pipper.
V fh e l ead computing gem of the LCOS is a fairly accurate instrument for
aeasurlng steady-state vertical and directional plane angular rates. Due
to instrument tunin g and quality control , the ruts bias is estimated to be
about 0.3 uni l/sec , while the rut s va lue  of i ts l i nea r i t y  is estimated to be
about  1 percent . Thus , even for an attacker load factor of about ôg which
would cause 200 mu /sec rate , the ruts l inearity error woul d be only  2 m ils
for I second time-of-flight . Though in the mudlevel overall , it should not
be ignored . Eddy cup feedbacks are known to be noisy. Based on this , the
dynastic accu racy mi ght be a factor  or so larger than static accuracy.

Whil e roll rate has been sensed and included in some LCOSs such as the
,\- l , it is not instrumented/included in most currently operational LCOS
systems. Depending on LCOS mechani zation , Air Force Academy studies of V

static sight/estimate accuracies have shown errors ranging from 11 to 67
unul s for about 12 degrees roll rate in a banked 4g pullup against long air
combat gunnery range targets. The lower range of these errors was for
proffered si ghts which computed roll rate effects. It is also noted that
the proffered rate inputs would come from a rate gyro triad-package of good
f l i ght contro l quality; i .e., about 1 percent m s  linearity.

The LCOS does not use higher derivativ es of polar coordinates than those
i t t  its estimate. Thus , they fall into the area of estimate un-

certaint y , However , some LCOS systems use normal acceleration in a matched-
g - e s t i m a t e  p r e d i c t  ion scheme . The q u a l i t y of acce le romete r s  may vary by
type  of a i r c r a f t .  To appreciate  it s  i n f l u e n c e , consider  1 percent ruts bias
and l i n e a r i t y  e f f e c t s .  For 1 second time -of-flight , the ruts bias term
would cause an ruts error of less than 0.1 nil. With 6g, the m s  linearit y
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t t ’ i ’m b u i l d  c a u se  an  runs errot of about 1 .5 nil. lhus , t~~~ i sach accuracy ,
stead y - state error due to input accuracy of this sensor would be in the
mudl uv el. However , ac~.elerometer outputs are notoriousl y no i sy and must  he
filtered before their use in fire control. The delay due to lag i s  inciden-
tal to most design -intent engagements , but it can cause  a p p r e c i a b l e  er ror
terms with realistic aiming processes.

h aving covered the input errors of the target path estina t i’ , it is noted
that it assumed perfect prediction of time -o f-fli ght for ~~asc s  w i t h  range
inputs. It is also noted that there is no assumption in the est imate that
the ins tantaneous o r i en t a t i on  of the g rav i ty  vector w i l l  in f lu ,A en ce  the  p a t h .

To accurately predict the bullet path from any gun , it is essential to
know the status of the firing platform , the orientation of the gun wrt the
platform , gun and ammunition characteristics , and the characteristics of the
medium along the trajectory.

Obviously, instrumentation of the medium beyond the launch platform is
not possible in air combat gunnery . Thus, simplifying assumptions are
necessary ; i.e. , both attacker and target are in-equlibrium/moving with any
notion of the air mass . Gust spectra with an 8 ft/sec ruts value will cause
about a 2 mu change in bullet path direction , but it will return to about
its original direction at the end of the nominal 0.1 second duration . Thus,
bullets affected by the gust will be moved about 1 foot upwind from the direc-
tion of the gust. The large inertia of the aircraft results in very little
weathercocking and small accelerations in the opposite direction . Gust
effects  are ignored in bullet path estimate computations . Similarly, w ind
velocities that can be appreciable over altitude differences of over a few
hundred feet are ignored . Note that bullet aerodynamic jump into the wind
and aircraft equilibrium/floating with the wind are in opposite directions.
Maneuvering aircraft are rarely in equilibrium with the wind , but this is
an uncertainty of the estimate which is covered in the next section.

While a prime factor in long range artillery , the inaccuracy of the air
density measurement inputs to bullet path estimates is a second order effect
for air combat gunnery ranges.

A major argument exists within the community on the effects of crosswinds;
i.e., angle of atta ck and s idesl ip. Simpl ic ity adv oca tes use small angle
approx imation deriva tions to show that the aerodyn amic jump angl e caused by
crosswinds cancels out, while the other side shows that without the small
angle approximations , the aerodynamic jump angle is a reality that def initely
influences the path of the bullet. The simplicity advocates use bench
accuracies of the angle  of a t tack  sensor and c l a i m  coord ina ted  d i r e c t i o n a l
flight (in air combat maneuvering ) to circumvent the fact that there are
no sidesl ip wind-sensors on operational aircraft . The USAF Sixshooter
Program at Tyndall AFB , Florida in 1973 indicated a sideslip of about I
degree for the relatively benign maneuvering in that program . A (JSN a i r
combat simulator study showed an ruts value of about 1.5 degr”es  s i d c s l i p
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for that program . Angle  of attack sensors are accurate to a few tenths of
a n i l , but local  a i r f l o w  var ia t ions  are estimated to be about 2 to 4 degrees
ruts in accelerated flight . At about -1 mils /deg sensitivity to crosswind s,
t h e s e  arc m a j o r  inpu t  error parameters to bullet path estimate accuracies.

Using the 2 percent burst-to-burst muzzle velocity ruts variation , this
causes about a 2 percent error in time-of-fli ght . For mid-range lead angles
(125 ntI s ), this causes a 2.5-mu error which cannot be ignored . Aircraft
ve locity sensor accuracies may reduce the overall launch velocity uncertainty
st ight l~ which would have a similar impact on this error.

-\tugula r rate of’ the GatI ing gun harr~ l cluster causes a throw to the
e x i t i n g  p roj ectile s that is compensated at 1200 feet range by canting the

) V l r r e l  s both i ii~ ard and tangent jul to the d i r e c t i o n  of not ion . With the
e u a p~~n s at i u f l , th i s  i s  not a tuajor error; but i t  ca nn ot be ig nored.

Gunpowder has a temperature sensitivity coefficient of 1 ft/sec/°F.
Loadings are based on nominal muzzle velocity (3350 ft/sec ) at ambient
temperature , about 60°F. Cold soak temperatures at altitude are about -40°F.
Ram a i r  temperatures  range around 200°F , but their durations during gun gas
urgin g are short . Accordingly, the airborne muzzle velocity may be as

much as 100 ft/sec lower than ground firings. Coupled with mid-life barrel
wear , this could cause the projectiles to be 10 tails behind the target for
ziid-range lead angles. The statistics of the uninstrumented powder temper-
ature are not known . Obviously, the mean should be treated as a bias term ,
while the m s  value should he treated as a systematic error. Barrel wear
statistics are also unknown , although muzzle velocity variation with barrel
wear is. Variations of burst length and time-sequencing of bursts have
significant influences on barrel wear. Operational records of these events
are  no t  kept . V rhu s  t h e  best m ethod f or an a ly si s is to run separate phases
for n e w , m i d - l i f e , and worn-out (3100 ft/sec) barrels , treating the wear-
related muzzle velocity as a bias. ‘I’he influence might he used to determine
the n e c e s s i t y  for documentat ion .

Orientat ion of the gun wrt the platform is a fairly simple transformation
for a fixed-gun; i.e., gun elevation and train/traverse/azimuth angles and
3-dimensio nal translations are fixed . Interactions of gravity and parallax
on the bullet path are also fairly simple , assuming that the platform is
l eve l .  When the platform is not level and direction of gravity/verticality
is not ins t rumented , assessments are not so easy. Recall that the gun is
harmonized to cause the bullet stream to be coincident with the gun-cross!
harmonization -point which is usually at 2250 feet range during harmonization
where the platform/aircraft is either level or cocked in the pitch pla ne
only. Consider first a gun muzzle about 6 feet lower than the sight .
Parallax is about 2 . 7 mi ls and gravity drop is about 4.5 mils for a total
of 7 .2 m ils. When banked at 90 degrees , simplicity advocates claim the
target and bullet are falling due to gravity at the same rate. But this
leaves 4.5 mils above parallax correction in the aircraft vertical plane
that is not compensated . Orientation of the gun wrt the platform is not
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acc o u:i~~cu l u l ’ I i i  t f I L  ~- ‘ - t . a at e .  St and holdin g Opp ositc r’udder pedals
i ’vL rv  I C W  s t ’L ot ids ia  ~ - b een espre s~ ed by p ilo t s as —i tuid ard dci c u t s  lye tactics
w h en itt the t a r g e t  I V ) l e which i s  ih i :tnuetricallv oppo-~i-d t . t h e c l a i m  mad e 1w
the a itu p i iv it y advocates . However , t Ii i s  can he covci’e,l under est im a t t ’ o n —
certa ul ties. Avcordiu 1v , while ignoring orientatio n of the ve rtic a l ma
be i r r i t a t i n g  to the e x a c t i n g  in  t ha t  it truly causes ul~~et path eat i:tatc-
errors , it can be accounted for in one area or the other as long as the
bas is  is known . Uni i i s t run u en ted  p a r a l l a x  should  be considered a s ight
i n p u t  e r ro r .

State of the f i r i n g  p l a t f o r m  is the last factor on bullet path estimates
to be discussed . Uninstrumented ver ticality has alread y bee n m e n t i o n e d  in
both ta rget path estitnate and g u n-p l a t f o rm or ie n t a t i o n  i n p u t  error  d i s c u s s i o n .
Pitch and roll define ~erticali ty, while heading as well as position i s

covered by t h e r e l a t i v e  fr a t n e  of r e f e r e n c e  and p e r f e c t  t r a c k in g  pr e m i s e .
Roll was covered pr eviousl y concerning gun orientation. Uninstrun uented
p i tc h a t t i tude would he catastrophic to field artillery, hut it is a second
order effect in nominall y shallow turning planes and short range interval
of a i r  combat gunnery. If present emphasis on vertical plane maneuvers
continues , its effect on bullet path estimates should be included . Angular

V rates of the plat form affect the bullet path throw in an identical manner
to rotation of the barrel cluster. With 20 to 30 foot-lever arms from the
aircraft cg, these influences which are not included in the estimate must be
Lonsidered as uncompensated errors.

The air data computer (ADC ) or centra l ADC (CADC) , as it is usually
ca l l e’ . modern aircraft , uses sophisticated compensation schemes to provide
a fairly acc’lrate measure of true air speed , aircraft motion wrt the air
mass , for unaccelerated fli ght . About 1 percent ruts error is a fairly
conf iden t  es t imate , compared to the 0.5 percent error of ground-track veloc-
i t i e s  tha t  are prov ided  by very expensive Doppler velocity sensors. But ,
accuracies degrade in accelerated f l i g ht .  In certain geometries , the error
may exceed the 2 percent accuracy of burst-to-burst muzzle velocity
dispersion .

Both linear and angu l ar velocities of the platform affect an apparent
( b a l l i s t i c s )  curvature of the bullet path. Of course , they also affect an
apparent mot ion  of the target . On its basic premise of matching LOS rates ,
the d i s t u rhed - re t i c le  s ight  uses a i r c r a f t  ver t ical  and directional plane
angu la r  rates to predict  the apparent target motion . Note that the estimate
assumes constant velocit y . Thus , for constant velocity- , both target and
bullet path curvatures are predicted for these rates. However , bullet slow- —

down , gravity drop and platform translations are factual. An estimate of
ballistics curvature is made that uses several simplif y ing assumptions
which have limited valid ity and neglects sideslip and gravity orientation .
Sideslip is a manifestation of lateral velocity/acceleration platform-motion ,
similar to alpha/angle of attack in the vertical plane. Again , ambiguities
can arise over where the errors belong ; i.e., based on the assumpt ions , the
errors are negibile .  However , the assumptions are erroneous to various
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degr’ees . I t  i s  p r o f f e r e d  that those factors involving ballistics should not
be c a t e g ur i ~~~ed under uncertainties. ‘I’herefore , uninstrumented sideslip
arid v e rticalit y should he considered input errors , while the errors due to
Sini plu f i L a t  ions definitel y belong under sight approximations.

F i n a l l y, time-of-flight is derived from usually an iterative solution of
the ballistics triangle of the  es t imated so lu t ion.  Ranging input error
sta t i s t ics can be easil y misinterpreted . Design specifications are usually
w r i t t e n  by ’ the  m a n u f a c t u r e r  and are the re fo re  ra ther  loose for  h i s  protect ion
a g a i n s t  l e g a l  ac t i o ns .  Q u a l i t y ’  cont ro l  s p ec i f i c a t i o n s  are s i m i l a r l y  handled ,
but w i l l  re ject  a s m a l l  percentage  to assure mee t ing  other q u a l i f i c a t i o n s .
Rang ing  a c c u r a cy  for m issile directors are usually specified as about 75 feet
plus 4 percen t  of range .  I f  t h i s  is in te rpre ted  as a 3-si gma (9 9. 7 per cent)
Ic- - I , which it should l)e, this error ranges from about 1 percen t at 1000
i c e t  ra nge to  a 11w t en t h s  of a p e r c e n t  at 3000 feet  range.

APM (OX I ~-1-V I 1 ON ACCu RAC Y

Unit e-.! *t a te s  — \ ir  Force Academy s tudies  of s t a t i c  si gh t accu raci es sho w
t i u - j ~ 5 to 10 m i l s  average erro r for  v a r i o u s  LCOS m e c h a n i z a t i o n s  to a prof-
fe red t r a c e r  s t a n d a r d  th a t  portend s to accu ra t e ly  account  for a l l  b a l l i s t i c s
p u r u ~:ucters. Th is ve r~’ l i mi t ed  s tud y modeled t h e LCOS algorithms in a large
dig it al comp u t e r  w ith assumed perfect inputs. The results were r’ tained for
estimated flight paths of 4g level/45-degree-bank/pullup maneuvers at 3000
feet range wi th constant velocities of either 600 or 800 f t/ sec . Inc lud ing
the basic uncertainty of ballistic standard s and the accuracy of the tracer
standard , a 2 or 3 percent approx imation accuracy could be proffered ; but
more extensive studies of this type are necessary before any level of con-
f i d e nc e  can be p laced  in a p p r o x i m a t i o n  a c c u r a c y .

These errors obviousl y encompass approximation accuracies; i.e., trun-
cated series , equivalence approximation , etc., including those that were
noted previously in ballistic curvature discussions. Results show about
the same lev el of accuracy for level and pul lup estimated maneuvers.
Further breakdown would be necessary to determine whether the inaccuracic ’s
S e r e  caused by u n i n s t r ui n e n t e d  pa ramete r s  or sight algorithm approximations.

‘1h (diA ~ I -\T ID’~ A ( ;C! J RACY

This factor can be e a s i l y  envisioned as i n t e r - i n s t r u m e n t/ m a n u f a c t u r i n g
r e p e a t a b i l i ty  or q u a l i t y  c o n t r o l .  With the accompanying scatter graphs that
are submitted with some manufacturers sight accuracy’ claims , it is ssspect
that  these are m a n u f a c t u r i n g  to le rances  around the company-adopted s tandard ,
t he p r a l u c t i o n  mean .  Whether  1IIVJD or e l ec t ro -m echan ica l ly  driven mask , the
p lp p t ’r pr e~~ ’rtJt ion ac:uracy has been es t imated  as 0.5  mu p lus 1 percent of
le a d  a n g l e  o ut p u t  by the compute r .  The 1ead computing gyro or rate gyro
package accuracies were included under input errors. I,cad angle output from
the computer algorithms is estimated at about 2 percent ruts of the lead angle
for analog mechanizati ons and about 0.5 ta il rms for digital mechani :ations ,
p r i m a r i l y f rom an a 1 o g / d i g i t~i l  conver t e r s .
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l’he final a rea to he ’ d i s c u s s e d  be lore cons i den n~ i nt e~ a Ct  i o n s  i s t h e
u n c e r t a i n t y  of the est i t n a t e .  Rcvei’cd and/or assoc i t t -i with the mysti que
i i i  some c i r c l e s , t a rge t  uncer ta i n ty i s  s i m p l y  the  i n a b i l i t y  t o  p r e d i c t
e x a c t l y  what  an uncoope ra t i ve  ta tget  w i l l  do in the future. gertain assump-
tions of the eat ilnate such as c o n s i d e r i n g  both a i r c r a f t  to he i n  coord ina t ed ,
constant v e l o c i t y  f l i g h t  have been p r e v i o u s l y  addressed . V a r i a t i o n s  of the
a t t a c k e r  f rom a s s u m e d / e s t i m a t e d  c o n d i t i o n s  a l s o  c o n t r i b u t e  t o  e s t ima te  un-
c e r t a i n t i e s .  Howe ver , v a r i a t i o ns of t I lL ’  t a rget  are b y far the d o m i n a n t
i n f l u e n c e .  Accordin g l y , the following discussion is directed to address
prediction schemes and resultant uncertainties.

Disp lacement front a bod y ’s expected/estimated position is a direct meas-
ure of uncertainty’ . -\l I LCOSs assume constant velocity’ . tinti I near the
end of 1972 these sigh ts also assumed u n a c c e l t - r a t  ed / e o n s t  an t  — i nei’t ia/
f i r s t — o r d e r  f l i g h t .  h’,i th t h i s  b a s i s , t h e  f o l l o w i n g  siihs ec t ion shows past
ways for visuali zat ions and some rest 1-ict ions m d  or l i m i t a t i o n s  of these

— ways to i l l u s t r a t e  t he  pr inc lp l Cs of’ t ; i c e r t  a m t  y -

i ’IIE t:oRNut ;o1 1 IA N ( 0 5 1~

lo d r wu a t i : e  t h e  p o t e t t t i i l  impact - t e ’ io~~c r t a i t r t y ’  on t h e  p r e d i c t i o n
probi  cm , i t  ha s been common p rie t i c e  it -, t h e  i s t  t o  show a ( o r n t i c o p i a n  cone
about  an instantaneo u s vel oc it a v e ct o r .  i h e ’  I to on l i i ’ 0 - l i , ’ surface made
b y a p l ane  encompass i  t i g  t h i - I. , ! oci t v  o ct  or i , . i S  si -

~~~
- - v c - a l it i i  is the second

o nde i -  te rm , th e ac c e l e r a t ion mol t i p i  led b~- t i n e — h a l t  if time—s quared . Note
that this sintpl i f i c a t  ion di sreg ;tt’d s v e l o c  i t  v V t r i m t ions Th in  t he  l i n e  wh ich
would resu l t  from - c o n s t a n t  vel o Li ty along a curved p a t h  or  ca r v i n g  ~‘eloci ty .
— \ l so , the cone has usuall~’ been c on s t r u c t e d  to  be sy m m e t r i c a l  about the
con s t a n t - i n e r t i a  v e l o c i t y -v e c t o r .  Due to human tolerances , aircraft accel-
e r a t i o n c a l ) a b i l l t i e s  are not s y m m e t r i c a l  about the t

V
t i , e la g e  r e fe rence  l ine :

hut si gh t s  do n ’t measure t a rge t  a t t i t u d e , e i t he r .  I ’hus , s\-mln etrv was some-
t i m es exp l a i n e d  as boun d i n g  l im i t s , ba sed on unknown or random d i f f e r e n t i a l
V i t t i t u d e s  of a t t a c k e r  and t a r g e t .  Other  t i m e s , a s - n u i i e t r v  was shown based
on va r ious  and sundry t a rge t  man euve r ing  schemes;  e .g., g-hui ldups and
programmed roll rates. Note that any time-sequences shou ld  be considered
variable wi th burst initiation/mea n—point/terminatio n .

A i r c r a f t  a c ce l e r a t i on  along the t h r u s t  line is sometimes limited by t he
thrust -to-weight ratio (‘17W) . P ast  ‘l’/ W has l i m i t e d  l e v e l  f l i g h t  acc e l e r a -
I. Ion s  to a f rac  t ion of a g . I towev e z’ , dcccl erat  i o n s  t ’rom speed brakes and

2 1

~~~~~~~~~~~~ ~~~~JT~~ T 
- 

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ ~~~~~~~~~~~~~~ •-~~~- -~~~



j ’’~~~~~~~
’
~~ ;: .~~~~ —

~~ ~~1~ 1 ~~~~~~~~~~~~~~~~~~~~~~~~ 
-

~~~ 

-—-V—,_ -V”-V - -----_- ‘--- I

flat -plating can be very h i g h , many g. Continuing for the moment with the
const ati t-iti ert ia/ center -line initial condition , this consideration along
w i t h  diving fli ght paths and higher T/Ws changes the uncertainty region from
the i n t e r n a l  r eg i o n  of a normal plant wrt the velocity vector at some spec-
I tied f u t u r e  time to an ohi a te spheroid.

lit ’ it i-ign itude of’ the acceleration causing the surface of the cone has
i l l S )  been se l e c t e d  on the bas is of v ar i o u s  cr i t e r i a .  Some chose the maximum
a t - m I y -sta t e g capability of the target for a specified fli ght condition .
Nu t uc m u - c r a f t  tui ght he lim ited to 3, -1 , or Sg by this criterion. Others
chose a human limi t from 5 to 7g, based on blackout or other psychological
factors which m i ght affec t continuing functioning of the mind . Still others
chose the maximum steady-state NIL-standard , 7.33g. It is noted that  the
M I L - s t a t i d a r d  momentary (several seconds) g design specification is around
12g . VI hus , a last ditch evasion could reach up to around 15g, possibly
popping a few rivets.

The constant inertia basis should not be considered nominal for aware
dog f i gh t i n g .  According to past tactics , a break maneuver (Sg) into the
attacker has been specified as the standard tactic. Higher performance air-
c ra f t  w i l l  push t h i s  standard upward . Thus , the instantaneous velocity
vector  should not be considered to be e i ther  in the center or on the surface
of the cone ; and , uncertainties can be generated by rol l i n g as wel l  as
loading/unloading.

ESTIMAT E S ANI) TIIIiIR UNCERTAINTIES

Obv i ousl y, if the target were cooperatively forecasting its flight path ,
the p a t h  could be matched ex a c t l y by either a Tay lo r ser ies or num e r i c a l
method s so t h a t  t h e r e  w o u l d  be no uncertainty /error. Autonomous aware
target control tries to be unpredictable when being fired at. Thus , the
si ght designer must select a best-estimate prediction scheme . The incre-
mental form of the Taylor series is generally the basis of fire control
p r e d i c t i o n , w r i t t e n  as:

V~ 3
f(t + h) = f( t) + hf’ ( t) + h~f”(t)/2! + h f”’(t)/3! + HOT

where f(t + h) future state ~ti increment , h , from present time , t

fit ) = present zero-order/position state

f ’ ( t )  present  f i r s t - o r d e r/ r a t e  s t a t e

f”(t) = present  second-order/accelerat ion state
I”’ ( t )  = presen t  t h i r d - o r d e r/j e r k  s t a te

HOT = h ighe r  order terms

There is no e r ror  If all states remain constant over the increment . Histor-
-
‘ 

- 
i cally’ , an t i -bomber  si gh ts  ha v e ignored a l l  term s higher than the first-order
s t a t e .  Assuming the p ipper  to he he ld  on t a rge t - cen t e r , the  LCOS a c c u r a t e l y
measures the rate state.
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l u l l )  t e s s  i c e  g u i u u u c r v  i e s t i  i t  s w i t  Ii e ’ S V V O I I t  i , u l  I y no guns i gE t  spit rrt ’J the
— de~-clopiuteni of an a n t i  - I i g l i t  i - u  g u u i i s i t I i t  that eat i t n a t e s  nat  ched attacker—

t a t O i t ac c ’~’l er a t  t o t i s . lo get a ii ’~~l t’or second—order u i i f l u e t i c e , c o n s i d e r a
h a l  f / o n e  second f u t ur e  gu n n e r y  ci  at e  to  be 1500/2500 feet  - For a constant
S target , the ignored second_ o1~d I,,i i n f l u e n c e  is ll / V S~~ i n i l s  for  0 . 5/ 1 . 0
second t in c — o f  - I’ l i g ht (‘1011 . Note t h a t  i gno red p r e d ict  ion orders  are b i a s
e z-r or s  , not randoiti . Now , co ns i tier t he a V ’ce I era t ion t na t ch  est i tn atc  - The
m a t c h  sc heme wi  11 cause t h e  sam e/ double  e r r o r s  i f  the target un loads/ r eve r ses
iii the t ime of f i r e .  A t t a c k e r  i i i d g i n e n t  is s t i l l  c r u c i a l  to hold/i nitiate
t’ ire . .\ Iso , en gagement  geum et  iv ( range , ang le — o t’f) julio Sc a acc ci e r at  i ons  on
the ,ut tac ker which do not u e c e ss ar i  I v  m a t c h  t h e  t a rg e t s  . Additi onall y , it
i s  no ted  t h a t  a t  h i gh a n g I e ~~o f f s  w h e r e  g i s  h i g h , the m a j o r i t y of the second —
order  i n f l u e n ce is i n t o  the at  t a c k e r .  To the  a u t h o r ’ s k n o w l e d g e , t h i s  is 

—no t accoun t ed t o t  i n  t h e  si ght  equat  ion s  - Whi it ’ t’tir thei’ an al yses are needed ,
a best guess  of ’ one g i-m s itt i smu t ch  i a a l i t ’  i-ed , 2. 75/ o - 5 n i  I s for 0.5/ I . I)
second ‘i’OF - 0b~ ei’v trig the inagni tudes of second— order i n  i l u e l l c e s / s t ;u t L - s
one has  to ag ree  t h a t  t iti ’ b reak , ) i i g h — g — t u r n  into t h e a t t a c k e r , i s  a sound
aim-spo t 1 j u g  m a n eu v e r  ,ut ’ t i n s t  f t  t ’ s t  or d e r  s i g h t s  and i s  s t i l l  f a i r l ~ ’ sound
aga I n s t  it ia t  t’hcd - — cat i mat e ( pseudo second - order) sights i t  I o u t g o  r TOFa -

Finall y, cons ider  the  j e r k  t e rm . ‘i’hc t a rge t  can lo ;iml s e v e r a l  g i n  ii f r a c t  ion
otT a second and can unload f a s t  ci’ t h a n  load . ilowevex- , net g is required

r both  d i sp lacemen t f rom present f l i g h t  p a t h  and advant age maneuvering ; 
—

e. , rapid st i c k - p u n i p ing  ~ii l ows  t he  a t t a c k e r  to set t i e  in fur a point—blank—
range shot . Al so , t he j e t -k  term has the  ‘i ’OF’~/t~ c oe f f  i c  i e n t . For 0 ,5  second
lO P , ~g/sct’ jerk i-au SI’S on I > - 2 7 m i  1 a erro r - One experiment measured the
ins of j e rk  at about 0.Sg/sec . V I~htIs  t he  j e r k  m a  w o u l d  cause  0.2/2.2 m i l s
in-plane erro r for 0 . 5/ 1.0  second ‘I’OF . ‘the im por tant  facet  of j e rk  is o u t —
o f - p lane  e f f e c t s .  The t a rge t  can u s u a l ly  rol l  about 90 deg/ sec . Accounting
tam’ the a t t a c k er  response lag , t h i s  not only direct i-- rotates the second-
order state . but a l so  causes rap id chan g ing of the  f ’i rs t  -order  s t a te  which
compounds the t r a c k i n g  problems w i t h  the  i’cgen er a t  i ve  na ture of the  LCOS
w h i c h  p r e s e n t l y  a l so  i gnores r o i l i n g  terms.  Reference the A u -  Force Academy
study showing 11 to -,7 t n i i s  error , due primarily to about 12 deg/sec roll
rate.

Wi thou t car e fu i  ;it t i l e  kei ’  jud gmen t . uincerta jut j es can be appr ec  I iii) I e .
[Jut t I f u r t h e r  a n a l y s e s  arc ;ivai lahIt- , a I iuea - funct ion  of 10 m l  i s/ s e c  ol
‘i’OF is o f f e r e d  t a r  m at c h c d - g - c st i m a t e  s i g h t s , based on an in v e r s e  r e l a t i o n -
sh I p of t a rge t  r o l l  r a te  w i t h  TOP and a t  tacker judgmen t - Note  t h a t  I)A’I’AM — I
computes the  second-order  term as a bias en -or to 1 i n cu r  s i g h t s .
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SECTION VI

INTERACTIONS

(; l N I TR A I .

Former d i scuss ions  were concerned w i t h  the major  areas of the fire control
p r o h l c t n . The f o l l o w i n g  discussions are directed to describe how to put them
t o g e t h e r , includ i ng interactions , in order to properly assess fire-control/
giin n e iy  c l t e c t  i veness -

When the t a rge t  move -s such that it displaces itself from the sight es-
timate , the attacking pilot changes his control efforts to follow , attempting
to null the disp lacement. This change causes the sight estimate to differ 

—which modifies the attacking pilot inputs. Meanwhile , the target’ s observance
of this affects his subsequent actions. This Markhov-type chain of events
has been mathemat ica l ly  modeled for gunnery as well as other mission phases ,
but o n l y  in a cursory manner.  Proposed and programmed studies are in the
o f f i n g  to i nves t i ga t e  the inf luence of such interact ions on s igh t ing  and
sight accuracies. That is , instead of investigating these accuracies for the
condition where the target flies the estimate , th is approach should def ine
accuracies for the targets which do not fly the estimate. Considerable time
and effort will be needed to determine the sensitivities of these interactions.

On the coarser level  of present t reatment , e f for t s have been made to
transfo rm the aim trace into the predicted/estimated impact plane . Thus , if
the resultant accuracies and uncertainties of the sight are included , addition
of ballistic/gun dispersion to the fireline/transforined-aim trace provides a
model of the gunnery e f f o r t . Inverse  si ght t ransform , pi pper , and track
wander analyses of the Combat Hassle data base shows that on the average ,
f i r e l i n e  r ates and m a g n i t u d e s  are about twice as large as those of the aim
traces. A better insight should be available after reading the subsection
that follows on dynamic errors.

B a l l i s t i c  dispersion which transforms firelines to firepatterns will be
addressed f i r st . Envisioning of the f i repattern is a powerful tool for the
gun desi gner .  Extent  of and density/lethality within the firepattern in-
fluences the gun design problem . Getting the target within the pattern is
another problem . From the pilot ’s viewpoint , ballistic dispersion is a cone ,
rather than a line , that the gun fires. Most envision this as a cookie-
cutter circle , centered about the pipper and a couple or so pipper d iameters
acros s .

BALLISTIC DISPERSION
r I
- - To the purist , ball istic dispersion is a measure of the variations about

the mean l ine of departure (MLD) that are caused by imperfections of the
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barrel , round , and nuz zle-e x it interface when the  b a r r e l  u s  c l amped  to
obviate any appreciative barrel motion. MLII is u s u a l l y  d e f i n e d  by the  mean
point of impact (MPI) in a set impact plane . With opti usi design and selec-
tive matching/screening, tests of new single-barrel  guns in cont ro l led!
enclosed environments have shown standard deviations ~ t l e s s  than  0.1 n i l .
In this purest sense , ballistic dispersion statistics c on f o r m  to a c i r c u l a r
normal d i s t r i b u t i o n .

A myriad of other factors can influence both dispersions of and about
the MLD , i.e., asymmetric recoil mechanisms , free-muzzle whip, variable en-
vironxnents , standard production tolerances , mu l t i p l e - b a r r e l  aimnpoints ,
allowable wear , vibrat ion , dispersion inducers , etc. M any are not random .
The gun des igner has varying degrees of control of these other fac tors .  A
good feel of M-61 patterns can be obtained from Reference 10.

The gun designer/user defines ballistic dispersion as the diameter of a 
-

circle that excludes/contains 20/80 percent of the gun pattern hit points ,
centered at the M PI .  The gun designer also tests for variances of the M P I .
Thus , good terms for these dispersions are proffered to be gun pattern dis-
persion and gun MLD dispersion . To the author ’s knowled ge , gun MLD dis-
persion for the M-61/Al is not documented for user aircraft or included in
fire control error budgets. A best guess is one-mu rins. The impure
ballistic dispersion definition is whole-community trade terminology, and
therefore should be retained . However , the definition should be made clear
to analys ts .

DYNAMIC ERRORS

Dynamic errors are induced by the gun-to-sight transform which usua l l y
includes both lead and lag terms of pipper-target disp lacements. During
conversions , these errors are usually in the tens of m i l s , because the
damped sight cue lags the undainped lead angle by 20 percent or more . With
conversion rates in the SO to 100 mils/ sec range , it is readily evident why
some authorities proffer fire synchronizations to counter this lag.

In the former data bases , conversion blends into steady-state/fine
track ing before fir ing commences. Pilots , being taught to hold the pipper
on the target until the sight sett les , indicate that they never achieve
fine tracking in combat. However, comba t gun camera f i lms show tha t in
most cases they have estimated the LOS rate , and pipper excursions about
the target are within the proffered boundaries.

Spectral analys is of Combat Hassl e data showed the avera ge f requency of
the excursions to be 0.5 her tz , i .e . ,  a 2-second period . It is noted that
many human factors s tudies  show the operator response l i m i t  to he in  the 0 .5
to 1.0 hertz range . The frequency of the longitudinal plane short period
mode of these aircraft i_ s 0.5 hertz. Accordingly, pilot contro l imputs
should exc ite this  mode , causing it to he predominant . Before examinin g
the nature of dynamic errors , other aircraft modes and their difficu lty/
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compa t i b i l i t y w i t h  operator response is offered for insight . The natural
t
’rc tiicne v of aircraft short period modes increases by about a factor of
three , Le~., the natural frequency of the longitudinal modes is about 3
t i m e s  h i g h e r  than that  for the d i rec t iona l , wh i l e  the natura l frequency of
the latera l mode is about 3 times higher than the longitudinal. Then , gem-
e r a l l y  speaking , the p i lo t  can handle  direct ional  mod e osc i l la t ions , but
l a t e r a l  mode o s c i l l a t i on s  are beyond p i lo t  response capabi l i t i es .  A c t u a l l y ,
t h i s  is based on s i n g l e  axis  inputs .  Two axes inputs degrade this capability.
Lat era l , direc t ional , and cross-coupling modes modulate lateral pipper
motions , while longitudinal short period , lift , phugoid , and cross-coupling
modes modula te  the elevat ion pipper motions . Phugoid modes caused by varying
v e l o c i t y  wi th  p i t ch  a tt i t u d e  have periods in the range of 20 to 30 seconds
which are at most a slight aggravation . Periods of lift mode modulations
of the ver tical plane attitude are in the 6 to 8-second range which is
abou t in the middle of the range where the pilot functions best . The es-
sencc of this paragraph is that the tracking task , at best , presses the
response capabilities of the p i l o t ;  and , the natural  frequencies of the
airframe that are  excited by the t r ack ing  control  inputs  cause comp l icated
o v e r a l l  responses which make the problem more difficult .

The t requency-domnain (s-variable) transfer function for the gun/aircraft
pointing angle (‘I’IIPTAG) is:

TIIETA G(S) = TI IE T A S ( S )*( l  + ( 1 + SDF)*TN*S)/(1 + SDF*TN*S)

where mE’rAs = si ght pointing angle

SDF = s igh t  damp ing factor

TN = sight  s e n s i t i v i t y ,  TOF for TOF rate = (I

(Note:  Fortran form has been used to ease typing load , i . e . ,  no Greek
le t t e r  symbols.  A s t e r i s k s  are used for m u l t i p l i ca t i on  s ign) . N e g l e c t i n g
a t r ans i en t  term tha t  disappears rap i d l y ,  the t ime domain (1) t ransfer
fu n c t i o n fo r a si nu so idal  THIi T AS is :

A* B *( ( C* *2  + E**2)/(D**2 + F **2) )**0 5* s in  (E *T + P SI )

w her e  A = s i g ht peak a m p l i t u d e  ( in  m i l s )
B = ( 1  + SI)F) /SDI:

= 1/ f lI  + SDF)*TN )

= l/ ( SDF*TN)
= si ght angular frequency in radians

PSI = gun angle phase l ead

= ATA N(F) - ATAN(G)
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ATAN = a r c ta n g e n t  of the argument

The following examples of this influence are der iv ed for the Combat
Hassle average period . For a SOF of 0.25, the phase lead is 42.3/37.6 de-
grees for 0.5/1.0 second 1’OF . For a SOP of 0.4, the  phase lead is 33.4/25.6
degrees for 0.5/1.0 second TOF . Gun ang le excursions arc a little over
twice as large as pipper excursions for the longer TOF for either SDF .
At the shorter TOF , gun angle excursions are about 3.2,’2.8 times those for
the pipper . Thus , for fair tracking with 10-nil peak excursions and 0.23
SUF , guru aim leads the sight aim by about 15/9 m i l s for 0.5/1.0 second TOF.
Fo r f a i r  t r a c k i n g  and 0 .4  SDF , gun aim leads s ight  aim by about 10/6 m i l s
for  0 .5/ 1.0  second TOF . Because the d i m - ec t ion  from w h i c h  the pipper  ap-
proaches the ta rge t  is about ec~u i-probab 1e , the statistics of this error
source appea r to  be random/ sys temat ic , and should be root-sum-squared with
the expected value of the average aim errors.  Thus , based on the average
period and fair tracking, the gun mean aim errors for a low evasion spectrum
(5 mils average pipper error) would be 16/10 mils for 0.5/1.0 second TOF
with a 0.23 SOF , excluding all sight and uncertainty errors . For good
t racking  w i t h  pipper peak excursions of 5 mils , the gun mean aim errors for
the low evasions spectrum would be 9/7 mils for 0.5/1.0 second TOF with a - -

0 .25  SDF , exclusive of other errors. Acknowled ging again the l imi ta t ions
of hopper statistics , a recent fire control study that excluded sensor input
errors showed overall rmn s sighting accuracies of about 12 mils and overall
gun aim/miss accuracies in the 17 to l9-mil range . Accounting fo r mean aim
with dynamic errors, other fire control errors including uncertainty would
be about 14 mils. According ly’, while the damped pipper makes the tracking
task v iable , gun aim errors with the disturbed reticle sight are appreciable ,
exc lus ive  of sight and uncertainty inaccuracies.
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SECTION VII

CONCLUSIONS AND RECO10’IENDATIONS

At present , DATAM- I models the f i re l ine  in accordance with  the heuris t ic
g and angle-off sensitivity that was previously mentioned , due to the afore-
mentioned calibration wi th recent combat data and limitations of the Combat
Hassle data base. It is recommended that fireline statistics be correlated
w i t h  encounter d i f f i c u l t y  as further analysis of its characteristics indicate.

It is also recommended that the pieces-of-the-problem approach
mentioned previously be undertaken to show what their influences are and
how they interact .

I n  conjunction with this approach , it is important to include the user
viewpoint. hnsemble statistics are necessary for calibration , but the pur-
pose of the model is to forecast effectiveness of intended application .
Accord ing ly ,  DATAM -I should be structured to address intended applications ,
rather  than dupl ica t ion of historical  events.

DATAI4-I does not presently derive sight or uncertainty errors as a
function of encounter geometry . It is proffered that these parameters
should be mechanized in a sensitivity study. Those parameters which show
signif icant  impact should be incorporated in the mechanics of the model
while low- sensitivity parameters can be identified in ensemble statistics
of the root sum square total of systematic errors.
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