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ABSTRACT

The primary objective of this study was to provide
a contribution to the phenomeron "Suppressioa™ ‘as an
aspect within the military environment.

Analytical models explaining <these aspects were
developéd in order to identify the ianfluences to
‘suppressicn. Techniques are examined for including the
.suppressive effects of weapon systems in Lanchesteér

. type comkat models, which may be wuseful in wargame
o evaluations of military judgevents, and in force level

. ' planning. The study also provides techniques to
apnalyze and £it experimental data to the amalytical
‘models.

The data to verify the models ware chtained from
related experiments performed by Combat Develcpment
Experimentation Coammand (CDEC), Fort Ord, California.

The «zresult for the wodelling approach to
suppressicn indicates sourcs dagendences on
guantitative as well as on gqualitative features.

S The functions are left gJuite general, although
o some fuactional forams are derived and discussed.
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a. INTRODUCTIION

In recent years considerations of Human Factors asgects
in the military has gained more and more ipportance. The t
study of psychological, physiological, and environmental
conditions and their influences on the performance of men in
YMan-Machine-Systeas"® supports the .develcpment of new
doctrines, design of weapoa systems as well as training
programs for treops.

One phenomenon in military man-machine-systems is
suppressicn, Modelling this phenomenon has only recently
been givern much attentioa.

This is partly tecause modellers did not understand
exactly neither the causes of suppression acr how it affects
the course of coabats.

There is an intuitive feeling that when a soldier or a
combat anit is being fired upon, it will be less effective
than when it is not receiving fire. This is generally
referred to as suppression, but it can include much more. In
the broadest sense, suppression can effect dindividuals,
uaits, or weagpon systems in differant types cf coambat.

This paper will lipit itself to Jiamdividuals or saall
- infantry units. ,




In order to be able to build up functional reiationships
based on thevsuppression idea, between different categories
of people and time, this paper will first exapine different
rates as input to analytical Lanchester-tyfe-models. The
rates will be based on stochastic aspects. The modelling is
done under differeat viewpoints; their results will be
ccopared and discussed. :

In the second part of the thesis, the parameteré cf the
models will te tested in a regression analysis against real
world data which wesre placed at the writers' disposal by
CDEC.

The goal of this paper is not t¢ ppresent a final
framework c¢f suppression; however it may contribute to
clarification of aspects of suppression, and help to embzad
it as a component in future large size models.

B. BACKGROUXND

The strains imposed on individuals in our society are
constantly iancreasing. Modern technologies and constant
efforts for improvements of standards of living lead to
groving difficulties ip adjustments or sometimes to couplete
failures to adjust, These facts create stress and we pay
cbserve that the degree of stress increases with the
difficulty of the adjustament-problea.

The teram stress will be used as a substitute for what
sight be called othervise as anxiety, conflict, emotional
distress, extreme environmental coaditions, ego=threat,
frustration, threat to security, temnsicn or probably
arousal. Stress can be thought of as the result of almost
any eunvircaaeatal interference [ Applay,p.2Jl.
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The stress-generating . features of the civilian
environment are great, but the environment created by hodern
varfare possesses additional features which result in an
increase of strsss. The combat environment created bty the
weapcen powar of the enemy causes a constaat threat to 1life.
The soldier has *to operate under this threat and naturally
he will respond with constantly recurring fear. fThis may
break dovn the soldier's psychological and physiolcgical
resistance. | ' ' ]

. Fear and anxiety in battle is coumon, being experienced
by between 80 and 90 % of combatants. Pains in the stomach,
fatique, dizziness, perspiration, and enhanced heart-beat
are some vegetative correlates to fear 'and anxiety. Of
course the».moment when the individual soldier reaches his
breaking point varies and depends cn individual
psychological and paysiological resistance and the severity
cf the battle,

One interesting ohservation from Agrell was that
auditory sensations corvey the stress of Dbattle nost
strongly and most directly. The psycholcgical effect of
veapons is directly reslated tc their sound level and the
frequancy with which the sound occurs [Agrell,p.215].

BEach enemy grenade causes the soldier to react
constantly with fear. Stress and <fear can have a
significant sensory operating characteristic, 9. g. the
detaction threshold and/or sensitivity 2aay decrease as a
cesult of stress (Weltmann, G, Christianson, R.A. aad
Egstrom, G.H., p.423-430].

C. MILITARY SUPPRESSICHN IN COMBAT-ESVIRONNHENI
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When weapons are used in combat, there are two types of
effects that they have. The first type of effect'is physical
damage or injury to the target and the seccnd type of effect
is psychological.

This second effect of_a weapon has led to the term or
concept "Corbat Suppression", There exist a general telief
that fire suppression is important, but the importance of
supprassion effect on combat cutcomes as compared to the
effect c¢f other areas such as firepcwer, mobility,
intelligence,,' conmand/contrel has not been gquantified
adequataly.

Sugpression can be generally defined as
thé teaporary deqgradation in the quallty
of pertormance of an individual cldiel
¢r, upit by an internmal or exte:nal
stigulus. _

CDEC, 1977

A waore useful operational definiticm in terms of
gerformance capability changes is provided by the "Repcrt of

ths Army Scientific Adviscry panel ad Hoc Group on Fire
suppression®.

Fire suppression 15 a  process which
causes_temporary changes in performsance
carpabilities of the Sugpgpressea
(suppressed system) from those expected
when fuanctioning in _an environeent he
knows to pe passive. Tnese changes are
caused by si nalq frox de lverad fire or
the threat o de ivered fire, and 5
result from behaviors that arse 1ntunde
to lessen risk to the suppressee.

Ad Hoc Group, 1976

This definition Enphasizes that suppression is not a

10




single effect which can be measured totally on a single
quantitive scale, Suppression effects are nmultidimensional
and the Mamount of suppressican® ‘varies among  these
dimensions '(e.g. fire impact points, soldiar's
characterists, and reaction to ke <fire, his combat
experience etc.).

supprassive fire in a combat environment can suppress a
" number of ccombat activities; for example: firing, search fo:
and ohservation oi targets, movements of units or ccammard
andfgqntrol. '

Fire suppression is a complicated process involving
2any physical, environmental, physiological, bLebhavioral, and
operational variables. The important point to emphasize is
that the tehavior involved is in cesponse tc¢ stimuli that
¢riginate both externally (combax environment) and
internally (personal background, training and experiefnce) to
the soldier suppressee. These aspects, however, are not
included ia this paper.

The intensity and duraticn of suppression can not be
predicted froam a kncwlsdge of the combat environment alcne.
It requires an analysis of the underlying mctivational and
cultural factors and of the coatext of the conbat
cavironment.

"he Fig 1 (Ad Hoc Group, p.36] shows a schematic
dascripticn of a process when suppressive f£ire is delivered
and its affect on the coabat result,

"
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SCHENATIC STRUCTURE OF THE FIRE SUPPRESSION

Pigure 1 -

EBOCESS (Ad Hoc Groap, p. 56)

:"'-’N,.

1HIS PAGE XS BEST QUALILTY FRACTICABLE
FROM COPY FURNISHED 10 DDQ

12




N ST T T T T R T T i B T R A U T T A BT AT ] A}U’u——-g"; x '—‘.ﬂuﬁ"wﬁ"iu_.mﬁﬁ AT X TRy
. 5 i < . N R 5

W

- n
I A N < b

The process is discribed by individual functicns.

2. Signal Process

IThe first p:ocess‘in fire suppression is the generaticn of
signals provided by suppressing weapons. '

inputs to this process are the

characteristics of the weapcn systems (caliker,
- amount of porpellant, warheadtypes etc) and

S A S .

the environamental characteristics (trajectory,
platform, arrival points etc).

AR RN, S s

Characteristics of the weapon systems can vary in order to
increase or decrease suppressive effects.

v ' Some parameters that are considered to be important to
suppressicn signals ares

S R 8 N N N e T

e e R ST e

ro g

¥Yuzzle velocity (an increase in mu2zle velocity is
associated with an increase in signal variables):

;‘:ﬁ_ﬂ;;,_:{

Caliker (as caliber increases, the firing sigmnals
and projectile signals iacrease along with
lethality) ;

Erojectile veight ( penetration depends on weight
and velocity at impact and increases shock ¢ougling
to grouad) ;

Warhead charge weight ( the oxplosive charge weight
deternines the energy in the pressure pulse);

Additional parameters like £ire fregqueacy and
progiaity of shots could also be meantioned.

Eavironmental characteristics are also variables but they
can not- ke determined completely.
Environmeat has an dnfluence on the sigual

.

; 3
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“ .generation -and transmnission-process. Por exaaple, auditory

signals that result froam the impact of prcjectiles depend
héavily on the natu;é of the object or material impacted.
| A soft yielding material such as dusty ground or
sand receiving the impact of a projectile will produce a
different pulse and sound than will hard unyielding grcund
under the saze impact. : !
Sound signals can be attenvated by the shadowing
effect of large obstacles or may be igcreased by ezho or

" geverberation. Visual signais are stroagly modified Lty the

condition of 1lighting. Haze, fog, rain, and sno% act

‘similarly to smoke and dust. The visual £field is also
.reduced and interrupted by terrain and other cbstacles.

The envivcument wmeodifies the preocduced stimuli
when they are transmitted to the location of the suppxeséee.
Cutputs of this process are the attenuated sensory signals
that becoms imputs to the huzan sensory recegtors.

b. Buman Process

Many of the determinants of the soldier's performance on
the battle field are unkown or at least uncertain = thought
of as influenced by chance factors. This enphasizes the
difficultias of predicting human behavior in a combat
environment. Tae human process (sensory and percefption)
converts the received signals into a perception of %the risk.

Eattlefield stimuli effecting the individual are
detected and converted into sensory data by a process such
as vision and audition, so the sensory process suggests that
th3 weapon systems stimuli relevant to suppression age the

-loudness, and

-visual impact.

There exist noderating factors that influeace
the operating characteristcs of the sensory process and that

~deternines wbich stimuli are effective.

. %
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Sensory lodifiers (i.0. eartlugs,
vight-vision-devices) serve to change users' sensitivity
range. A major effect of these devices is to change the

salience of stjiguli.
High concentration on aa activity or a high

level of effort on an activity {e.g. mnissile-~gunner {is
tracking a target or reloading his system) may increase the'

absolute threshold.
The posture of a soldier (standing or sitting)

and the sequence of posture (cbserving, ducking, obserwing)
influences the sensory capabilities (e.g. observing for 10
seconds continuously is not equivalent to observing 5
seconds , ducking 10 seconds and observing S5 seconds).

The perception process integrates sensory and
other information into a perception of the risk. Risk refers
tc the uncertainty of damage, injury, or loss. It
charnsterizes decision situations in which the consaquences
of choosing an action are uncertain, , '

I1f there is no uncertainty in the possible
wutcome, there is no risk.

Eérceived risk is a function of uncertainty aad

~the subjective value the iadividual associates with each
| outcome,

- Ferceived risk represents the output of the
camhinad 'sensory aand per&epgion process. It depends-cn the
ipdiridual's- experiewce and training in assessing risk froa
sensogy " information. Alse cover provided by the environaent
and the individual's pesture may influence risk percegtioa.

-~
— .

¢. Beaction frogess

given the input perception of risk, this process causes
physical and mental reactioms, vhich depcad on the
‘egurrant mission .
=task
wactivity

15
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-cosbat training doctrine and experience |
~group dynamics and
=the quality of leadership.

It is condectured that two individuals who perceive the same

degree of bigh risk , but vho have different amounts of
ccmbat engagement experience, aight be likely to _react
differently tc the risks.- ' ‘

The soldier's reaction is also influsnced Lty his .

currsyt state. A soldier who has recently ducked may be nore
likely to duck than one who has not , given the sage
deliversd fire.

Prior reactién or segquence of reactions may ke a

good predictor of the coming reaction.

d. Ferformance Effects Process

Given the reactions of the huméh'behavierfprocess,.it is
conjectured that these directly affect the performance of
certain activities of the suppressee in a calculable way.

If for example the suppressee takes caover, ha
say fire 1less oiften and less accurately and also might be
less vulnerakle. The magnitude and duration of these changes
in performance are depeandent on the characteristics of the
systeu employed by the suppressee and the target of his
activity.

So the nature and duration of change in
performance capabilities is determined hy the'perfornance
effects process.

3. suppression In Field Experimestatiops

A fire suppression research prograa requires
significant experimentation on behavioral attitudes and
- peactions t¢ risk. This necessity causes “reaeandous

difficulties in trying to induce actual behavior in soldiers

16
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in field experiuenfs. Former studies shcwed, that the
‘soldiers felt true psychological stress only in situations
. in which they believed that they were in real danger. Such

situations are difficult to contrive and to control. Social

and ethical 1limits and legal regulations preclude the

introduction of actual physical risk. Scldiers ayst be

taught the “rules and risk" defined in that context. The

success of playing the role, being an individual
garticipating in a combat éngagement, depends on  the
soldiers! motivation and willingness. '

Because of these reasons and the sultidimensional

shape of the fire suprression process as amentioned earlier,

suppressicn in field experimentations may ke restricted only
to some variables involved in this process.

D. APPROPRIATE OLJECTIVES

The overall objective of a fire suépression research
should be to relate changes in performance capabtilities
caused by fire suppression [Ad Hoc Groug, P 110].
Kesponding =more directly the <following objectives may be
determineds

Indicating the effects of suppression on combat
results, i. a. to develop rates cf suppression.
These values may he compared to other effected areas
and probably employed in coaputer sirulations. These
puabers vrepresent two kinds of variables: Weapon
system variables and human suppressicn performanca,
given operational and environmeatal conditiouns.

Determining characteristics c¢f suppressive fire
systeans, characteristics vhich should be assigned to
such a wveapon systea. Results are developed
experiamentally . Chapter IXII B. will display soae
evaluated paraseters and constaats for the developad

L))
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wodel, which may also reprasent the suppre¢ssive
characteristics of the used weapon systeas. '

effect of suppressive fire may also be considered as
Special training or equipment can be assigned to thae

Vd
soldiers or new tactics can be developed. This
objective is beyond of the resesarch of this paper.

POSSIBLE ALTERNATIVES

In ordex to get information about the fire suppression
process, previous investigations were based on interviews
and questionaires, because valuable information of the fire
suppressicn process is stored in the nminds of combat
veterans. Studies on veterans of the Vietnam conflict and
the vars c¢f the Near East would be especially useful, since
never weapons were employed and the combats were shorter and
pore intersive.

These studies may provide a good insight tc the
suppressicn process andsor may also deliver valuable inguts
for the wmcdelling approach.

18
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Beducing suppressive effects. HWays to reduce the

an appropriate objective of suppression researcha.




3.  ASSUMPTIONS AND SIMPLIFICATIONS

Based on the foregcing discussion, the fcllowing model -

is a detailed model [Taylor.1978,p.12] wvhich starts out by
considering the behavior aspect of a human being ‘under the
influence of artillery fire power. It is assumed that such
simple ncdels, which represent a small part of a total
scenario, can be used profitably to investigate systaam
dynamics of sore complex models. The value of the nodsl
derives from the fact that it forms intuitively plausible
and transparent suksets in a large compcsition of other
subsets which determine the basic structure of the complex
cperational model. In other words, the whole is described
in terms of the sum of its parts.

The basic concern of the analytical model developed here
will be to model the kehavior of an individual experiencing
attillery fire, considered as a function of time, where that
behavior depends upon anmanition types and location of
detopating rounds. .

Oa the basis of particular assumptiens and
gsimplificaticns it will be possible to apply the results
cktained to a group of people (a force) on a battelfield.
The result of these considerations will provide a
relationship between time and the actual anumber of fpeople
affected by the fire power of the artillery . This last step
of the wmodel is carried out by using Lanchester type
equations, so called after the pioneering wcrk of F. W

Lanchester. Finally, the models cnable one to estimate the

total firepouef of the force at any point in time; depletion
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of total £itepo§e: is  caused by attrition and by
suppressici. -

s
L S P UL TR

E. RATES FOR THE MODEL . a

1. Rates Of suppression

The Ltasic considerations in the preceeding paragraph =~ i
support - the assumpticns, that the behavior of a suppressee
can be expressed by a conditional probability of suppression
as a fupction of miss distance r and aspect angle 0. This
function is represented by the family of surfaces of the
form: '

P(s/8,r) = exp[~ %(- rz(l - € cos 8)] (2.1)

g ! where P(Ss9,r) is the conditional probability of suppression
5 : given that a partice’ar round impacts under a certain aspect
angle 6 and a certain miss distance r away frcom the fozhola.

The line along the angle 6=0°is identical with the
line of sight. It is the main direction of ckservation.

The constant K and € are paraaeters, which are
determined by the experiment itself and by the eavironmeantal
conditicas, .

They can bhe influenced by factors as discussed in
chapter I which may be recalled here briefly.

g Mt

-type of amaunition
. -frequency of arrival of rounds
" =perceptual damage
~total tiué,spent in the foxnole (leacning process)

L D Ty vy Tre
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~poise appearance of the rounds

-flash light intensity of the rounds

-perfornance

-personal factors like age, personal condition, etc.
-degree of stress

-motivation

rd

The computational evaluation of the constant K and ¢ will be
performed in chapter III B, and C. In particular it will be
isportant to deteraine XK as it varies with different types
¢f amgunitica. ‘

The mathematical conditions for the two paraaseters K and ¢
are:

0<eg €1

K>20

If 9 is held fixed ,0%X6<360% and P(S/9,r) varies
tetween O0<KP(S/9,r)<1 we obtain a family of functions, which
is two-dissnsional and shows an exponential trelationship
tetween P (Ss8,r) and r. )

This is illustrated in the following figure, where
tae angle & is held fixed at C’and 180% The parameters K and
e are assumed as being 1500 and 0.7 respectively.
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If e¢n the',iqther hand P(S/0,r) is fixed,
0<P(s/0,r)<1, and the equation is solved for r, ve will
oktain an ‘"egg-shaped" function with iso-levels of
probability of suppression P(S/W%:). The foxhole is located

in the middle of the coordinate system. Along §=0% the range
£ is a max for a certain fixed probability cf suppression ,

while at 6=180% r is a min for the same probability. .
The function takes tha fora:

2 =K #n P(8/6,r) :
R cos O (2.2)

The follcwing graph shows the family of <functions for 4
representative selective protabilities of supgressions.

E(S/8,r)=0.1+1 i=1,2.3,4 N (2.3) -

The parameters K and € are again assumed to bs 1500 and 0.7
respectively.
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Thase "egg-shaped"-functions of iso-probabilities of
suppressicn simulate the reaction of human beings lcoking
along the main axis 9=0’in a very simple way. The functicns
take into accounat the visual and accoustical perception
resulting from any given detonation of & round, where nocise
and light are the zajor stiguli. ‘

one could think of other functions wich simuiate the
behavior of an antitank gunner exposed t¢ artillery rounds
for instance:

P(S/6,r) = Leexp(~ % rz(l - € cos 0)] (2.4)

This type of function allows the probability of suppression
E(S/6,C) to te smaller than omne at its maxiiai value and has
the same general behavior as the functicn before, As a
third modification:

P(s8/0,r) = exp[- {]\':!ri(l -~ €& cos 0)] (2.5)

these functicas have the disadvantage that they have a
discontinuity at r=0. The integration vhich is necessary in
the follcwing derivation is more difficult than the chosen
one.

However, the crosscut secticns of these functioas
are not "ggg-shaped" isc~fuactions but rather simple conic
sections (ellipsas) where the foxhole is located limn the
canter of one ifocus point,

The paper will continue with ths function first
describad in (2.1), because of its simplicity and vaciety
c¢f applicaticn.

in order to derive a rate of suppression <for the
sodel, it is necessary to evaluate novw, in a secoad step,
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:the unconditicnal gprobability of suppressicn P(S) for any
‘incoaing round, no @matter where it will impact around the

foxhole. This will be pefformed by matching the conditional
probability ®(S/0,x) with the area-hic-probakility P(a).

B Ccnsequently, to the engagement procedures of the
artillery, the targets which shall be suppressed by the
artillery are categorized as small personal targets.” This
implies that the mean point of impact (MPI) of a given sat
of rounds lies on the target, whici m=ans also, that the
density bas. its max value at that point. According to the
U0.S. army Pield Manual FM¥ 6-161-1 page 2-2 it can be
ascertained that the MPI-error is destributed normally with
its mean at the aim-point. Thus it will be hypothesised that
in such a case the ‘distribution of inceming rounds is
bivariate ncrmal with parameters

Hy =0 (2.6)

In ordar t¢ simplify the nodel, it is rrcposed that the
dispersion of rounds expressed in thae standard deviaticn is
equal in all directions. With

o =0 | Q2.7

nc correlaticn is assumed bstween horizontal and vertical
deviation. 1The normality is also preserved if more than one
artillery gun is shooting. The essential change which has
to be made when a whole artillery unit will deliver the
r¢unds vill be the value of the standard deviation ¢

In addition, ¢ 1is determined by factors like:

dispersion

the fact +that the location of the tazget 13 only
estimated and an artillery uait delivers rounda in a
fire area. )
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type cf amananition

conditions of the weaéon systeas (precision)
ballistic properties of the rounds

distance to target ‘
caliter ‘ ' .
wind and other weather conditions.

It follows frca the bivariate normal demsity £for artillery
hits:

1
2'11' (l—pz)cr2 ,

2 2
( 1 *17 17T\ (%27 2 )
X expy- 2 =205 g *\ o
l 2(1=p") °1 1 2 2

and by inserting the previous mentioned assumpticns and
changiag to pclar coordinates:

X £(x),%,) = - (?f§)

2 2 .2
Y = xl + xz
X, (2.9)
cos 8§ = ==
r

that the unconditional probability of suppression P(S) can
e written in the form:

Q=2n pu=oeo
P(s) = [ [ P(s/o,r)-£(r,8) doxdr (2.10)
g=0 =0

Fecall that ap area element in polar coordinates can be
exprassed:

2
L redoedr = d(G) 00

"
b
3 ) .

’ i
I
E

Coe e
i
4
1
. ]
J
B <
Al
i
}S

The ¢onditicnal probability of suppression is | (
P(5/8,r) = exp(~ % o2 - cos:0)] (2.11) o B
- Y ~ , o




and the density for artillery hits £(r,0) is

' 1 1 ,r.2
£(r,8) = expl~ 5 (=]
’ . 2110‘2 2%

inserting both into the expression above , we can perfora
the integraticn: '

0=y = ‘
P(s) = [ ) e:\p[-- r2(1 < ¢ cos 6) 2 exp[- 2( ) ] d( ) 40
8=0 r=0 2710 _ (2,13)

After a change of integration variable;

2
zrao =0 %_ =2
rZ (2.14)
‘d(-i-) = dz Zprw ™%
we find
=27 zwoo
BS) = | | exp [-(—- (L - ¢ cos ) +—1-)] L= 4z do
8=0 2z=0 ] 21r0
(2.15)
=27
P(S) = f 272 L 1
9=0 -2ng (Y(‘ (L - ¢ cos §) + ;—2-)
2z
~exp[-(% (1 -¢cosa) + —J'Zf)»z ! “]de
- Iz-O
6;;21: 1
P(S) = | + do
0=0 21:02( -215 - 2{_ cos 6 + -2-1-(-2-)
2K
6-23
ps) =5 f —— 4o -
4ng” w0 (1 + _f) + (=€) cos 6 '
20 ‘
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by replacing -

bnl+—l-(-z-, C = =g : : {(2.17)

20

the intagral reduces to a known form which can be solved.

=27
o o K e 2, 2
P(8) = 7 J’O b F ccos 8 where b > ¢

4no O=

8 1r
K g=r 48 K 2 (b-c) tan 3
PS) = L2 f b + cocos 8 2 . arctan
2xc -~ 6=0 ) 2ne” |/ bZ_CZ v bz_cz X
P(S) = K . 2 . -1'2L ==) B(S) = K . (2.18)

2
2o ,/ bZ-ﬁZ 20'2 V/b?'—cz

Inserting back the expressions for b and ¢, ope cbhtains:

B = £ — » (2.19)
Zoz \/(1 + —‘-(—2-) - ez
2g '

After tie dJata analysis in chapter IXI B. and C.
vhere the parameters ¥, € and ¢ will be "detegmiaed, it

eill be .poss_'ibl_a\ t0 evaluate¢ the probability of snp@ession -
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~ factors like terrain and amaunition.

B(S) according to the preceeding formula.

This probability adequately models those cases where
temporary suppression is the only possible response tc a
given detonation of a round. It may be useful to expand the
model by introducing a second paired outcome at any given
impacting rcund. Until now, we had one paired outcome: '

”
4

The individual was either suppressed
¢r not suppressed.
In additicn tc these we consider a second paired outcone:

The individual is permanently suppressed by being
woundad or killed

"Qr not permanantly suppressed.

If we focus the attention on modelling the effects under
this expansion, it is possible to evaluate a nev probalility
of suppression P(S) and a probability of kill P(K) by saking
the follouwing assunmptions:

The conditional prokability of kill unlike the.

“cendtional  probability of suppression does not
deperd on the aspect angle 6,

It can bDbe represented by a sacoth curve of the
fcllcwing fornm:

P(R/T) = expl= 3 1) (2.20)

where d s a positive constant i.e. H> 0. This functicn was
selected on intuitive grounds rather then based on
real-world data. 'Taking a vertical cut thrcugh the surface
fenction above along any angle 9, one obtains the <following
figure. The parameter H is arbitrarily chosen as being
8250, Clearly this parameter is a functiou of differeat
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Figure-4 = FUNCTION PR(R/r) = exp(-—:'-i )
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If on the other hand P(K/r) is fixed, 0<P (K/r)<1, and the
equation is solved for r, one will obtain ccncentric circles
with iso-levels of _probability of kill P(K/r) around the
foxhole. . ' ' o

The function has the form:

? = - Wein P(K/T) . .21)

The following Fig 5 shows the family of functions for & .
representative selective probabilities of supgressioas.

PKsr)=0.1+i  i=1,2,3,4 (2.22)

The parampeter H is again chosen to be 50.
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The concentricity around the foxhole expresses the:

fact that no satter in which direction the p[person 4in the
hole is locking the kill effect is just determined ty the
distanca., It would be beyond the paper to verify this
assumption , and it would be extremely difficult to collect
data for it. The reader must be content for the moment with
the earlier presented intuitive argument. ’
This newly introduced function leads to a revision
¢f the prcbability of suppression P(S) and the evaluation of
the unconditiocnal probability of kill,” P(K). The density
assumed carlier for artillery hits is usad again:

1 1 2},

£(9,r) = ;—-—2- exp [-— 3 (;) ] (2.12)
no

Probability ¢f suppression %éS) but not kill is:

8=21 r=w

P(S) = [ [ P(S/0,r)[l -~ P(K/x)]1+£(0,r) ¢ dr do (2.23)
K =0 r=0

.

Bemark: The subscript K at pkiS‘used to indicate that this
suppressicn  probability appears  together with the
probability cf ki.il P(K).

The expression P (S/9,r)-(1-P(K/r)) means that a round
suppressed byt did not kill the individual at (r.9).

Erqhability of kill P(K)

Q2% o

P(K) » [ [ P(R/r)e£(0,r) ¢ dr do (2.24)
0u0 y=Q

The coaputation for QéS) and 2(K) runs along siamilar lines
as in the e¢arlier evaluation of P(S). Fcr the specific
functions vwe find:
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G=2y ras | )

1.2
P(K) = exp(~ £ r") * ~=5 exp(- 1 (“) ] d( ) do 2,25
do o - H 2n0° 2 (2.29
0=27 r=w
PK(S)= | exp[- =r (l -¢cos 0)] [1- exp(— L, )]
0=0 r=0
. 2 2 .
Lo epl-3 & 14 @ (2.26)

2n0

change again the variatle of integration

2 2
%— e Z3 zr*“ = o3 zr=0 = 0; d(-l—.z—) a dg (2.14)
022 zxe> 11
PK) = [ > exp [- G+ —2-)2] dz dg (2.27)
=0 2=0 2nu ()]
1
PK) = ———— (2.28
2/ + 1) )
9=2y z+» ‘ 1
PK(S) = f f exp‘-[-— (l - cos §) + ——]z 7 dz do (2.29)
o=0 z=0 o | 2rg
g=2q 2+w [ 2 ) ’ 1.
- . exp)~[= (1 - ¢ cos 9) + = +-3)z! dz d0(2.30)
=0 z=0 21:02 UK i 02 ) 7

Becognizing that the first double integral is exactly the
san€¢ as bkefore ve can simplify to

R 07217 ) i
P,(S) = , — - - - : 5 de
o p x \2 , gm0 21202‘-2!-(- % cos ¢ + _Zﬁ + -l;) '
20 (l + —-—i) -c Bl
: 20 _ _

(2.31) -
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-~ rr—— = A L. w
0m2x L -
B (5) = p(s) - %5 — do (2.32)
dng” 820 (14 —5+ )+ (~c) cos © '
. 202 H

The integration can be done by using the same formula as for
the computation of %éS), except that this tise b is:

K K
b=(1+——-+—) (2.33)
202 H
From this it follows:
, K
; PK(S) = P(S) - (2.34)
2
f: 2 ( X _rs) 2
2a \/ 1+ 252 + ul - €
. 20 X 2 2 : 3 y i
Lo (l+—-§-) -€ (1+—%+§) -¢
20 26¢ B

After having derived the desired probapilities as summarized
on  the lfollowing figure, we are able te evaluate'the
different rates of temporary and permanent sugpression. {

By assuming a certain fire rate Af with which the 1
artillsry is firing in the area whare tae anti-tank gunners
ate located, the different rates will bave the followlag
focm.

Tuo=-avent model (unsupriessed-suppressad)
Bate of suppressioa Ay = Ag P(S) (2.36)
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Four-event-ocdel (unsuppressed-suppressed-sugrvived-killed)

Bate of suppression A = A P, (S) (2,37)

o Bate cf killing - A, = A  P(K) C (2.38) 14

’ ’ . ) ) 5
One important rate must still be developed; it is the rate . \
b cf rise from a suppressed state. We model this by stochastic R
N grocess nethcds. k
i
|
G

3§
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2. Bate Of Rise

The nodel so far represents 3 situation in which
there are thiee possiktle outcomes. When any independent
round impacts, ‘the rperson in the foxhole is assumed to be
either

- suppressed, . - -
nct suppressed, or |

is killed.

Naturally this is only true if we assum2 that he 1is always
back up again when the next round impacts. This fact Lrings
up the aecessity of considering the process along the tiame

axis.
Eecause of the complexity of a stcchastic process

4uhich reflects the Lehavior situaticn o¢f an individual

exposed tc arriving artillery rounds, it seems useful tc
start with a very simple process, in which the time of
suppression Ly a particular round is considered to be fixed,
In a next step, this constant response time is randcmized
over the numker of people under consideraticn, i.e. each
individual bhas his own randcom time which however is assunzed
constant for the process itself.

Finally, the response time of a siangle person 2ay be
considered to be a random variable coaming from a certain
distributica.

Both approaches are siasple, and represent a first attegpt to
describe the actual situation in different wvays. Certaialy
the supgression time c¢an also be considered as a function of
both above mentioned processes or of the miss distance r and
the aspect angle 6, or of a combination of all. But tchesa
depandencios would rather coamplicata the nathematical
derivations and laad beyond this study.

Both processes consider rounds that arcive in the
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 neighborhaod of the foxhole im accordance with a Poisson
.. -Erocess having a rate A¢ . The madel consists of two process
" states. One is the "yp"-state which means chat the person in-
the hole is tvnsuppressed and able to act according to hiS»: -
mission. The other state is termed the “doxa"-state which
.results from an-lncomming round and a possible reaction to
it in the form of suppression. In this state the persen is
uot able to fullfill kis mission, he is physically dewn.

the ficst process assuze¢s that the pefson in the foxhole
changes frorn ihe.“down"-state to the Hup"-gtate only if he
recognizes a gap ~vf at least T time units before the
dppearance of the Dnext round. This means that the
"&Cwn"-state‘has-a duration of exactly time T if no rounds
arrive in the time imtervail (0,T). The time T in coanection
with sué¢h a process may Le called the critical gap.
(Gaver,p.481]. The {ollowing figure shows the blkasic » 2
; relationship: ‘ £
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State 0 wynm
State 1 t"down®

. . i ’
i F IRST C»AS.E Pt T T a critical gap
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I ' suppressing round (process starts all
i round / over again) - -
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|
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Figaze 7 - SCHEMATIC DESCRIPTION OF {2 NODEL
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tounds which contribute to the time of being suppressed, we

VEirst we have to state the follouing two expectations:

J’.,\ )

For the time being T is assumed fixed. However it is acre
reasonable to descrite it by a random variable, since the
time gap 1T 4s deternined by factors like learaning,
accustoaing to, cr overcoguidé'of, fear, stress etc. The
assuaption of a fixed T has to ke changed in a later step,
where it will be aefined as a random variable.

Furtherzore, the change froz the “up'-state-.to the
Udown"-state is accomplished by arriving rcunds to which the
person teacts through suppression ("down"-state) with the
earlier computed prabakility of suppression P(S).

Now let vt be equal to <the total time of being
continually suppressed.” It is possible tc define T ia the
fclloving vay:

T if no suppressing rcuand arrives in (0,T)

T={t'+1' if the next suppressing round falls (2.39)
before T. }

In this case the random variakble t' is an independent version
¢f the random variable T. '

- According to this definition it is possible to compute the

expected value of T which represeats the mean time spent in
the4"dovu“-state, or the uaean time of being coatinually
suppressed.lihe—sydbol used for it will be E{(T]. '

‘ In order to get the arrival rate ¢f suppressing

have to multiply the fire rate A, with. the probability of
-snppression;lR(S),.which vas evaluated in chagpter II.B.1. We

chtain | )
Ag = Ag*B(8) | - (2.36)

-E[tIQO rouad in TI:- T
) (2.40)
Elt|round {n T] = ¢'

IR
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where t'= time of second suppressing round. Removing the

“condition c¢n t' leads.to expected time of being suppressed :

under the infiveace of incoaaing rounds.

4T T =xt' AT

Elt] = Tee ° +,£ e ° adetfe’ +Elx]]+Blc] {(1-e ®1  (2.41)
at T ‘
-2 T 8 -\ T
E{t] = Tee ° +A[e 3 (-c-l)l +E[t] Q- %)
xs
-AT - T AT
Elt]=Te ° +rll-Q+iDe S1+EtJL-e %)
L X AT
Efr] =T + —55 [1- QA+ De S
8
.Ae
AT )
E[7] -xi % -1) (2.42)
8 . < .

inserting A_ = Xf~P(S) we obtain

1 ka (s)'T

E[T] = TE—P(‘S—). (e -1) (2.43)

Extending the idea for a tfixed time gap by applyiag

it to a group of rpeople separately, we are able t¢
reformulate the process in the following way: ' ‘

Assuae a grour of perscns in which aach individual sticks to
a certain but randos time gap T when =rnesponding to a

suppressive round, and assumeé that this random wvariakle T -

based on the*ésgppiis distribytgd with.a density %;t} :
T~ £5(0) s
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The subscript P dindicates the origin of the density

(people) . NHe @may express T yhich is defined as before as

follows:

t if no sugpresusing round

arrives in (0, t) or t>t
t ={ where t is the time of the o (2.45)
first suppressing round. '
te ' if st
Famark,t' has the same distribution as T . & siailar
derivation as before leads to the following rssult. ‘

o -xst' t - t!
Elr|T=t] = ¢ [ A e de! + [ [e'+E[c[Tat]\ e ° det (2.46)

t ' 0

-A_t

decall, the sxpression Ase S is the density of incoaming
suppressing rcunds. '

- t |

At st IR

t
E(r|T=t] = te ® + t'A e dt' + Elt|T=t](1 = a %)
0

_ -t -t
E{t|Tat] = 53- - %— e 5 4+ E[t|Tet]l-e °) (2.47)

soiving for E t| T=t], we find:
At

E[t|Tmt] = % % -1 (2.48) .

or replacing Ag.again by Ay = AgtF(s)

FECrNOR




| 1 Afr(s)t :
E[t!T=t] = AfP S (e. - 1) | ,(2f49)m

So far this value represents the expected duration spent in
the "down state" given a particular time gap t for a certain
. individual. Clearly the conditional expectation has the
same form as the unconditional expsctation E[T] (see foraula
(2.43)) for a fixed time gap T.
Reaoving the condition in equation (2.49) we £f£ind
E' ; the expected duration " time of suppéession based oan the
: considered pepulation. | '

E{t] = [ E[r|T=t]-£,(c)de (2.50)
: 0
. : foo 1 ( AfP(S)C l).f ny )
k . E(T] = ——— - . t)dt . (2;51)
> d . 0 Af}?(s) P
(t]) L AfP(S)t £ (t)d L (2.52)
E e ~(t)dt .
TENP(S) P AP (S)

For an evaluation of this expectation, the deasity %}t) has
to .be knowne.

- ) A further variation of this prcecess leads to the
. , sacond agproach. Bere the time gap T for a certain
c individual varies randomly according to a  particular-
distribution. This approach is limited to one individgpal,
and will ot Le extended to a group.
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_ Suppose an individual reacts with a randoa time gap t,

T=ti

¢cn any incoming supgressing round i,»and,assume‘that this
random variaktle T is distributed with '

i=1'203.n-o

T~ £, (8) | , T (2.59)

The subscript T indicates the origia cf the density (time).
The duration T is defined as in formula (2.45) before. The
conditional expaectation can Le written as: :

-\ t!
S

-A

A t t
Elr|Ty=t] =te % +[ (e'+EltDAre ° de (2.54)
0

-

This time T is conditioned on the individualts first chosen
time gap I.

-A t -t

B{x |1, =c] “i‘l‘ (L-e ) +Et]-e %) (2.55)
8 .

Eemoving the condition in equation (2.55) we can express the
expaected duration time of suppression based on the
individual's time gap distribution.

-

E(t] = (j) E[rl'rl-clvf.r(t)dt (2.56)

had 1 ‘lst -kst
E(x] = | T W-e S)+EIL-e )| E (e (2.57)
0 8
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Solving tor the expected value E{7) and inserting
Xs,- Af*P(S) . . - (2.36)

we find:

- P(S)t

] a-e ) £4(t)de _ ’
' o (2.58)
Elv] = o ARG
A ¢P(S) [1 - {) L-e. ) rr(t)dc]

£

- oL expressirg in Laplace transform with s as an arguaent:

R S D S
E[t] = fo(S) [E(s) l} (2.59)

A further svaluation of this value reguiras the distritution
ﬁr(t) of I.

ccmparing Loth sxpectations,

Expected duration time of suppressicn based c¢n the

pcpulation
: @ X.P(S)t
1 £

and expected duration time of suppression based on
the individualts time gagp distributica

1 1
Elx] = pr(s) [E{s) - ] | (2.59)

47

Sy ,57_.-;{‘,“:;A,,,.,;.»;l-':.'t‘:‘,\‘;#\iv::-.-,\.:...,,.":..f\. [ "d-i‘IF‘.“?f':“‘. Rt A | Rt i




We observe that they-are different. However if weé suppose
that both distributions £(t) and £(t) are concentrated at
-T=2 (delta function)"it is possible to reduce bLoth -
expressions to the very first derivation (2.48) wheze the
\thelﬁine gap 1 vas fixed. '

The reciprocals of these expectations approximate the rate
at vhich the foxhole occupant (e. g. member of a group of i
% antitank gunnérs returns from the suppressed state into the E
unsuppressaed state) returns back to continue his mission. E
: M T Eft] - (2.60) : :
. g wher2 E{ t] represents any of the derived expectations. f
E In suamary the three rate coefficients develcped are: j
a x_+P(k 2,38 :
Xk Xf P(K) (2.38) B
‘? 2 Ag = Af-Pk(S) _ (2.37) ;
F A =k (2.60)
. % u  E[r] ;
f § If killing as an additional event is considerad, the rate of E
: % rise is conmputed with the same formula (2.60) except that ‘ 3

this tige B.(S) is used instead of B(S).

C. SUPPRESSICN MODEL

The model which will be developed in this section can be
set schematically in the following fraaewoxrk:

e B L T T R L e i A s L S - i‘(.‘;. P R S v":».A..vA: U £
- L c \ L o = : P . N




>\s,}\x

4
X
“ Y-FORCE
FIRE
SUPPORT
{
ANTI TANK MOVING ARTILLERY
GUNNERS TANK UNIT

Figure 8 « SCHEYATIC REPRESENTATION OF THE SITUATION TO BR
HCDELED
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This analysis is restricted to the effects on the anti-tank

‘gunners... 4in this case the X-forces. It is behavior of

members of the X-force that was sodsled previcisiy.

The approach to formulate the situation of the anti-tank
gunners is done by wusing the ideas of lanchester-type
eguations and their further development [ Tayler,1978,p.20].

The differential equations representing the nodel are

- all deterministic in the sense that each of them will always

yield the same output for a given set of input data. Even
though combat between military forces is a complex randoa
process. These equaticns shed light on combat dynamics and
may be useful in defense planning studies.

The tasic idea is that artillery forces use "area'-fire
tc suppress or eliminate forces 1like aanti-tank gunners.
“Area" in this context means the fact that

the artillery unit ‘“knows"™ +the area in which to
shoot, but does not know the location of each
anti-tank gunner,

the anti-tank gunners are M"iavisible® to  the
artillery unit.

If we further assume hcmogeneous forces of X, it is possible
to set up differential equations which model the rate of
change of the X~forces:

dx (t)
a v J y
it - -Asxa(c) - Akua(c) + xuhs(c) (2.61)
dxs(t) ]
T3 - sza(t) - Auks(t) (2.62)

demarks Cleaarly As here is taken froa the U-event-model. The

PUETIRE NI SOOI




variables x;t)<and X(t) arce respectively the nuwber of the
X-forces which are either active in the foxhole (able to use
guns and anti~tank-weapons), X,(t), or supgressed , Xy (t).

In this simplified structure, the two equations describe
the most essential factors of the assumed situation. They

‘are mathematically approximate , because the solution of the

teo differertial equations will furnish the number of
gunners active on the battlefield and the nusber of gunners
supppressed at any point in time. The derivation uses the

v

Laplace transformation:

f{“—d}%il} = sx(s) - X(0)

. (2.63)
L 1R = x(s)
Wwe perfornm Laplace transformaticn upon (2.61) and (2.62)
sx (s) = X (0) = - g+ x (s) + A % () : (2.64)
sxs(s) - XS(O) = sza(S) - )‘uxs(S) (2.65)

Solving these two equations for i‘t) and x;t) and
translatiag them back to X[t and x;t) gives the desired
time dependent gquantities:

et 8) xa(s) + luxs(S) (2.66)

-Xa(O) = - (ls + A

=X (0) = A x (s) - (A, * 8) x (s) (2.67)
X Q[ + 8] = =Qg + A + 8)QA +9) x (s) + A+ s) x(s)
=X (0) Ay = A x (8) = (A, + 8)2, x_(s)

-Xa(O) (Au + ) - }(5(0)\u - lsluxa(s) - (As + xk +s) (Au + 8) xa(a)

X (0) lu + XS(O) Xu + sxa(O)

x_(s) = L (2.68)
a'® T U_FALAIG e - A
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sultiplying (2. 66) and (2.67) ~with A and

g+ A ¥+ 8) respectively we receive:

4.

(}s_+.xk + s)(xu + 5) -”xsxq

x,(°)*s + XS(O)(AS + Ak) + sxs(o)

xs(s) a (2.69)

.

Supposa that at t=0 the number of active gqunners (able to
watch and shoot) 4is -equal to xoand the number of gunners
being suppressed (down in the foxhols) is equal to 0,

for i.e. t=0

X (0) =X

0 (2.70)
XS(O) =0
the equations for gﬁs) and Qgs) can be rewritten:
X A X.s )
xa(s) == 0" u + 3 0 (2.71)
s+ s(xs A FA) F AR s+ 4 A+ xu) + A
XOA
xs(s) = S (2.72)
s + s(ks + xk + Au) + xkxu
Using ths Laplace correspondence:
L {P-at = e i : for a#b
- = i or a
a-b s2 + (~a=b)s + ab
(2.73)

of‘aeat-lle'l:t ) = s for asb
a-b 1 s2 + (-a~b)s + ab
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!

where abh = Xqu.

apd;—a -b = Ag o+ A+ }u (2.74)

k

' 2
:(As + Ak + xu)]4-v/2is + A, + xh) - AxkAu

L
hence a "2

. k
(2.75)
) 2
and b= %{-(xs +~Ak + Au)] - JQAQ +At Au) - 4xkxh
The equation for X (t) and ¥ (t) then are:
a s
X (t) = % [+ a)e®® = (0 + b)e’t] (2.76)
a a-b u u '
X at bt :
X () = % A e -] (2.77)

Since As. Ak and Au have tc be always greater or equal to
28ro

A, 20 (2.78)

Tae constants a and b are always negative and real numbers.

a0
(2.79)
b<O
This leads to the basic shape of the functican
X (t) = £(t)
a {2.80)
xs(c) = {(t)
shovn in the following figure.
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In discussing the functions gét) aand %Jt) the following
properties can be seen. :

4 | for t =0

o X0 a+0 be0

B Sem— * - * - 2-8 Y
X, 0) =% [(, +a)e (A, + D] =X, (2.81) -~

? A ‘ .XO a-0 b-0 ’

A = — * - ° = 2.82

- XQ(O) P As[e e 1=0 )

:% for ¢ =

; (@) = 1i % [ +a)ed®- (0 +b)ee”] =0 (2.83)

! ka( ) = nTTg g ¥ are Oy .

; t >0

; X at bt '

3 X (=) = lim A[e"~e "] =0 {2.84)

! s -b s .

[ t>o s
‘ E for t =t (i.e.max values for X (t) and X (t))

; Bmax a s
.

Xa(t) has no max in (0,%), i.e. max value is at ¢ =0

v g Sty

= 2.85
Xa(t) X, ( )

e e\ 2o

Xs(t) has a max at

] . . ina/v)

e T T2 with (2.86)

X at bt
0 max max
o5, ————— . - a < X (2.87)
xs(tmax) a~b As[b © ] 0

The foregoing model assumed a rate of killing in additicnm to
a suppressicn rate and a rising rate. It is possitle to
siaplify this model by leaving out the thizd rate. It will
be shown in chapter III.C, that this rate

Ak = Af'P(K)




for such a scenario may be very small in ccmparison to the
other two rates. ' '

For this reason we <can state that 1leaviang out the
killing rate will not drastically oversiaplify the godel,
yet it will simplify the ccmputaticnal procadure in
obtaining the wanted dependency between time and the number
of qunners active or suppressed on the field.’ ’

This 1leads to -the following set-up of differential
equations: ‘

an(t) .
T -xsxa(t) + xuxs(c) (2.88)
éxs(t) | (2.89)
" = Asxa(t) - xuxs(t) . .

where ths total sum of people either suppressed or active on

the battle field is equal to a comstant X (nc killing)
o .

i.a. X =X ()X (t)
o a S

which enatles us to rewrite the equations:

4,0 ' (2.90)
T —kska(c) + xu(xo - Xa(t)) .
dxs(:)
T xs(xo - Xs(t)) - xuxs(c) (2.91)

Using again Laplace transformation as earlier:

A X
aa
‘ *sxo |
sk (8) = X (0) = —== = ) X(s) = A X (s) (2.93)




£ T B e W

X0 . x_(0)
sls+ Q_+3)] s+ Q_+2)

xa(S) -

A Xo X (9)
8 + a
sls + (As + xu)J s + (As + xu)

xs(s) a

using the Lagplace traasfora:

i1
la

1

_-aty | - —
(1-e ™9 s(s + a)

|

-at 1
L™ =53

for both equations we find gét) and Xét) fcr the simplified
model.

The rate ), bas to be derived this time frecm the
grobability ¢f suppression P (S) without xilliag included as
a possible event. We recall;

(2.94)

P(S) = X , (2.19) A=A+ P(S)  (2.36)
2 S S f
2ﬂ02 1+ -55 - ez
20
Hence .
Xa(t) = )\UXO ks T xu (1 - exp[—()\s + Au)t]) + Xa(O) exP[—.(ks"' Xu)t]
(2.9%)
1 ‘ .
Xs(t) - Ast }::QTKI (L - exp[-(ls + ku)t]) + XS(O) exp[—\ksi-ku)L]
for t = 0 . (2.96)
xa(O) = Xy XS(O) a 0 (2.97)
The equaticn for X(t) and X(t) then are:
a. S
X (t) = ~—x—9——~lx + A cexp(~(x_ + 2 )t]] (2.98)
a As + Au u g P 8 u *
Aq
Xs(t) - Xo x;-;r;: (L~ epr(As + Au)t]) (2.99)
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Bemark: For t += the sus of both assymptotic values of
i}t) and ﬁ}t) is‘equal‘tg_Xb. E ' o

The basic shape of these two functions ﬁ}t) and %Jt) can be
seenr in the following Fig 10.

If ve ccnparec this result to the result on figure 9 ve
can see that the addition of killing to the wmodel ﬁas an
influence on the shape of the functions. So is e. g. tke
value fozr x;t) and th) in the first mgcdel (figure 9) for
large times -approximately zeru, while in this case here
(figure 10), the :otal number of people on the field (R(t) +
x;t)) is always constant, i. e. both functicns approaches to
a limit value not equal to zero.
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4. EXPERIMENTAL DESIGN

1. Geperal Aspects

The mathematical model developed in the chapter Lefore

shall now be supported by an experiment waich was conducted
by the US Army Combat Developments Experimepntation Command
(CDEC), Fecrt Ord, California.

The experiment described here belongs to a series of
sipilar experiments, all dealing with the objective of
ccllecting and analyzing data of the suppression process.
The data of this particular part of the CDEC experiment were
based on the relationship between suppression and distance.
This analysis tries to make use of the data by analyzing the
relationship among suppression, distance, and angle. In a
further experiment conducted by CDEC, the objectivs was also
to include the angle as an additiopal variable for the
suppressicn effect.

2. Setup And Realisation

The data were taken from a part of the experiment which was
executed at Fort Hunter Liggett, Califoraia.

Four foxhole-bunkers were constructed which
guaranteed the safety of tke players as well as reproduced
the real scenario as close as possible. Their tops were
belov ground level, and coverad with several layers of wire
mesh and steel plates. This provided overbkead protection
from fragumentation. Each bunker was equipped with a airror
systea vhich allowed the player to view eveats ia froat of
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his position.

A pop-up silhouette was installed ferward of each
player position. The player was able tc control the
silhouette as well as the cover of the airror system, i.e.
vhen the cover was opened (allowi:g the player to view
down-range) , the silhouette was in exposed posture. He was
asxed to respond as if he would be in the position of the
pop-up silhocette.

Each bunker was connected to controll bunkers by
communication and instrumentation wires and povét bunkers

for data recording and supply. In the forefield of the

bunkers, different types of projectiles or egquivalent

. charges (81 om,105 mm,and 155 mm among others) were placed

aud randomly detonated one at a time with the time between
detcpations randomly selected from three possibilities of
ten, fiftean, and tventy seconds. The figure on the next.
rage shows the schematic setup of the rounds, the‘location
of the bunkers and the angle of sight for each foxhole. It
can be seen that the explosions were visible to soume players
but not to others. Since each type of apsunition has a
different 1lethal radius, it vas necessary to have different
range configurations for each type. The aspect angle and
the piss distances frow the foxholes to the different pcints
cf detonation are sumparized ia appendix A for each
anmunition separately. Since all of the prcjectiles used in
this part of the experiment were statically detonated, it
#as not possible to model the kinetic contribution to the
terminal effects. In order to keep the fragmentation pattern
as close as possible to <{hose of incozing rounds, the
projectiles were supported with saandbags [ Suppez,p.A=12].
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The players were divided into two four-man teaums.
Por each trial, members of one team occugpied individual

foxholes and provided the performance data for that trial,

The mission of the players was to track‘moving target tanks
by operatiﬁg-the periscopes. This mission was interrupted by
the players responses to detonations in case he was
suppressed (change of his state to "down%). The state
change and the pericd of suppression were automatically
recorded.

3. DPresentaticn Of The Data

Appendix A summarizes the data which are the basis for the
succeeding data analysis and serve tc evaluate the
parameters and rates for the model.

E. DATA ANALYSIS

1. Parameters Q9f The Model

The data presented in the section above are separated dinto
three different sets:

Set cne consists of data related to the conditional
frequency of suppression P(S/9,r) and the time of
suppression when rounds of caliber 81 am were fired.
Specifically, if n trials wvere made under conditions
(r,8), the numter sicf suppression was tabulated.
Then s/n is an estinmate of P(S/ri, ef).

Sets two and three provide the same data except that
they are related to 105 aaa rcunds and 155 anm

rcuads.

the main part of this analysis is to make use of the data in
order to estimate the parameters of the model described in
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chapter II, and to see hov well the real world situation can
te described by the model developed earlier. _

The model is fitted (numerical values of the
parameters are determined) by the method of least squares. :
(De Groot, p.527-538]). - With the basic model being of the -
form: 2 ‘

7

= 3'1 -
Y =8 vy + Err (3.1) J

1% T8 1

And the data are analyzed on the following two different
assumpticns; the second is certainly the most realistic:

Homoscedasticity of the data, i. e. the error
variance of Err is assumed to be c¢cnstant.

Heteroscedasticity of the data, i. e. ve will assuae
that each error term GErr is distributed with
variance o2 ,where the variance is not constant over
observations. Errors are also assumed t¢ Dbe
independent. If convenient, error terms will be
assured to be approximately normally distributed.

These assuaptions imply different regression
sethods. For the first assumpticn, the result of unwaighted
single step and 4iterative regression methods will be
presented. On the assumpticn <¢f heteroscedasticity, two
special iterative wmethods will be used. When we allcw for
heteroscedasticity, ordinary least-squares estimation places
the same weight on the observations which have small error
variancas as on those with larga error variances, BY
applying a vweilghting regression, it is possible to adjust
for the heteéroscedasticity. So the two anncunced methods for
the second assumption are iteratively weighted least squaxes
regression asthods.




In order to prepare the formula of the model fcr the
regression, we apply a log-transformation to the equation
{2.1) in chapter II B.1. This is.a convenience, for it
transforns the problem to one of linear fitting. We obtain
the following result:

P(s/e,r) = exp[~ % r?'(l - ¢g.cos 8) ] (2.1)
i2 ¢ 2
2n P(S/6,r) = - XE +tygr coso ~ (3.2)

Using the notation

Yy = 1la P(3/0,r)
u = ¢t (3.3)
v =f%cose

the equation can be applied to each datapoint i and the
equation can ke rewritten-as:

1, .8, (3.4)

The model car then pe expressed as follcws:
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§ B and the randcm variable

Y, = ¢n i(s/ei.: (3.6)

i i)

The “hat" on the letter D represents an estimate of the
probability of suppression at (r,9). The fitted regression
plane for this function has the fora: "

[N,

; = élu + §2v  . 3.7)

The log-transfcrmation of the conditicnal fregquency
cf suppression P (sse,r) causes difficulties because of 37
experimental results, which lead to an observed frequency of

zero sugprsssion. This fact influances the estimate
P(S/8,r), that is used.
¥ ; : Having spacified the mod2l it is possible to apply

i b

the follcwing different regression amethods cn the assunption
of homoscedasticity:

In other words, suppose Dy observations were made at

experimental conditions (gf%) and of these § WeI® successes.

Then first ccnsider the estimate

RSPV U

2
i
i
g
H

Y, = ta P(s/r;,0,) = ta(s,/n,) (3.8)

i

; wvhere s; is the number of suppressions, and n;is the number
of exposures to suppression, under condition i.

f‘ E Consequently, the transformed response to conditions (x,q)
L say be ln(@/n)= -«  formally, causing eabarassment. We
will subsequently suggest alternative ways of dealing with
this protlsa.

o AL o vt o oL mmma o
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Mathod 1: (zero-probalilities are oaitted)

i With this method , the datapoints which had a
? fraquency of suppression P(S/r,e)=sihu_-0 are
f deleted. Consequently the following data points of
3 the original sample of appendix A as shown in’ figure
3 Fig 12 were nct consigdered. !
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Caliber No. f(S/O,r) 0. r
81 mm 29 0 41 | 17 :
30 0 36 127
31 0 60.5 95
32 0 46 168
34 0 60.5 95
35 0 46 108
36 0 36 127
105 mm 15 0 17 104
19 0 36 158
23 0 46 135
24 0 46 135
28 6 56 108
29 0 56 108
31 0 71 97
155 mn 3 0 0 200
15 0 14 209
17 0 23 125
18 0 14 209

Pigure 12 - DELETED DATA EQINTS
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Nethod 2 and 3 (Clustering of data points)

One or more zero data points i , i.e. B(S/epr) = 0
i=t,%2,...8 will be clustered with one other data
pcint j which has a nonzero conditional frequency of
suppression, i.e; P(S/8,r) # 0 and which possesses
the closest distance r and angle 6 to the zerc data
peint (s). 3 ' 3

- By clustering (m+1) data points togethet and taking

the mean of the frequencies , @ and r within each
cluster, we are akle tc replace the data points of
the cluster sets. This procedure is inevitably
scmewhat arbitrary.

A IH-]' ) .
P(8/8,7) = =+ ) P, (s/e,r)
11
Tai Vs RO S :
wl g 1 whl g 1

The bhars above the symbols represent the cluster
average. With these averages two different
replacempent prccedures can be agplied:

gach cluster will be replaced by its cluster
average. This reduces the data sanmgple.

Each «clustes point will be replaced by its cluster
average. Consaguently the number of data points
stays uanchanged. -

Figure 13 lists the replaced data points of the samples of
appendix A.
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Sethod 4 (data transformationm by Cox)

This method is analogous to one suggested‘hy D. R.
Ccx [Cox, p.33]. The derivation for the variable y
shcwn on these pages can be applied correqupdinqu
in the following manner:

s (ta ‘ ‘
I, = 2 (3.10) .

where the random aumber Sy is ths number of :

suprressions (successes, given nytrials).

The constant a, which represents an unkiasing
adjustment, is derived in appendix B. It is taken to

R fnrm iregr T« A YR o . e » S PRI TN,
I R R TR, R T ¢ R R S T P e R TR S O R AT

involve =zero observed freyuencies of suppression;
the embarassment of taking the logaritha of zero |is
00 longer preseat.

te: i
a=3 (- P(s/8,0) . (3.11)
f‘ % This is suggested by an auxiliary analysis similar
S to that of Cox.
oy Hence the transformation results in the formula:
. Y, = 2n . (3.12)
N : ~1 n .
.‘i' K i
-k
N I This formela enables on2 to include data points that

7




Bethod 5 (unueighted>iterative regressian)

As an extention of the method discussed .last, this
method replaces the value of §(S/e,:) in tye fornula

1, 3 .
s, +& (1 - 2,(5/8,1)) | '
' - i 2 i
= ( 4 ) B

After each iteration by an estimate of the
probability of suppression 3(5/9,:), the number of
iterations was determined by the appearance of
convergence of the parameters K and e.

The two fcllowing metheds are weighted regressions vhich are
necessitated by the earlier described anstercscedasticity.

'

Method 6 (Wweighted iterative regression Var (Err)~c')

This method is suggested by <the fact that the
ckserved variability in residuals increases with .
{Pindyck, p. 100] Since the error variance is not
known, it is reasonable to assume the existence of a
siapie relaticnship bhetween the error variancas
var (Exry) and the values of one of the axplanatory
variaktles in the regression acdel. In this
analysis, the distance frow the foxhole to the
explosion vas chosen as <the iaportant explanatory
variaktle. By using
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4 a
Var[Erri]'v r, (3.14)

the resulting regression foramula is:

b

I ' % b . (3.15)
= f + B .
(\lm:[rix'r.'i])]'/2 1 (V:ar:[Erri])]'/2 2 (Var[Ertil)IIZ.
' Err .
i
+
(Var[Erti])llz

This equation can ke reduced to the following
regression function:

Yy ® By +Byvy (3.16)

where

n

(si + %(; - §i(s/u.r)))
n

1
t =
Yy 2
i
(3.17)
v
vi=--%
Yy

diterwards, the iteration procedure is equivaleant to
wethod 5. This method tends to make the variance of
the raesiduals around the fitted line of more nearly
ccnstant variance; estimates oi the amodel paraseters
should be thereby imgroved. '

Nathod 7 (weighted iterative regression)

13
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5 ~g
_ Using the error variance derived in appendix ¢, ?E
k which has the fora: ;j
i . §
| 1- P, (5/6,1r) : |
Var(en £,] = — (3.18) - 1
where ' %
S ‘ '.‘4
: f =L (3.19) P
1 i n
\_, i , .
1 the regression formula will be modified as follcws: , .3?
1.
: u .
4 . 1 .8 V1 :
g (Var{in fi3)1/2 1 (Var(&n fi])ll2 2 (Var(2n fi)]l/2 . ]
€ (3.20)
% where y is again:
S, +3 (1= (5/6,0)) :
S Yy, = n (3.12)
L 1
; as derived in method 4. The resulting equation bhas
: the form: / Y4 b
: 1 - By - i7z -
' s, +5 (1 - P (5/8,r)) 1-P(s/e,r) i
: ol L2 i i 14
f n . oy K
% Lt L al ARG (3.21) b
; 1 - P, (s/8,r) v, ' |
| n, * P, (5/6,x) : : 1~ P,(S/6,x) :
ni ¢ Pi(S/e.r)

The iterative procedure in this methcd is perxformed
by using the estimate of the conditicnal prokakility
of suppression as input for each succeeding
iteration. The number of iteraticns vas deterained
as in method 5 and 6 by the apparent convergence of
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the estimators of the parameters K ande.

In order to perform the multiple 1linear regression, we
switch over to matrix nectaticn, whetre we can vwrite the
norsal equations in the follcwing form: &

27eZe8 = Z5eY ' (3.22)

The matrix 2 is the design matrix which consists of vector
G, the square of the distances and Vv, the rproduct of the
cose and the square of the distances. The variables y and B
represent a (sample sizelXl)and a (1x2) vectcr respectively.
For the experiments analyzed, the antries of the design
patrix vere cbtained by solving the normal eguations for é.
We find:

g = @zlez) 2oy (3.23)

Eepark: Capital letters used for matrix notation.

A

The parameters K and & can be evaluated by using tae
equations:
f(.-;.
8y

(3.24)

~

ﬁ = Bz'x

As a modification of the suppressicrc function (2.1)
in chapter Il. B. 1 the fuuction (2.4) in ths same chapter
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was considered.

P(S/0,r) = Leexp [-<% rz(l - € cos 6)] (2.4)

The inclusion of the parameter L allows for the possitility
that suppression may not occur for shots that fall in very
close proximity to the foxhole.

¥Yethod 8 (sizilar to method 4 but using model above)

In this method the regression procedure and the
method ¢ were appliied to:

Y, - Slui + BZVi + 83 + Erti (3.25)

i

whecre

2 <S]l 3 Q- Pi(Sle.r)))
O yi = 4n

o
[¥

cos 0 (3.26)

0 T S

The ncrmal equations have tihe same form as befcre: i

8 = (2Te2)"LgTey | (3.23)

W oL
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but 2, the design ~atrix consists this time of the
vectors U,Y, and a column vector consisting only of
ones. The resulting 8 vector consists now of 3
elements, from which it is possible to evaluate the
different parameters K, s, and L.

The calculation of the parameters for all metlods was
perfcrmed f£cr each type of ammunition separately by aprlying
the computer language APL. The programs which where used
for this regression are listed in appendix I. The appendixes
D through G show <+the analysis of the residuals after the
regressicn cf the original data of appendix A.

The analysis for each amumunition type was performed
according to the same pattern, and includes the following
stegps.

For each sarlier develcped methed (1 through 7):
Determination of BETA (1) and BETA(2)
Determination of K
Determination cf ¢

Plot of the residuals as a function ¢f y as defined
in each method earlier. The APL function which wvas
used has the name SCAT and belongs to the lihrary
package QA 2 3660 (available at W. ®. Church
Cemputer Centerj.

Plot of the residuals of the regression as a single
array vith the function BOXPLOT of the same 1library
package. The plot characterizes the gquartiles, the
interquartile distance, the nedian, data points
inside and outside the 1 and 1.5 interquartile
distance and outliers [McNeil, p.13 and 71,72].

Numerical values of the residuals.
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histograms for the residuals of the regression which
shov the relative freguency and statistical
features.

For method 8, which is an analysis based on different
assunptions for the prcbability cf suppressicn P(S/0,r), the
samwe analysis was performed, with the exceptionfoﬁ the
histograms fcr residuals.

The methods 1-7 describe the attempt, to master the
groblem of zero-probabilities in the original data set as
well as the problem of a possible heteroscedastisity.

For the later methods, in which rcore approrriate
statistical tools were used, the systematic structure of the
residuals secms to disappear up to a certain point. The
residuals concentrate themselves more and more symmetrically

around their mean and wmedian (compare particular the

boxplots and ths histograms in the appeandixes D, E, F, and
G) .

The relative large remaining range of the residuals
is determined by single outliers. The analysis showed
differences £for different kinds of ammunition. Among the
three ammunitions coasidered, the analysis of 81 amm showed
the smallest spread for the residuals, <for almost all
regressicn methods.

The appendix H shows for the iterative regression
gethods 5,6, and 7 the devalopment of K and € for the
different kinds of amnmunition. In each method , a
ccnvergence of the values K and £ with increasing
iteration can be observed. The starting value for K is in
sathod 5 smaller and in method 6 and 7 larger than its
corresponding value after convergence is obtained. This is
tcue for all types of ammunition. An equivaleat observatioa
can be made for the € ~values,

A graph for the iterating ¢ for method 5, 155 am
could not ke plotted because of the very small change c¢f the

€ =values along sach iteration.
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The third page of appendix H displays the numerical
values for K and ¢ produced in each method for the three
different types of ammunition.

The analysis of the parameters K and € showed the
fecllowing result;

Fer the iterative methods (5,6,7) <the K and
¢rvalues approachad with increasing iteraticn a limit value

A o e R S s

{(see page one and twvo of appendix H); this occured after
about the sixth iteration. The final values for these
rethcds are also presented in the tableau of appendix H
(third page). The plets for K and € show different shapes
fer different methods and partly also for different types of
asmuniticas . The approach to the final value may occur froam

a relative srall or a relative high value. Among the three
aamunition types considered, the analysis of 87 nm showed
the smallest spread for the residuals, for almost all
regressicn wmethods. The scale parameter K influences the %_3
Frobability of suppression P(S/9,r) as stated under forsula ,.f
(2.1) in chapter II.B.1. in the following maaner: i f

dn increasing value ¢f K leads to an increase of the ] a
probablility of suppression ®(S/9,r) .It is reasonable to
assume that the suppression effect increases with the
increase of the caliber. This behavior was cenfirmed by the
data analysis; except for method one and three where an
inversion could be cbserved between the K-values for &1 na,
105 na, and 155 mm and for 81 mm and 105 mm respectively.

This distortion results from the fact that in gethod
¢ne all data points with probabilities of suppression equal
to 2zero are disregarded and in method three the cluster
procedure emphasizes the average values rproduced by the
clustering. We prefer the latter methods. ,

Contrary to these observations oa the K~ values, a
general ¢trend for the e€-values caa not be ralated to
different methods or differeat kinds of awmounition. Tha
most vraliable value of ¥ and & seems to be found by usethod
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S 7. This method considers the different variabilities for

differant sets of distance and angle. " I

In the course of this paper, the value of K and ¢€

derived in smethod 7 are taken as input for developiﬁ@ the
rates for the model of secticn IX.B. ’

N © The third parameter L developed by method 8 is valid

? -only up to a probability of suppression evaluation egiyal to

1.0, Since for 81 mm and 155 mm L is larger than one, the

function for the moéel should be  decomposad. This

alternative approach to model suppressicn is beyond the

scope of this paper and will not be considered further at
"~ this point, although it is certainly a topic worthy of
further researcch.
As a possible further step, confidence intervals for
K and € could be developed.

2. Suppression Iime

The suppression time data, which were <collected in
seconds, represent the time for which an individual remains
suppressed as a reacticn of a singls rouad. During this
time, the individual was unalble to carry out ais missicn; he
is in hiding in an effort to survive. Acccrding to the
setup of the experiment, it was possiblae for the suppressae
to react to detonations, which he was able tc observe and to
hear or to hear only (visualsauditory and auditory
perceptors) . This is consistent with the wcdel design ia
chapter II.

This analysis is an atteapt to cowpare the
suppressicn interval gained f£rom the experiment with a
coertain distribution whose parameters are estimates of the
data. The GAMMA distribution was selected, Lecause the range
cf the random variable X, representing the time, is limited
belcy by zero and by +* above.

The data of suppression interval for the calibers 81
se, 105 na, and 155 ma are plotted in histcgrams in appendix
Jo
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, The estimates A and r for the Gamma distribution
are derived from the expectation and the variance of the
data. '

1 0 ' n 2
R Py Z xi ’ . . ( z X1)
vgi?i] n?=1 =) E[x] = i‘l
1y (xi-;i)2 n ) (xi-i)2
mia1 , i=1
(3.27)

With these parameters, the Gamma density can ke computed in
the cousidered range, by the formula:

~
Ar ~

A r~1 —ix
—x 0{x <
I'(l') X e s X
Fx/A) = (3.28)
) -0 otherwise

For compariscn, the related density was ccaputed by

frequency in interval (3.29)
N + interval

£(x) =

within the same range, wvhere the frequeacy in a particular
intezval and the dinterval itself is takaen from the
nistcgrams of appendix J, and the constant N is the saaple
size of the measured suppression intervals. . .

The numerical values for the estimates A and r and
the values f£cr the sample size N, the interval 4x, and the
range are disglayed in the fcllowing table.

- - INTERVAL
Caliber A r N Ax RANGE
lma | 0.686 | 2.174 | 445 0.5 | 0 to16.15
105mm | 0.468 | 1.974 | 348 0.6 | 0to13.7
155w | 0.587 | 2.591 | 100 0.5 | 0 to 16.75
81

o 2 e
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The following Fig 1¢ compares the Gamma deasity (3.28)
with the heigdt of the related estimated prubability cf the
data (3.29 . The sketches show that the Gamma density for
each ammuniticn type respectively underestimates the related
frequency of the data because of its long tails. In fact,
any distribution which meets the2 requirements above could be
taken for a comparison, although the Gampa distribution
seaus to 7e a particularly gooé choice for the 81 aa caliber
aomunitjion. ' '
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RARGE OF 2: 0 20
: 0

RARG

V -81 mms

Eory 0.35 )

A

A =0.68, r=2,17%, Na= 445, interval = 0.5
' . '
. R r [ . A
’i E(x/R,8) = e o ((FD) | -ix
i

/«///// | r(£)

' o freouency in interval
£(x) Neinterval

105 mm: A = 0.468, r = 1.974, N = 348, interval = 0.4

-

aY A A
f(x/i,l‘:) = X‘ . x(-"i) o e"')\x ]

r(x).

T2 f(x) = fr'eouenc;;r in interval
| 9 Neinterval

L (4]

........... o..oo'--ooo..o-.oqo....--_-..-----

155 mm: X = 0.597, r = 2,591, N = 101, interval = 0.5
]

L3

s fad ~
,,f(x/i,f*) o . x(I.‘-J.) . e-kx

q T F /\/ r(x)
NN |

AL

- wwd

. ( ) = frecuency in interval
flx Neinterval
[ W
b e d b - - J -

i3
Pigure 14 - COMEARISON GAMMA DISTRIBUTION AND DATA
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In crder to intensify the comparison, as a next step
the skewness and the kurtosis of the data and of the Gamma

distribution vith the estimatés above will be contrasted.

These characteristics express the symmetry of the

distribution about its point of central tendency and the
relative concentration of cases at the center and along the
tails of the distribution. '

For the derivation of the skewness and the kurtosis

for a Gamma distributicn, we need thq first four amoments
akout the origin: '

0 : r-1
' r 2 2 ~ax (Ax)
w I = — = = 2l A
Hy E(x] X Hy E(x"] (j; T(c) dx
(3.30)
By changing the variable of integration
= A
a2 (3.31)
dz = X dx
we find 5
2, 2% -z rl_1 .1
0 A
P(r+2) ¢ T+2-1 -~z 1
e Ry G T
+2
kzr(r) 0 r(r+2)
but the akove integral is equal to one, hence
. L 3.32
My 3 (r + Vr ( )

Y
In a similar fashion, the third and the fourth moment can be
derived. s :
g = =5 (r + 2)(r + L)r

*1 (3.34)
My % (r+ 3N +2)x + L)
A
Converting these wmoments to moments about the mean by
using binomial expansicn:
Wy =g - 3, Elx) + 20D (3.35)

~

~ &
W, = #, = 4y Elx] + 6u, (Elx})? = 3(E(x])
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we can cospute the skewness and the kurtosis

s [ (3.136)
Q. = o, = =—r ) {3.36)"
3°73 “ "

For a Gapma distritution we get the follcwing fqrmulaé.

_[ (r+2) (r+l)r _ 3 (x+l)xr | ., _3 . 1 A
A3 22 At (:/AZ).'S/Z

43

PO A NP T T T S T e 4

-t
r

and by sieilar operatica:

43

3r + 6
: &, == (3.37)
: Using tae above estimates for A and r we get:
2 -~
Gy = — a =%t (3.38)
Vi z

The formulas for the skewness and kurtosis derived from the
data itself arve:

N 3
] & -0 ]
- i=1 f
37T W
LE o n3
L (=X
i=] B
N
: - 1=l , .
;\ ¢ I x -0dH? |
. i=1

The resulting numerical values for the skewness and kurtosis
derived fcr the Gaama distrikution and from the data are
displayed in the following table:
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81 mm 105 om 155 mm
Skewness a, 1.356 1.423 1.242
GAMMA

Skewness 83 2.156 1,032 2,103
DATA

Kurtoeis a, 5.759 6.039 5.315
GAMMA o
Kurtosis &‘ 8.004 1.309 6.750
DATA <

In discussing the numerical features we can see that the

skewness of the Gammpa distribution and of the data itself

shows ap asymmetric right-skewness (positive values).
Although the values differ considerably . So is e. g. the
skewness of the data for 155 mm almost twice as big as the
skewness based on the Gamma distribution. ‘

The same can be said for the kurtosis. There is
significant difference between their numerical values.

This apalysis supports the fact that the Ganma
distribution can only be a rough fit to the data given, and
as already earlier expressed, a fit of another distritution
probably would have been as sdccessful as this one.

C. VERIFICATION OF THE MODEL

In ordar to supply general features as ingut factors for
the decision process for military leadership, the purpose of
this paragraph is to compute numerical valtes for the
probabilities and rates developed in chapter IT¥.B.1. and 2.

Por the computation of numerical values, it is necessary
to pake the following reasonable assuamptions:

It is assumed that an artillery unit coansist of six
veapons all either 105 ma or 155 mm, or that three
81 ms launchers are combined to a wmission |unit.
Hence the fire rate A; for such units will be
concluded to be [Uiener,p.189,211,213):

81 wr unit with 50, S5, and 60 rounds/min

105 w3 unit with 28, 32, and 36 rounds/rin
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155 mm unit with 18,21, and 24 roundssain.

The standard deviation ¢ for the density for
artillery hits will be considered to be [FM 6-161~1,
p.53]3:

25,30,and 35 o for 81 ma unit
20,25,and 30 m for 105 mm unit
30,35,and 40 m for 155 mm unit.

The nunbers are taken from the field manual 6~161—1
and out of working papers of CDEC. They are r wunded
fer convenience. '

The parameter H of the probability of kill is chcsen
ccmpletely arbitrarily with 100 for 81 mm, 150 for
105 aom, and 200 for 155 mm and has nothing to do
with experimentally cbserved values for the weagens
here in question.

The parameter estimates K and € are taken froam
apperdix H (tabtleau) with the valuses:

81 mm 105 mm 155 mm

1360.498 1991.151 2349, 845
0.871 0.769 0.359

®my &>
4

The followin¢ figure displays the conditional probability of
suppression with the alkove estimators for the parameters.

P(S/8,r) = exp [- -}- rz(l - ¢ cos e)] (3.40)
B 4
for 6=0 i.e. along the main direction of sight.
1 2 -
P(S/6 = 0°,r) = exp [— sr(l - e)] (3.41)
K
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For the above selected values of the standard deviation o,
the fire rate Xf, and the parametsrs R. e , and H the
valuaes c¢f the prokabiiities

B(S) = R (3.41)
A 2 N
20° \/(1 +_K7) R -
20 ) -
~ A i
P ()= P(S) - — (3.42)
202 1+-‘-‘-2-+§)_ -
20
s 1
o /H+1
and rates

A with no killing) = A, P(S) =

is(wich killing) = A, f’K(s) (3.44)
}K = xf P(K)

are displayed on the succeeding two figures number 16 and
17. Numerical values for the rate of rise Xu are also
computed and displayed in figure 17. The collected data
(suppression intervals) were not distinguished among
individuals as in the course of the foregoing analysis.
Because of this fact the numerical values fcc Ah are Dbased
¢n the expectation of duration time with 1°~gard to
Fopulation.

o A_P{S)t
B(t] = == [ £

W : [ fp(t.)dt - 1] (3.45)

It wright be worthwhile to evaluate the rate of rise
by applying the Gamma distributioas for ﬁ;t) which wexe
discussed in chapter IIX.B.2, and coatrast them to the
values of Au gained by the data itself.
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Hence solving ecuation (3.45) by having set

o AN S SR R T
S T L L L T S

-Xt )
v f (t) - ~( ] (Xc) oo (3.46)
4 : .
¥
2
& we £ind:
i Elf]:i?(s—) £ e _ F(r"_')' (Xt) th-l‘ (3.47)
3 if A > A_P(S) and by changing the variable ¢f integration:
I £
? (A - AR()E = 2 (A = AB(S))dt = de (3.48)
b
g
L we get:
| H r . L 3 t"l
N A e 2 1
. s, E[t] = dz - —=F=—
IO IR IO L AgP(S)
i ——
.’ i:
o =1 '
o r (3.49)
X E[T] = )\ 1

AP = A 2(8)]T IO

By using the earlier developed estimators, we receive the
pathematical expression for the rate o¢f rise based on a
Gamma distribution for the suppression interval data.

T T T TR L

N B

S 1

x - - ~ “ AT - (3 -50)

u [xfp(s)tx SBWIOILIRI ] |
32mark: This derivation is only true for k:>¥P(S).which means 1
that for applying this formula, the fire rate Xf @aay oot §

excead the value:
x < s) (3.51)

Cthervise the integral  (3.47) explodes tovards infinite

and the resulting rate of rise would pe
A 0 ' (3.52)
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which is consistcnt vithin the set of assumptions.
Instead of using the Gamma distribution the data
thenselves were applied in a second stap to calculate an

estimate for E([t] and Xu based on the aumber of

okbservatiocns n.

A 1 1 B AEP(S)ti
E(t] = W [(‘H i‘z'l 2 ) - 1 : | P (3-53).

The approximate value for the rate of rise is then

A =t (3.54)

Y Elx])

If killing as an additional event is considered, the rate of
rise is computed with the same fcrmulas (3.49) and (3.53)
except that this tinme %éS) is used instead of P(S). The
computaticn of the values for the foramulas (3.50) and ('3.54)
was performsed by APL and FORTRAN respectively. The prograas
are displayed on appendix K.
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'3 PRODABILITIES P(S), P, (S), AND P(K)
81 nm .
o :5
; P 25m 30 m B
P(S) 0.573 0.495 0.430
P, (5) 0.503 0. 446 0.394 SRR I
| L
‘ A
1 P(K) 0.137 0.100 0.075 i
105 mm -:
o i
P 20 m 25 m 30 m o
:
P(S) 0.731 0.643 0.564
P, () 0.582 0.542 0.492 5
P(K) 0.272 0.193 0,142
155 n
i g
: P I0m 35 n 40 n
i
| P(S) 0.573 0.497 0.432 i
: P, (S) 0. 480 0.428 0.373 .
; P(K) 0.181 0.140 0.111 ‘i

Figure 16 - NUMERICAL VALUES FOR P(S), Pk(S), AND P(X)
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Row (4) and (6) and row (5) and (7) of figure 17 disglay
comparable values for the rate of rise. As it was stated
earlier, the Gamma distribution underestimates the related
- frequency of the data and hence the comparable values for
f the rate of rise lu in row (4) are larger than the values in
: tow (6). The same is true for rcw (5) and (7). They differ
in general Lty 10 =~ 12%. If we are willing to live with this
fact, the rates of rise evaluated by the fitted Gaumma
distribution are a good approximation for the values
ccmputed by the data. ' j

PRSP
i

In order to verify the four Lanchester equations (2.76),
(2.77), (2.98), and (2.99), presernted in chapter II.C., it
is necessary to specify particular rates given in the figure
before. In case of a certain known conpcsition of fire
units, specific rates could be developed as inputs fcr the
model equaticns. '

By this, the model equations receive their specific shape
and scale, their general behavior remains the same, as caa
Le seen in fiqure 9 and 10. '

Ko otom s Bt e K
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Iv. DISCUSSION

i, s o e

- Based oa the research effort of this paper it was fcund
that the phencumenon of suppression as defined earlier; is a

pultidimensicnal prchlenm, It is influenced by
psychological, physiological, and environmental variables.

~ There exist wany possibilities to " wmodel dependencies in
fgeneral form, hovever to make guantitative statements about

suppression the modellers have to restrict their efforts to
those variables which are observable and measurable. Since
the main obkjective <¢f +this paper has been to establish
podels which are able to express relationships
guantitatively, <+he wmain thrust has beesn to feramulate
suppressicn as “unctiens of weapon systems and their
dispsrsicas. '

For the evaluations of the models, a set 9f simplifying
assumpticns was necessary in order ¢¢ guarantee a
mathematical transparency. The dependencies developed in
this thesis postulate somg satisfying results in modelling
suppressic¢n. The models reflect sufficient accuracy of:

The phkysionony of the human being and its resultiing
tehavior with regard to suppr2ssion. Suppression is
mainly caused Ly visual and auditory perception.

The influence of the weapon systeas i.s. their size
and their firing capability are determining factors
for the amount of suppression.

Cf course the detailed results, i.e. the estimation of model
sarametess, are based on selected weapen systezs and
sceparios. Many possibilities wexist for furthisr vk in
this area cparticularly under the aspect of includiag
extended huzan factors conaponents in the coastruction of
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suppressiocn models.

The authors feel the paper may provide a coatribution to
futyre design of vargames and simulations as well as weapon
systems. It also supports a more.caraeful analysis of the
combat situation. |
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APPENDIX 3

DERIVATION OF CONSTANT A

The ccnstant a can be determined corresgondingly to the

following derivation:

dodifying equation (3.10) in Cox, The Analysis Of
Data, p. 33, we can define a transform as:

S, + a)
a i
¥, = zn»(
i ny

Starting with the original model
f(ei’ri)

Py = Pi(S/e,r) = e
and using the log-transformation

yg =iy
w¥é subtract

. : Si + a

yi-yi=£n< ni )-!.n pi
and choose the constant a such that

E[§i = yi] = 0
since g~Binozial (“1pi’ nipi(l - piz)

which can be approximated by .
S, = n,P(S/0,0) + /:'{I v

where U is a raadoa va:iable with
E[U] » 0

E(v) = p, (1-p)
Inserting S in equation (3)

102
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" |- Si+ ayg.
E:[yi - yi] = E{fn n - in Py

n

np, +/n, U+a
n iYi R
1P1

-

-
= E R.n(l-!-( U .= ))
Mol p Pl

Approximating this by Taylor series

2
=E[< U + =2 -% v .=
AN 1P4 /ol e, MiPd

3 1
)
By Py ivi :

It 1is sufficient_ to consider the first two terzs of the

Taylor exransion since U and 2 are small in ccmparison to 1.

- E[ U R - S U2 __Va ___ az
o n,p 2n,p 3/2 2 2.2
. v’ﬁ'; Py i1 SE Vel L W Y

This equation bas to be zero according to (3)

Hence
terms crf cxdec L., E(U] = 0
/ny

1 a U2
teras of crder =~ : E -3 = Q
n Y
i 2pi

1
a-35 (l-p) =0

a -i,- (1-pi)

teras of higher order are neglectad.
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APPENDIX C

DEEIVATION OF VARILANCE

The weighting factor Var(ln £f) for methecd 7 in chagpter
III B is computed as fcllows: l '

Expressing the ccnditional ©probability of suppression
F(5/9,r) as a quotient of the number of successes S$;and the
number of trials n; leads to:
£y ° zi

1

where tae expectation cf f is:

E[fi] = Pi(S/e,r)

S
m £, = (;i-)
i

Si
Var{in fi] = Var [Rn -—)]
. ni

Since tae random number S is binomial with mean
E(S) = uP(s/e,r)

and variancs
Var(s) = ar(s/6,r): (1 - P(8/0,v))

it can be stated as a functioh of a random variable U with

pean
E(QU) = 0

and variance

Var(U) =1
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i.e.
52 Sy =n;"P;(s/0,r) + /u P (5/6,r)-[1 - P (S/0,r)]-U
i Inserting this in the eguaticn above:
,‘E - r
¥ n, P _(S/6,r) + /u,P,(s/0,r)(1 - P,(S/0,r)].U
i Varf{en £,] = Var | en id 11 . : ’
i i n
- '
| [1-77,(5/6,0)7
! Var{in fi] = Var | ¢n Pi(sle,r)° 1+ niPi(S/B,r) U
(1 -p,(s/8,0)]
Var[fn fi] = Var | ¢n Pi(S/Gsr) +Lnil+ “1P1(S/°'r) U
i Sinc¢ce P(S/8,r) is constant we kncew that
; Var(fn P(S/6,r)) =0
: which leads to: -
;- _ 1- Pi(Sle,r)
; Var[in fi] = Var | en{1l + niPi(SIO.r) U
f knowing that for small x's
: gn(l + x) ~x for x <
we can state
E l - Pi(sle)r)
i Var[in fi] a Var o 7. (5/0.5) s U
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FROM COPY FURNISHED -
APPENDIX I ome —

APL REGRESSION PROGRAMS

NON-ITERATION METHODS | g

Y REGRES : :
(1] 2« 36 2 p1 ;
[21 20311«U 5
(3 2(;2)«V ' §
f4] 27+Q2 ;
(5] BETA+((B(2T+.%x2))+.%x27)+.xY
(6] K«("1):BRTA[1]
(71 EPS+«KxBETA[2]
(8] YHAT«(BETAN1 IxU)+(BRTAL2]IxV)
[9] RES«Y-YHAT
(10] A« 36 2 o1
113 AC;1]«Y
[12] A(;2]«RES

v

ITZRATION METHODS
v ITER P ;
(1] SIG+1 ‘
(2]  Ye(@((R+(0,5%x(1-P)))+N))+SIG
[3] U«V0:SIG
(4]  VeVO+SIC
(5] 2+« 36 2 p1
(6] 2C;1]«V
(7] 2l ;23«V
(8] 2T<Q2
(91 BETIT<((H(ZT+.%2))+.%3T)+ . %Y
: (10] KX«(T1)#+Bo7IT[1]
: (11) EPS«KxBETIM(2] '
. [12] YHAT«(BETITI11xU0)+(BETITI2]xV0)
- {13) RRES«Y(-YHAT -
(18] A« 36 2 p1 .
(18] A[31])e¥C
(16] AC;2]«RES
v

REMARK: SIG CHANGES IN ACCORANCE TO THE
DIFFERENT ITZRATIVE METHODS.
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b APPENDIX K

PROGRAMS FOR COMPUTING RATES OF RISE

N f
g ! Program for formula (3.54) ' . 3 4
b ]
¢ FORTRAN IV G LEVEL 21 MAIN E
5 % 0001 DIMENSION TIM(500),SLA(20), RETAU(20) ;
S 0002 N=348 . ]
L 0003 READ (5,10) (SLA(I),I=1,18) g
b 0004 10 FORMAT (F10.5) -

: 0005 READ(5,11) (TIM(I),I=1,N) :
i 0006 11 FORMAT (F10.5) o
? 0007 DO 1 1I=1,18 -
; 0008 SUM=0.0
‘ 0009 DO 2 J=1,N
0010 C=EXP ( (SLA(I) *TIM(J)))
. 0011 SUM=SUM+C
i 0012 2 CONTINUE
0013 A=SUM/FLOAT (N)
- : 0014 B=A-1.0
) bt 0015 ETAU=B/SLA(I)

e b Sl S e

T N T O PPN LT

o1 0016 RETAU(I)=1.,0/ETAU _
: 0017 1 CONTINUE :
; 0018 ) WRITE(6,12) (RELAU(I),I=1.18) 5 ;
§ 0019 12 FORMAT (1X, 3F10.5) = .
: 0020 STOP 3-
f 0021 END .
Program for formula (3.50) i

, il
i 1
v v LAMU ,
P (1] LA+(LAMSx ((LAM=LAMS ™R ) ) (LAM=R )
b

(2] LAU1% ((L+LA )~ (1:LAMS )
v
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