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ABSTRACT

This thesis considers the problem of estisating
Lanchester attrition — rate coefficients for an
aggregated lanchester-type theater-level combat model,
EALPRAM, which bhas been used for various bhigh level
defense flanning purposes. Several alterpative
coefficiert- estimation methodologies are examined,
with their strengths, weaknesses, and problems of
isplementation in BALPRAM being discussed. Data
requirements for coefficient estimation and approaches
to aggregaticn are also discussed.
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I. INTRODUCTIGN

ERTT et o T SOy Se)

A

A. ®HY PBCDEI CCHMEIT

A var came bas been defined (8) as "a simulaticn, by
whatever means, c¢f a military operation involving tsc or
sore oOpfcsictg forces, conducted using rules, data and
prccedures designed to depict an actual or assumed real life
sitvation.® It is a systematic method of studying military
prctlens and can provide a wmeans of gaining exgerience,
identifying errors or shortcomings, and imgroving skills
withcut paying the penalties of the real wcrld.

One c¢f the significant values of war gasing is tlat it
cap fprovide an iapelling stimulus to innovation, activaticn
and creativeness., It establishes an environment that
challenges and maotivates a responsible participant. Thus
different kinds c¢f var games have been used extensively to
train officers in wsilitary fcrces throughout the world.

Ancther advantage of war gaming is that a war game can
be played on any hypothetical terrain which may not Le areas
ccrtrolled ty the pation spcnsoring the game, as must ke the
case in field tests and maneuvers that employ real ailitary

;‘» fcrces. Any pnpation may employ war gaming tc assess or test
'? military recguirements and the contingencies with which
3 military fcices must be able tc cope to ensure the security
1 and survival cf the pation.
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B. OVEBVI:W CP THESIS

This Fpaper is composed of seven chapters. In chagter 1,
var gaming is discussed and its values are described.
Chapter 2 gives three different methods for wscdelling
cosktat. These are war games, simulation and analjtical
acdels. Chapter 3 introduces a computerized analytical
model BALFEAM and discusses its analysis use in the Befpublic
of China. Chapter 4 introduces Markov-dependent fire and
means of calculating the Lanchester attritico - rate
coefficient. Chapter 5 discusses the histcrical, logistic,
veapon and qualitative data which are required for input to
sisulaticn oz war gasing models. Chapter 6 examines several
sethodolcgies such as notional unit, firepower scores and
the use cf satellite models for the aggregation of fcrces,

and the prcklem area to apply Bonder's approach in BALFRANM.

‘Chapter 7 gives scme final remarks.
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II. MEIHCDOLOGIES FOR IHE ANALYSIS OF COMEAT

Ad. WABR GAMES

A var game, as defined by Bcnder 2}, is a step remcved
frca the reality of a field experiment or a field exercise
vherein crly teams cf players representing the ccazmaanding
officers and tkeir staffs are included.

Atout 30€0 B.C., the Chinese peofle invented a ganms¢
called "wei Chi"™ and it is still played tcday on a stylized
mafp board with black and white colcred stones and wen ky the
player sho succeeded in outflanking his cgponent. Perhaps
that wvas tte origination of war games (22) . Eut it was in
tke seventeenth century chess 1like games reflecting the
silitary development came to a new age. In 1644,
Christopher Weikhmaan of Ula developed a war chess called
the "King's CGame." It is said to have bLeoen bighly regarded
gs an aid in military training. Since then various kirds of
pilitary chess were invented in many different countries. In
1824, a var came was played before General Vcn Muffling, the
Chief cf General Staff of Prussia. He had received the
pFlayers ratter ccldly at -first, but as the ofperations
expanded cn the map and move by move the <ccambatants +worked
out their flans, the old general's face 1lit up and at last
he Lroke cut with enthusiasm: "It's not a game at all, it's
training fcr war. I shall cecommend it enthusiastically to
tke whole army (22) ."

This was the Leginning of the war game as a serious
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silitary pursuvit which was to spread to alacst every ccuntry
with wmilitary pretensions. But what is the usefulness of
var games? It is nct any information acquired €from thesn,
but the test they preseant to combatants of tactical and
strategical kncwledge. "The only difference from actual war
is the atsence of danger, of fatique, of responsibility and
of the fricticn involved in maintaining discipline and these
factors are all isportant in war." said Wilkinson (1€53 to
1637) , whc was a British military reforaser.

When flaying so <called free war games, assessaents
regarding tte effects of combat and other decisions were
made subjectively by a control team of experienced military
officers. Sc a high variance of the results was expected if
different decision makers were used. And hecause it takes a
long tise tc develcp and to play a single game, it is pot a
teasible w®mechanism for analyzing a brciad spectrum cf systeam
alternatives in a responsive manner to meet planning cycle
requirements.

B. SIMULATICHN

War games can ke siamulated alsoc by using computers. To
develop this kind of model, the military frccess is studied
and microscopically decomposed into basic events and
activities, wvhich are to ke ordered in a logical segquenge
and programmed . Befpre being able to compute, the ccrputer
must be fed with data and parameters such as firing rate,
kill prcbakilities, etc. When the start key is G[pressed,
those events and activities of the different combat process
are essentially fcllowed in a srecified sequence wmaking
decisions based upcn predetermined rules. The final cutcome
will ke printed cut at the end of simulation.

i it

syt AT




aEa b S e e o

il e

Since ccmbat fprocesses contain a large nusber of
proktabilistic events and activities, sisulation sodels
require pprctakility distributions for &any of the input
variables and generate the probability distributions fcr the
outgut variakles or results. If statistical <saspling
techniques invclving the generation of pseudo randcm ntuakers
are esplcyed, the simulation 1is called a Monte Carlo
sisulaticn. Mcnte Carlo simulation models are employed in
silitary plarning studies.

Bonte Carlo sisulations tend to be more abstract than
var gameés Ltut are still auch nmore ccncrete tham, for
exagple, the Lanchester-type combat models discussed lLelow.
Por instanceé, tvo Marine Corps colonels fiybting a war game
over Cukta are a much subtler model of a real campaign than a
ccaputer trying tc simulate the same thing. This is because
the human brain can still perforam a much wider variety of
prccesses than the most elaborate electronic coumputer. A
computer can bandle much more data with accuracy and speed,
but it cannct make gqualitative Jjudgements or deal uith
intangible factors such as leadership and morale.

C. ANALYIIC MCDELS

Like simulaticns, analytic models alsc have nc player
invclvement. To develop a model of this kind, we first
study the «ccmbat process and decompose it iuto its basic
events and activities. We then describe then
mathematically. Finally one integrates these events and
activity descriptions into an cverall assumed mathematical
structure cf the process. By consistent mathematical
Oferations, scluticns can be cbtained which will indicate
the relaticnship Letween independent aud dependent varialkles
of comkat effectiveness. When such a relationship «can te

11
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developed, it cbviously simplifies the conduct of
sepsitivity analysis and provides an increased ease in
interpreting the results, since the «ccaktat dynamics are
ccotained ir readily exanmined equaticns. Scesetimes
analytical =scluticns can not bLe oktained by approfriate
mathematical techrigques, but numerical agrroximaticns are
often oltairatle. This provides substantial reducticns in
cost and time for the conduct of military analysis.

Analytic models can be either deterministic or
prctabilistic. In the deterministic case, the same set of
input values always produce the same set cf ocutput resilts;
while in the fprobatilistic case, some of the input variakles
bave protability distributions and produce different results
cver the cutput variables. Beplications are desirable in
Frcktaktalistic case.

Conbat is a prccess that dces not readily lend itself to
measurement. The operational effectivepess of ccabat
systems are cften times edicted bty military personnel. They
are ct experimentally verified. Thus they should not be
useC as an evaluation mechaniss to provide accurate, Ecint
estimate [fpredicticns of <conmbat effectiveness fcr use by
decision makers. 1They should be wused only for analysis
purgoses so as to have a better understaning of the system
dynamics. For this purpose, a large number of parasetric
variations <cf the @mcdel wvariables 1is required. As a
ccnsequence, for such parametric studies analytic models are
preferred tc simulations and war games.

Amcng macy analytical models developed in the United
States, EAIFBANM (Balanced Force Regqguirement Analysis
Methcdolcgy) is the one which has been used ty Republic of
China military personnel as a tool tc analyze their
ccntingency jlans. BALFRAM will be discussed in the next
chapter.

"*ly".:g N R T




III. BALEIRAM

A. GENEEBAL DESCRIETION

EALFEAHM (Balanced Force Requirement Analysis
Methodolcgy) is a ccmputer var gaaing amodel. It consists of
scse 10,000 PORTEAN statements. The Lasic progras |is
primarily anp analytical bookkeeping device vhich provides a
frasework within which problems of <force requirements and
capabilities can ke analyzed and the effectiveness cf force
levels ard fcrce mixes can be evaluated. The entire progras
consists c¢f two subprograams, namely, the NODH procgram and
the DCSF fprogram. The NODH program, when provided with the
scenario geccraphy abstracted from a hypcthesized casgaign
environment ip terms of nodal points and lines of access
tetween ncdes, will compute the matrices of minimum distance
between ncdes and of next nodes on the path of wminimua
distance. T1be DCSF program, when provided with inputs of
force characteristics and contingency lcgic (tactical
decision rules) will move units over the scepario geography,
enakling thes to engage according to the scenaric and
ccmputing the outcome of the engagements according to
apprcpriate tight laws designated by the user. The [prograam
is user criented. It is very flexible and may be used to
exanine a wide range of military applications.

In crder to use BALFRAM, scenaric geography must first
be abstracted into ngcdes representing geographical locations
at which kattles may take place and translated into
congruous EALFRAM teras. Then force characteristics and the

s
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tactical decision rules aust be forasulated and described
thrcugh tte vse of BALFRAM descriptors. In certain sense,
EALFBAM 1is pot a complete war gaming model until a set of
descriptcrs c¢n fcrce characteristics and contingency 1logic
bas been fprepared and assembled to compose a scenario.

B. SYSTEN AEFLICATION

1. Systes Orgapization

A simplified system organization cf EALFRAM is showun
in fiqure 1 as a tree type diagranm.

14
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It shous the steps in control and execution of a
scenario frca the time inputs are submitted ¢tc the
ccaputaticn center uatil the time final outputs are prcduced
alcng functicnal lines. The idea <c¢f having three
sugerviscrs each in charge of a specific step in the
executiop prccess is well conceived.

2. gSystem Operation

In crder to use BALFRAM, the user aust develop a
scepnario and translate it into congruous EALFRAM inputs.
Pirst, scenario geography is submitted to the computation
cepter in satrix fcrm as inputs to NODH [program. OQutputs
frcm NODB serves as geographical inputs to DCSF prcqraam.
Tbken cther irputs (fcrce characteristics, scvement logic and
tattle 1cgic) are submitted to the computation center as
inputs tc CCSF prcgram. Outputs from DCSF prcgram are the
final results of the scenario with resgect to specific sets
of parameters. BALFRAM maintains no data base except the
NODH and [CCSF files which are on a scenario to scenario
tasis. A1l cutputs from both NODH and DCSP program are
returned to the users.

C. MATHEEATICAL E2CKGROUND

1. langlester's Classic Combat Models

The =xathematical foundation of BALFRAM rests cn the
extention ard enrichment of Lanchester's classic theory of
ccmbat Letween twc opposing forces. Lanchester (1668 to

1946) was an English aeronautical engineer, vwho Lelieved
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that "one cf the great gquestions at the roct of all strategy
is that cf ccncentration; the concentraticn of the whole
resources c¢f a telligerent on a single purpose or otject,
and concurrectly the concentration of the main strength of
his force, whether naval or military, at cne point in the
field of cperations (19 .* To prove this pcint, Lanchester
made a sisplified mathematical analysis of the relaticn of
OFpcsing fcrces in battle, He wrote the famcus "Lanchester
equations® in 1914 umder the assumption that:

(1) 1wo opposing forces each capable of inflicting
casualties cn the cther are engaged in coakbat,

(<) Each upit engaged 4in battle are within the
firing range cf all pther enemy units, and

(3) Ecth sides use ainmed fire.

Then the conbat between the two oppcsing forces was
mcdelled Ly

di/dt =-ay with x(t=0)=x,
G.1
dy/dt =-bx with y(t=0)=y,
where
x(t) =the numbers of X force at time t
y(t)=the nuabers of Y force at time t
a=atrition rate of X force

t=attrition zxate of Y force

and t= 0 denctes the time at which the battle begins.
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Frca (3.1) Lanchester deduced his classical square

law
E(xo-X(t) ) =a (¥;-Y'(t)) (3.2

which iaplies that if one side committed asore forces to
tattle at the very beginning, his casualties will be reduced

significantly.

Tte histcry pf force level, x(t) and y(t) were given
by 18

1 (t) =2, Cosh/abt-y,/a/bsinh/abt

(3.3)
jy (t) =3, Cosh/abt x,/b7asinh/abt

If assumptipn (3) is changed to be area fire, the

acdel beccmes

dz/dt =-axy with x(t=0)=x,

(3.4)
dy/dt =—bxy with y(t=0)=y,
The state equation is given by
E (x-3) =a (%-Y) (3.5)

anpd the time history of, for exasple, the X force
level is given by

ol o3y, 1
Ol b Xg— JUg PXP[(S'JO—bxo) t] }

for bxo¢ 890

x(t) =

fecr bxy= gYy, - (3.6)

18
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2. [Liffergntial Fight Laws

e iy ik

Fight laws define the nuamber of surviving ccapcnents
of each side as a function of time. BALFRAM contains two
kasic differential fight 1lawus: the square 1law and the
linear 1law. They are a modified version of the Lanchester's

equations.

4 a. Square Law

Tke square law has the form

éx/dt=-ay~c with x (t=0)=x
€3.7)
¢y/dt=-bx-e with y (t=0)=y,

wkere x(t), y(t), a and b are defined as im (3.1) and c is
the excgencts firepower parameter that represents the
incremental capability of y to inflict attrition op x by
virtue of tbe exogenous firepower available to y, and e |is

defined sisilarly.

The state equation is given by

(/Bxe + e/[Ey- (/Bx+ellD) =(fay, +da)- ({ay+d/a)’ (3.8)

Analytic sulutions are always available and are
given by

31 (t) = ( ({Exe+ef/b) Cosh /@bt ~(/ay, +GJa) Sinh /abt)/b-e ;
3.9
§(t)=( ( /3y, +c/[3) Cosh /@bt~ (/Bx. +¢//B) sinh /abt)/fa-c ]
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The differential fight laws contain the implicit
assumpticn that this exogenous fire is aimed (rather than
area) fire wikich is subject to discussion.

t. linear Lavw

1be linear law has the forn

dx/dt=~axy-c with x(t=0)=x,
(3.10)
dy/dt=-Ltxy-e with y(t=0)=y,

where 1x,y,t,c,and e are as previously defined. The rate of
attritior of each side 1is dependent on the nuasber of
surviving ccmponents of both sides. This is because the
assumpticr cf area fire: the more components in an area
receiving upiformly Jdistributed fire, the more casualties
incurred; and the mcre components firing intc the area, the
mcre casualties thay will inflict.

17he state equation is given by
I (xo-x) =a (y,-y) for kc=ae (3.11)

In ¢ase e=c=0, anulytic suluticns for equation
(3.10) exist,

(a) bx, =ay,
1 (t)=x/(1+btxs )
(3.12)

yit)=y./(1+aty, )

(k) bx, >ay,

: =
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1 1(t)=/a/br"/(exp (/abkt)-r) :
(3.13)

yqt)=/t7aexp(/ZBkt)/(exp(/EBkt)-r)

sbere r=tu/ay, and k= /a/by7/t7azx,

khen ¢ # 0, e # 0 or toth ¢, e # 0, no analytic
sclution exists and it is necessary to perfcrm a numerical
sclution <f equaticn (3.10).

¥ote: When one side wuses aimed fire ané the
ctler uses area fire, one side suffers attrition at 2 rate
prcgcrticnal tc only the number of firers, while the other
at a rate proportional to the product of the npumker of
firers and the numkter of targets. The resulting coskat 1law
is called tbe "mixed 1law." BALFRAM capn also acconmsodate
this sitvaticn.

D. BALFEAM FFCCESS

Althcugh EALFRAM 1is usually referred to as a cosfputer
var gaaming mcdel, it is essentially a high crder cospiler
Janguage. It can ke regarded as model only when a ccufplete
set of iszputs (descriptors) has been prepared and asseskled
tc form a bypothesized scenario. The essential imguts
ccnsist cf tbhree categories. They are scerario geograghy,
force characteristics, and contingency 1lcgic (tactical
decision rules). Figure 2 shows the entire EALFRAM G[prccess.
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1. Scenarjo Geography

Scenario geography is abstracted from a fprojected
casfpaign epvircoment into nodes and lincs of access Letween
them. The ©pcdes represent defined geographic areas or
specific lccations. They can be located on land, on sea or
even "in tte air" as the scepario regquires. The area
rerresented ty a ncde can range iv size from that required
fcx an infantry squad to that required for a battle Letween
corps or field armies. The lines of access between nodes
and their associated distances represent the 1lines of
cospunicatico cver which the forces and logistics of Loth
sides must acve. The movement of combat units during the
course of Lrattle must also follow these routes. The network
of nodes can be as detailed as fequired Ly the scenaziio.
Given a netwcrk ¢f nodes, the NODH program will compute the
shcrtest distance route between any twc nodes in the
network. Gecgraphical irregularities such as acuntains,
rivers and svamps can also be input to the network for
assessing the effects of force deployment and mobility on
tattle cutccie,

2. [Ferce characteristics

Fcrce characteristics refer to the number, tyjge and
nature of units each side can commit tc battle, the molkility
of rate at which each unit can nmove over the s-.enario
geography, the coabat effectiveness in terms of the atility
to inflict casualties on the enemy units, and the breakpoint
in term cf the numker of casualties each unit can sustain
tefore being defeated. In BALFRAM, the unit is a conceptual
cne. It cap consist of several units with each unit
retaining its cwn <characteristics or a fraction of a unit
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which possess the same attriticn capability, wmobility and
breakpoint as the unit. Units of different sizes can be
input into EALFRAM as force equivalents of the standard unit
vhich is designated by the user. As to ships and airplanes,
tbe same grirciple applies. They can be ioput into BALFRAM
either as a single ship (or airplane) or as naval (cr air
force) units.

3. gecntingency kogic

Ccntingency logic refers to the sequential tactical
decision rule or the way forces are to ke employed during
the course c¢f caspaign. A typical exasple of inpitial
derloymeat wuuld te what proportion of ground forces are to
be deplcyed to front 1line combat p[positions and what
progcrticn cf forces are to ke held as reserves, and the
relative pcsition cr locations the front lipe units and the
reserves are toc occupy. An example of fcrce utilization
wculd be what propcrtion of tactical air fcrce are to be
used for clcse air support and vhat proportion for air tc
air costat. After initial deployment, it may teconme
necessary tc change deployment policy or mission allccations
contingent upca somse specific events which might cccur.
These ccntingent  activities provide the operaticnal
priorities and sovement logic which govern the way imn which
a unit conducts its operation as the scerario progresses.
The general fcim cf contingent logic input statement is "if
sose condition is true, the specified units dc the
fcllowing." 1In developing logical operations, the users are
cautioned tc be <corsistent. Inconsisteucies may cause one
lcgical step tc ke negated by ancther.

Ttere are two types of contingency logic inputs,
nasely, battle logic inputs and movement logic inputs: They
can be suEmarized as follows.
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a. Eattle Logic

Lescrite forces involved and nodes at which
tattles are tc cccur.

Srpecify attrition factors and criteria for
kattle tersircaticn.

Eermit orders of battle of several units tc be
merged.

Specify allocation and effectiveress of
suppcrting weagons.

Froportionally assign and redistribute fcrces.

Lescrite 1logistic pipelipes and interdiction
effects.

Vary parameters such as order of battle,
firepower, mckility.

Mpply principles of concentratico.

. rcvemert Logic

Pove units from node to node contingent on
arrival events.

Felocate units contingent on defeat events or at
specified tisxe.

Fermit withdrawal if force ratic is unfavoratle.




Cause one force to chase another.

Fstablish a sequential link up cf forces.

Fedeploy units after battle is wca.

Trace zovement of PEBA (forward edge of the
tattle are¢a).
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4. Jpput

a. BCLCH Prograa

Inputs tc this prcgram represent the =scenario
gecgraghy akstracted in matrix fornm with elements
representirg direct distance between ncdes. The outputs are
(1) matrix cf direct distance between node pairs, (2) matrix
of mpinimus distance ketween node pairs, and (3) matrix of
next nodes cr the path of ainisum distarnce.

. L[CSP Progranm

Eeside the prerrocessed scepario geocraphy
infputs frcm BCDH program, additional inputs must be prcvided
to ccnstruct a BALFRAM scenario. These include force levels,
mctility, indices cf combat effectiveness, defeat criteria,
and attriticro rates. The initial concept cf operation must
alsc ke develcped and formulated as battle and sovement
logic irputs. The outputs include the "battle histcry" and
the "end <c¢f campaign summary". The fcrser prcvides a
chronolcgical record of the scenaric showing tke location
an¢ next <cbjectives of forces, location and status of




E tattles, and the size of forces involved at each Lattle
f step. Tbe latter, surviving forces cn both sides,

%I casualties resulting from excgenous fire, and the duration
' of the battle. An output of sensitivity apnalysis results
can also Le ckttained at the cption of the user.

5. Capatilities

Treating heterogeneous forces as hoacgeneous,
EALPRAM provides an aggregated approach to the simulation of
conventicnal conflicts between two opposing forces corpcsed
of ground, air and naval units. It can be used to assess the
capabilities cf the component ground, air and naval element:
in their coordinated support of a msilitary operation c¢r to
ccapare tke scundness of tactical decisions by examining the
effects cf alternative courses of action upcn the outccme of
a conflict. The software prograam can also generate game
theoretic sclutions tc problems of force allocation and
pexfora sensitivity analysis to gquantify relaticnship
between input and output, thus providing a framework for
analyzing the tradeoffs Letween compcnent forces and
deriving cptisal force level cbjectives.

EALFFAM is primarily a simulaticn model for a
unified high ccamand. It can be used to model combat at the
theater 1level. There is no explicit statement on the level
cf force cr number of units it <can handle; however, the
primary inputs on Jorce characteristics and contingency
logic in the fcrm cf data cards usuyally do pot exceed 300
per scenario.

A tyrical example of the kind of sensitivity
analysis EALFRAN can perform would te the X - force

superiority, parity and Y-force superiority analysis based
cn the variations of Y- force levels as shown in the j




following figure.
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E. UTILIZATICN OF EALPRAM IR THE REPUELIC CF CHINA

EALFEAM vwas first introduced to the Rerputlic of China in
early 1670 ¢s. Since then, BALFRAM has been wused in
ccrjuncticn with manual var gaames. Because computer war
games as Wwell as pmanual war games can crply represent the
tattle field reality to scme extent, playing then
sipultanecusly using the same scenario would hopefully
elisinate scse of the weaknesses of both.

A wmajor difficulty encountered in using EALFRAM vwas the
determinaticn of attrition rate coefficients for different
tyres of urits. EALFRAH treats units from the samz Service
(e.g. Army) as being homogenecus regardles cf their seapon
characteristics and units frcm different Services (e.g. Army
and Air Fcrce) as beterogeneous forces. The use of noticnal
units in EALFRAM wherein units from the same Service are
supposedly trought +to equal footing by pooling and
noxrmalizing their —resources by the standard unit is a steg
in the right directicn toward the estimaticn of attritior
rate coefficients. However, it falls short cf achievirg its
goal because cf the definition of homogeneity. Aa example
may help tc illustrate thnis pcint.

FPcr exasple, if an infantry division is used as the
standard urit and given a value of 1.0, i.e. one roticnal
unit. An armcred division is fcund to be eguivalent tc two
infantry divisions and is given a value c¢f 2.0, i.e. two
nctional units. This means that the casualty inflicting
capakility <¢f an armored division is twice as that cf an
infantry division. However, in terms of other contrituticnas,
an armored division wmay be worth more than two infantry
divisions. The wuse of armored divisions fcr the




exploitaticn of lLattle victories is a possible case. The
defeat of France by Germany in the Second %crld War is an
exangple c¢f such ap instance. On the other hand, an infantry
division may ke egquivalent to an armored divisicn under
certain ccakat sitcations.

Due tc its aggregate nature, BALFRAM's approach with
respect to this problem was to leave the determinaticn of
attritior-rate coefficients to the |user. It seemed to
suggest that this wuold increase the flexibility and
applicability of BALPEAM in that the user was free tc choose
the attriticr coefficients and simulate many types of
military cperations. 1In view of the 1level of comrand at
which BALFPEAM was intended to be used, it had achieved its
objectives adsirably. However, for more effective use at
relatively 1lcwer levels of ccamand, BALFRAM can be imgroved
by emplcying other existing methodologies to estimate
attritior-rate coefficients for different types of unrits and
under different sets of circumstances.

Another difficulty encountered was the calculation of
ICE (index cf combat effectivemess). Because ICE reflects
the status or ccantat effectiveness condition of a unit
(training, mctivation, experience, sustaining capability,
etc.), tbe determination of ICE is primarily a matter of
judgenment and to a 1large extent a subjective one. The
protlem was further complicated when infcrmation regarding
the enemy troops ccncerning these factors is incomplete and
can nct Lke relied upon. Under these circumstances, the
results cf tke simulation could easily be tempered to please
cne's supericr. The net result of all this +wculd be
tantamount tc the negation of the purpose of the entire
effort.

One way cf attacking this problem would ke to develop a
sethocdolcgy for esiimating the ICE's of various tyges of
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units with respect to quantitative and qualitative factors
which have a direct bearing on the effectiveness of a unit
to carry cn ccakbat. It is true that a MCE (measure of
effectiveness) for such factors is hard to decide on because
it is difficult to devise a acceptable mesaurement cf these
factors which will pzcvide a reasonable approximaticm to the
ICE. BALFBAM took a passive approach to.ilis prcblea as in
the case cf attrition-rate coefficients. An active apfroach
vould be to develofp a methodology and incorpcrate it in the
prcgram fcr the estimation of ICE of various types of units.
This is mcst desirable on the part of the users.

In EALFEAM, ICE is a multiplicative factor acting upon
tbke attriticc-rate coefficient. It may nct be realistic
because tke attrition-rate coefficient should have a
diginishing marginal return with respect to increasing the
ICE. A curve such as an exponential) might be mcre suitable
to descrilke this relationshig.




In tkte wutilizaticn of a Lanchester —type model, the
essential [fpart is to determine npumerical values for
Lanchester attrition— rate ccefficients frcm weapon system
performance data. Two significant developments in this field
apreared during the 1960's, namely, (1) the development of
sethcdolcgy fcr the prediction of Lanchester attriticn-—rate
coefficierts from weapon system performance data by S.
Bender (3) and C. Earfoot (1) and (2) the development of
methcdolcgy fcr the estimation of such ccefficients fros
Mcnte Carlo siszulaticn output by G. Clark (6] . We will
discuss ttese methcdologies in this chapter.

A. MABKCY LEFENDENT FIRE

The purpcse ot firing a gun is to destrcy a target. Sc
tbe hit distribution is of interest in weapon systenm
analysis wcrk. If se could assume that the bit prckaltility
is the =<came for a2ll rcunds and each of them is independent
of the others, then. the Binomial distritution would be
suitatle for the bhit distribution.

Let B ke a random variable denotes the number of rcunds
hit the target with each round has hit prckability p, then
for firing p rcunds, the probability that at least cne round
hit the target is given by

PL(B 2 1) =1Pr(H=0) = 1-( 1-p | (4.1)
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But in wmany <circuastances this model is iradequate
because fire can be adjusted and aim pcints for rounds are
nct statistically independent.

Becnder assumed that the firing [process is a Markov

prccess that is the weapon systes performance depending only
on the cutccme of the last round fired. Define

p = Erok( hit on first round )

q = Erok( aiss on round|miss cn previcus rcund )
then equatiopr (4.1) may ke revised as

Et(E2 1) = 1-(1-p) ¢, for n > 1 (4.2)

This [fpaper will deal with this type cf firing fprccess
and called it Markov-dependent fire.
E. ECNDEE'S METHCL

Recall tke Lanchester-type equaticns fcr combat Letween
twc homogenecus forces

dx/dt =-ay with x(t=0)=x,

(4.3)

dy/dt =-t3 with y(t=0) =y,

In this model, a and b are called the Lanckester
attrtion-rate coefficient. Por example, a represents the
rate at which a single Y weapon system destroys X targets.

It Lbas the digensica of

(X casualties) /((number of Y units)-(unit time))

: b R T e
e — . .



Bender has defired A, a random variable, as the rate of
destructicn ¢f X target and its value is given by

T

A= 1/1T ' (4-4)

where T is a randcm variable denotes the time for a Y firer
to kill an X target. The "average" rate of target
destructicn wculd be the expected value of A, denoted Lty a

and

a=E(A)=E(1T) (4.5)

However, in a faper published in 1969, Earfoot pcinted
out the average at*rition of equation (4.5) is inadegquate as
well as nct sathematically tractable. He suggested defining
the averace kill rate as the reciprocal of the expectec time

to destrcy a target.

3= 1/5(1) (4.6)

The reascn is that in Bcender's model the prokakility
distribution functicn represents the fractions of targets
killed fcr which each rate is used, then the haraonic wmean
of the rates should be used. If the probability distritution
function represents the fraction of the time that each rate
is wused, tbhen the arithmatic mean of a set of attrition

rates will te appropriate.

Equaticn (4.6) agrees with the intuitive definition of
a, the average attrition rate is the ratio cf the nuakter of
targets killed in a 1large number of battles to the time
1 interval over which the targets were killed. If n targets
i‘ are killed and t is the time interval between which targets

i-1 and i were killed, then
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a=z-—" .. =

1
£, BN ; (4.7
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In a later papet[u], Bcnder suggested a way to calculate
BE( TI) as

E(T)=tg +t-tn + (tn +ts)/Px+ ((tm*+ts)/P)+ ((1-u)/Px+u-£, ) (4.8)
where
ty= time to acquire targets

t,= time tc fire the first round

th,= time to fire a round, given the preceeding rcurd was
a hit
tm= time tc fire a round, given the preceeding rcund was g
a giss :
ty= rrcjectile flight time

p, = first round hit probability

px= the ccnditioral probability of kill, given a hit

u = corditioral probability of a bhit, given the
preceeding rcund fired hit the target, and é

p = corditicral ©probability of a hit, given the
preceeding rcund fired missed the target.

Prof. Tajlcr stated that if the following assumptions :




can ke justified,

(1) t =¢C

(2) t, =ta=tw=t =1/v, where v denotes the rate of fire,

: (3) F =t =F = pPn, vhere p,denotes the single shot hit
; prckatility, and

{
? (4) % C

!

Then equation (4.8) can be simplified as follous

E(T) = 1/(v-p) (4.9)

where f = E Py

C. CLARK'S MCLEL

G. Clatk[6]has added another factor, target acquisition
prcbability, into Lanchester- type combat models in his
development cf the COMAN (COMbat ANalysis) =mcdel.

The funcéamental ccncept used in constructing the CCMAN
model is a kill rate for specified firer/’ta:get-—type
ccetinaticns. These kil1 rates are estimated from
sisulaticn data and they provide insights as to the relative
effectiveness of various weapon types withcut rescrting to
nuserous sigvlation rums.

Clark pcints out that for modelling purpcses a target is
acquired ty a firer when fire canm be directed towards the
target's [pcsiticn. Acquisition can be accomplished by
visually detecting the target so that its pcsition is known

Blboiant Loars (0 o kA0t el AN Ay ki " T R T P o IR 2
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and thepn directing fire at the position where the target is
actually lccated. This is the case when direct fire wearons
are used. Ecwever indirect fire weapons such as artillery
can be fired cver hill massaes that obstruct a line oi =sight
between the firer and acquired target positicn. So knosledge
of the exact target position can te acquired by <firirg at
likely area for targets to be located until fire happens to

Le directed at an actual target positicn by chance.

The effects of target acquisition are introduced by
using the prctability that a target is wunacquired as a
paraseter, Define

p = the protability that a specific X target is
unacquired by an individual Y firer, and

g = the corresponding prokability for a Y target X firer
ccokinaticn,

tken
dx /dt=-aj(1-p*)
(4.10)
dy/dt=-rx(1-q")

where a>C,b>C,0¢p<1 and 0gg«1.

It can ke seen that if targets are readily acquired,
equaticn (4.10) becomes

dx/dt=-ay

4.11)
dy/dt=-tx

which is the familiar Lanchester's square law.




When individual targets become increasincly difficult to
acguire tkat is the fprobability of a target being upacgquired
assume values close to one, the combat situation represented
by equaticn (4.10) is equivalent to the situation envisioned
by Llanchester wben he foraulated the 1linear law. This
relationsbip is shown by expressing equaticn (4.10) as a
function c¢f f and g and expanded in a Taylor series akout
the points =1,9=1

dx/dt=£ ()
=-ay (1-¢")
s-ay (£(1)+£ (1) (-1 +£" (1)/2!) (p-1) +...)
=-ay (-x (p-1))=-azxy (1-p)
sisilarly

dy/dt=-ray(1-q) (4.12)




V. LATA BEQUIREMENY EOR CORPFICIEN] ESTIMATICN

In running a simulation or war gamsing model, a vide
range of factors msust be considered. Thcough simplifying
parity assuaptions can be made regarding ccmmon factors,
quantified values must he provided to descrike those factors
for which differences exist tetween the twc cpposing fcrces.
This gives rise to the problem of input data requirerents,
vhich is crucial tc the estimation of attrition coefficients
for differert types of units under different ccmbat

situvatiors.

The data required for input to simulaticn or war gaaing
mcdels for the evaluation cf asilitary gprcbleas can be
classified irto four categories:

A. HISTCEICJ1 DAT2

Since tte <formulation of the linear and square laws by
Lanchester ip 1914, substantial amcunt of research work has
been done in the area of matheratical modeling of ccakat.
Efforts in this respect were primarily ceantered on the
extention and enridhment of Lanchester's theory of ccatat,
which has keen validated to be adequate tc represent the
dynamic prccess of classic comkat by:

{1) BHelmktcld using data on twenty seven battles which
cccurred in the United States between 1759 to 1945 (also
several subsequent studies (1Q) (14)),
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(2) Engel using the 1Iwo Jima engagement data cf the
Secomd Wcrld ®ar,

(3) %illard using data of the land battles of the years
1618 to 15C8, and

(4) Weiss using Anerican Civil wWar data.

Hovever, using historical data to estimate the
parameters c¢f Lanchester—type combat =amodel must ke very
careful Lecause:

(1) Bistcrical data frcam different sources usually are
nct consistert,

(2) It 1is difficult to decide hcw tc count reserves,
reinforcesent and saneuvering elements,

(3) Casuvalties may in some instances have been estimated
by subtracting "stength after battle"™ from "strenth tLtefore
tattle®. It is a value calculated fros two inaccurate

nusbers bhence large errors may by expected, and

(4) The duraticn of engagement is unreliakle, usually it
is estimated ky the author.

o i s i e o e e

Furtherscre, along these same lines Helmbold h1)has
discussed the uselessness of historical data for 1aking
future ccaktat outcome predictions. Meanwhile, different 1

tyres of sisulation and wvwar gaming models have kteen
developed since the end of the Second World War. While war
gaming techniques are being energetically extended to fields
where 1little cr no previous experience with the techniques

in sophisticated form exists, essentially no parallel
efforts bave been made to compile and analyze data on past
military engagements. This may be attributed to the
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E fcllowing reascns:

(1) %hep nations were at war with each cther, they would
te so engulfed in it that they could not afford tc divert

their effcrt tc data collection,

| (2) Tbough much can be and have been learned by studying
the successes and tailures in past wars, few npaticns have
bad the chance to fight a war in the same general situation

a seccnd tise, and

(3) Even if actual cozkat data on [Fpast wars were
availatle, it was douktful whether they wculd be of any
significart value to military analysis because of the rapid ;
advances in science and technolcgy. New weapcns which have E
great impact on asilitary doctrine and the concept of {
operations have been developed. The kind of war which will
be fought ty forces equipped with these weapons will
definitely be different from past vars.

In view c¢cf the above, the value ¢f historical data
resides cnly in the validaticn of wmodels; it has cnly
ligited usefulness in predicting the outcome of future wars.
This has 1led to the present trend of using ccsputer ;
sigulaticn and war gaming to generate data for military ;

analysis.

SN e o

B. LOGISTIICS LATIA

ey

Logistics imput data are particularly susceptilkle to
quantificaticn. Appropriate data on practically every thing
that can bke proctred, transported, used and consumed exist
in some tangitle fcrm. Items suich as equipment, ammunition,
focd, gascline, etc., fall into this category. UTLata such
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as distances, means c¢f transportation, volume and weiglt to
be transpcrted, time in transit, etc., are readily available
and can be used as inputs. Furthermcre, logistics
requirement for each type of units can be established and
Flaced withip reasonable bcunds. This will facilitate
preparaticon and [processing for use. However, currently it
is rct kncwn hcvw these 1logistic factors influence <combat
capaktility. In particular, there is no commcnly accegpted (or
us€d) prccedure for nmodifying combat capatility due to
lcgistic shortfalls.

C. WEAPCE I2TA

Weapcn data include range, rate of fire, lethality, etc.
Using these characteristics, different tyfpes of weapcns or
weapcn systems can Le converted into input data by firepower
sccre cr cther apgropriate methods. In most cases,
informaticn <¢n enemy weapon characteristics is not
available. Estimates are oktained based cp known data and
ueé;on characteristics of one's own forces. Thus the
effectiveress of «ccnventional veapoas canp be compared and
€evaluated. Hcwever, in the case of tactical nyclear
veapons, the protlem is complicated. Not only are lethal
areas significant, but troop density in the area at the
tise, and the p[protective cover or expcsure are also
significant factors. In addition, contamination effects
which deny tke area to toth friendly and enemy use must also
be considered. Since tactical nuclear weapons have never
been used in the past, their psychological effects in actual
ccekat situaticn with respect to the morale and will to
fight of trccps involved is not known. Presumably estimates
can be made, tut how close these estimates <can be tc the

real effects is not ascertainable.
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D. QUALITAIIVE DATIA

The term qualitative data refers to such factors as
discipline, mctivation, courage, morale, will to fight, etc.
By prcfessicral military judgement, these factors can be
assigned gquantified values tc represent different levels or

EXTF QTR

degrees using scaling method. Qualitatve standards such as
H outstanding, superior, good, etc., can be assigned numerical
values, wkich can be used as wsultipliers tc upgrade or
degrade ttke expected performance of a unit. But factors
such as the effects of shock and fatigue cn personnel; the
relative rescurcefulness, initiative, and lecadershif cf the

B e

Oopposing ccananders; the results of communication or ccamand
ccntrcl failure are not susceptible to guantification in
that each war is urique in its own right. The impact of
these factcrs on war outcome is immense and very difficult,
if not impossiltle, to estimate. Probably BALFRAM is the cnly
ccmputer war gaming model which allows for the consideration
cf some cf these factors. Though the inclusion of these
factors in a simulaticn or wvar gaming is essential tc the
adequate regpresentation of battlefield reality,
unfcrtunately, their ultimate imfpact is beycnd the

igagipnaticn c¢f the hupan mind.

1

The ¢prcklem <¢f data requirements fcr war gaming is
ccoplex and ccaplicated. Except where definite okjectives
have been established and quantitative data exist in some
tangible fcrs, the problem appears to be c¢f considerable

magnitude andé deserves a separate treatment.
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VI. AGGREGATICN OF FORCES

It vwas pcinted out in the preceeding chapter that the
validaticn <¢f Lanchester's theory of comkat had led to the
enccuragesent of development of simulation and war gasing
sodels based cn the enrichment and extension of that theory.
Such developzent was clearly in response to the growing need
for such acdels in the field of wmilitary analysis and
decision making. N¢w the problem which remains to be =solved
is the acgregaticn of forces when the fcrces involved on
either or tkcth sides are composed of more than one unit and
are altove divisior level. In the case of hcsogeneous forces
(i.e. forces ccmposed of identical units), the aggrecation
of forces is not a problem; however, in the <case of
norhomogenects forces, the problea is complicated and rather
difficult. ceveral methodologies have Leen propcsed and
used to deal with the problem in the nonhcrogeneous case.
All of these methodologies represent steps in the right
direction, but none provide a satisfactory sclution tc the
FIcblem Lecause each methodolcgy has its strengths ané none
lacks weaknesses. There is nc commonly accepted methecdclogy

in existerce.

A. RNOTICNALI ONIT

The ccncegt ¢f notional unit (16) is one <cf the several
existing wmetbodolcgies being used to address the prcblem of
aggregaticn ¢f forces. The major strength cf the afpfgrcach
is that it takes into account all the rescurces (perscnnel,
equipment and weapcns) of a unit. Though there are cther




factors to ke considered, the approach appears to provide a
reasonable afprroximation to the ¢[problem as far as major
factors ccotributing to the capability of a unit is
corcerned. Eovever, the problem is: what values shculd be
assigned tc tke different weapons or pieces of equipment in
order tc arrive at a reasonable approximation tc the
capability c¢f a unit? Since the effectiveness of a weapon
depends cn the type of target against which it is wused and
the contribution of a piece of equipment depends cn the
ervironmert in which it is employed, the ccncept of noticnal
units must te applied with special care and emphasis cn the
type of ccmkat in which a unit is to be engaged and the
envircnment in which the unit will be fighting.

E. PFIREECWEF SCORES

The firepcwer scores approach appeals tc most wmilitary
analysts because cf its simplicity and ease of application.
(see Stockfisch (17) fcr a further discussicn of firepcwer
sccres and further references.) The relative firepower
sccres tc be assigned to each type of weapons are suppcsed
to be based cr actuval or experimental data with respect to a
standard seagcn. Eowever, the protlem seems elusive. How
can the cortribution of a certain type of weapcn to a
giiitary cperation be isolated and singled cut from the many
wearcn systeas involved? Given this can be dcne, what
firepcver sccres should be assigned to a weapon coansidering
the different types of targets against which a weapcn may be
used? Pcr example, consider the firepower scores for a 90MM
tank gqun and a M14 rifle. If the M14 rifle is chcsen as a
standard weapcn and assigned a value of 1, what value shculd
be assigned to the 90MM tank gun? If lethality, rate of
fire, mokility, prctection, type of targets are considered,

scse basis cf ccmparison exists and a value for the 90MM
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tank gun msay te derived. Military experience and expertise
and familiarity with the veapons may provide a professional
judgement as to the reasonableness of the estimaticn, but
this may ke as far as one can go.

C. 1THE USE CF SATELLITE MODELS

In view cf the 4increased use of simulation and war
gaming techriques in the analysis of military probless, it
appears tc tte authors that the soluticn to the prcklem of
aggregaticn cf forces lies in the use of satellite mcdels.
CCMANEX (CCM2N BXtended) and CABRMONETTE (a Moate Carlo
sigulaticn c¢f battalion sized or 1lover units in g¢rcund
coskat) are examprles of such models. COMANEX is a satellite
model tc be wused in conjunction with CABMONETTE, a high
resoluticn ccabat siamulation wmodel. Data relating to
weapcns characteristics, combtat environment, missicn, etc.,
fcr a particular mix of opposing fcrces are input to
CARMONET1TE. CAEMCNETTE performs a frespecified numter of
replicaticns cf the battle. It then outputs, for each
replicaticn, a time-sequenced casualty history identifying
the time at which a casualty cccurred, the casualty tyre and
the killer type. This output is, in turn, input to the
CCMANBY which massages the data and outputs a set of
Lanchester-tjfe parameters which represent, essentially, the
kill rates fcr each firer/target combinaticn in the bLattle.
The paraseters are then used in DBM (Division Battle EFodel)
ground ccmtat assessments. The advantage of this apgroach
over traditicnal methodology Lased on weapon firepower
sccres is that weapon and  unit performance measures
developed Ly CARMONETTE reflect variaticms in the combat
envircnment, including the synergistic effects resulting
frca the esplcyment of various ccmbinaticns cf weapcas.
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D. THE AEELICATION CF BONDER'S APPROACH IN EALFRAY

Thougia EALFRAR has the capability of bhapdling
heterogenecus forces as well as homogeneous forces, in
reality it is c¢nly a homogeneous model ftecause ocf the
aggregated fashicn in which it handles hetercgenecus fcrces.
Heterogeneous force in BALFRAM refers to units frcs the
different ccEponant Services c¢f the armed forces, namely,
the Army, Air Force and Navy. Units are <classified into
tyres as grcund, air or naval according tc the Services to
which they kelcng. Units which belong to the same Service
are treated as homcgeneous though they may te equipped with
veapcns c¢f different characteristics such as lethality, rate
of fire, range, prctection, etc. BALFRAM's definition of
hcmcgenects and heterogeneous forces is different frcm what
is generally assumed by most operation researchers and
silitary analysts. Por exanmple, in his mathematical &cdels
for comtat Letween two homcgeneous fcrces, Prof. J. Taylor
defined kcacgeneous force to be a force coamposed of
identical  urits. Gordon M. Clark defined hetercgeneous
force to te a force comnposed of weapons with different
firepover, mobility, protection, and detection
characteristics in the general context of land combat.

Bonder extended Lanchester's original fcramulation cf thae
linear ard scuare laws to incorporate target acquisition
time, rate cf fire, and conditional kill fprcbability in the
calculaticn c¢f Lanchester-type attrition-rate coefficients.
His deficiticn of homogeneous and heterogemeous fcrces was
alsc in the cereral context of land combat and agrees with
thcse of EFrcf. J. Taylor and Gordon M. Clark. Ecnder
modeled tte ccmbat process in a d(detailed fashion while
EALFRAM in ar aggregated fashicn. Bonder initially used the
arithmatic mean of the time regquired to destroy a target as
the estinmate of the Lanchester attrition-rate coefficient.
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However, this approach turned out to Le mathesmatically
untractaktle, and an explicit expression fcr the Lanchester
attritior-rate coefficient could not be oktained. Later
Barfoot <suggested wusing the harmonic aean of the time
required tc destroy a target as the estimate of the average
attriticn- rate coefficient. Bcnder modified bis fcrmulation
acccrding tc BParfcct's suggestion.

Both EALFRAM and Bonder's model are based on the
extention and enrichment of Lanchester's thecry of ccatat.
However, the underlying difference in the definition of
hcmcgenecus and heterogeneous forces led to differenmt tasic
assuapticns in the two models. As a result, the apglication
of BPBcnder's apprcach in BALPRAM presented a greater
challenge than was criginally anticipated. The differences
in the levels c¢f details covered in the two models <further
ccrplicated the [prcblem. The amount of work invclved is
kteyond the sccge of this paper.
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VII. PINAL BEMABRKS

The study of war will never become an exact science
despite tte striviag efforts of operaticn researchers,
scientists apd military analysts. The main reason is the
inability of man to predict how an individual will react in
stressful and dangerpus combat situvaticn. Another reason is
the vast nuster of variables present in a ccabat situation.
These variatles do not recur in fixed fashion, amount,
degree, or wueights of relative importance. Therefcre,
althougbh varicus kinds of wars have been fought in the fast
and most 1likely will continue to be fought in the future,
pan's undexrstanding of the process of war will never be
adequate and ccaplete. ’

In man's quest for insight into the process of war, toth
mathematical formulation of combat models and techniques of
sisulaticn ard war gaming have been extensively used. In
the area of mathematical models, substantial interest has
been wmaintained since Lanchester first published his
mathematcial theory of wvarfare. Among the various methods
suggested for the estimation of Lanchester—type attrition
coefficients, this paper considered the Markov-dependent
fire and Ecnder's and Clark's sodels in particular. Ir the
area of sisulation and war gaming, sophisticated techniques
have been increasingly employed. Now war gamning and
sisulaticn bhave beccame standard practices in the analysis of
silitary prctlems. Of all the existing models, this paper
discussed EALFRAM in some detail and explored the
feasibility <c¢f afppdying Bonder's wmethodclogy for the
estimaticn <¢f Lanchester attrition—rate coefficients in
EALFBRAN. It was found that BALFRAM considers theater— level
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ccsbat in a very aggregated fashion, while Ecnder's apprcach
aprlies tc fire fights in a amore detailed wsanner. Thus,
Bcnder's wmethcdology is not directly applicable in an
aggregated ccstat model such as BALFRAM, which nmodels the
very heterogeneous ccnglomeration of forces found irp, for
; exasple, a division pr a corps as a homcgeneous force. i
Hence, apparently a differant approach smust be used to Q
estimate attrition-rate coefficients in such Lanchester-type
force- planning wscdels. This problem is a state-of-the-art
Frcblem in ccakat modelling, and further discussicn is
? teyond the sccre of this thesis.
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