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ABSTRACT

This thesis discusses design considerations for

Lanchester—Type Models of Warfare (LATMW) * It

establishes a framework for setting minimum design

standards for such combat models. We formalize these

considerations in a ~iniinum Evaluation Framework (ME?)

for comba t models. The state—of—the—art for models is

briefly reviewed and major pitfalls in modell ing

combat are sketched. We show how to avoid such

shortcomings by following our NE? specifications.

Modern combined ax.ms forces are abstracted as coherent
systems of c o m p l e m e n t ary  and  s u p p l e m e n t a r y  c o m p o n e n t s .

We der ive a method to r e f i n e  Lancheste r  A t t r i t i o n — R a t e

Coefficients (LARC) ~s system capability measures by

addit ionally considering reliability and availability

veightings. Examples are given to demonstrate the

implementation of these refined LARC quantifications

in LATNW.
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I. BACKGROUND AND INTRODUCTION

Commenting on the efficient achievement of military

objectives, Hitch and ~cKean have stated that: “Strategy,

technology and economy are not three independent

considerations to be assigned appropriate weights , but

interdependent elements of the same problem. Strategies are

ways of using budget s or resources to achieve military

objectives. Technology defines the possible strategies . The

economic problem is to choose tha t strategy, including

equipment and everything else necessary to implement it ,
which is mcst efficient (maximizes the attainment of the

objective with the given resources) or economical (minimizes

the cost of achieving the given objective) - the strateiy

which is roost efficient also being the most economical”[1].

Development of nuclear warheads in the past decades

challenged Operations Analysts to model and analyze the

economic war potentials of the leading superpowers , the

United States and Soviet Union. Kosta Tsipis presented in

[2) a mathematical model that relates technological

performance parameters (lethality of a nuclear warhea d,

accuracy of landing warheads) to the overall yield of

destruction. The approach is to numerically combine

empirical estimates (inputs) with their effective return

(output) according to the micro and macroeconomic concepts

of production functions (for exact definitions see [3),

[4]). Valuing inputs by their costs permits determination of

optima l input combinations for a given output. Further

examination of isoguant and isocost curves (see also [3))

constitute the key aspect of cost effectiveness a n a l y s i s .
Thus , large scale in put—output analysis (due to Leontief

8
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[5]) in exercising the Electric Five Year Defense Plan

System (see excellent discussion in [ 6 ] )  is feas ible .  This
methodology , proposed by the Office of the Assistant

Secretary of Defense (Systems Analysis), utilizes production

an d cost functions, obtainable from input—output (or

transaction) tables in a similar fashion as the Department

of Commerce [7). The Tsipis model and the Five Year Defense

Plan System can therefore be viewed as basic methodologies

for the applicat ion of Operations Research to strategic

planning problems (i.e. as stated by Morse and Kimball ,

“applying the scientific methods to provide executive

departments with a quantitative basis for alternative

decisions regarding the operations under their control”

(8]) . The use of nuclear weapons form the backbone of the

Shield/Sword doctrine of the NATO . The United States

Government is able to estimate with scientific methods the

hypothesized nuclear power , the Swor d, in America ’s NATO

committrnent.

The Shield or the strength of the General Purpose Forces

(ground combat forces, tactical air forces and mobility

forces; see [9) for definitions) as the second hypothesis of

the doctrine faces heavy critiques. For example , “NATO’s

forces are roaldesigned [10)” ; “Proferred solutions to NATO ’s

conventional force infer iority, derived from economic

efficiency considerations, would at best release marginal

resources to buy more of NATO ’S Enisstructured forces [11)” .

Moreover the scenario for NATO and Warsaw Pact is
affected by considerable changes  still in progress:

1. Increase of the ground combat forces of the Warsaw Pact

since 1968 (military personnel plus 22%, tanks plus
140%, artillery plus 60% [13))

2. Industrial potential change (for large scale war

systems the industrial capacity ratio is 5 to 1 in

9 
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favour of the Soviet Union [13])

3. Management change in 1976: the choice of Dimit :ij

Ustinow as secretary of defense of the Soviet Union ,

known as an expert to successfully handle the Warsaw

Pact’s military industrial complex [13]

4. Restrictions in military bud get planning for all NATO

m embers  in f a v o u r  of o t he r  c u r r e n t  c o m p e t i n g  and  u rgen t
public problems.

At N ATO ’s semiannual spring meeting (1976) , the for~ i3n

ministers of the fifteen NATO powers bluntly warned the

Soviet Union tha’ the continued arms build up of warsa w Pact

forces beyond legitimate needs for defense is pushi iq the

world into an arms race of dangerous dimensions. They also

pledged the determination of their governments to take

measures necessary to maintain and improve the efficiency of

their forces as an essential safeguard to the security of

member countries , whether against military aggression or

poli t ical pressure  [14 ] .  As a consequence , NA TD g r a d u a l l y
adjusts the Shield/Sword doctrine to the  doct rine  of the
Triad: neither conventional , nor tactical nuclear , nor

strategic nuclear forces may substitute each other; each

component plays an adequate single role in their combined

effort to guarantee deterrence .

The western defense management is therefore urged to

quantify effectiveness ~f all alternative forces and

weapons, i.e. analytical models with empirically based

numerical descriptors of the outcomes of different

s t ra teg ies  and tactics are needed t h a t  i n d i c a t e  h o w  to  cost
e f f i c i e n t l y  solve these c o m p l e x  p rob lems .

Available com ba t models that asses the sword of the

Atlantic Organization have been questioned as to their

ability to produce realistic estimates of convential force

10
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capabilitie s [12). However , the comba t modelling community

is aware of such shortcomings and has identifiel mod elling

aspects tha t need particular attention [ 20), [21), [70].

Consequently, the following recent cublications illustrate

a t t e m p t s  at i m p r o v i n g  the  s t a t e — o f — t h e — a r t  of c o m b a t  models
by ad ressing these p rob l em areas:  [ 1 5) ,  ( 1 6] ,  17],  [ U3 ),
[ 1 9 )  and [ 7 0) .

A l t e r n a t i v e  decisions concerning the  G e n e r a l  Purpose
Forces affect highly scarce economic resources. Our work

concentrates on formulating better inputs into Large scale

combat  models using L I T M W and to -draw co s t/ e f f ec t i venes s
conclusions by exercising these models. In particular , we

est ablis h a M i n i m u m  Eva l ua t i on  F r a m e w o r k  (NEF)  f o r  combat
models by co nsider ing the decission process that ensures the

expected quality of answers that tu e top defense manaqem ent

seeks by means of analyzing results obtained from combat

models. In other words, this thesis develops specific

design specifications for such models. After developi ng our

MEF we sketch the typical pitfalls observable in current

models t h a t  could have  been avoided b y  c o n s i d e r i n g  such
specif ic  a t ions.

E x a m i n a t i o n  of ve ry  s imp le  L a n c h e s t e r — t y p e  m o d e l s  l ike
La n chester ’ s o r ig ina l  combat  f o r m u l a t i o n s  ( s e e [2 5 ] )  w i t h
respect to our ME? naturally reveals some shortcominqs . We

overcome these by  our developmen t of the Concept of

Estimable Rates. More explicitly, we weight the performance

oriented effective ness quantification of General Purpose

Forces ’ weapon systems (i.e. the Lanchester Attrition—Rate

coe f f i c i en t s )  by e s t imable  reliabilities and availabilities.
Our first refinements for these measures of effectiveness

however , r ema in  s t i l l  based on h a r d w a r e  p e r f o r m a n c e .  We vt .? w
therefore modern weapons of combined arms forces as coherent

systems with additional components such as human operators ,

i.e. their behaviorial effects (morale , suppression ,
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I

decisions) , envi ronment  of d e p l o y m e n t  and logistical

consumption for example. A simple procedure to gain their

est imable  f a i l u r e  rates is expl ic i t ly  presented , i. e. we
show ho w to utili z e wa r ga m es , s imu l a t i o n s , f i e l d  or m ap
exercises, experiments, operational tests, built combat

models, military judgetuent or war data. These formulations

allow us a fairly extended refinement of Lanchester

attrition rate coefficients by reliability and availility

weightings. Consistent abstractions of complex and

interactive factors describe the worth of weapon sys tems in
modern warfare scenarios. Simultaneously all specifications

of our ME? for  combat  models  are s a t i s f i ed .

These new design considerat ions  fo r  L A T M W produce
refined Lanchester attrition—rate coefficients that are also

numerical inputs for costed system effectiveness

quantifications useful in an Input-Output analysis , i.e. we

investigate our refined Lanchester attrition—rate

coefficient and develop a met hod that extracts from these

effectiveness quantifications (i.e. Net—operational times)

for force postures, commodity levels , and for the elements

of the net—output vector as inputs into the transaction

tableau. A first—cut sector theater level differential model

is added th at de l ivers  w i t h  our improved  model l ing
fo r mu lation s , if ex e r cised , a l t e r n a t i v e s  f o r  g iven
hypothe t ica l  scena rios t h a t  can be costed out. Finally, we

suggest topic areas upon which future research , model

building , and oper ational testing should focus in order to

provide better inputs for LATMW. This will hopefully allow

to scientifically abstract combined—arms operations in

combat  models.



~~~~~--~~~~~~~~ 

II. GENERAL MODELLING CONSIDERATIONS

The de p loyme nt of strategic nuclear warheads m a y be

relatively easy analyzed wit h respect to their physical

e f f e c ts (for  a t ho rough  and detai led discussion see [ 2 ] )  .
Conventional forces , on the other hand , perform as a

combined arms team . Large numbers of weapon systems

complement and supplement each other. Besides of the

coordina t ion  of h a r d w a r e  sys tems t he r e  are also many
soldiers of d i f f e r e n t  b r a n c h e s  r equ i r ed  to m a n a g e  these
systems effectively. Their decisions and beha vorial

responses in different combat situations influence highly

t he  course of actions. Assets for these combined arms teams ,

i.e. for their hardware systems and for the operating

personnel have to be coordinated at a very high level.

Therefore , one has to quantify measures of effectiveness

(MOE) for combat systems that express the contribution of

all components to the system ’s worth. It is only when we

view a very large unit (the systems organized as divisions

or a corps) that we can realistically portray large scale

combat interactions. We have to be more articulate , for

ex a m ple , w h a t la rge  scale and  i n t e r d e p e nd e n t  b a t t l e  process
in physical term s really mean. The Table of Organization

and E q u i p m e n t  fo r  on ly  one a rmored  d i v i s i o n  l ists  n u m b e r s
f o r  pe r sonne l  in t h e  o rde r  of t h o u s a n d s  and f o r  weapon
systems in fairly multiples Qf hundreds. Even , if a division

is labeled as an armor division , all mission iirect and

mission support units with various specific technica l

equipme nt and trained skills are present in one armored

division. The -focal point of such a division is naturally

the tank , but one shouldn ’t underestimate that its main

strength is highly -dependent upon the coordinated and

13
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combined efforts of all branches. The effectiveness of the

pha lanxes of todays nonnuclea r forces is not only some

function of their main weapon systems , but also that of many

support personnel. The combined arms effort in a large

scale scenario is produced by m a n y  s imi l a r  and  d i f f e r e n t
organized  combined arms  div i s ions .

Keep ing  only brief ind ica tors  of modern forces ’
s t r u c t u r e  in m i n d , it is obvious that engagements with

opposed forces constitute very complicated processes on a

battlefield that covers huge  g e o g r a p h i c a l  d im e n s i o n s .  W e
have to abstract , ag gr egate a n d in te rp olate to scale ground

comba t d own to a m a n a g e a b l e  size fo r  military modellers. At
the same tim e , a n a l y s i s  of G e n e r a l — P u r p o s e — F o r c e  p r o b l e m s  is
much  more sensi t ive to e x t r a p o l a t i o n s  f r o m  these
artificially diminishing scales of the real world

complexity. There are basically four approaches to

mod e l l ing large scale comba t between Genera l—Purpose—Forces .
War gaming , simulation , analytical (math) models , and a n y
c o m b i n a t i o n  of these . Since the  above  combat modelling

approaches have been discussed in detail elsewhere (see

[20], [21], [22), [23], [70] e.g.), we will concentrate on

requirements for any evaluative study of ground comb-at.

Seth Bonder has said:

“ . . . C o mb a t  models that are developed should contain a

high degree of logical fidelity with the real world ani ,
where possible, be isomorphic to it. Thus model developers

are , in a sense, driven to the development of complex ,

highly sophisticated , detailed simulations of the combat

process”.

The author feels that a combat model should , moreover ,

be designed according to w h a t  Ju e s t ion s  mus t  be a n s w e r e d  in

a defense planning study. T h u s , the combat modelling

community needs guidance for directing these mn odeLlLng

its 

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



efforts. What one bui lds  into the  model depends  on m a n y
ractors , the  mi l i t a ry  s i tua t ion, the combat elements , the

avai lable  resources , i n c l u d i n g  cost aspects, a n d  t h e
anticipated battle outcomes for example. For each combined

arms operation we have to

—first , identify the major factors that contribute to

answers to the adressed guestion in a combat model

—secon dly, choose the scientific method that claims to

represent most adequately combined a r m s  e f f o r t  and

— t h i r d , f r e e  these complex  f o r m u l a t i o n s  of i n t e r a c t i v e
factors  f r o m  p i t fal l s o f t e n  encountered  in cur ren t  mode l l ing
techniques, such as

1. performance driven

2. inconsistency in a g g r e g a t i o n , s u b o p t im a z a t i o n  an d
complexity

improper choice of

3. measurement scales

ts . cost operational effectiveness relations.

A. M I N I M U M  E V A L U A T I O N  F R A M E W O R K  ( M E?)  F OR CO M BAT M OD E LS

All models , especially,  those fo r  m i l i t a r y  ope ra t i ons  of
Ground Comba t Forces, must abstract from the real world. We

now consider determining the lower hounds for such

abstractions in c-ombat mode l s , i .e .  t h e  m i n i m u m  a m o u n t  of
detail (or resolution) to be considered in such models.

Micro and Macroeconomics faces the same problem . A perfect

model for a free enterprise firm is, as such , impossible ,
just as a comprehensive abstraction of the entire economy of

any  c o u n t r y  is not possible . Feasib i l i t y  and t r a c t a b i l i t y
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are  common  f e a tu r e s  r e p r e s e n t i n g  a s ingle  f i r m ,
a g g r e g a t i o n s , in t e rdependence  and connec t ions  of f i r m s  to
the  m a r k e t  or their  subordina te  roles in an economy t ha t
ind ica te  the i r  overa l l  f u n c t i o n i n g .  Since a l locat ing scarce
resources is the same motive power for micro/macroeconomic

and m i l i t a r y  a l t e r n a t i v e  decisions, we have to  i d e n t i f y
those components  which  are s u f f i c i e n t  and  also commonly
accepted (as in the economic theory) , as the main

con t r ibu to r s  for  the  f u n c t i o n i n g  of complex military actions

such as battles.

Cl assic M i l i t a r y  Science developed  its k n o w — h o w
basicall y f r o m  h i s t o r y  and personal  exper ience .  A f t er the
second world war , empi r i ca l  sciences g r a d u a l l y  e n t e r e d  the
scene as accepted and helpful tools for aiding military

decision making and planning. [It should be noted that

La ncheste r ’s or ig ina l  w o r k , as the first sucessful attempt

to scientifically formulate combat problems , dates to 1914

and its use began after World War II). It is therefore not

astonishing that a critical overview of ex is t ing  combat
models may roughly be summarized as: they claim to assess,

combined  a r m s  forces  ac t ions  s c i e n t i f i c a l l y  but  are
somet imes  fa r  of f  in doing so. M a n y  o thers  express  s i m i l a r
critiques that ask for justification and proposals to

improve the situation. Stockfisch , for example , said in [21]

p 128— 1 29: “To obtain better insights into combat

operations , hard thinking and testable models about tactics

are necessary. However , this effort must be subject to and

can be augmented by testing and other empirical endeavours

related to activities that troops carry out” .

I t  is the  a u t h o r ’s h y p o t h e s i s  t h a t  t h e  s h o r t c o m i n g s of
current combat models are primarily due to the environment

in which they are created. Unfortunat ely, decision makers

never explicitly tell (and one does not expect them to)

Operations Research analysts what should be included in a
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model, much less establish tolerable or minimum bounds on

the specifications for comba t models. -The observable

circulus virtosus is this: the modelling communit y is asked

to build combat models without being specifically provided

with common facts that military experience could provide and

which highly influence research objectives . Too much effort

must be spent in adjusting different points of view. For

example , every military commander appreciates tank

performance capabilities, but, at the same time, he is also

aware that high performance is only effective, if many other

required environment conditions favour the deployment of

tanks . Combat models start now gradually to formulate these

type of actions and try to account for combined arms

problems that reall y military planner and practitioner like

to be analyzed . In 1967 one of DIVTAG ’s [ 4 1 ]  six research
object ives  was: i n v e s t i g a t e  t h e  f eas ib i l i ty  of c o m b i n i n g
tactical and log istical aspects into a single combat

assessment procedure.  Tact ica l  mi nd logistical aspects  are
immanen t  in any comba t ac t ion .  -Th is research  task could have
been more  a r t i cu l a t e  wi th  respect to w h a t  logist ical  aspects
should be f o r m u l a t e d , if one had on ly  r e m e m b e r e d  and
analyzed Genera l Eisenhower ’s statemen t “logistics

influences all battles and decides most of them1’.

Before  we ou t l i ne  our  MEF for  L A T M W , let us consider  a
very analogous situation for abstracting combat processes.

STANAG 2014 [45 ] provides the minimum amount of information

necessary to derive military decisions for complex combat

actions. Any military commander must be informed of the

following:

1. Situation — e n e m y  fo rces  — friendly forces
— attachements and detachements

2.  Mission

3. Execution - concept of operation —general instruction
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for missio n accomplishment - organization of combat
— miscellaneous instructions - coordinating

ins t ruct  ions

4 .  Administration and log istics

5. Comman d and signal.

Given  t h i s  in fo rma tion , a m i l i t a r y  c o m m a n d e r  can s tar t  to
analyze the possib ilities for enemy and friendly forces. The

identification of alternative courses of actions and their

re la t ion  to the scenario and mission depend on h is  decision
process. The concluding phase of this analysis is to

compare all alternatives and determine the “best” one. We

observe that  STANAG 2014 provides  suf f icient i n f o rm a t i o n  to
make an intelligent decision for any military action at any

level of command .

Consequently , we take the above scheme as a point of

departure for buildi ng comba t  models . We do so because  it
includes all data and information required to formulate

(abs t rac t )  complex comba t  sys tems ’ ac t ions .  T h e r e f o r e ,
every quantification of information that aids (viewed as a

minimum) in describing combat interactive dynamics has to be

present in comba t models in a transparent numerical form ,

i .e. we call for m a t h e m a t i c a l descr ip t ions  tha t  e x p r e s s  the
overall combined arms systems (organizations such as an

armored  d iv is ion  fo r  e x a m p l e )  p e r f o r m a n c e  a n d  t hei r
e f fec t iveness  in L A T M W .  T h u s , S i t u a t i o n  ( scena r io )  , Mission
(objective of combat action) , Execution (doctrine and

tactics) , Admin i s t r a t ion  and Logist ics  (a l l o c a t i o n ,
consumption and replacement of resources) and Command and

Signal  ( m a n a g i n g  and c o o rd i n a t i n g  t echn iques  to lead u n i t s )
as STANAG 2014’s elements, establish a first set of a M~ F

specification that must be addressed with any combat

m o d e l l i n g  technique .  In  o rde r  to a c c u r a t e l y  p red ic t  combat
e f f e c t i v e n e s s  a combat model must also i n c l u d e  i-he
representation of the hum an interaction , i.e. the impact of
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human beha viour, morale and dec isions with regard to

combined arms teams performance and effectiveness. As a

military commander takes all these problems into account in

estimating combat outcomes , a combat model must also

represent such factors (and in a quantitative fashion) . The

next requirement for a MEF is that the dynamic nature of

combat , i.e. the change of effectiveness of combined arms

actions due to varying and i n t e rdependen t  e f fec ts  of parts
or of complete subunits , must be explicitly formulated.

Furthermor e, comba t models have to be designed so that all

allocated assets for combat units can be costed out and be

compared with respect to their contribution to different

battle outcomes. In the author ’s view , these are ME?

requirements whose quantification must only be performed

with the Scientific Method. Military concepts an d logical

rules are then testable and whenever possible verifiable and

validable with empirical observations. It is obvious that

comba t prediction will almost have to be completely done

without a large number of field experiments and operational

tests because of the ir high cost. Furthermore , even field

experime nts and operational testing are extremely artificial

because of safety restrictions . Representative military

judgernent based on history data and personal experience and 
—

realistic expectation may then serve as a helpful and

con.5istent surrogate to obtain estimates without any

degradin g effect to the worth of the scientific approach.

In essence, we demand from comba t modelers that they use

only verified and validated assumptions in formulating

abstracted comba t dynamics in a combat model.

We list now more schematically our ME? requirements that

are applicable for modelling of comba t, regardless of which

modelling technique is chosen to abstract comba t (Note that

the framework for effective fire support analysis , lately

published in (70 ] Appendix 2, may be viewed as an attempt to

schematise the analysis procedure given that a combat model

19
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exists t h a t  addresses our ME ? spec i f ica t ions) .

Mininiun Evaluat ion (MEF) Specifications:

(1) Abstraction and numerical representation of

interdependent combat elements, their capability,

availability and reliability using the scheme of STANAG 2014

to describe com bat element’s performance (measures of

performance (MOP))

(2) Abstraction and numerical representation of the

funct ional relationship between performance criteria and

their effectiveness in the comba t process to assess the

systems ’ contributing worth , i.e. aggregate consistent MOP

to measures of effectiveness (MOE) analog the concept of a

production function on the data base given by STANAG 2014.

(3) Costing of the allocated scarce resources as inputs for

alternative effect iveness criteria (outputs)

(4) Assura nce of the simultaneous, repetitive and

interdependent modelling of (1), (2) and (3) above and , not

in parallel or in series.

(5) Represen ta t ion  of t h e  h u m a n  i n t e r face, ei ther
descriptive or presumptive , i.e. human behaviour and

decisions are initiated by causes and influence systems ’
effectiveness at any time.

(6) Allowance for verification and validation in (1) to (5)

above , i.e. Research , Development , Test -and Evaluation

(RDT&E) , history data and military judgemnent.

(7) Extend this ME? consistently whenever possible but don ’t
diminish it.

• 20



DOD

Figure 1 — M I N I M U M  E V A L U A T I O N  F R A M E W O R K
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Fig 1 puts the ME? in a graphica l context , the arrows

indicating the interdependence of each factor. The figure
represents only a snapshot of the necessary  repetition and

feedback of interactions over a continuum of action , either

continously or discrete assessed with respect to a time

axis. The terminolog y of STANAG 2014 is marked accordingly

by the ordering numbers of their headings and abbreviations

are exp la ined  by t he  legend..

Legend for  Fig 1

COEA = Cost Operational Effectiveness Analysis

CRA = Capability, Reliability, Availability

DOD = Department of Defence

MOE = Measures of Effectiveness

RDT&E = Research Development Test and Evaluation

VV = Verification and Va liditation.

Fig 2 incorporates the ME? for combat models into the

Cone of Abstraction (presented in [46] in connection with

DYNTACS , which takes some of our proposed features

consistently into consideration) , indicating their value at

any level (high or low resolution) and consequently at each

level of command . Major pitfalls in current combat models ,

discussed in detail hereafter , are located where they might

occur in this total ME?, thus yielding a complete management

tool to decide whether or not combat is modelled

consistent ly and sufficiently.
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B. MAJOR PITFALLS IN COMBAT MODELS -

Modelling ground combat at a very low level of

resolution bears the danger to abstract and aggregate many

combat interactions and duels of engaged units and branches

in concise com bat processes with unsound or unverified and

unvalidated modelling means. Mathematical formulations , for

example , may simplify sometimes comba t dynamic descri ptions

to such an extent that inhearent features of a battle may

either be suppr essed or modeled with inadequate weights . On

the other hand , in the attempt to overcome the problem of

aggregating different levels of resolution one states

assumptions in order to be able to model as much as possible

of all i d e n t i f i e d  i n t e r a c t i o n s, a t least as a rough-cut

which by a further model development and compared to other

modelling proble~ s are viewed as first successful attempts

to assist in formulating the complexity ot problems at all.

Finally, such a model gets completed and exercised to aid

the military management in Cost Operational Effectiveness

Analysis (COEA) studies. Military decision makers ca ll for

these combat models primarily in the belief that extended

and detailed research and emp iricisisra rectifies iLl

assumptions and formulations that went into the model.

Managers hope in applying models to be able to assess combat

at higher levels of resolution. They don ’t therefore expect

modell ing  p i t f a l l s  in t h e  abs t rac t ion and  f or n u l a t i o n  of
modern  G e n e r a l — P u r p o s e — F o r c e  p rob lems  w i t h  t h e  a id  of a
con cise model . We discuss now in d e t a i l  majo r  a spec t s  t h a t
hel p to i n d e n t ify  s h o r t c om i n g s  in models  of w h i c h  t h e  most
model users aren ’t aware of.
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Technology changes altered the nature Df combat.

Modern technolog y provides capabilities. Tactics are

designed to take advantage of these capabilities. The

invention of the gunpowder replaced the duels of mercenaries

with swords by fig hts that are determined by the skill to

handl e automatic rifles and the precission of predicting the

time of a projectile ’s flight to the target. Cover an~
concealnent protect now mainly soldiers that are far apart

in fox—holes just like the shield prevented them from hits

with sharp edges launch ed by very close opponents . More

recent inventions and engineering efforts highlighted with

radar , m issiles, atomic energy, computer and lazer enable us

to utilize highly technical equipment in modern strategies

and tactics. We have the speed and ag ility of cross—country

armored vehicles available to cross terrain that couldn ’t be

passed by infantry—men or the possibility to acquire targets

with infra—red sensors to fight in darkness , to name only

some examples that lead to modern tactics. The m ain point ,

however , is that soldiers of today highly depend on the

performance of their supporting hard ware systems. This fact

enforces modelling of technicii. performance in detail and

introduces the dominance of hardware system considerations

in combat models. Numerical expressions relate performance

of these systems (in this connection only of weapon systems)

to their capab ilities. It is often assumed tha t all

technical equipme nt is one hundred percent available and

also one hundred percent reliable in the actual operation al

environment , i.e. the utilization of the performance

capabilities is only always hypothetically available and

reliable during the mission time. The extent to which a

system may be expected to achieve a set of specific mission
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r e .4u i r ement s  is not  only  a f u n c t i o n  of c apab i l i t y ,  b u t  also
of availabilit y and reliability. Consequently, in

overemphasi zing measures of performance in models , questions

that can only be answered by measuring systems effectiveness

get a barely satisfactory answer. The nature of system

effectiveness is a functional relationship of availability,

reliability and ca pability in accordance with [66].

Since we consider differential combat models , or

LATMW , we investigate the currently applied system

effectiveness quantifications by exa !uining Lanche ster

attrition—rate coefficients (LARC) . Cherry gives in [73]

Appendix 4 p 3— 12 , an explicit presentation of how LARC ’s

for heterogeneous forces are formulated. For the i—th Blue

gr o u p  weapons  that  f i r e  aga in s t  the j — t h  Red g r o u p  t a r g e t s
at a r a n g e  (r )  , the  a t t r i t i o n  c o e f f i c i e n t  fo r  t h e  B l u e  g roup
is denoted by a (r )  (compare  fo r  m ore  detai l  ou r  Firs t

U
Example  for P i t fal ls in M e a s u r e m e n t  Scales) . These a t t r i t i o n

coef f i c ien t s  are claimed to be n o t a b l y  e x t e n d e d  in  a
high—powered modelling sense. They are decomposed in several

r~ tes :

— ra te  at which a n  i n d i v i d u a l  s y s t e m  in t h e  i— t h  B lue  g roup
des t roys  live j — t h  g roup  Red  t arge t s  a t  r a n g e  r w h e n  it is
f i r ing a t  t h e m

— t h e  a l locat ion fac t or ( p r o p o r t i on  of the  i — t h  g r o u p  Bl u e
sys tems assigned to f i r e  on the  j — t h  g r o u p  Red t a rge t s  wh ich
are at r a n g e  r

— t h e  in te l l igence fac tor  ( p r o p o r t i o n  of the i — t h  g r ou p
f i r i n g  Blue  weapons  a l loca ted  to the  ~j — th Red g r o u p  w h i c h
are ac tual l y engagin g l ive j — t h  g r o u p  t a r g e t s  at  r a n g e  r) .

P e r f o r m a n c e  is i n h e r e n t  in these a t t r i t i o n  r a t e s  an d
dr ives  as a c apab i l i t y  m e a s u r e  b a t t l e  ou tcomes .  LA R C ar e

26 
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mainly assumed to be dependent on a multiple of physical

parameters of a weapon system describing their capabilities.

It is also claimed ( w i t h o u t  a n y  explici t  proof )  t h a t  for  any
w e a p o n — t a r g e t  pair  values  fo r  a t t r i t i o n  r a t e s  are ob t a inab l e
tha t  are related to proper t ies  such as concea lment , cove r ,
roughness , exposure , m o v e m e n t  etc. .  One is therefore forced
to - ask:  Are  there  v a l u a b l e  and  v e r i f i ab l e  f u n c t i o n a l
rel a t ionsh ips  ava ilable at all to f o r m u l a t e  such a r e f ined  J
ut i l i za t ion  of he t e rogeneous  forces ’ capabi l i t ies?  In  t h e
discussion Cf our  First E x a m p l e  for  P i t f a l l s  in M e a s u r e m e n t
Scales we show explicitly why it is very important to direct

this question to modelling approaches and techniques , and to

the assumptions that lead to them.

There are two different basic approaches for

estimating LARC ’s. One can use either the Bonder/Barfoot

methodology (for a specific treatment see (24], [25], [26 ))

or the statistical maximum likelihood estimation from Monte

Carlo Simulation outputs (Clark’s methodology, see [27])

Both are performance oriented and allow only performance

based alternatives for military cost effective decisions.

If no sound methodo logy  to  r e f i n e  L A R C ’ s exists
(documentaticn of VECTOR—Il doesn ’t show it) , then we could

only derive from these performance quantifications that

drive battle outcomes in models estimates for systems which

perform best assuming they operated without any failure

during the mission time. The identification of those

opponents that should be killed is one step in the plan to

defeat enemies. More decisive however , is that friendly

systems which are called upon to do this are at this
critical time step reliable and available to fulfil this

goal. The defense planning management is very interested in

o b t a i n i ng  s c i e n t i f i c  e s t im a t e s  to i d e n t i f y  a l t e r n a t i v es in
employing systems more reliable and available but less

capable , as opposed to systens more capable but loss

reliable and available.
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An a rmored  weapon sys tem also depends on a group of

human operators to initiat e, control and terminate highly

automated performance criteria. How does their relia bility

and availabili ty, i.e. their tra ined skills and their morale

affect the syste m ’s performance over a course of possible

actions? Performance parameters are very important system

characteristics, but not the only ones necessary to predict

and quantify syst~ems effectiveness. Performance driven

models can only satisfy (1), (4) and (6) of the MEF . We

der ive in our Specific Modelling Considerations a scientific

method that rela tes detailed combat interactions , measurable

in soft or hard properties, to an overall system ’s

effectiveness for combat dynamics formulated with LAT~ W.

2. Inconsistencies in Models

Three major types of inconsistencies that frequently

occur in combat models are

—aggrega t i on  of different levels of resolution ;

-inproper choice of measurement scales ;

—violation of cost effective analysis requirements.

The occurance of these inconsistencies appears to be highly

co rr ela t ed , i.e. the y u s u a l l y  occur t oge the r .  T h e y  a r e
so m e t i m e s  t r iggered  by the  a s s u m p t i o n s  m a d e  in develop ina
the  co mba t mode l .  We are a w a r e  tha t  some p r o b l e m s  are  no t
studied and understood in detail and Combat Modellers try

their best in usin g first-cut approximations and assumptions

that are hard to disprove or to replace by more quantitative

ones. The following statement is representative for this

situation: “...we attempt to approximate what happens in a

sma ll period of time during a battle ” (70] Appendix 4 p 4 .

However , we found in studying combat models that sometimes

an unsound “attempt ” assists “to approximate what happens ”.
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More careful and scientifical approved work could have

produced better formulations and expressions that are based

on verifiable and validiable assumptions.

Another observation of the author is that no ME ?

requirements for combat models ask Combat Modellers

explicitly to state what has been achieved with the

Scientific Method and what are surrogates (no scientific

approach is know n yet) to answer the addressed prublems in a

combat  model . There is a very 4ualitative difference with

respect to the worth of conclusions drawn from models

whether the results stem from scientifically valid modelling

approaches or not. The freedom to cnoose any “welcome ” or

explorative “sounding ” formulation to abstract battle

dynamics has to be limited to only scientifically valid

ones, if one chooses analytica l models as an overall

framework to assess combat activities.

a. Aggreg ation, Suboptimization , Complexity

We discuss now pitfalls that are mainly

discovered in aggregating different levels of resolution in

one complex model. The three main problem areas with this

regard are

—inconsistent combination of

different modelling techniques and aspects;

—der iv in g aggregated dec isions

from subo ptimal aspects;

—considering too mach detail ,

where more proper abstraction

could represent the complexity.
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High resolution models (see Fig 2) u t i l i z e  c o n t i n g e n c y
plans on either a One—on—One or One—on— N basis for engaged

systems . Low resolution models concentrate on battle

outcomes for N—on— N engagements. A very common approach to

overcome the high—low resolution gap in assessing

effectivenes s is to use subniodels that depict , performance

characterist ics for One—on—One engagements , aggregate those

with an approx imation , and use these as inputs for low

resolution models. If the same contingency and model

conditions hold in both (but different levels of

abstraction) , this may be a valid surrogate for modelling

and analysis purposes. However , combining different

modelling techniques that address different levels of

r e so lu t ion  yields unpe rr a i s s ib l e  a g g r e g a t i o n  in a model
despite its variou s sensitive effects.

The current , most dev eloped and advanced family

of differential combat models [also being the most used and

believed to be the representation of the state-of—the—art

(see [70 ))] are the VECTOR models [42], [43], [44). Their

approach to allow detailed information (which matches most

STANAG 2014 elements) to describe heterogeneous fo rces
actions (compare (44]) is to specify state variables with

different values expressing:

1. battlefield

2. environment , time

3. forces

4. supplies

5. plans and intensions.

So—called major models, such as for coamanu , control ,

communicatIon , in telligence , target acquisition , firepo wer,

logistics and supply, movem ent , etc. are claimed to compute ,
for wea pon—target pairs , the correspondin g attrition rates
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for heterogeneous opposing forces at any time step a nattle

is predicted. For the computation of the LARC estimates of

times and probabilities to kill a target , as appropriate

measures, which will be required to destroy the target ,

presumingly including all the other conditions of the

battle , are used to apply the Bonder/Barfoot methodology

(24], [25], (26], to determine the attrition rates.

Consider , for example , how in a major submodel

logistics and supp ly is evaluated . It is true that the

analytical development for LARC of Bonder/Barfoot allows us

to relate the time as a random variable T , i .e. th e
iJ

expected value of the time of the j—th weapon system to kill

the i—th target at a range r, to the number of rounds of an

ammunition type fired to kill a target (see explicit

treatment in [81]) . It is also true that on this data base ,

the amount of ammunition resources expended , i.e. the Costs

for the number of rounds fired to kill a target , can be

computed per weapon system , per time , and per location.

Inconsistent aggregation however , is to determine ammunition

consumption at this very high resolution level, but to model

resupply by means of tactical decision rules which allocate

all supplies by typ e from theater to sector and from sector

down t h rough  the command and control hierarchy to maneuv er

uni ts  w i t h o u t  e x p l i c i t l y  us inc  a logistics network.

Logistics ’ decisi ve role is assessed with inconsistent

modelling techniques. The demand of ammun ition is ~enerated

at a high resolution. Logistical decision :ule~ have to

determine in a much- less detailed form th~ allocation of

needed resources. Without representing the flow o~ materiel

explicitly through the command hierarchy, decision rules

could only assume that ammunition is distribut ed inifur m lv ,

for example , among all weapon systems of the lowest mem b~ r

in the represented chain of command. How ran these

simplifying decision rules , to be implemented into a model
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according to preselected decisions, react in time and

immediately degrade weapon system s effective ness of those

units that are not supplied sufficiently if shortage occurs?

A second inconsistency is also committed: weapon

system attrition in VECTOR models is determined by time and

location of the duels with the aid of a digitized map. Only

a logistics networ k would allow the same resolution to

determine which consuming maneuver unit is how long and by

how much affected by successful “coups ” (unpredictable with

decision rules) of enemy interdict ions. It is not obvious

at all how the undoubted -delay of deliveries of goods and

the tremendous reduction of available resources caused by

enemy interdiction is adequately formulated , if different

levels of resolutions of modelling techniques are combined .

We would like to point out that we therefore have reason to

believe that closer examination of other major process

modules would reveal similar inconsistent aggregations.

Quantifying only system performance in models

and aggregating these with inconsistent modelling approaches

will never allow one to scientifically and quantatively

asses the effectiveness of interdependent combat elements.

Let us elaborate further , to address logistica l problems

wit h a major logistics and supp ly submodel (similar to that

we discussed above) , one could have equivalently stated the

following assumptions and modelling procedures: (1) de p loyed

weapon systems are one h u n d r e d  pe rcen t  r e l i a b l e  -and
available during the mission time; (2) operating systems are

allowed to consume their supplies without any restrictions;

(3) only weapon system capability degrading effects are

modeled that are caused by interdiction or shortages due to

limited resources; (4) these degradings are Comput ed in

adjusting LARC “somewhat” (where are better estimates in the

above ma jor submodel called logistics and supply?) at a

later timertep, if interdiction is recorded or shortages are

32



-

noted.

In other theater level combat models a different

type of inconsistency in aggregating logistical aspects (in

a later chapter we define these explicitly) may be observed.

Linear and Nonlinear programming ([32], [38), [39), [33 ))

offer a variety of computerized algorithm for determining

the optimal allocation of logistical resources. Such

subroutines are frequently used in combat models and assume

rational decision makers , i.e. only some constraints which

woun’t change accordingly to sudden variations that are due

to comba t activities are modeled. They may compute , for

example , within this limitation minimal routes for supp ly

trucks or maximal allocation of required supplies by tons

and type in time and location (see [15), [16)). Before we

continue to discuss the next type of inconsistency let us

give three remarks with respec t to o p t i m i z a t i o n  me thods  in
combat models in general. (a) Exercising optimization

subroutines in models cover the most costly part of a model

production run (see e.g. [40], (41], [42], [43], (44.] and

£97 ]). (b) Optimization methods are very suitable modelling

tools also for other thin logistical aspects (e.g. to

determine optimal routes of advance or identifyin g high

priority targets - see an excellent overview of this topic

in [70 ] Appendix 6). (c) So — called quasi optimization

methods (see e.g. [97]) try to approximate mathematical

conditions (“Kuhn—Tucker ”, see for more detail (38]) wit~h

unsound methods (see explicit proofs in [98]) that -don ’t

yield optimal solutions for any problem . Thus , combat

models which utilize such proced ures can ’t claim that their

model outputs are optimal ones.

In the author ’s view it is primarily the

computational—cost impact (computer time) of optimization

methods in models that model builders carries away to what

we now call inconsistent suboptimization. In logistics and
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supply models, allocation of resources is optimized subject

to detailed constraints, but their overall favouring or

degrading influence is aggregated in single measures as

tons, ki lome ters, etc.. They are t hen  aga in  a g g r e g a t e d  in to
funct ional  relat ionships express ing  the mismatch of demand

and sup~,ly proportional to total numbers of consuming

systems in a sector, neglegting constraints at all. Costs

for com puter time may increase with the growing complexity

of optimization procedures implemented in models. The trend

to decrease them only in aggregating two different levels of

resolution (optimizing only one modelling aspect and

combinin g these results with formulations that neglegt

similar considerations in exploring the worth of these

suboptimal results) is inconsistent suboptimization , and as

such an unsound modelling attempt for an overall complex and

aggregated problem.

Although a g g r e g a t i o n  and subo ~ t im i z at i on  are
so m etimes accomp anied w i t h  m e a s u r e m e n t — s c a l e  inconsis tencies
that we discuss later, we would like to point out that one

inconsistenc y either with respect to aggregation or

optimization is often the cause of all these inconsistencies

together that destroy the total quality of models. They may

still be the ‘!best ” models that we currently have because

they use other ver y high powered modelling techniques that

are very representative for the state—of—the—art.

The complexity of G e n e r a l — P u r p o s e  Forces in a
Theater—Level Campaign , and the need to represent as muc h as

possible of combat environments , forces us to split up

problems into a feasible and manageable size in a combat

model with the assistance of subroutines , preprocessor

models or other supplementing inputs. Evolution of the

VECTOR series claims to be: “characterized in one respect as

involving a continual decrease in the number of processes

that are decoupled from the combat viewed from the
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theaterwide perspective” [70] Appendix 4 p 35—36. Inputs

for battlefield and environment discrimination , fo r example
v i s ib i l i ty ,  t r a f f i c a b i l i t y  and  w e a t h e r , may  be spec i f ied
wi th  s ta te  spaces at f o u r  levels fo~ f i v e  days .  This claim
holds only in accor dance w i t h  th is  s t a t e m e n t :  “subject to

cons t ra in ts  imposed by compute r  s t o rage  and r u n n i n g  t ime ,
some activities whose effects are less immediate are

calculated periodically, but efforts have been directed

toward the objective of including all interactions

simultaneously whenever feasible ” [70] Appendix 4. p 34. The

problem to address the complexity of ground combat in models

is not resolved satisfactorily. In describing model ling

techniques of a complex model , in [70] for example , one is

forced to the following contradiction: “Ideally, there

exists some functional relationship between the results of a

battle and the initial numbers of forces, types and

capabilities of weapon systems, the doctrine of employmen t,

and the environment... Unfortunatel y it is not known how to

construct such a function directly, nor is there sufficient

data to develop it” [70) Appendi x 4 p 4.. If neither

analytically nor eni piirically relevance permits us to specify

minimum state spaces and their levels, why are exactly four

visibility and trafficability types chosen to sufficiently

inoael this phenomena? The next natural question we focus on

later is: Which numerical values are used , i.e. in what

units and origins of measurement scales are these numbers?

Combat modellers are faced with the following

dilemma : The model user and consumer ask for detail for

which they themselves can ’t give explicit directions

verified and validated by models . Some feel exists , we have

to represent this and this... (e .g. Command , Control ,

Suppression) . Model builders are then naturally forced to

use any formulation as a rough—cut (there are no indications

what is wrong or better) , which are in some sense

explor.~tory, but not verified and validated fDr applied
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analysis to assist longter m strategic and economic

decisions. The main investment for future research should

be to develop modellin g methods that allow us to establish

sound formulations usable as low resolution modelling

approaches which a t  t h e  same t ime a g g r e g a t e  very  detailed
high  resolut ion in f o rm a t i o n .

b . Mea mure ni en t  - Scale Problems

In our MEF we require in (1 )  a b s t r a c t i o n  and
numerical representation of interdependent combat elements ’

performance , availability, and reliability. Combat elements

that are modeled are also required to match the information

scope of STANAG 2014. Therefore , one has to start out f r o m
these MEF specifications and to try to find formulations

that address not only one, but all taese aspects together.

The r equ i red  a m o u n t  of detai l  is given oy the level of

resolution that is expected from a model. Without violating

these bounds interdependent combat elements may be slightly

different , but more effectively categorized to be abstracted

in components , i.e. they may be viewed as coherent systems

of:

aardware Systems Performance

~iuma n Beha viour and Decision 
-

Environment Conditions imposed by

Nature and Scenario

Economic Potentials to manage these effectively.

Combat modelling asks one to abstract and numerically

represent these categories and to analyze their individual

and interdependent contributions toward a desired combined
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goal. The state—of—the-art is pretty advanced to abstract

and numerically represent physical hardware systems. The

quantifications of the costs of their assets and their

production have impact on the economic potential of a

country. Estimates for these costs are the government

expenditures , in dollars per yea r for example , that have to

be spent from the Gross—National product per year. This

costing procedure is relatively easy and therefore widely

used in defense planning studies (Note that no

life—cycle—costs , e.g. are consider ed with this method)

More complicated however , is to develop dynamic cost

relationships for military systems (e.g. how are

life—cycle—costs defined in consense with the cost

definitions of the traditional or modern micro and

macroeconomic theory? — see (314 3 and [35]) . Sometimes cost

analysis studies are performed with unsound methods and we

will focus on this point in more detail later. Combat

modelling has to deal with very different types of

quantifications, for example , system costs , system

performance and effectiveness , and the influence of human

beings and env ironment conditions on battle processes. We

are aware that all these necessary quantifications of

complex combined arms operations involve tremendous efforts

and resources. The final product of these abstractions are

numbers to be used as inputs for analytical models. Th~ se

numbers howeve r, are in different units and origins an d we

found that this leads to measurement scale problems that

might be viewed (compared to the scope of questions that is

addressed in combat models) as “min or ” or “secondary ” on~ s.

Moreover , only few methods are available to extract from
soft data (in a nominal , ordinal or interval scale) scale

values in a ratio scale which could relate human behaviour

and decisions or combat environmental conditions to

performance measures of systems whic h are in a rat~~o scal~~.

If a number gets assigned to quantify an instance of a

property of a component of a combat element it is not
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necessarily evident that limitations are imposed to perform

m a t h e m a t i c a l  opera t ions  w i t h  these numbers. Since most

models are mainly concerned with performance evaluation of

hardware systems it appears to be a redundant analysis to

doubt numerical guantifications, and performed mathematical

operations , on those numbers that try to abstract human and

environmental interface for example. In the author ’s view

the main danger in committing pitfalls without being aware

lies in inconsistent aggregation of different measurement

scales. Therefore , detailed analysis is devoted to this

point . We start considering shortcomings in models with

respect to measurement scale problems. The investigation of

a built and an advertised model will also show us how

inconsistency in measurement scale aggregation will lead to

a multiplicity of pitfalls and/or shortcomings.

We identify two main problem areas:

—How to extract from soft information scale values tha t

f ollow a nominal  scale ( o n l y  c l a s s i f i ca t ion  is i n d i c a t e d )  ,
ordinal  scale (order or r a n k i n g  is expressed)  , i n t e r v a l
scale ( equa l i t y  of i n t e rva l s  is only s a t i s f i ed )  or a r a t io
scale (e qua l i ty  of ra t io  holds)  ?

—How to consistently combine information present in

differen t scales?

In order to resolve some of these problems we discuss the

method “Regression on Dumm y Variables ” (see [31)) and sketch

the ir l imi ta t ions  imposed due  to the  s t a t e — o f — t h e — a r t .
Fi n a l l y ,  in only using Duum v Variables we offer a powerful

method to extract from soft and hard information numer ical

values in a ratio scale that can consistently be

incorporated in comba t models (Note these information

q u a n t i f i c a t i o n s  fo r  real  w o r l d  p r o b l e m s  will  be t h e  basis
for our Concept of Estimable Rates  that will allow us L.~RC
refinements to any wanted detail)
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(1)  Fi rst Exam~ 1e for Pitfalls in ~easurement
Scales

Bonder/Barfoot’s freestandin g analytical

model for the LARC offers a metnod to gain the most critical

coefficients needed as inputs for LA TMW . The reciprocal of

the mean time a firer kills his target at a range (r)

defines the LARC . This analytical formulation includes the

following factors (see [70] Appendix 14 for implementation in

V E C T O R — I l )

—time to acquire a target

— t i m e  to f i r e  a f i r s t  r o u n d

— t i m e  to f i r e  a round  f o l l o w i n g  a h i t

— t i m e  to f i r e  a round  f o l l o w i n g  a miss

— pro jec t i le  f l igh t  t ime

— p r o b a b i l i t y  of a h i t  on a f i r s t  r o u n d

—p r o b a b i l i t y  of a hit f o l l o w in g  a hi t

— p robab i l i ty  of a h i t  f o l l o w in g  a miss

— p r o b a b i l i t y  of de s t roy ing  a t a rge t  g iven it is a h i t

- p r o b a b i l i t y  of des t roy ing  a t a rge t  giv en it is missed

(compare  for  detailed d e v e l o p m e n t  £ 8 1 ) ) .

Fo r wea pon sys tems t h a t  u t i l i z e  s ingle  shot  M a r k o v — f i r e  o n e
can only obtain estimates for these quantities based on

hardware charac teristics of systems that are employed at

different ranges (r)

Moreover , consider again the four

visibility and trafficability types to account for
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add i t iona l  enviro nment  cond i t ions  to r e f i n e  L A R C  in tae
VECTOR—Il model. Our ques t ions  are:

Which  r eg ress ion  model , or w h a t  l i n e a r l y
i n d e p e n d e n t  es t imable f u n c t i o n s  tell us t ha t  on ly  fou r
v i s ib i l i ty  type s are s ign i f i c a n t  (if any  accep tab le  l inear
combi na t ion  of f acto r s  or t h e i r  levels exists  at all) to
a n a l y z e  the  p heno m en a , and  if so, which measures h a v e  been
chosen to represent these numerically? Footcandles, day,

night , daw n , fog ?

What is their value as state variables of

t h e  st a t e  space f o r  a t t r i t i o n  process subm odels?

How is this a n a l y t i c a l  r e l a t i o n sh i p
f o r m u l a t e d  in context  w i t h  t he  L A R C ?

S ince no deta i led d o c u m e n t a t i o n  is
ava i lable  t hat w o u l d  al low us to exp l i c i t l y  p rove  the
co m m i t t e d  p i t f a l l s  we can only indicate w i t h  t h e  above
questions how inconsistent aggregation and mix with -:

measurement scales has been performed. The danger of these

shortcomings lie in the possibility that by the choice of

a rb i t r a r y  or ig ins  f o r  u n i t s  (who  decides w h i c h  a r e  t h e
prope r one ’s?) a n y  desired m odel  o u t p u t  can be yiel 1e~ by

sim ply  t u n i n g  so me i n p u t s  ( — s c i e n t i f i c  m e t h o d — ? — )

For example , if only the numerical

r e p r e s e n t a t i o n, i .e.  t h e  choice of the  w rong scale of
measurem ent , is other than a r a t i o  scale for  w e a t h e r , t h e n
(1), (2) and (14) of the MEF requirements are violated by the

use of a math model. It is onl y on quantities aUowed th i

yield ratio scale values to perform all ma thematical

o p e r a t i o ns .  The u n i q u e  o r i g i n  of t h e i r  scales  r e l a t e s  a l l
numerica l expressions consistently. Thus , mea sirem~~nt sc~ le

p i t f a l l s  are likely to subsume t h e  t o t a l  spec tr u m  o f
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inconsistencies and distort any further credibility of a

scientific verification and validation. We would be

delighted to see that the state—of—the—art in combat

modellin g is fa r mo r e cap able as we have hope to believe.

(2) Second Example f or Pitfalls in 1~~~~!!~a~
Scales

The vary careful documentation of [97]

allows us to present this example in detail: It is assumed

that weapon systems capabilities are expressible in

dependence of their supply requirements. Nominal supply

requirement s mea sured in tons are known and denoted for each

battalion as NSR (nominal snppiy requirements) . An optimal

allocation procedure (e.g. for transportation problems see

[32]) allocate supplies from depots to each battalion ,

denot ing  these as AS (al located suppl ies)  . Some scaling
factors  proposed i~y m i l i t a r y  j u d g e m e n t  a re  denoted  C l , C2 ,
C3 (coefficients 1 ,2,3) r e spec t i ve ly .  The r e l a t ive  b a t t a l i o n
a v a i l a b i l i t y  fac tor  is dentoed  as BAF and is related to the

followin g qu a n tit y :

c3
BA? Cl  [ 1—e x p ( — ( C 2  A S ) / T N S R )  ] , w h e re TNSR equa ls  the

n u m b e r  of ba t t a l ions  t imes t h e  n o m i n a l  s u p p l y  r e q u i r e m e nt s
( to ta l  nomina l  s u p p l y  r e q u i r e m e n t s )

The  choice of t h e  e x p o n e n t i a l  r e l a t i o n s h i p
is r ec t i f i ed  by the  goa l of t h i s  m odel , n a m e l y to  i nj u i r e
about  t h e  r e l a t i v e  a v a i l a b i l i t y  of th e  n u m b e r  of weapon
systems used or, in p r o b a b i l i s t i c  t e r m s , to eva l u a t e  tne

probability to be effectivel y equipped with a certain amount

of weapon systems simultaneously over a period of time.

Examination of this equation reveals:

(1) For Cl = 1 the expression behaves , for

any values of the other coefficients ~nd the independent

1*1 —



variable (i.e. the quotient of AS and TNSR) , like a

cumulative distr ibution function.

(2) For Cl not equal 1 these quantities may

reflect that, if Cl is greater than 1 , better than , and , if
less than 1 , worse than 100% performa nce capabilities , if

more or less than 100% supplies are available. The

temptation is great to interrupt further analysis at this

point and to incorporate this structure of information into

a complex model. What is really accomplished ? To hold the

ratio of cumulative amounts (available supplies, re quired

suppl ies)  cons tan t  pe rmi t s  a n y  l i nea r  c o m b i n a t i o n  of
d i f f e r e n t  suppl ies  a v a i l a b l e  and/or  any  l inear  c o m b i n a t i o n
of different supolies required. The law of perfect

substitution of needed ammunition (A~~ O) for petrol oil and

lubr icance  (POL) wou ld  h a v e  t h e n  to be t rue.  t f  we don ’t
al low f o r  linear c o m b i n a t i o n s  of A M MO and POL and  t r ea t  each
supply type separately, then we are faced with the problem

of what one—to—one relationship permits us to trade AMM O

types and/cr POL types with respect to performance

capabilities , i.e. what model d.c we use that would compute

trade—off alter natives that for example twenty tons of AMMO

for artillery units are equally effective than fifty tons of

AM MO for armor units? We have only weight or type

quantifications of goods available that are undoubtedly

necessary to mana ge nuge amounts in transports. Preferences

attached to these numbers permit us to at best rank

different materiel classes or categories and to extract from

these scale values in an interval scale. No relationship

exists that could tell us by how much one ton of goods is

more effective than another of a different materiel category

or class in a specific combiner, arms action. The lack of

these relations is one cause for the critique to ise

F i r e p o w e r  Scores in  comba t models  (see (20), [21 ]) .

e x amp l e  model howe ver , c la i ms to  be more s o p h i s t i c a t e d  and
cred i b l e  as th is  w i d e l y lu est i oned  m o d e l l i n g  a t t e m p t , if



used for  sensitive ana lys i s .  In  a g g r e g a t i n g  v a lu e s  t h a t
belong to different scale value classifications we loose , as

our example reveals, scientific grounds. No perfect

substitution of supply goods is feasible and we conclude

moreover from ordinal numbers more as we are allowed to 10

(see exellent tratment of scaling methods in [100))

Next , to show that our example expression

is a distribution function for some random variable , we must

prove that four specific requirements (compare e.;. proof in

( 3 3) )  a re sa t i s f ied .  It can easily be shown that som e of

these are  violated for  p a r t i c u l a r  choices of Cl , C2 , C3.
Therefore , to choose c o e f f i c i e n t s  in such a way that

probabilistic mathematical requirements are satisfied may be

especially questionable , if these choices are interpreted

after being held fixed for modelling convenience as

empirica l surrogates obtainable by military judgement

(compare e.g. (16) p 535 in this connection).

As a resu l t  we would like to emphasize

again t h a t  t h e  cho ice of modu le s  (may  t h e y  be t h e  s i m p l e s t
and  mos t  p la usible  ones)  mus t  be s o u n d  w i t h  r e spec t  to
t r a n s f o r m a t i o n  an d  o p e r a t o r  r e q u i r e m e n t s  i m p o s e d  by
measurement scales. A nodei can with shortcomings of this

nature be driven to biased results that model builder and

user never intended and which any derived analysis nev~ r

gets rid of.

(3) a~~~~~t~a aa ~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~

Statisticians are well aware of the

inconsistencies that might occur in mixing or aggregating

different measurement scales. They focus only on those

properties of a soft information (in an ordinal , nominal or

interval scale) that are also common to a hard inform ation

(in a ratio scale) . Instea~ of worryin e about diff erent
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origins and the units of measurable instances of a property,

they restrict themselves to the observations of states in

which a soft and/or hard information can be categorized.

Mor e specif ically , instances of a property at different

levels are either observable or not appearent. The

quantification of the possible state space is performed with

the binary numbers one or zero respectively. Therefore the

space of instance outcomes fo rms  a set of Bernoul l i
var iables  wi th  d u m m y  outcomes  one or zero ( these n u m b e r s  are
on a ratio scale).

We see the importance of this approach in

the possibility of being able to consistently analyze soft

properties of complex systems that also have characteristics

measured on a ratio scale. Combine vectors , whose elements

are only zeros and ones , obtained by experiments ,

simulations or military judgement to an incidence (or

design) matrix denoted by X. Formulate the herd and soft

characteristic relation hypothesis as a general linear

regression model, not of full rank , denoted by the matrix

quan t i t y  Y = Xb + e (e in d i c a t i n g  t h e  e r ro r  t e r m s )

Analogous  to regr ession on balanced or

unbalanced designs of systems whose component instances are

completely measurable in a ratio scale mathematical

statistical theory delivers sound methods to solve normal

equations of the general linear hypothesis. As Searle in

(31] p 180—22(4 and others explicitly show , linearly

independent estimable functions exist which allow to explore

the system ’s structure under consideration (see for explicit

discussion [ 9L1 ]) .

We would like to emphasize that some

applications of this methodology are known in m i l i t a r y
experiments (e.g. in the ASARS II St u d y  a t  C D E C  ( 8 2 )) a n d
studies exist that particu larly address this t~ - ch ni~~ue ~o

14(4



military experiments (e.g. [99 ]). For completeness , we also

would l ike to point  out that the state—of—the—art to obtain

l inear ly  independen t  e s t i m a b l e  f u n c t i o n s  is “t r i a l  a n d
error ” . We s t rongly  bel ieve t h a t  f u r t h e r  re searcn w o r k  car .

yield other than “trial and error methods ”.

Regression on dummy variables is one method

to explore more efficiently the impact of s0ft inform ation

in systems than it is now done in most combat models.

However , since the structure of linearly independent

estimable functions may restrict the interference initiall y

in tended  to ob t a in  we depa r t  f r o m  this m e t h o do l o g y w i t h

respect to the model formulation used to extract wanted

information.

(4) 
~~~~~~~~~~~~~~~~~~~~~ ~~2~~~t

In contrast to the questionable approaches

to acc o u n t  for  more de ta i l  in f o r m u l a t i n g  c o m b a t
in te rac t ions  m a r k e d  out in  the  above  two exa~ ples , we use

now the  d u m m y  v a r i a b l e  r e p r e s e n ta t i o n  of s y s t e m
characteristics in a slightly different way. Let us view

dummy variables as binary variables or Bernoulli random

variables with the only outcomes zero and one. Thus ,

experiments , tests, simulations and represent ative military

judgements are only asked to identify absence or appearance

of states of a property or of a component of a coherent

sys tem ( e .g .  an sence  or a p p e a r a n c e  of a c r i t i c a l  s u p p l y
good , a crucial weather condition , an important intelligence

i n f o r m a t i o n  or an assumed human behav~ our) . These  s tat e
outcomes of properties (i.e. quantifications of instances of

properties) may either be predicte-1 , observed from

indicators, exactly measured or simulated. In order to

assign the values zero and one consistenly to identified

states we state that functioning of compon ents i~’ the

desired situation and components ’ railur es degr ade systei ’s

~~~ 

_ _  
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wor th  regardless , w h e t h e r  t he i r  a p p e a r a n c e  or absence  is
critical with this regard. Hence, assign one , if a component

fails and zero if it does not.

This procedure allows us to consistently

aggregate soft and hard information. We are able to specify

the level of resolution in accordance wit h the level of

analysis that we expect to perform via the combat model.

Interdependent combined arms force ’s elements have been

abstractly categorized as components of coherent systems.

This scheme combined with identified states will serve as

the driving vehicle to start to formulate the Concept of

Estimable Rates to refine estimates for LAR . Since we

persue the idea to view comba t elements as components of a

coherent system in more deta il later we focus now on

problems that arise , if unique or unanimous state

identif ication may be doubted , i.e., if the instance of a

very so f t , but comba t re levan t  p r o p e r t y  is jud ged
d i f f e r e n t l y  by m i l i t a r y  expe r t s .

Sof t  and/ o r ha rd  i n f o r m a t i o n
q u a n t i f i c a t i o n s, in ins tances  and /o r  scales r e s p e c t i v e l y ,
have  to fol low exact ru les  fo r  n u m e r i c a l  c o m p u t a t i o n s
imposed by the definitions of differen t measurement scales

(see for a thourough treatment (30), (31), [80], [e14) and

(85 ]). Consider for example the soft property “initiative )f

a military leader” . How can we get numerically a handle on

this  h u m a n  f e a t u r e  tha t  is c la imed to be necessary  to
successfully lead troops on a battlefield . We formulate the

nature of this problem for illust rative purposes very

general and assume that (m) instances of this property are

sufficient to decide that a military leader possesses

i n i t i a t i v e.

Cite (n) military experts (m ,n being

integers) and ask them 1-~~ consider each of the (n(n-1) ]/2

(46
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possible pairs of instances , and within each pair , to split

(divide) one hundred points. For examp le, if one judge

perceives tha t  ins tance (x)  will  be three  t i m e s  more
required than instance (y) , he might allocate seventy—five

points  to (x) and t w e n t y — f i v e  to (y)  . Conr ey developed a
method for  Absolute  Ra t io  Scaling (see ( 8 ( 4 ) )  t h a t  produces
least—squares estimates (see [80]) for the ratio scale

values of each instance. The assumption in this “Constant

Sum Method” (see [100]) is 
—

—the choice of the unit for the scale values is arbitrary,

therefore we choose one such that the mean of the natural

logarith m of the scale values is zero (Note that this is

equivalently as to assume that the error variabl e of a

linear regression model has mean zero and a finite second

moment , i.e. no specific distributional property for the

error variable must be specified; see e.g. [31] and [80]).

A monotonic similarity transformation to the least square

estimates of the scale values can yield others on a new

scale zero — one. In order to distinguish between more or

less i m p o r t a n t  ins ta nces we in tr oduce  a conven ien t  d ev i d i ng
line on this zero — one scale. The last step in this

procedure only requires us to  assign values that lie above

the chosen dividin g line (accord ing to our rules, zero ; they

are functioning or contributing instances) and to those that

lie below this benchmark (i.e. one).

In a summ ary, whenever a soft or hard

property causes difficulties with respect to identification

of s y s t e m  sta t es , we apply the very strai ;ht— forward

Constant Sum Method. Scale values produced by this

technique are put on a zero — one scale and we gain by

introducing a judgenientally determined benchmark estimates

(statistically best linear unbiased ones) that deliver scale

values for instances of properties. Their vaLues can be

t r a n s f o r m e d  to the numbers zero and one and are naturally in

(47
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an absolute  rati o scale. For these numbers  all ma thema t i ca l
operations are allowed.

c. Cost Effectiveness Evaluation

In a variety of studies relative relations (i.e.

not the individual values of variables under consideration ,

but only their ratios) are very useful to gain insight into

very complex problems . As the work of Taylor and Parry in

recent publications [18] and (19] particularl y for combat

models shows, the use of LATMW in simple formulations has

been tremendcusl y enriched in this direction.

Along the lines of problems of inconsistencies

in measurement  scales , howe v er , is the use of so—called cost
effectiveness ratios, especially when combat model outputs

are combined with costing or budgeting considerations. The

economic impact of the application of these type of ratios

forces  us to devot e a s e p a r a t e  p a r a g r a p h  to the subject as

the i r  genera l  def ic iencies  a re  covered by i n c o m m e n s u r a b i l i t y
)
problems of measures in different units.

The recommended procedure to solve cost

effect ive problems is to use the effectiveness ratio , which

divides the cost of the system ny a number which may be

obta ined  f r o m  the  models r e p r e s e n t i n g  i ts  r e l a t i v e
effectiveness and then chooses the system with the smallest

ratio. This methodology can lead to deceptive conclusions ,

if numerator and denoinenator are inzommensurable by trie

nature of their measurements respectively. Costed inputs

are only compa rative with costed outputs (see [ 5 7 ] ) .  To

pursue cost effectiveness with the ratio approach, which

might only be assisting in ex ploring some trends , is only

adequate , if great care is taken in analyzing the process

unde r  ex a m i n a t i o n .  This  d i f f i c u l t y  is e x p l a i n a b l e  by ~ ae
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inherent lack of most of the combat models to permit cost

effective analysis directly with model outputs (see e.g.

[59]) . One reaso n for this is their pure perform ance

orientation , i.e. some criteria of the MEF are not

satisfied. The main reason lies in the methods commonly

used, but in an unscientific way, to resolve decision

processes in the defense management area . The department of

defense in almost every country may be viewed as the single

enterprise which consumes the most economic resources at the

same time havin g the least developed cost accounting system

that would allow cost effectiveness analysis. Compare for

example (6] p 365: “Because the costing procedure has not

been stated in an explicit and reproducible manner , the

dialogue between the Secretary of Defense and the Services

will be far less concise”.

Milita ry budgeting procedures are different from

industrial costing procedures . Budgeting of public goods, in

general , lacks the counterpart revenue encountered in

financial accounting systems applied in the industry. Yet ,

both goods (public and industrial) to be costed out have the

same problem nature in common: to effectively allocate

sca rce resources to yield outcomes.

Economic order quantities (EOQ) examined for

cost effective alternative decisions , for example in

industrial Inventory Control Theory (see [96]), cannot be

used directly for expenditure alternatives of public goods.

Foregone revenues expressed as costs of inconvenience th at

occur , if one acts against an avoidable pr e s p e c i f i e d
critical and revenue degrading task are very unlikely to be

easily (if at all) identified as costs for public goods.

We also like to note that the term “costs ”
usually is interchangeably used with expenditures in

connection with public goods. This may lead to confusion , if
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one rearly would mean that expenditures as costs can be

earned by offering goods on a free—trade market .

The idea to apply cost effectiveness control in

small or large scale for milita ry investments dates back to

Mc~Iaaara. Up to now , this concept has not been fully

implemented at all levels in militar y cost effectiveness

considerations. In effect, Administrative Science has

invested a lot with this regard. The following statement

however , directs to further needs: “We must have the

capability to rapidly cost out proposed alternative forces

and to compare alternative costing methods ” [6] p 367.

Our MEF requires , therefore , relationships that

are usable for cost effective trade—off analysis. We will

present  later some ideas of how differential models can ~e

uti l ized more e f f e c t i v e l y  as it is u s u a l l y  done  in COE A
studies (see e .g .  [57 ) )  w h e n  we have es tabl ished o u r  Concep t
of Est imable Rates .

3. D o c u m e n t a t i o n  and  Credibilit!

As F ig 2 ind ica tes , poss ib i l i t i es  fo r  c o m m i t t i n g
pitfalls in constr ucting models are spread all over tde

in t e r d e p e n d e n t  e lement s of the  M EF imbedded  in t h e  Cone  of
Abs t r ac t i on . The two exaiples given above for pitfalls in

m e a s u r e m e n t — s c a l e  p rob lems  sketch  the  p rob lems  and do ub t s
t h a t  may arise , if i n s u f f i c i e n t  d o c u m e n t a t i o n  fo r  a model is
pr o v i d e d .  ~e a p p r e c i a t e  t h e  t r e m e n d o u s  e f f o r t  of m a n — h o u r s
and costs to produce a suitable documentation for a Theater

Le vel  C o m b a t  Model .  H o w e v e r , how else can scientific

statements about the modelling approach be tested , as by

allowing to follow them throug h in a careful documentation.

Furthermore , the sco p e, the  c o m p l e x i t y  a n d  t he  i m p o r t a n c e  of
the problems addressed with LA TMW demand scientific complete
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~~~~~~verification and valididation. Trade—off alternatives may be

derived with these models that influence the governmental

budgeting prccedures and have direct or indirect impact on

other necessary investments in a public interest. Therefore ,

the argument sometimes used to excuse insufficient

documentation and revision for credibility: “to save effort

and time ” supports , in the author ’s view , more the fact: “to

risk to waste money ” where it could have been avoided.

The requirement of our MEF (6) , allowance of

verification and validation, implicitly extends to

documentation and proof of credibility. Combat model

builders are therefore obliged not only to claim what their

m odel ca n y ield, b ut to expl ic i t ly and  s c i e n t i f i c a l l y  prove
this to the model user (see also [70] Summary of Invited

Papers p 17) . A g a i n , our  M EF r e q u i r em e n t s  ( 1 ) — ( 6 )  o f f e r  the
set of co n d i t i o n s  t h a t  he lp  to d e t e r m i n e  w h e t h e r  or not  a
co mba t model  abs t rac t s  rea l  combat  d y n a m i c s  w i t h  a d e q u a t e
sc i e n t i f i c  t e c h n i q u e s .
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III. SPECIFIC MODELLING CONSIDERATIONS

The primary inte ntion of this paper is not to build a

manual for a complex combat model for a NA TO scenario

satisfying the established ~1EF. One purpose , however , is to

analyze shortcomings of current applied modelling techniques

and to provide guidance with basic and new ideas that

improve on the scientific approaca to model some spec i f i c
aspects required for combined arms actions. We will in the

following discussions, particularly, concentrate on various

features that are imposed by the ME? requirements with

respect to LAT~1W for a complex theater scenario. ~odelling

techniques are derivec~ in detail that allow us to extend and

to adjust relative simple differentia l combat models to

powerful tools for military cost/effectiveness analysis.

Thus, we study now the simpliest differential combat ~odel

that can be enriched with further detail for any

sophisticated precision with the desired level of

r e so lu t ion .
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A. LATMW AND THE NEF

O ur c la im t h a t  t h e  MEF is an i n s t r u c t i v e  m a n a g e m e n t  and
analysis tool to check whether a modelling approach

sa t i s f ies  lower bounds  to abs t r ac t  c o m b i n e d  ar ms  e n g a g e m e n t s
or not will be examined by c o n s i d e r i n g  h e u r i s t i c a l l y
Lanchester ’s original work. Without loss of generality this

t y p e  of p rocedure  is also va l id , if more detailed LA TMW or
o ther m ode l l ing  t e c h n i q u e s  ( J a r g a m i n g ,  Sim u l a t i o n )  a re
inspected w i t h  t h i s  regard .

The fa mi l i a r  s q u a r e  law (a imed  f i r e )  and l i n e a r  l a w
(area fire) processes associated with the name

?.~~.La nches te r  [28 ] cover  conc ise ly  w i t h  t he i r  a s s u m p t i o n s
the concept of o p eratio n s , or g a n i z a t i o n  of c o m b a t , and
coo r d i n a t i n g  i n s t ruc t i ons  for  o p p o s i n g  forces  ( c o m p a r e
fo r mu l a t i o n s  and s c h ema t i c a l  g raph ica l  r e p r e s e n tan t i o n  in

Fig 3 and  also detai1~ed model  a s s u m p t i o n s  in  [47])

E s s e n t i a l l y  a very  hi ;~i aD st rac t ion  of the  i n f o r m a t i o n
co n t e n t  of S T A N A G ’ s 201 (4  E xecu t ion  is subsumed  in these
m a t h e mat ica l  f o rm u l a t i on s .

In it ial c o n d i t i o n s  of fo r ce  leve l s  ( n i m b e r  of
comba t ta n t s  at t h e  b e g i n n i n g  of a b a t t l e )  descr ib e  S T A N A 3 ’ s
2014  Sit u a t i c n  a t  the  start. Assum ing complete information

abo ut the c o n t e s t a n t’ s i n t e n t i o n s  a t  a n y  t in e  covers
ST A NA ~~’s 2014  C o m m a n d  and  Si g n a l .  L a n c h e s t e r  a t t : i t i o n — r ~~te
c o e f f i c i en t s  (LARC wh ich  a r e  defined to b~ the  r a t e  at  w h i c h
a s ingle  w e a p o n sys t em d e s t r o y s  e n e m y  t a r g e t s  per  u n i t  t i m ~~)
meas u r e  p e r f o r m a n c e  of i n d i v i d u a l  w ’~j n o n  s y s t e m s  e m p l o y e d
accor-iing to STANAG’ s 2014 M i s s i o n .  r~ ey d r i v e  t h e  r a t e  of
change of in livi dual force lev~ ls at  each tine s tep .  E x c e p t
fo r S T A N A G ’s 201 (4 Logistic s and Alm ini st r i ion , these

5” 
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differential equations are first-cut mathematical

formulaticns of the  e n g a g e m e n t  of two opposing h o m o g e n e o u s
forces without allowing for any detailed and sophisticated

analysis. Whatever acadenic or philosophical argument may

lead to rejection of analytical models, it cannot be denied

that Lanchester ’s original work is a point of departure for

building mote complex and (hopefully) realistic combat

models.

To exercise L A T M W  w i t h  t he  a id of a c o m p u t e r  is
r e l a t i v e l y  cheap w i t h  respect to costs fo r  c o m p u t e r  r u n n i n g
tim e , even , it these  models  r e p r e s e n t  l a rge  scale comba t in
a v ery de t a i l  (see [ 20]) . The m a t h e m a t i c a l  f o rm u l a t i o n  of
co mba t processes wi th  a s y s t e m  of d i f f e r e n ti a l  e q u a t i o n s  is
hig h l y  t r a ns~ area t  as op posed to o the r  a n a l y t i c a l  mode l l in g
app roaches. The l a te r  a re  so met imes  forced to i n t r o d u c e
sho r t c o m i n g s  in t h e i r  f o r m u l a t i o n s  t h a t  l ead  to p i t f a l l s  to
a larger  ex ten t  t h a n  one u s u a l l y  p re sumes .

D i f f e r en t i a l  models  p lay an i m p o r t a n t  and  w i d e l y
accepted role in Fi re  S u p p o r t  A n a l y s i s  (see e .g .  [7 3 ]
Appendix 4 and [71  ]) . R e c e n t  d e v e l op m en t s  in L A T M W  cons ide r
different effectiveness criteria for extended linear and

square law equations that allow co a n a l y z e  m o r e  model
detail. They investigate st -ite euuation s , force ratios ,

ex c h a n g e  r a t i o s  (see e . g .  [ 18 ] ,  [ 1 9 ]  and [29]) or functional

cr i t e r i a  (see e . g .  [ 4~~ ] a n d  ( 4 - i  B as p e r f o r m a n c e
e f f ec t iveness  relations. Less is done to resolve cons is t~~nt

logistical aspects for even these simplest of models.

In order to model mo dern combined arms actions with

LATMW other than only two hotnoqeneous opposing forces , ~ven
in a comoat sector model are necessary. Simple moie ls hi ve

t o  be e x t e n d e d  L y h et e r o g e n e o u s  f o r c e  f o r m u l a t i o n s , i .e .
t h e y  h a v e  t o  a c c o u n t  fo r al l  u n i t s  a n d  b r a n c h e s  t h a t  fiqht

b a t t l e s  w i t h  m ode rn st : at egies  and tac t i cs .  As i r e s u l t ,
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some additional relationships to account for more combat

ele ment s , the combined a r m s  e f f o r t  in more d e t a i l  and
precision , their c a p a b i l i t y ,  av a i l a b i l i t y  and operational

dependability (reliability) can fully complete all

condi t ions  of (1) and (2) of the ME ? us ing  L A T M W .

L A T M W  allow us to focus  for  an  ana lys i s  on  exchange

rat ios, state equat ions or f u n c t i o n a l  c r i t e r i a .  This
re la t ionships, e xte n ded by cost f ac to r s , a re  then q u a n t i t i e s
t h a t  abstract  and relate resource  c on s ump t i o n s  ( i n p u t s)  to
yie lded ba t t le  outcomes ( o u t p u t s )  . I f  we w e i g h t  a l l  i n p u t s
w i t h  the i r  ccsts we are t h e n  able to a n a l y ze  by t h e  choice
of d i f f e r e n t  batt le outcome cr i ter ia  the  economic impac t  of
a l t e r n a t i v e  strategies and tactics, i .e .  we obtain cost

f u n c t i o n s  fo r  which  e i the r  f i x e d  cost a l t e r n a t i v e s  or f i x e d
effectiveness alternatives may be determined. We rectify

this hypothesis in deriving later an explicit and new

technique that cost effectively relates inputs (economic

resources) and ou tpu t s  ( b a t t l e  ou tcome predic t ions)  of LA T M ~
to t ransac t ion  tables for an input-output analysis. This

satisf ies (3) of the ME ? .

Such d i f f e r e n t i a l  equation combat models  must  u s u a l l y  be
sol ved w i t h  numer ica l  i n t e g r a t i o n  m e t h o d s  (see e . g .  [ 9 5 3 ) ,
since in general  a n a l y t ical so lu t ions  are n o t  r e a d i l y
obtainable. Numerical integration methods evaluat e the

interdependent changes of all time dependent variables of

the system of differential equations at very small time
steps. Differential equations in general are therefore most

apt to represent steadily changing concat characteristics

and agree with (4) of the required conditions of the ~EF.

The influence of human behaviour and/or ~ecisions nay he

modeled as a closed—loop decision proc ess or as an open— loop

one. T h ’~ difference of t~ie two model a1,ternat ives lies in

the poss ibility to express the impact -~~~~~ be havoriil ui -i/or
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decision var iab les  co r r e spond ing  to t h e  choices to model
these in ccmbat processes . Closed—loop modules react

immedia t e ly  and co r r ec t ive ly  t h r o u g h  feedback r e l a t i o n s h i p s
at va r ious  c r i t ica l  cond i t ions  to the  data processin~
performed in the main model. Open—loop process models

interfere with the main model after certain benchmarks are

reached that indicate different conditions. Their corrective

function , if not omitted , is in effect with a t i m e  lag .  The
various decision processes may be mathematically handled in

applying Game theoretic optimization methods to LAT MW (see

e.g. £50 1, [51], [63], [613, [62] and [70]). However , it is

well—realized that limitations to obtain closed from

solutions are imposed by Optima l Control Theory methods. We

are therefore urged to refere to the power of Simulations to

narrow the disadvantage of these method s in obtaining “best ”
solutions. Simulations without Game theoretic formulations

in only v a r y i n g  some i n p u t  parameters to explor~ sensitive

effects in model outputs of a first—cut sector combat model

satisfy ME? requirements with this regard. In essence (5)

of the  su f f i c i e n t  condi t ions  of ME F is met w i t h  L A T M W .

D i f f e r en t i a l  equat ion  models  a l l ow  us to d e f i n e  a l l
in d e p e n d e n t  var iab les and/ o r  c o e f f i c i e n t s .  The s t r u c t ur e  of
the system of these equations is relatively transparen t with

respect to assumptions made. LATMW are therefore also most

apt to aggregate in their final formulations various data

that are gained from experiments , tests, simulations ,

military judgement and experience , and from war data . We

refere at this point to our chapter Quantifying Model Inputs

that will describe a new modelling technique wi th this

regard. Since we show there that all model inputs are

verifiable and validiable the author sees in these favouri :q

f e a t u r e s  d i th  respect to Land Combat Modelling the main

ad v a n t a g e  in t h e  use of L A T M W .  ~e propose to reinforce

d e t a i l e d  and  ex t e n d e d  r e s e a r c h  w o r k  t h a t  c o n c e n t r a t es  o n
obt a i n i n g  more  q u a l i t a t i v e  i n n u t s  fo r  tnese m o r ~el~~. H ence ,
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the last and very crucial modelling requirement (6) of the

ME? can be satisfied with differential models. A fair

am o u n t  of character is t ics  abs t rac ted  f r o m  c o m p L e x  combat
processes can be su bsumed  in even r e l a t i v e  s imp le
di f f e r e n t i a l  models .  We view the  ske tched  a p p r o a c h  as t h e
key to successful ly  model  c o m b a t :  s t a r t  f rom i n f o r m a t i o n
comprised  in S T A N A G  20 14 a n d  follow the ME? requirements at

every step in the model building phase. Models that satisfy

these specifications and a re  also f r ee  of cu r r e f l t
sho r t c o m i n g s  of combat m o d e l l i n g  a re  f r u i t f u l  a n a l y s i s
tools. Exercis ing these models  can suppor t  t h e  d e f e n s e
m a n a g e m e n t  to der ive  q u an t i t a t i v e  and qualitative estimates

for  a l ter n a t i v e  decisions regarding their operations under

their control (in Morse ’s and Kimball ’ s sense).

Let us summarize with respect to a model design:

Well— s t u d i e d  and de ta i led  sets of d i f f e r e n t i a l  e qu a t i o n s  f o r
L A T M W  a re  al ready a v a i l a b l e  (see for  an exce l l en t  o v e r v i e w
[2 9 ] )  . Combat  Modelers  can use them to build a complex

theater level land combat model. These models have only to

be feed by inputs that overcome current pitfalls and

sho r t comings  in model l in g by c o n s i d e r i n g  the  f o l l o w i n g
poin ts:

1. E x t e n d  c a p a b i l i t y  c o n s i der a t i o n s  of combined arm s

eleme n t s  ( i . e .  not  o n l y  h s r d w a r e  s y s t e m s )  Dv

r e l ia b i l i t y  and  a v a il a b i l i t y  a s p e c t s

2. I n c l id e , logist ics  a n d  e c o n o m i c  p o t e n t i~~l’ s
co n side r ations

3. F o r m u l a t e  more  than only one combined arms element

( i . e .  r e p r e s e n t  a l l  b r a n c h e s  and  f o r c e s  that c o n t r i n u t e
to the  co mb i n e d  a r m s  o p e r a t i o n  u n I ~ r c o n s i d e r a t i o n)

4 . A l l o w  f o r  cost e f f e c t i v e  i n p u t - u t ~~ut a n a l y s L s .
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These extensions wi l l  y ie ld  first—cut models to assist
the  ana lys i s  of c u r r e n t  Genera l  Purpose  Forces prob lems .
The lowest reso lution comba t  models in  t h e  h i e r a r c h y  of the
Cone of Abs t rac t ion  and t h e  M E F  ( c o m p a r e  f i g u r e  2) are

achievable and can stand thorough scientific evaluation and

analysis. Any consistent extention of them has a conceptual

basis towards higher resolutions, typ ically directed also

towar ds the needs of future research. To illustrate this

slightly differently, Micro and Macroeconomic Theory and

Application depart from hig hly aggregated , or low r e so lu t ion
models without pursuein; unpermissible suboptimization to

derive General Equilibrium Analysis and Optimal Resource

Allocations . Instead of using classical models known in

Micro and Macroeconomic Theory that don ’t specifically

address combat processes of modern combined arms forces we

apply these concepts (general equilibrium analysis and

op t ima l  resource a l loca t ion)  w i t h L AT ~~W t h a t  sa t i sfy  al l  ME?
r e q u i r e m e n t s .  They are t h e r e f o r e  t ai l o red  to assist an
I n p u t — O u t p u t  Ana ly si s ( c o m p a r e  t h e  discussion in t h e  c h a p t e r
Cost E f f e c t ive Dec isions w i t h  L A I ’ M W )  . Th e special
or i e n t a t i o n  on comba t  d y n a m i c s  w i l l  p rov ide  t h e  m i l i t a r y
management with scientific decision aids. Although a

perfect and complete model does not exist , and will never be

achieved , simple and consistent scientific models have

always been powerful supporters for the decision find ing

process at very high levels of responsible deciston

r e g a r d i n g  d i f f i c u l t  and  c o m p l e x  p r o b l e m s .  We a g a i n  r e f e r  to

Tsipis ’ w o r k ,  as an excellent example , to model the nuclear

threat sufficiently at a iery low level of r e s o l u t i o n .
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B. Q U A N T I F Y ING MODEL INP U TS

R a t h e r  tha n leaving the above m o d e l  des ign  e x t e n s i o n s  as
pure ly  guidel ines  wi th  respect to mo del  bu i ld in; , w e  n ow
derive a new sc ient i f ic  approach  t h a t  a l l ows  us to
substantiate the above claims. S tar t i n g  w i t h  t h e  exact
de f i n i t i o n  cf o u r  sys tems  e f fec t iveness  of comb at  elements

represented  in L A T M W , we t h e n  consider  an a b s t r a c t i o n  of
state outcomes of components of these systems. We w o u l d  like
to point out that this approach is applicable for a variety

of systems (as combat elements) that constitute large scale

battles of modern combined arms forces. Finally, we provide

the mathema tical development to quantify systems

effectiveness via observable states of system components and

derive our Ccncept of Estimable Rates.

1. Effect iveness of :ombat Elements

A combat element is any coherent system that

produces a comba t activity interdependent in a combined arms

effort utilizing hardware , human operators , and decisions ,

and , thereby uses up scarce resources. This definition

a r r a n g e s  combat  e l e m e n t s  ( e . g .  in m i l i t a r y  t e rms , bra nches ,
as armor , infantry, artillery, engineer , supply, naintenance

and intelligence , described in STANA G 2014) in a more

systematic way for modelling purposes. This will allow os

to resolve the systems ’ structures and then aggregate their

capabilities , availabilities , and reliabilities by

measurable observations of systems ’ components. A combat

element operates with its maximum effectiveness if and only

if all its non redundant components are fun ct ionin i or
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c o n t r i b u t e  to t h e  overall system effectiveness. We

d i s t i ngu i sh  only be tween  two  s tates, a f un c t i o n i n~ sta te and
a fa i led  state , and  a p p l y  this dichotomy to each combat
element as well as to each of its components.

The aggregation of comba t elements is a coherent

system itself and its effectiveness is completely measurable

by means of the state identifications of their components. A

series or parallel structure of combat element s allows us to

apply mathematical theorems which are suitable for coherent

systems whose s tates are  specif ied by b i n a r y  v a r i a b l e s  (or
Bernoull i  or d u m m y  var iab les )  ta king on v a l u e s  zero  or one ,
if functioning or failure is observed respectively.

Fig 14 is a schem at i ca l  r e p r e s e n t a t i o n  of th is
formulation. The choice of the series structure function for

combat elements themselves and a series or parallel

structur e funct io n for interdependent combat elements will

be ‘obvious  wi th  the  f o l l o w i n g  e x a m p l e s .
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suppose two forces are  engaged . A n y  side can only
hope to be a victorious candida te  if and o n l y  if

— t h e  hard ~ ar e  systems are ope ra t i ng ,  t a n k s  for  e x a m p l e

— an d. the  human  opera tors  are t ra ined  (i .e.  k n o w  how to
handle  the h a r d w a r e  sys tem)

—and t h e  operable ha rdware  system is managed

— a n d  coordinated according the  order of the  ba t t l e  ( i .e .
operated in an organizational frame throug h comma nd and

control)

—and  t h e  operable  and managed  and coord ina ted  h a r d w a r e
sys tem can use up and replace supplies .

On the other hand cowbined arms e f f o r t  may be
characterized with a series or a parallel structure.

Sometimes it is necessary to take an objective only with

armor , sometimes artillery and engineers are needed to

support this branch. We like to get answers out of combat

models such as how many combat elements should be employed

in series or in parallel and  w h e n ?  These cons ide ra t i ons  may
appear  to be t r iv ia l, bu t as a m at ter of fact the y ar e n ot
and the refore  get over looked  in complex  combat  node ls  (see
our discussicn of P e r f o r m a n c e  d r iven  Models , w h i c h  a re
mainly concerned with the physical functioning of hardwa re

systems) . Since our  a p p r o a c h  to formulate combat in models

starts  f rom i n f o r m a t i o n  p re sen ted  in S T A N A G  201 4 , it should

b e noted t ha t  in our  t e r m i n o l o g y  a comba t  e l e m e n t  is a
coherent system of components whose states may be either

hard or soft information (instances of properti es)

representations. Under each scenario and mission ty pe the

following systems ’ components have to function in series:

—hardware system s (as a part of our overall compl~ x system)
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— human operators, i.e. performance and behaviour (morale

suppression , e t c . ) ,  the  h u m a n  decision i n t e r f a c e , i.e.
doctrine and tactics, command and control

—resource consumption and allocation , i.e. logistics and

economic war potentials

—environmental conditions imposed by scenario and mission ,

i.e. for example terrain , weather , day or night .

We use the term system or combat element interchangeably but

wi th  t he  above m e a n i n g .

The effectiveness of a system is concernei with:

1. The ability of the system to perform satisfactorily

when it is called upon to perform (i.e. the system

reliability or operational dependability denoted as

(R)

2. The abi l i ty  of the sys tem to begin p e r f o r m i n g  its
mission when called upon (i.e. the availability or

opera t ional  readiness denoted by (A) )

3. The actual p e r f o r m a n c e  measure  of t he  s y s t e m  in t e rm s
of its performance functions and the environment in

which it is p e r f o r m e d  ( i . e .  t h e  design a d e q u a c y ,  or
ca pabilit y or utilization denoted by (C))

LARC obtained with current ~uantification methods

(B onder/B ar foo t , Cla rk)  a r e  w i t h i n  these  cons ide ra t ions  as
most ly  related to a h a r d w a r e  sys tem ’s ca p a b i l i t y  to  destroy
a target . They assume that system components are one
hundred percent reliable and available (functioning during

the mission time) and are as such only parts to determine

our system ’s effectiveness. The proposed extension to

account for more than mere capability of hardware systems

(C) must the refore be manifold . We need a numerical index of

the extent to which a combat element is ready and capa ble of
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I

fully performing its assigned mission , i.e. availability

(A) . We further need a numerical index of the extent to

which the perfor mance capability of the system is utilized

dur ing a mission , i.e. the  r e l i a b i l i t y  ( R )  . Botn concepts

r e f e r  to consistent t im e d e p e n d e n t  functional relationships:

availabilit y usually meaning the ability of the system to

operate  at any  given point  in t ime  when called upon  to do
so; r e l i ab i l i ty  fo r  a miss ion  dep ic t ing  the  a b i l i t y  of the
system to operate effectively for a specified

mission—time—period , usually conditiona l on its being

operable at the start of the period.

The combination of the capability (C) , the

availability (A) and the reliability (R) as the produc t of

these coaiponents  yields a combat  e l emen t ’ s or system ’s
effectiveness (E) . This is a measure  of the  e x t e n t  to wh ich
a sys tem may  be expected to ach ieve  a set of spec i f ic
mission requirements. This quantity is a function of

capability, reliability and availability in accordance with

the definitions of system ’s effectiveness in our general

modelling consideration and [66). A simple

relationship, E = ARC , accomplishes an effectiveness measure

for LAT MW using LARC weighted by the operational demand

within a given period when operated under specific

conditions. The weighting factors only have to satisfy

conditions (1)—(6) of the ME? in neing empirical or

j u d g em e n t a l  t ime de penden t  p r o b a b i l i t y  e s t i m a t e s  of comba t
elements combining hard and soft information of systems

components as regards reliability and availability. This

r e l a t i o n s h i p  then also inc ludes

— t h a t  t h e  sys tem s  e f f e c t i v e n e s s  can be m e a s u r e d  ~is  t h e  r a t e
at which a single system achieves its mission (e.g. for

armor to destroy a target)

— that the systems effectiveness is related to operation il

performance
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— that the system ’s effectiveness is a function of the

environment cr conditions under which the system is used.
Note that this functional relationship is in accordance with

one of the earliest writings with respect to systems

effectiveness which still represents one of the clearest and

best descriptions of the subject and one from which most

subsequent descriptions, such as ours , have been derived

[67].

The relationship E = ARC pertains to

reliability and availability estimates for combat elements.

Thus, for coherent systems , even very complex ones , we need

a mathematical and statistical representation to predict

system reliability and availability from either component

failure times or component failures whether the components

opera te  cont inou s ly  or cyclicly. We consider only component

failures and denote the occurance of a failure by one and

its functioning by zero. Without violating perinissibl~
mathematical operations for measurement scales, the binary

variable modelling of component states asks us only to

specify which component is considered and to observe its

state. Since the dynamic and complex nature of combat

processes over any instance in time is to be modeled , we

account for spontaneous state changes of components due to

mission and combat environment conditions .

After we have explored the ‘detailed structure of a

coherent system , decoupled in components , the appropriate

structure function can be abstracted (for detailed

mathematical treatment see [65), [69) e.g.) . We hypothezise

from this abstraction that reliability and availability

probabilities can be d e r i v e d  via a n y  combat  mode l l in~
technique chosen (see e.g. [65] p 192— 1914 ).

As a mor e general result for modelling with LAT~ W

de note  the  poss ib i l i ty  t h a t  t h e  s y s t e m  is oper a t~~d in
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different operat ional modes (k) and assume that estimates

for

E A R C
k k k

ca n be ob ta ined  and t h a t  each ope ra t iona l mode is execu ted  a
certain percentage of mission time denoted by p ,  then

E = ~~~E p
~ k k

represents the system ’s effectiveness for different

operational modes ’ dependence. Specifically, with

= 1 , any  des ired ex tens ion  i n c o r p o r a t e s  iu to sys tem ’s

e f fec t iveness  the  aspects of reliability and availability of

consecutive changing operational modes.

2.  H a r d w a r e  S~~~~ msL Human In te r face L ~~~~~~

The above proposed modelling extension allows us ,

even , if a hardwar e system is not yet produced in lots, to

utilize available test data for prototypes. Tolerable

reliability and availability lower bounds are specified; wh y

don ’t we not use them in order to account for more realism

in the abstraction process to formulate combat in models to

improve on capability quantifications?

For exampl e, cons ider  t h e  co m b a t  e l e m e n t  t h e  tank.

The Bonder/Barfoot or Clark methodology delivers attrition

rates Lot the hardware performance , if the system is assumed

1 00% r e l i ab le  a n d  a v a i l a b l e .  a l r e a d y  a v a i l a b le  e m p i r i c a l
life testing data from the institutionalized Uni te d St~it?s

~oveLnmen t Information Data Exchange Progrim tGIDEP)

delivers hardware intrinsic reliability and ava ilability
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estimates (see for numerica l computing guidance ~64), [65],

[72), [731 and [714 )) . The importance of these weighting

factors with respect to Life—Cycle—Costs has been fully

realized and the need to maximize reliability a~~i

availability, or minimize failure rates, found expression in

the Reliability Improvement Warranty (RIW) Concept of the iS

A r m y  (see e .g .  [16 ] p 493 )

By utilizing available data , which are obtained by

obser v i n g  and c o u n t i n g  t h e  appearance  of c o m p o n e n t  states
(go— no—go data), ~e have refined the LARC. It should be

n ted t h a t  a t r a d e — o f f  a n a l y s i s  to a n s w e r  the  q u e s t i o n :  To
buy more less—reliable and available or less more—reliable

and available hardware systems can be assessed cost

effectivel y with these extended formulations.

“Rather than aggregate effects , VRI chose to

include , and dynamically keep track of , exp licit

representation of force elements, environm ent and processes

in terms of measurable physical and behavioral variabi~ s”
[70] Appendix 14 p 32. This statement alludes to the

necessity to include more than only hardware performance

oriented quantifications in LA TMW . However , we ouanti fy

combat environment and behavioral variables , for exampl e ,

with a more appropria te ~ethod that yields soun~~~nome:icil

inpu ts into analytical models. Our component state

quantification doesn ’t force us to measure (sow? What are

the units and origins for their nea~ ur -�m~-n t scii~ s?)

b e h a v i o r a l  var i a ol es .  We would prob aDly hi ve to have to

aggregate inconsistently different ~ne~ sur~ m ont scaie~ m d  to

commit pitfalls . Our b~ havoriai v~ r:ab1es , as :o~~ponen ts,

need only be represented as states at ditferen t levels -and

either function or fail. In order to mod el the hu~ -in
interface , we on ly ask , f o r  e x a m p l-~: Is t h e  n€c ~~ssar y
comm and to fire given in time or not? Is the hum an operator

cap ab l e  enou -~j h to co n v - ~r t  t h i s  : c m e a n ~ i n t o  m n ac~~~on or
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not?  Is t he  suppress ion  e f f e c t  so hi gh t h a t  the  h u m a n
operator didn ’t react as he should have? Is the morale in

t h e  un i t  so depress ive  t h a t  the soldier  depa r t s  f r o m  h is
expected b e h a v i o u r ?  etc. This  app toach  leaves e n o u g h  room
to refine huma n interface at any degree of high resolution

(compare our possible extension in applying the Constant Sum

Method)

We consistently specify also environment conditions

by binary state outcomes and count the appearance of

different componen t states over a mission. Did fog (to be

represented at different levels) reduce visibility? Did

sunlight (represented at different levels) diminish the

capability to acquire a target? Did snowfall (represented

at different levels) reduce trafficability? Did night

(represented at -different levels) interphere the possibility

to give commands with visual aids? etc.

For logistics interface , as our last important

component , we give an explicit treatment with respect to

modellin’i implications in the chapter: Modelling ~xample to

gain Estimable Rates . This will explicitly show t~ e -general

power of the classification of component states. For a

brief demonstrat~~ n now ~e only indicate that for each

logistics ’ support there are observable states paraphrased

w i t h :  Has t h e  d e m a n d  fo r  any support been satisfied in m e ,

or not?
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The unique representation of each combat element as

a coherent system with at least four independent very highly

aggregated components may be viewed in series as a system

of:

1. hardware performance

2. hum an interface

3. logistics interface

4. combat environment.

Any further refinement of its component structure and its

associated structure function offer modelling possibilities

to a ny w a n t e d  de t a i l  of r e s o l u t i o n .  S t r u c tu r e  d e p e n d e n c e  or
redundant subcomponents can be modeled . Once the components ’

structure function (as aggregated elements themselves) are

known (and this will be the most critical part to iden ti f y )
their state outcomes , either directly observab le or easily

represented in iigital computers for a simulation , -1eliv~ r

the state cutcomes one or z~ ro at snapshot instances of a

battle. We found a natural way to estimate ~ne

interdependent functioning conditions of a~ oomplex and

coherent system such as our 1~~fined combat elements.
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3. From Binar~ N u m b e r s  to E s t im a b l e  Ra tes

Component state outcomes , the failure indicated with

one (for convenient e s t i m a t i o n  of f a i l u r e  ra tes )  , the

functioning with zero, allows us by the repetitive nature of

their observations during an ongoing battle , to count the

number of cbserved states and estimate the fraction of the

failure occurance of states with (g) . At this point it will

become very obvious why we depart from current modelling

techniques and claim that our approach quantifies STANA G

2014 inf5~rmation requirements at the same time meeting all

conditio ns imposed by the ME?.

The idea to express the contribution of states of

each component wit h respect to the system ’s overall worth is
to measure how many times (esti mated in ~ by p(i) and q (i) )

for each single component or for a component instanc e (i)

is a prespecified expected lem and (the expected overall

behaviour of the combat element that model builder should be

told) met in time or not? It is required to obtain the

percentages for each time step that the modeled component

(or instance) takes on values zero (fulfilled demand) or one

(failed to match the demand) with p (i) + g ( i )  = 1 .  W e  can

utilize , if further design specifications are implemented ,

VECTOR—I l that claims to keep track of explicit

representation of our components or DYNTACS or field

experiments of CDEC or military ~ud -gem ent (map exercices ,

wa r games , q u e s t i o n n a i r e s ) .

We provide now the m odel that conveniently converts

binary numbers into systems effectiveness ’ degra ling ra’~~s.

Let  th e t o t a l  n u m b e r  of s p e c i fi e d , i n d e p e n d e n t , a n i  non

redundant deman d s (i) that a component s~ tisfies a
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functioning state be k, then

(1—q (i))
I

represents the probability of satisfaction of k components

or com~ onent levels in time. Assume that g (i) << 1 ,

otherwise q(i) — ) 1 says that components would have failed

most of the  t i m e  and this would lead to mortality of the

system. View this also as another complimentary

interpretation of the stopping rule requirements for state

variables to be > 0 in L~ TMW formulations in general.

A n app rop r i a t e  a p p r o x i m a t i o n  y ie lds  exp (— : )  , where

r =Z.q (i) . If onl y one specific demand i is not satisfied

and others  are

[ q ( j ) ~ 1 (1— q ( i )  ~~: 1— q ( i )  ]

w i t h  ( 1 — q (i)  )~~ 1 ,

since q ( i )  << 1

yields g(j) exp(—r)

Consider ing that onl y one demand is not satisfied , i.e.

either j—th or others , extends our derivation to

[q (1)/ (1- q ( i ) )  f jfli-q (i) )

Ci) exp (-r)

= r exp(—r)

Applying the idea that each (logical and) of the specific

demands  is nct satisfied , without accounting for ordering

establishes

x
[ e x p ( — r )  r ]/x! ,

wh i c h  bec omes , by i n t r o d u c i n g  a c o u n t i n g  v a r i a b le  ~ = N( t )  a
Poisso n d i s t r i b u t i o n  w i t h  (n )  i n d i c a t in g  t h e  obse rved
c o u n t i n g s  a n d
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x
P (XSn) ~~~~[exp (-r) r ]/x ’- .

If a c o u n t i n g  v a r i a b l e  N ( t )  is d i s t r i b u t e d  Pois son
with rate (parameter) r, which is estimable with ~(i) ‘s

through the extent at which each specific demand for a

mission is satisfied , then the time T until N(t) countin~ s

of demand and reaction mismatches have occured is

distributed Exponential with the mean 1/r. We give a

heuristic proof of this result , that provides direction for

the number of replications for simulation or the sampl e size

fo r  test plans or s i m u l a t i o n  r ep l i c a t i ons  to obtain

empirica l system reliability and availability esti mates (not

only in the common performance oriented sense) and their use

in LATMW modelling with refinable LARC.

Each mission specific demand i of a combat element

has a distribution P(i) (only this general property is

sufficient, although we can identify these distributions

explicitly as Bernoulli distributions with parameters p(i)

fo r all i viewed as i n d e p e n d e n t  but  necessary v a r i a b l e s  of
the t o t a l  sys tem)  . The n u m b e r  of events  ( i d e n t i f i e d  s t a t es)
per demand i counted over a time period constitute , in the

long run (mathematically as time (t )  goes to infinity) , a

s tat i o n a r y  Renewa l Process.  For a b a t t l e  t h e  c o u n t i n i
process is repetitive and stationary for similar como at

situations arising over days , whic h we like to assess with

differentia l models. knowledge of the Central Lim it Theorem

of Renewal Theory tells us that superimposed stationary

renewal processes constitute a Poisson process (see [~~~~4 ] ,

~ 92 J)

Mathematically we can establish the sam~ resul~
slightly differently, but it is also instructive for a

coherent system decoupled into many components . In 1837 ,

Poisson considered the problem of n Bernoulli trials , but
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with the probability varying at each trial (see e.g. (80] p

214) . Instead of a p p r o x i m a t i n g  the  Poisson p a r a m e t e r  r w i t h
np (n = sample size, p = f r ac t ion  de fec t ive , to stick with
the most widel y used notation) , he a p p r o x i m a t e d  r
w i t h  p ( i )  for  all n d i f f e r e n t  outcomes  of p ( i )  and  showed
t h a t  both f o r m u l a t i o n s  can be a p p r o x i m a t e d  by t he  Poisson
distribution (see e.g. explicit treatment in 133], [80 ] and

[86 ]). Since the same formulation holds in mod elling

component states, we can easily apply the whole spectrum of

methods to obtain Sampling Plans for Attributes Data used in

Quality Control for hardware systems, i.e. determine the

number of repl icat ions  for simulation s or the sample size

for operational tests (see [86]) which find ready

appl ica t ion in the  m i l i t a r y  c o m m u n i t y  (see MIL STDs 105 D ,
209 , 213 , 2 38) , if, in fact , the counting var iables

constitute a stationary Renewal Process and the Central

Li mit  Theorem of Renewal  r h e o r y  holds .

~~
. ~~~ ~~~~~~~~~~~~~~~~~~~ 2~. Lt~~~~

rhe approach to represent components of combat

elemen t s  as bina ry v a r i a b l e s  and to observe  t h e i r  s t a t e
outcomes  is i n d e p e n d e n t  of t h e  l e n g t h  of t i m e  fo r  w h i c h  t h e
above counting procedure for events is applied. In

m a t h e m a t i c a l te rms , if the Central Lim it Theorem of Ren ew -i l

Theory doesn ’t hold and we are forced to assess short time

intervals of battle proces5es (e.g. at each time step tne

nunerical integration results for differential equations of

L~ TNW are updated) then we can still use the basic m o d e l i i a~
idea , b u t w i th ~a sligntly different Renewal theoretic

consideration. Let us establish the final result of oti r

modelling technique tnat is applicable to consistently

quantify any soft and/or hard information extracted from

cohe ren t  sy s t ems .  The r e s u l t s  w i l l  also hold without loss of

-je n e r a l i t y  a n d  a re  i n d ep e n  l e n t  with :esçect to the len5ith of
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time for which the effectiveness of dynamic systems (similar

to those we have defined) is to be assessed.

We define reliability as the ability of a system to

perform satisfactorily when it is called upon to perform.

(Jsing Reliability Theory ’s terminology, the failure rate or

the  ha zard f u n c t i o n  (we  use also t h e  t e r m  h a z a r d
interchangeably) is defined as the rate at which a system

dies given it is alive. This is a sufficient and consistent

characterization of systems ’ changing effectiveness over a

period of time in a combat environment. Reliability

theoretic considerations are subclasses of Renewal theoretic

considerations (see [64], [65]) with a change of

interpretation of the random va riables under consideration.

Reliability Theory is mainly concerned with distributional

properties ot l i fe  lengths  of sys tems  ( f a i l u r e  t i m e s , n u m b e r
of failures) , Renewal Theory formulates in general terms

number of equal events occuring as system attributes

(renewal times , number of renewals — our renewals are

occurances of system ’s components failures) . Note that the

hazard function uniquely defines the corresponding

probability distribution , i.e.
4

f (t) z (t) exp (—fz (s) ds)

(compare e.g. [743 p 226 — 227) , where f(t) d enotes the

3istributio n and z (t) the hazard. If the reliability R (t)

uniquely defines the expected value of the random process ,

i .e .

E (T) = J R (t) d t  ( c o m p a r e  also [74 )) ,

and  the  h a z a r d  u n i qu e l y  d e t e r m i n e s  t h e  r e l i a b i l i t y ,  i . e .

R ( t )  = exp (—fz (5) ds)  (see also  [ 7 4 ] )

then the relationship between the epochs as the sum of (~ )

renewal times T (denoted as (T(n)) and the countino variab l~
N as the number of (n) occuranc -e s of renewals in tim e ( t )
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(denoted as N (t)) holds:

(N(t) < n) = ( T ( n )  > t)  (see e. g. [78 ] p 5 ) .

This relationship allows us to es tab l i sh  our  g e n e r a l  r e s u l t:

The last expression above defines the di~’~ ributional

pr ope r ty of the rene wal  pr ocess , i .e .  u n i qu e l~ r e l a t e s  t h e
sum of the renewal times T [T(n) 3 to the n u m b e r  of
occurances of rene wals N [N(t) 3. The a p p l i c a t i o n  of our
modell in j  t e c h n i q u e  al lows us to o b t a i n  e s ti m a t e s  fo r  these
expressions . The q u a n t i t y  of c o n s i d e ra b l e  interest in

model l ing  of any  renewa l process is the renewal function ,

i.e. t h e  expected va lue  of the  n u m b e r  of r e n e w a l s  in  t ime
(t)  and  is def ined  as M ( t )  = E( N ( t )  3. Therefore , we ca n use
our estimates (in utilizing any combat modeliing technique

t ha t  is s u f f i c i e n t  to r ep re sen t  our d e f i n e d  c o m p l e x  and
dy n a m i c  co m ba t systems) in order to o b t a i n  va lues  fo r  M (t)
The renewal intensity, denoted by m(t) , is def ined as t h e
de r i v a t i v e  of M ( t )  fo r  w h i c h  a last c o m p u t a t i o n  y i e ld s  the

final nu merical estimates (for our modelling interest) to

refine the LARC. In tying Reliability theoretic ari d Renewal

tneoretic results together , we observe that the renewal
intensity is eq ui valen t to the hazard function (the rate at

which a systems dies given it is alive) . Using  t he  nota ti on
in t r od u ced ea r lier , we can co mp u t e  o ur  ha z a r ds , j .e •

n (t) z(t) which contribute to the finally wanted re1iabili~ y

a nd ava i l ab i l i ty w e i g h t i n g s .  N o t e , as t ime ( t )  goes ~o
infinity the hazard z (t) (or n ( t ) )  a p p r o a c h e s  to ( r )  , t h e
parameter of a homogeneous Poisson process. (For

co m p u t a t i o n a l  ass is tance to  o b t a i n  s y s t em  h a z a r d s  w i t h  o~ir
mode l l i ng  t e chn ique  c o m p a r e  t h e  m e t h o d s  d e s c r i b e d  to
app r o x i m a t e  R e n e w a l  f u n c t i o n s  e .g .  in  [7 3 ]  p . 2 8 — 3 7 ) .

The powe r of t h i s  m o d e l l i n g  a p p r o a c h  is t o  he ~~~~~~~

i n the  c o n s i s t e n c y  and e x a c t n e s s  to a rec~a~~ m y  s o f t
a n d/ or ha r d  i n f o r m a t i o n  t h a t  describe th ~ -Ieg radit~g e~~f~~c t s
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(failure rates) of dynamic systems. Furthermore , the

contribution of all system components with respect to the

overall worth (effectiveness) of combat systems can be

assessed w i t h  one mode l l i ng  technique. This approach for

modelling systems effectiveness departs from

state—of—the--art models (e.g. from DYNTACS or VECTOR—Il) in

man y  wa ys:

First, we don ’t intend to use less detailed data to describe

a complex problem. The differences lie in the method to
implement this information in e x i s t i n g  f o r m u l a t i o n s  of
comba t models .  ~el i ab il i ty  and a v a i l a b i l i t y  c o n s i d e r a t ion s
pr ovide  a theo r et ica l ly  so un d a n d , as we w i ll show
exp l i c i t l y ,  a h a n d y  w a y ,  e ven  f o r  l a rge  scale t h e a t e r  level
m odels , to extend c a pab i l i t y  or p e r f o r m a n c e  measures of
systems and their effectiveness analysis.

Secondly, we aren ’t forced to use inconsistent data

processing modules to degrade state variables “ somewhat ” .

Distributions for random number generators to “adjust”

battle outco mes in models that atilize random variates by

oversimplifying combat abstract ion in assuming “ uniform or

norma l distributions” can also be avoided (see a detailed

discussion with this regard for DYNTACS in [91]) . Instead ,

we a re  able to  combine  sof t  and  h a r d  i n f o r m a t i o n
characterizing — hardware systems — h u m a n  i nt e r f a c e  —

resource c o n s u m p t i o n  and a l loca t ion, a n-I —combat -environ m ent

conditions. Free of c o m m i t t i n g  a n y  p i t fa l l s , we r e l a t e  th i s
ex t r ac t ed  a n d  combined  i n f o r m a t i o n  to t h e  o v e ra l l  sys tem
under consideration with an analytical functional

relationshi p.

Third , we are able to explicitly state what con lit io~ s of

S T A N A G  201 4 in f o r m a t i o n  is mode led  and  w h i c h  ¶~F
r e q u i r e m e n t s  are m e t .

Fo u r t h , we can u t i l i z e  a n y  m o d e l l i n g  t e c h n i q u e  ( e i t h e r  ~ ir

Gaming, Simulation , or Analytic al ~odels) and a:-~ able ~o
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incorporate as much as possible f r o m  r e su l t s  of R D T & E , f i e ld

expe r imen t s  and military judgement to verify and v a l i d a t e
the  results .  We give s u f f i c i e n t  ind ica t ions  f o r  sample
sizes or number  of r ep l i ca t ions .  This  i n f o r m a t i o n  can
easily be combined wi th  L A T M W .

Fifth ,we direct to further research needs in order  to
explore  the main e l emen t s  and  c o m p o n e n t s  w h i c h  d r i v e  como a t
outcomes. -

Si x th , we are able to assess, cost effectively, economic

resources.

Fina l ly ,  we are able to  e n r i c h  a low r e so lu t ion  m o d e l  to a n y
degree of h igher  reso lu t ion  w i t h o u t  c o m m i t t i n g  i n c o n s i s t e n t
aggregat ion.

Let us s u m m a r i z e , in p r a g m a t i c  mode l l ing  desi gn

te rm s , g iven  a deta i led b i n a r y  r e p r e s e n t a t i o n  of sys t ems
co mpo n en ts , we are able to obtain the system hazards for

homogeneous or inhotnogeneous Poisson processes (see e.g.

[87] p 129 — 133) and can t h e r e f o r e  u n i q u e l y  d e t e r m i n e  the
combat  e l ements ’ r e l i a b i l i t y  and a v a i l a b i l i t y .  S ince  the
derived methods are appl icable  to a n y  complex  sy s t ems
ope ra ting  fo r  any mission t i m e  a n d  the  key r e l a t i o n s h ip of
in t erest to assess combat  more  i s om o r p h± c  is the s y s te m s ’
hazard we name this approach Concept  of E s t i m a b l e  R a t e s .

We wo u ld  l ike to  p o in t  o u t  t h a t  oecau se  of t h e
possibility to explore the system ’s hazard or the renewal

in t e n s i t y  the  a v a i l a b i l i t y  A ( t )  is also easi ly  o b t a i n a b l e
(see [ 7 8)  p 19 — 21 or [65] p 190 — 201)  and A v a i l a b i l t y
theoretic results (see [55] for more background information)

ca n be es tab l ished e i the r  f o r  s h o r t — t i m e  or f o r  l o n g — t i n e
consideratio ns.

Th e Concept  of E s t i m a b l - e  R a t e s  is t h e r e f o r e  a n  —
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application of Renewal theoretic considerations whose

estimable hazards can be obtaine d in a consistent scientific

way tha t meets all requirements of the MEF. It allows us to

model a n y  wan ted  detai l  of sof t  and/or  h a r d  i n f o r m a t i o n  f r o m
STANAG 2014 (Note an alternative theoretical sound approach

to reduce this “any wanted detail” to the most d r i v i n g
subcomponents of components of combat  e l emen t  w o u l d  be by
the  regress ion on d u m m y  va r i ab les  w i t h  i ts  not ye t  resolved
limitaticns of the state—of—the—art) .

C. E S T I M A B L E  R A T E S  AND R E F I N E D  LA R C Q U A N T I F I C A T I 3 N S

For s impl i c i ty ,  let us now conider some e s t i m a b l e  r a t e
formulations in LATMW with constant LARC , even our general

resu l t  would  us not res t r ic t  to th is  at all , i .e .  we assume

that one has obtained estimates for LARC and for their

r e l i a b i l i t y  and a v a i l a b i l i t y  w e i g h t i n g s  ( h o m o g e n e o u s  Poi sson
p rocesses) tha t  del iver  cons tan t  r e f i n e d  LAR C. The

abs t ra ct ion of eac h combat  e l e m e n t ’ s structure as a coherent

system with at least four independ ent components in series
requires at least four hazards for the reliabilities which

deg rade sys tem c a p a b i l i t y ,  the  L .~RC de noted by C. 3y the

choice of a proper mission time or battle stopping rule and

the mission hazards, the mission reliability of the system

becomes

a = exp f— (z +z +z +Z ) ] R R R R
1 2 34  1 2 3 ( 4

The expected proportion of time the system (or force or

comba t element) is operating during the mission tIme

(availability, A) is lefined by

A = (1/z )/(1/(z +z )),
ij  3. 1. -

~-1

7’)
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where i corresponds to the mean functioning time (reciprocal

of the hazard) and j corresponds to the mean r epa i r  or
recovery time of the system ’s components 1 ,. .., 4 . The total
deg rad ing  of the L A R C  e s t ima te s  due  to  h a r d w a r e ’s , hu man

i n t e r f a c e’s , logist ics’ and e n v i r o n m e n t ’s r e l i ab i l i t i e s  and
av a i labi l i t ies  is aggregated  in

E = R  A R A R A R A C.
1 11 2 22 3 33 4 ( 4 14

The solely performance oriented LARC , C, can be ref ined by
means of observations , simulations and experim entation in a

scientifical thorough way.

It should be noted that the mean repair or recovery time

of a s y s t e m ’s comp onen t  u s u a l l y  is no t  d e d u c i b l e  f rom
ho mogeneous  or inh om ogene ous  Poisson processes. H a r d w a r e
systems ’ repair times are most likely to follow lognormal

distributio ns and nomograp hs exist which allow us to convert

distributio n parameters into the corresponding arithmetic

means , which are used in the A (see for explicit treatment
J.J

[ 8 9] )  . Even , if the hazards follow Poisson processes and

the r epair or recovery times are generally distributed ,

bo unds  on the  a v a i l a b i l t y  f u n c t i o n  a re  o b t a i n a bl e , w h i c h  can
serve as appropriate approximations , not solely based on
u n v a l ida t e d  j u d ge m e n t s  or i ncons i s t enc ie s  w h i c h  m i g h t be

c o m m i t t e d  in m o d e l l i n g  c o m p l e x  sys tem s  (see fo r  a g e n - r m l
treatment [883) .

For each r e l i a b i l i t y  — availability pair of a s ing le
componen t some extended formulations are help f-i l for

m o d e l l i n g  purposes .

Define as mission reliability (R ) the probability that

t he  s y s t e m  wi l l  o p e r a t e  w i t h o u t  f a i l u r e  f o r  t h e  m i s s I o n  t i m e
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( t )

D e f i n e  the operat ional maintainability of the system

(N ) as the pr o b a b i l i t y  t h a t , w h e n a f a i l u r e  occurs , it will
0

be repaired in a t i m e  not exceeding  t h e  a l l owab le  d o w n t i m e
( t )  , t he n the  e f f e c t i v e n e s s  (E) is

= C A D , w h e r e

D = (R + (1—R ) M
m in o

D e f i ne the  f r a c t i o n  of miss ion  t i m e  t h a t  a system ’s

component can be down w i t h o u t  d e t e c t i o n  as (p , then the
dwd

availability can be refined by

A = p R + (i—p )A
dwd dwd i j

These formulations already refine LARC to such an extent

that critical combat situations can be successfully modeled.

The impact of wrong tactica l dec isions can be expressed by

the mismatch of the observed state from desired state (in

our  m o d e l l i n g  t e c h n i q u e  the binary number 1 ) . For :~ ie

c o m p o n e n t  “ h u m a n b e h a v i o u r ” we w i s h  t o  get  estimates of how

long the allowable “down t ime ” , i .e .  t h e  t i me to cor r ec t  ~ he

w r on g decision , sho uld be , in o rder  t o  r e p a i r  th i s  f a i l ur e .

I n t h e  second m o d e l l i n g  r e f i n e m e n t  we  h a v e  fo r  t h i s  p r o b l e m
a poss ib i l i t y  to e s t i m a t e  the  f r a c t i o n  of time w e cou ld
operate without detecting this failure and at the same ~:me

not being completely maneuvered in a disadvant age , becau~~
component failures weaken system ’s capabilities.

Finally , estimable rate~. are ext -endib le to any 1e-~ree ‘f

resolution , since the hazards used in t~~~ reliability and
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avaiLibility fo r m ul a t i on s  can be ga ined  by c o n v o l u t i o n  of
r ando m processes , and in the Poisson case the reproducti ve

p r o p e r t y  of a Poisson process y ie lds  a Po isson  process  [7~~]
p 218—219. Therefore , with very simplified formulations of

LATMW , such as with refined constant LARC , we gain insight

into the impact of components with respect to their

effectiveness in complex battles. ~odel building is now not

primarily a question of how to incorporate these problems ,

but only a matter of how to efficiently manage huge amounts

of information at different levels. Given the s y s t e m ’s
component structure function we found a conceptual design to

a d j u s t  ex is t ing  models  to MEF requirements without

c o m m i t t i n g  co m m on p it f a l l s, e spec i a l l y ,  Pe r fo r mance

O r i e n t a t i o n  and M e a s u r e m e n t  Scale Mixes .

~32 
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I
D . M O D E L L I N G  E X A M P L E  TO G A I N  E S T I M A 3 L E  RATES

1. Qfli .t~~.~ ~~~ ~~

Log istics’ nat u re  is to p rov ide  s u p p l y  an d
maintenance of man and materiel over the length of a ground

w a r by stea d ily execu t ing  t he  f u n c t i o n s

1. assembling

2. stockp iling

3. allocating to prior demand

L I .  transporting

5. distributing

6. maintaining

7. r e p a i r i n g

in o rde r  to meet  s u p p o r t  r e q u i r e m e n t s  g e n e r a t e d  by ~~~
troops on the battle—field. These inherent components of

logist ics  have  t o  op er a t e  in series and deman d specific

manpower strengths , organizational forms and mana gement

ski l ls, ha r d w a r e  c a p a b i l i t i e s  and  r e sources  to be o~~~r a u l e
in changing environments over the course of a battle. ~~~~
logistics ’ objective can be defined as the optima l n -~na iino

of man and equi pment to match supply and iem and ~iu~
acco r d i n g  to m i s s i o n s  of around Comba t Forces thro~igh ou ~~e

C o m b a t  Z o n e .
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2. Pe r fo rmance  Descri~ t i on  of Su~~ j~ in M a t e r i e l

Classes and Cate~o ties

Su p p l y  goods are  devided a c c o r d i n g l y  i n t o  two
categ or ies, both cove r ing  all the i r  v a r i e t y  in a m o u n t  and
tonnage. 

-

Mate riel classes:

-goods used u p  in l a rge  a m o u n t s :

AMMO , POL, food , water

—interc a mn jeaole goods (defect for working)

—goods used up in small amounts ,

spare part ~~, n e w sys tem ’s car t s

and n e w  systems

(i.e. stoc kpiling and transportation criterion

for  supp ly  u n i t s )

Materiel categories:

This is a categori zation f mater iel according to

amount and importance with which is ~~ed b y  sp~ cific

weapon systems or comba t elements (~~~~~
. ;. ~n f ~~nt r y ,  a:e~~r~~d

infantry, armor , artillery, engineer) for their mi litary

missions. It indi cates primarily for m an i -~ers al1o~ ance ~nd

priority of the demands t materiel.

In essence , thousands of di fferent good s ti ~~t supp ly

units deal with ar# n-inage~ ble by :harac :i~~ ica ‘ih a t  are

aids for order in j uii d identityi nq . Supp l - units ~r~ nspirt

materiel from sup~ rior si~ ply uni t s -
~~~~ r - ~~te rmine.1 r

8( 4
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(no interference with other strategic or tactical movements)

to their storage location (abstraction by pipeline systems

or networks) . Supply units react according to priority

rules given by superior comm and at each individual demand

and signal to the customer the earliest time of availability

of this demand. Supply elements at each command level

distribute them thereafter to the final user or consumer.

suppiy goods can be demanded , if supply levels reach a

certain benchmark or a priority is announced uy a command.

4

3. P e r f o r m a n c e  Descr i2t ion  of M a i n t e n ~~nce

I
Ffighly technical weapon systems which tremendously

increase life—cycle—costs (see for definition ~35], [3 d))

are worth being saved if damage occured for which repair is

very promising. rherefoce , maintenance units concentrate

on , in addition to repair failures caused by aging or usag ’~,

systems damaged by enemy activities. Maintenance facilities

have to be placed according to prespecified priority rul -~s

at locations where no interference with other con: ~
activities is expected. These descriptions o-f 4-he ~~~n

functions of log istics allow quantitative ~~~sAr ~ s o~
performance at each level of comm and.

~~~~~~~~~~~ Q~~~~~~~ a~~~~~~~~~~~~~~~~~~~~~~~~~~~ 2a

Commonly used performance me asures for logistics

art :

—nu m ber of g oods store’l per materiel class and cat -~gor y

—numb e r of tons transpo rtel per mat’-~riel class m i  Ca t ?g~ :y
per ki

— n u m b e r - ) f  i~-e rns -lelivered with t rul wi~~h eit ~~~~ ~

_ _ _  _  - - -A
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materiel class and category, both specified in time

intervals

—number of alternative items delivered , if shortage occured ,

per materiel class and category

—number of weapon systems saved per combat element and/or

time

—nu taber of repairs or repair time intervals for fail ures

caused by aging or usage, per combat element

—number of damaged weapon systems saved during a combat

action

—number of enemy damages repaired per weapon system and time

—number of logistics activities degraded by enemy

activities , mainly interdiction.

Only some MOPs of logistics (Supply and maintenance)

have been listed and they indicate the kind of performance

descriptions widely used in combat models , as well as in the

military community. ~!owever , the unresolved question is,

what conclusions do these lists of numbers allow us to iraw

with respect to logistics effectiveness and their impact to

comba t elements? Are tons transçorted and number of weapon

systems repaired sufficient quantifications to formul ite

directly that a tank can fight better than his tar let? The

answer is no. These are only necessarey ~uantificati.ons . Two

more logica l steps are needed to -assess logistics ’ impact:

—cons~~ tent conversion of  MO Ps to quantities expressin~
logistics ’ overall system effectiveness (MOES)

—relation of logistics ’ MOEs to systE-rn performa nc e and tn -~n

to derive total system effectiveness , for example f o r  a
tank.
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5. Effectiveness anl its Relation to S~~~~e~ s

Given tnese performance measures, we are looking for

numeric expressions that indicate how logistics, as a

complex single component , is able to match supply and

demand. sore specitically , we need guantifications of the

states of the 1 -eistics components for each time step of a

battle that ~easure logistics effectiveness and subsume:

—deliver each individual supply item that has been demanded

by a military consumer in time

—save each damaged weapon system that can be repaired in

time

—repair and overhaul damaged weapon systems in t i m e

—before the start of a new mission

—for continuing military operations

—during recovery in a pause of action.

The degree of accomplishment of these tasks thereby

indicating the degrading or nondegrading effects of

logistics with respect to a combat element ’s effectiveness

imbedded in strategic and tactical missions and scenarios.

The representation of the flow of materiel (i.e. the

connection of all components that belong to a logistics

system ) are easily handled with networks in a digital

computer routine . Optimization algorithms for the resource

allocations exist too (see [83 ]). Reactions of log istical

performance to needs generated by combat elements can be

simulated and logistics ’ effect in combat is consist ~nt

represented. More critical and important is the pr hlem of

how to use the inform tion generated most a~ t iy m d

consistently by these powertull means.
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DYNTACS , for examp le distinguishes between

non—destructive, firepower , mobility, mobility and

firepowe r, and tota l kills of weapon systems. Are these not

n a t u r a l  d e m a n d  genera to rs  for  logis t ics  m a i n t e n a n c e
services? Damage assessment models exist which are then able

to deliver very detailed data (see [90 ],[16] Volume 1 p

L$O1) . V E C T O R  — II keeps track of combat elements ’ locations

on a digitized map for a theater level battle and

trafficability parameters and movement characteristics can

generate , with corresponding rates of weapon system ’s

advance , POL requirements. The expected number of AMMO

rounds , needed to kill a target extracted from LARC

computat ions deliver the AMMO consumption data by type and

wea pon system.

Instead of only computing totals of tons required ,

the number of diff erent supply items needed and the amount

of maintena nce services asked for , and comparing those

relatively with the equivalent total amounts that could be

served , we dissolve this aggregation and count the number of

individual mismatche s of requested demands and executed

supplies , categorized for single combat elements and ordered

by critical missio n times. In addition to the flow of

services through the logistics network , this stave

representation provides a natural way to estim ate the

fraction (i.e. j ( i )  ‘s) of logistics ’ component failures

within a time frame. rho corresponding hazards are

computable as time depen dent functions. The r?produc tive

property of homogeneous Poisson Processes and convolutions

of i n h om o g e n e o u s  ones establish a logistics ’ overall hazard ,

if different level of resolutions (i.e. comman ds) are

aggregated. Reliability and availability prD b abi lit ie s

which d~ grade the comba t element ’ s capabili ty, th e LA R C , ire

computable in a consistent an d scientificly thor ough w a y.

‘ombat is dyn~ mic and spontaneous . Th~~r e f ~~re , i ll
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time dependent changes of system effectiveness caused by

system ’s component failures can only be modeled with time

dependent parameters . We need formulations of system

effectiveness in LA TMW that are immediately sensitive to

these changing conditions over time and not highly

aggregated tactica l decision rules. The later are most -;
likely to be implemented in models at an inconsistent level

of resolution and, moreover , in a time lag. Since logistics

components operate continiously it is indispensable for a

differential model , such as VECTOR—Il , to ask , at the same

time as other possible input parameter for example , tar-ret

acquisition times, times of flight of a projectile dependent

on range etc. are updated to adju~-t LARC accordingly to all

changing comba t environment condit~ ons. In our particular

modelling examp le we have to ask low reliable and available

are logistics components to accomp ish their mission.

The Concept of Estimable Rates offers a uni que and

consistent way to estimate systems ’ components reliabilities

and availabilities. Adjustment of existing models to this

modelling technique , and their extension by similar

quantifications of human interface and envir onment

conditions , guarantee refinement of the assessment o~ combat

dynamics via differe ntial models, simulations , and wargames.

8 ~
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E. LOGISTICS AND LIMITED RESOURCES

We found in reviewing existing land combat models that

formulations of logistics problems don ’t satisfactorily

address the evaluatio~ of logistics ’s worth and objective.

One assumption often made in logistics considerations is:

“resources are assumed to be available in unlimited

amounts ”. Marshal Sokolovskii’s argument , based on Lenin and

Engels: “Military power is derived from a nation ’s economic

status ” [52], is simultaneously disregarded , as is the fact

that each cost effective analysis has to trade—off bet ween

scarce or limited resources.

In LATMW , we nave to consider possible replacements of

combat elements ’ resources. The consumption of combat

elements ’ assets is mostly formulated with replacement rates

(rate at which a demanded supply [ “of any kind” ] must be

replaced per unit time) . This may be a first—cut indication

of how many different and/or equal goods must be storea. The

more decisive question however , is, are production

capabilities of an industry in the position to produce and

deliver these requests in time. For simplicity, an~ to avoid

model complica tions (but not infeasible ones) it is issuned

that “resources are unlimited ” , in other words fight inc

forces can always get  their predicted consumption

replacements. How important it is to analyze , wneth~ r

requested supplies are available or not (and not only to

express the amounts in which they would be needed) ha~s a~~min

become appearent in a recent conventiona l conflic t , na~~ ly

in the ARAB — SRAELI War (1973) . Israeli a r m o r e d  units

couldn ’t fight and expand some of their advantages in the

first da ys of the war because tney have been out ~~ AM~~ ~nd
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POL. Only  the use of classified references would allow us

to persue th is  prob lem to the very detail. We can stress our

point in this context without doing this and observe that

the “unlimited resources ” assumption in a theater level

scenario model never does address real logistical

consideration. The coordinating of production and

consumption , the possible distribution and the delivery in

time are the main logistical aspects that should be modeled

with regard logistics and supply. We like to get answers

like, why, and how “logistics influences all battles and

decides most of them ” (to quote General Eisenhower ’s

statement again) . Urgently needed improvements of this

subject in comba t modelling have also been expressed , for

example , in [53] and [54].

Simple LATMW with time dependent replacement rates

formulations (see e.g. C 1 8 ] p 527) extended by reliability

and availability weightings (estimable with our Concept of

Estimable sates) can easily be utilized for the analysis of

logistics and economic impacts of battles. For our coherent

sys tem , to model this, productio n plants are components ,

transportation networks are components , supply dumps are

components , etc.. Their functioning or failure determines

the percentage values that degrade the amount of predicted

replacement rates. Such quantifications are more suitable t o

model logistical aspects. In -order to assess their economic

im p act we have t o  cost ou t  our  c o h e r e n t  s y s t em  t h a t  models
this phencmena. Hoffenberg ’s and Leontie f’s work of the

early Sixties.: “The Economic Effects of Disarm am ent” [93]

p r o v i d e s  (seen from the analysis method applied ) with a

different int erpr—~tation (what Economic Effects does

Armament nave) an -analysis tool (see our discussion

Input—Output Analysi s) t~iat could help to answer these

im port ant jue~-~l~iors. in asking for more detailed m odellinq

o t  logictics ’ worth Ifl -i objective one has ilso to incl il e in

LAT~ W Air ~ar StL at el ies that ~nhance or ~ea-- en orour .d

-
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-
-
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combat forces activities. If an o p p o n e n t  c o n c e n t r a t e s  on
massive interdiction , Ground Combat efforts can be paralyzed —

in only causing heavy damages to logistics systems or

indus t r i al p la nts.

F. HETEROGENEOUS FORCES AND SUPPORTING WEAPON s Y STE N s

Heterogeneous force formulations are successfully

implemented in models , as ~~~~ [53], [59), [63] and [93]

for example . This refined modelling approach asks for far

more inputs (LA ~C) as homogeneous force formulations do.

without going into too much detail of this powerful

modelling technique (allows to formulate less aggregated

coherent systems as combat elements) of combined arms

forces, we have to direct a warning to avoid pitfalls and

shortcomings (see Measurement—Scale Problems) that might

occur in the attempt to obtain “pretty refined” LAR C

estimates (e.g. to express suppression) as inputs for these

models. Heterogeneous forces are not only combat units

equipped with different capable weapon systems , but also

combat units composed of various components of branches.

Heterogeneous forces already occur , if a tactical or

strategic commander transfers his foca l point from one

combat unit to another by changing the general branch

composition cf a bri gade , livision , or corps. We are fully

aware of the complexi.t~v of problems that may arise by ~he

trend to model each possible battle or~ier. For first—cut

L A T M W , this  compl ex i t y  p r o b l e m  m a y  r o u g h l y  be r e s o l v e d  w i t h
the  te n d e n c y :  “less and good is more valuable than m uch and

worse ”. In considering only homogeneous forces of  on -~ type

f o r c o m b a t  a ssessment , as a start to ~ain in siiht into

combat dynamics , one should , however , at lc’ist. consider also

homogeneous air forces. Their impact wit h r~~sp.-~ct ~o

logistical considerations and FEBA m ovem en~ (Forw ~ rd Edr ~ of
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the Battle Area) for example , are essential in any General

Purpose Forces combat outcome. Some simple LAT MW

formulations allow to determine optima l strategies for air

allocation (see [60], [61], L 62]) • For more complex

differential equation models analytical sclutions that

determine the optimal strategies are mathematically

intractible. Simulations that replace an optimal solution

a).gorithin by varying input parameters and observing the

corresponding battle outcomes may then serve as a welcome

sur roga te, especia l ly ,  since L A T M W  for theater level sector

models are very cheap with respect to computer running time.

G. COST EFFECTIVE DECISIONS WITH LATMW

Let us remind the reader that one reason to build combat

model s is that the Defense ~anagement looks for assistance

in deriving cost alternative decisions for Ground Combat

Forces problems. Therefore , we have to include in ~!odelling

Considerations for LATMW some aspects that show how we are

able to direct wit h these models and in using our refined

LARC formulation s (wit h reliability and availability

weightings) to analyze th-o impact of land war objectives

with respect to economic potontials . ~e discuss now n o w

Input—Output models can be applied to military problems in

general. Next , we concentrate on obtaining lower bounds for —

Fo rce Postures and Commodity Levels. Finally, we lerive

quantifications (obtainable with our refined LARC ) for these

and for the Net—output vector elements (the measures of

effectiveness [MOE5 ) for the destr uctive capability of the

overall system , for example an armored -iivisi on) as m o d e l

inputs weighted by their costs.
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Leontief ’s Input— Output model [5] has oeen extended

to the Program Planning Budgeting System (PPBS) , under the

LAIRD/PACKARD FISCAL CONSTRAINTS [6] in order to help the

resource analysis community meet the challenges posed by the

tight defense budgets of the future in exaaiininj the

analytical resources which are available to us today.

Familiarity with this linear model reveals (for detailed

information see [5], [6)) that the difficulty for a low and

high resolution consistent costing approach in Defense

Planning fcr General Purpose Forces lies not in the

complexity and infeasibility of obtaining meaningful

numer ical solutions. The problem is how to adeq uately

quantify Commodities produced oy Services , or Mission Direct

and Support Categories. How are for example , Program

Elements of the Five year Defense Planning (F!DP) programs

quantified wit h effectiveness descriptors? Using the

terminology introduced in [6], Force Postures quantify the

output of Force Program Elements and Commodity Levels

measure the cutput of the Support Program Elements. Now ,

admittedly, it is not always easy to identify -and

num er ically abstract Force Postures and Comm odity Levels

(see [6) p 376) . The worth of the analysis is ht~ hly —

determined by the choice of NOEs of Services or th~ :r

Program Elements.

The resource analysis and the combat modellin g

community are confrontel with the same problem. In context

with our ~1EF (2), abstraction and numerical representation

of MOPs and their relation to MOEs , both groups ~ry ~o

address these guestions , the first is more concerned w i h

cost aspects , the Later wi~ h strateTies and tac ics. The
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MEF guides to derive consistent and sufficient abstractions

of combined arms effort. LATMW , oriented on this , may then

serve as producers of Service oriented MOEs. ~e flave shown

(in our Modelling Example to Gain Estimable Rates) that for

logistical assessments tons transported in kin , number of

items stock piled and distributed , number of weapon and/or

hardware systems repaired are no proper choices , to be

weigh ted  w i t h  costs, as i n p u t s fo r  t r a n s a c t i o n  t a b l e s .  These
are no adequate measures of effectiveness of a branch , since

they don ’t express ~~~ overall system ’s worth and objective.

However , in military costing procedures almost every

so—called effectiveness quantification has only the

character to be a measure of performance. Representative

examples are : intelligence activities in thousan ds of

man—hours , command and control activities in m an—hours , ship

steaming—hours in thousands , each pet year and associated

wi th thei r  costs.

An input—output model combines the total resource

budget , or the appropriation vector (W) with the indirect

and direct resource requirements. The direct input matrix

(H) and the net—outp ut vector (Y) are related to the cots

(W) by the following quantity ~ = H Y. Addition of the

elements of the vectors, the left and right hand side ,

connects the total budget spent to the net—output el-emen~ s

weighted by the sum of their primary input matrix elements

(which have also the dimension: costs)

Consider only Y as the AR M Y net—output , Y as t h e

NA VY net—output , Y as the AIR FORCE net-outpu t . The chan~ e

of total dollars spent per unit net-output can be obtained

by taking the partial i~erivatives with respect t o

net—output vector elemen t-~. rae total differential Of

above expression yields the mar g inal rates of ~ochni~~il

suostitution (see for furtner detail [3], [ 4 ] )  , b c 1 1 ; .-~
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initial set—up of the input—output table constitutes an

arrangement of production functions whose factors are in
terms of currency values and the relationship W = R !

converts these into cost functions. It should be noted that
Il cOSts I

~ in these formulations are merely currency
expendi tures  of a budget and not costs de f ined  in
Micro/Macroeconomic Theory (e.g. life—cycle—costs)

Since the resource analysis and the comba t modelling

community are both challanged to assist in the cost

effective mastering of General Purpose Forces problems, we

propose to use the effectiveness quantifications 3f LATMW as

well as in the Input—Output models. Their common level of

resolution is guaranteed and with respect to a desired

analysis one comm on basis is established. We are able to

assess systems effectiveness criteria that drive battle

outcomes in LATMW and the resource allocations that went

into these quantifications.

Conceptually this methodology offers a consistent

and sufficient lin kage between Force Postures converted into
direct costs and Commodi ty  Levels (as support  costs) and the
ne t—outpu t  vector (i.e. the  destructive capabilities of our
systems or ccmba t elements) . We are able to do th i s  because
the appl icat ion of our M E F r equ i rements  for combat  models
directs us in an unambiguous  and reproducible  m a n n e r  to
overcome the  design inadequacies of m a n y  comba t models  wi th
this regard. Essentially Tsipis’ wor k to analyse the

nuclear  threat  f o u n d  a directive for a low resolution
par tner  to consist en t ly  assess General—Purpose Forces role

connected to the economic impact .
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We stated earlier that the work of Taylor and Parry

has tremendously enriched cost effectiveness considerations

using simple models of L A T M W .  The impor tance  of th i s  remark
will now beccme obvious .

Consider the formulation of a combat element as a

com pl ex sy stem that is only func tion in g i f and on ly  if all
components are functioning . What performance characteristic ,

for example for armor , as a complex system , al low s us at
least to fulfill specified missions? Refined constant LARC

with reliability and availability weightings may serve as

indicators for this. We restate briefly their basic results,

applicable also for time dependent L& R C (see for  detail
[191)

—loca l conditions for force superiority may be based on

comparing the force ratio with the instantan eous

force—change ratio (both expressed as friendly to enemy with

two force  le vel variables)

—a side is w i n n i n g  “in s t an t aneous ly” when  the f o r c e  r a t io
exceeds the  d i f f e r e n t i a l  casua l ty—exchange  r a t i o  if no
rep lacements  and w i t h d r a w a l s  are in t roduced

— s u p p o r t i n g  fires not sub jec t  to a t t r i t i o n  a re  equal ly
effective; i.e. they cancel out, so tha t  the  bat t le ’ s
outcome, although accelerated , is the same as thoug h they

were not presen t (for combat between two homog eneous

forces )

Realizing that only refined LARC ’s an d state

variables (force levels) are involved , enables us to obtain
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lower bounds on LA RC and sta te varia bl es w h ich al ways  ensure
definite predictions of battle outcomes. If we use the same

lower bounds on refined LARC and state variables and extract

from these costed effectiveness criteria lower bounds for

inpu ts in transac tion tab l es then we obtain for a scenar io
that uti l i zes  these bounds in a model :

—sufficient lower bound conditions for LARC and force levels

in order to be winning or to maintain deterrence with Ground

Combat Forces

— s u f f i c i e n t  lowe r bound condi t ions  fo r  costs , i.e. what
amount  of the G r o s s — N a t i o n a l  Produc t  (G M? )  do we at least
have to sacrifice in a year ly  budget  for  m i l i t a r y
coin mi t twents  given by the  corresponding scenario.

Further  detailed analysis  of the eff ectiveness of
com bat element ’s components is feasible. For e x a m p l e , assume
lower bounds for constant, but refined LARC could be found

which estab lish lower b oun ds for  weap on sy stem ’s com ponents

capabil i t ies, rel iabil i t ies  and avai labi l i t ies .  M a n y
combinations for th i s  f ixed effect iveness  of fe r  a v a r i e t y  of
cost alternatives and the e f f i c i en t  and  cheapest  combina t i on
can be identified that powers up to the required overall

effectiveness of a comba t element. On the other hand , for an

input—output analysis, m easures as tank driving— hours,

intel l igence ac t iv i t ies  in hours , tons  t ranspor ted  in hours ,
can be subst i tu ted  by measures  w i t h  respect to system ’s
worth in using NOEs based on LATMW and refined LARC. We

gain insight into the order of force levels, their

in div i dual sys tem ’s componen ts ’ effectiveness and their

corresponding co sts. S imple , but  n o n — t r i v i a l , r esults
derived fro m L A T M W  and ve ry  aggrega ted  t r ansac t ion  tables
for  an input—output analysis, consiste ntly joined , assist in
solving complex mi litary problems that are m a i n l y  concerned
with the consumption of scarce economic resources.
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We began our development of a NEF for  combat  models
wi th  a critical analysis  of cur ren t ly  commited p i t f a l l s  and
shortcomings in constructing these models. One mojor

shortcoming was the ina dequate substantiation for cost
considerations. Huge amounts of numbers get cranked in the

y e a r l y.  Planning , Programming  and Budge t t ing  proced u re fo r
the  Defense Budget . Polit ical  decision makers  are somet imes
har d to conv ince why exact ly (x) dollar am ounts are required

by the military community to fulfil their missions. We see a

very important improvement , with this regard , in th e ease of
application of LATMW models as low resolution

decision—finding aids. They are very transparent and the

sensitivity of Force Posture and Commodity Level changes

with respect to the net—output vector due to limited or

reduced appropriations can be systematically shown. We

propose to chang e the input quantification of Commodity

Levels of the net—output vector in a transaction table. At

the same time , we demonstrate that a valuable combat model ,

such as a d ifferen tial model, is no f r eestan ding ~odel that

could be produced whenever it is requested. Combat models

are complex and i n t e rdependen t  data processors tha t  only
deliver reasonable  resu l t s , if consistent  i n f o r m a t i o n  tha t
further detailed and extended research work on a variety of

models can produce is combined.

In deriving the Concep t of Estimable Rates, we

proved that  the h a z a r d  of a system can be considered as
cons t i tu t ing  a Poi sson Process. We know t h e n , f o r  example
the ra te  at which a h a r d w a r e  sys tem ’s f a i l u r e  occurs , and we
also are able to i d e n t i f y ,  by means  of a damage assessment
model , the  k ind  of f a i l u r e .  The u n d e r l y i n g  p rocedure  to
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model the  component  logistics of our sys tem is for  example :
First, generate demand for logistical needs; secondly,
determine the estimated time to repair failures (for supply

and maintenance) ; third , use the same assessment routine to

estimate the time that a combat element or system ’s

component has to stay in the damaged or down state.

One basic aspect of every planning model is the

planning horizon. Thus, to maximize the utilization of the

time systems are effective whithin a time frame , or t9

minimize the expected time a system is id le (in input—output

analysis terms the Commodi ty  Levels and Force Postures)  is a
consistent effectiveness quantification of Program Elements.

Both fa i lures  and down t imes of sys tem ’s components  follow
independent  random p rocesses , fa i lu res  a Poisson process and
down times , for example , m a y  be logn ormal  d i s t r ibu t ions .
The ov erall stochastic process can in general be f ormulated
as a compound Poisso n process (see for  f u r t h e r  detai l  [87]  p
132— 133) . If the Poisson process is inhomogeneous , then the
stochastic process can be sufficiently described, f or our
interest , as the expectation of a random number of random

variables (see also [87 ]  p 73~~7 14 ) .

Denote the  random number  of f a i l u r e s  by ( N )  and  the
rando m Variable  down t ime by (T) , th en E [ N ]  E ( f l  is t h e
expected down time as a. measure  of sys tem ’s components  idle
state. Subtract from the planned time horizon (for a yearly

budget , e.g.) “ the expected down time. The resulting

ne t—opera t ing  t ime , denoted by OT , is a consistent  Force
Posture or Commodi ty  Level effect iveness  quantification for
the transaction tableau. I t  should be noted that  we need a
damage assessment model, for example [90], a high resolution
mo del, such as DYNTACS to generate the lamage, a

d ifferential model, such as VECTOR — II which would allow us

by prope r adjustment , to estimate desired Estimable Rates

(at different levels of resolution) , and  an i n p u t — o u t p u t
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model, for exam ple the Electric Five Ye ars Defense Plan
System [6] to consistently ana lyze  Program Elements ’
effectiveness quantifications. The subtraction of down times

from planning horizons is also an improve d MO E specification
for  all other components  of our system to be ana lyzed  in
detail wi th  respect to the i r  economic impact . In ef fec t ,
all Force Posture and Commo dity Levels have one common
effec tiveness criterion com b ined with their cos ts, namely
the consumed dollar amounts to produce net—operational

times.

The effectiveness (E) of our systems has been

defined by the relationship E = ARC [availability (A) ,

reliability (R) and capability (C) ]. These r e f i n e d  LARC ,
wi th  specified lower boun ds, can have higher values by

reinforcement of system ’s elements performance

charac terist ics, change in doctrine and tactics or more

effective evaluation of intelligence etc.. There is no need

to an a lyze  each of possible a l t e rna t ives  separa te ly  in a
complex t ransaction tableau w i t h  respect to the n e t — o u t p u t
vector. We aggregate their diffe rent effects into one single

numerical measure . Arrange the different availability

probabilities as a vector (A) with elements a , the
1

rel iabi l i ty  probabil i t ies  as a na t r i x  (R) w i t h  en t r i e s  r
11

and the  per fo rmance  based LA RC as a vector (C) wi th

d i f f e r e n t  values c tha t  may  be obta ined by incorpora t ing
1

their  range dependence , then the overall system ’s

effectiveness (E) , in accordance with [68], is ag;regated in

E =~~ Za r C . T h is f o r m u l a t i o n  seems to  be a
I 1 ij  i

more appropriate Net—Outpu t vector quantification than the

commonly used MOEs for the most crucial inputs in an

input—output matrix.
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Let us f i n a l l y  relate our results to t r~~nsact ion
table  inputs  that  can be ga ined  by the  app l i ca t ion  of our
modelling improvements for LATMW. suppose we consider the

Commodit y Levels Logistics (CLL) and the Force Postures

I n f a n t r y  (FPI) , Light  Armored  I n f a n t r y  (FPL A I)  and  Armor
(FPA) . Suppose also tha t  fo r  each of these commodi t ies  the
app rop r i a t i ons  are categorized in personnel (PE R S)
procurement  (PRO) and  o p e r a t i o n a l  (OP) costs whose entr ies
in a ma trix are deno ted as a pp ropria tion costs A? . A cost

ij

accounting system (oriented on the s t r u c t u r e  of our coherent
systems of com ba t element s) suppl ies  the total a m o u n t s  of
dollars spent fo r  the above commodities. Denote their

corres pon din g en tries in a ma tr ix CC . Based on
ij

re l iabi l i ty  and avai labi l i ty  estimates ( f r o m  our component

hazards)  and  from capability quantifications with unrefined

LA R C compute  the N e t — O p e r a t i o n a l  t imes (OT ) as Commodi ty
13

effectiveness measures. The set—output vector elements as

effectiveness measures for FPI, FPLAI and FPPL are the

refined LARC (E , i=1 ,...,3) respectively from our
1

derivation of the quantities B = A C R
i i i i
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In t roduc ing  the same notat ion fo r  t ransact ion  table
submatr izes  S , U , D an d ~1 as in [6 ]  we re la te  the i r  e lements
to the following above defined quantities with their

corres pon d in g ph ysical meanin gs:

S~ = CC . /OT~1] i j  ij

= Doll ars spen t/Ne t—Opera t iona l  t i m e  per Suppor t

Element

U . = AP . /OT
13 1J 1J

= Dollars appropriated/N et—Operational tine pe:

Support Element

D = [CC /OT ]/E•13 13 lj 1

= Dollars spent by f r i e n d l y  f i r e r s  per dest royed

target

V = A P  /E
ii 11 i

= Dollars appropriated per refined LARC .

S
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Fig 5 shows the matrices S, D, U and V in the

general context with our newly defined elements. with these

notation s the primary input matrix R is then

R = [U (1—5) D +

where I is the identity matrix.

Since the appropriation vector W is ~i = R Y we ilentify the

—1
term [U (I—S) D Y] as lndlrect costs and the product V Y

as direct costs with respect to the Net—output vector !. The

elements of the app ropr i a t i on  vector W represent  the  to ta l
appropr ia ted  dol la r a m o u n t s  fo r  Commodi ty  Postures and Force
Levels. This  combina t ion  of e f fec t iveness q u a n t i f i c a t i o n
based on our refined LAR formulations and the input—output

table allows us to utilize the same NOEs (the hazards

related to operational time and the refined LARC) that

provide guidance for strategies and tactics exercising LAT~ W

and in analyzing battle predictions such as

casualty—exchange ratios, force ratios and functionai

cri ter ion (e .g .  F E B A — n o v e m e n t  d is tance) . As a consequent
extension of thi s connect ion of models (the L A r M W  and the
i n p u t — o u t p u t  table)  we are able to gather information about

the  econom ic impact  of changes of b a t t l e  predic t ions  in
terms of dollar amounts of the GM? . Our General and

Specific Modelling Considerations ask us to adjust Combat
and Input—Output Models oriented on a MEF and on refinements

of formulations in LATMW. T.he scientific assessment of

General—Purpose—Forces role primarily depends on the quality

and availability of reproducible inputs for these models.

Therefore, ex ten d ed  and detailed research work must be

devoted to obtain sound estimates for these quantities .
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H. A FIaST—CUT SECTOR LA~ MW

In order to complete our Design Considerations for LATNW

we give now the formulation of a Sector Combat Model that is

only one example for many possible abstractions of different

combat sector scenarios.

1. Model Assumptions

Let the combatants objective be to move the contact zone

(FEBA) as much as possible from the friendly to the enemy

territory~. i.e. the distance of the FEBA—m ovement gained in

a hostile territor y determines the victorious combatant.

Both sides engage armored grouni forces ani tactica l ~iir

forces, i.e. the combatants in a sector are viewed as

homogeneous forces, but consisting of at least four

components as in our refined LARC formulations. The

FEBA—m ovem ent function depends only on the force ratio of

the armored ground forces. If these forces are egua l no

FEBA— uiovetnent occurs. Ground forces deliver “aimed” f i re ,
air forces against ground forces “area ” fire , and against

air forces “ained” f ire. Both sides of air forces choose iir

war strateg ies, i.e. percentage allocation factors between

air or ground ta rgets. Ground and air forces of the

combatants are enforced by constant replacement rates not

subject to attrition. A conflict terminates , if a side

records a FEBA— novement of 300 km or the battle lasts over

30 days or anyone of the forces reaches their breakpoint s

for a fi ht—to—the finish.
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2. Model Equations and Notation

Denote blue ground forces by (X) , blue air forces by

and equiva lently (X) and 
~~~ 

for the red forces. Use

the symbols (R) and (5) for i = 1,2 to indicate X’ s and

Vs replacement rates, Th~ fraction of air forces allocated

to different strategies (air or ground combat) are (U) and

(v) for X and y air forces respectively. rhe gained

FEBA—m ovem ent dist ance is denoted as (s) . Refined LA RC

(viewing each co mbat unit as a coherent system of the four

components: hardware system , human interface , combat

environment and logistics) are for X denoted by e~ and for
1)

Y with f for j  = 1 ,2. The value of the second subscript
U

tells which force is firing to destroy a target accordingly

to the value of the first subscript.

Fig 6 displays the opponents and their strategies for
the attrition process. The following differential equations

descride the combat dynamics (Note that for solving three of

them fourth—order Runge—Kutta , compare [95], numer ical

integration approximations are applied in the FORTRAN

Computer Program attached in Appendi x A)
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FE BA

Figure  6 — ATTRITION PROCESSES AND BATTLE DUTCOMES

ABS TR ACTED WITH A DIFFERENTIAL MODEL
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Functional Criterion

s(t) = f[ (h [x (z)/y (z)-1) + k] dz

with constants h and Ic and t ind icating the time dependence

FEBA—movement model

ds/dt = (h (x /y ) — 1 )  + k

Ground war

dx / d t = R  — f  y — v f  y x
1 1 11 1 12 2 1

dy / d t = S  - e  x - u e  y x
1 1 11 1 12 1 2

A ir war

dx /dt = R — (1—v) f y
2 2 22 2

dy /dt = S — (1—u) e x
2 - 2 2 2 2

with x , y
~ 

> 0 and 0 < u, v < 1 .
i 1

Append ix  A includes a F O R T R A N  p rogram t h a t  can be
exercised for a set of input parameters (including the

initial conditions for the differential equations) .

Numerica l results in simulating different contingencies with

this program are easily obtainable. The main concern of this
thesis was not to exercise a first-cut differential secto r
model of warfare. However , we like to demonstrate with these
concise mathematica l formulations and the FORTRAN program

that the main effort for successful combat modellin g must

not be spent in the final building and computer

implementation and exercising phase . Professional combat

1 09
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model builder  are very  e f f i c i e n t  w i t h  th i s  regard. The  most
crucial and critical part for a combat model is the early

stage of its design. Only some equations stand for the whole

spectrum and complexity of abstract formulations of

Genera l—Purpose—Forces  problems in a f i n a l  model.  A s imple
program code allows us to solve this system of equations.

The magnitude of model input parameters determine the range

of the numerical values of battle predictions for a theater

(in our example a sector) level scenario. Despite of this

significance of inputs int o model equations we felt that it

was necessary to address some basic questions like “How ”,

“Where ” and “ Why ” have some n u m b e r s  been chosen to express
the  ef fec t iveness  of forces t h a t  are  the  model  d r iv ing
inputs .  LATNW are  then easi ly  exercised w i t h  the aid of a
digital com pu ter. Final ly ,  we hope that the variety of our
Genera l  and Specific Model l ing  Cons ide ra t ions  he lp  to remind
where one has to start  to success fu l ly  apply  Opera t ions
Research Methods : f i rs t  of all , i d e n t i f y  those cond i t i ons  to
numer i ca l ly  sound , and hence sc ien t i f ica l ly  abs t rac t  the
real. world phenome na.

1 1 0
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I
IV. S U M M A R Y  AND CONCLUSIONS

T he cost/ef fectiveness evalua t ion of al terna tive
strategies and tactics for General—Purpose Eorres for a

Theater—Level Campaig n is a very complex and difficult task.

Because of this fact, various dangers exist for committing

pitfalls and shortcomings in model constructions. There are

man y “standard” mistakes that may be made in building a

model.  These are p r inc ipa l ly  related to the  process ?~abstract ing and aggregating combat phenomena in

theater—level ope rations. The main thrust of this thesis

has been to establish a Minimum Evaluation Framework (NEF)

for combat models. This MEF provides guidance as to the

maximum amount of abstraction and aggregation that yield

“acceptable” results in model l ing  combat .

Based on our readings and much contemplative reflection ,

we feel that one should explicitly focus on the following

topic areas before starting to build a combat model:

1. Abstract ion of the overal l  s t ruc tu re  of the  combined
arms forces (viewed as coherent systems), i.e. the

study of the systems ’ structure function and those of

their components (branches and other comaat influencing

phenomena) that constitute combat dynamics.

2. Aggregation of the quantification (numer ical

descriptors) of all system component state outcomes

(functioning or failure) , i.e. to obtain measures (from

either soft and/or hard information) of how well do

components function (reliability) and allow to perform

(availability) interrelated combat actions with systems

suc h as modern combined  a rm s  forces.
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3. Ut i l iza t ion  of easily appli cab le  m a them a t i ca l  and
statistical methods  tai lored to abs t rac t  and q u a n t i f y
combat processes with also cheap data colLection

procedures that permit to extract- the worta of these

systems in duels.

4. Consistent orientation of the analytic~ 1. formulations

that use the quantified measures of effectiveness on

the desired and defined analysis objective, i.e. the

cost e f f ec t ive  evaluat ion  of a l t e r n a t i v e  s t r a t egies and
tactics achievable with the spectrum of modern

conventional forces.

5. Validation and verification of all assumption and

formulations that went into a complex model befor e it

is implemented to assist in Cost Operational

Effectiveness Analysis (COEA) Studies.

All these considerations have to be laid out and viewed

together before the model building even starts. ~ilitary

experts, scientists and managers are then able, as a team ,

to adjust unsoun d assumptions and formulations or to call

for more detailed research on problem areas.

State—of—the—art combat models (because of their model

designs) have concentrated with different wei ghts with

regard to the above aspects to produce qualitatively

(scientifically) acceptable abstractio ns and quantifications

of military engagements . For example , some model builders

focus primarily on hardware problems , some on particular

branch oriented questions, and others use unsound methods to

aggregate  numer ica l  inpu t s  in a complex  mode l .

Ther efore , minimum bounds to adequately formulate

combined arms actions in a theater—level scenario have to be

established in order to be able to really address

General—Purpose—Force probLem s with combat models. One has

to spec i fy  these in a M i n i m u m  E v a l u a t i o n  F r a m e w o r k  for

112
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combat models that guide combat modellers to achieve this

specifications in models. This will hopefully yield

scientifically sound abstractions of the alternative worth

to operate complex mi l i tary un i ts with differen t

capabilit ies, reliabilities and avai labi l i t ies, and var ious
strategies and tactics. The deployed systems on a

battlefield are then expressible as very coherent ones that.

include all decisive components (e.g. hardware systems,

human interface, logistical con su m p tion , resource
allocation, comba t environment) * This directs us also to

consistent system effectiveness quantifications oriented on

the desired analysis goal. Capability, availab ili ty and
relia bility measures of systems ( o b t a i n an l e  with means of
our Concept of Es t imable  Rates)  r e f ine  Lanchester
A t t r i t i o n — R a t e  Coeff ic ients (LARC)  as sui table  i n p u t s  for
LATMW to evaluate alternative systems and their

effectiveness in possible scenarios. ~e are  therefore  able
to study the consumption of limited resources by

conventional forces. This is accomplished wit h an

Input—Output Analysis that considers not only costs, but

also their economic impact in a country.

All these specific modelling considerations concentrate

on achieving the desir ed analysis  objectiv e, i.e. from the

plan to collect da ta (to extract information about the worth

of systems) to the final formulation of LA TMW and

Input—Output models for COEA studies. If one follows our

considerations for modelling efforts this will hopefully

produce di f f e r ent ial com bat models of real opera tional use
for quantitatively analyzing General—Purpose—Force problems.

Basically, we have provided guidance to overcome

shor tcomin gs an d p itfa l ls  of model a ssump tions, formulations
and techniq ues to be applied in LATMW.

113
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We have also identified in this thesis areas for future

research. If this research were to be done, then hopefully
di f fe rential com bat mo del l ing woul d cease to p r imar i ly  be
viewed as an art tha t  tries to appeal ambit ious  customers
that argue wit h different reservations to choose

differential models as aids for an analysis. Systematic and

scienti f ic  planning towar ds a desired objective wi l l  p roduce
fruitful results. The rigorous use of the Scientific Method

allows us to pu t each step of such plans into r ealiza tion
(to construct a complex verificable and validiable LATMW ).

The worth of the Scientific Met hod, in our  particul ar case,
in exercisin g LAT MW is to lay out numerica l ly  quan tifi ed
alternative combat outcomes. However , the final decision as

to which strategy and tactic ought to be chosen is, of

course, left to the discernment of the decision maker.
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I
APP E N D I X  A

FORTRAN PROGRAM FOR A SECTO R LATMW

This example FORTRAN program (included hereafter ) for

the theater level sector LATMW formulated in III.H. should

~~~~~ be exercised and used as a tool for any further

analy sis, if val id in puts can be sup plied, i.e. with

estima ted ref ined LAR C, force levels and their replacement

rates. Mili tary decision maker  and p lanners  will then  wi th
t he Simula tion of this rou tine obtain numerica l ai ds to
assess the cost effects of different strategies and tactics

according to their predicted scenarios.
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