<T sgeofdy

i
H
3
H

-
i

(-' 4

K
L
PR A

a
¥
iixh

¥
ke

e &
LVRIRE.

byt

L
¥

Ty

Disiribution. Uniioo, od

Bnorevad fot pubi

TP

P




FIRE SUPPORT REQUIREMENTS
- METHODOLOGY STUDY PHASE II
PROCEEDINGS OF THE FIRE SUPPORT
METHODOLOGY WORKSHOP
KFR 57-75

18 December 1975

* —

Naval Postgraduate: School
Monterey, California
4-7 August 1975

}i’“”m‘“’“‘ig.} ¢ BTEIEMENT A

Fopeowsd lor pabbs 7755
etmibutiog  Thabun,

3

* L Y e il

= ma e X

This work relates to Department of the Navy Contract N00014~75~ C-1144
1ssued by the-Office of Naval Research under Contract AuthorityW?
However, thé content does not necessarily reflect the position-or the policy
) .of the Department of the Navy or the Government, and no official endorsement
S should be inferred. . (\

The United:States Government -has: at least.a-royalty-free,. -hon-exclusive
-and’ jrrevocable license throughout the ‘world for- Government purposes-to -publish,
~translate, reproduce, deliver, perform dispose of, and to-authorize others so
to do, all or any portion.of this work.

FERUBEUNS




UNCIASSIFIED

Security Classification

DOCUMENT CONTROL DATA-R&D

Secutity classification of-title. body of abstract and indexing annatation must be entered when the-ovorall report t3 ¢« lasstlied)

1 om]c(mg;(l;c AcI;llVlTY {Corporate author) o - 28, REFORT SLICURITY CLASSIFICATION
etron C. -
1400 Wilson Boulevard v 2b. GREEECIASSIFIED
Arlington, Vima 22209 N/A

[>~TEPORY TITLE -
9{ Fire Support Requirements Methodology Study, Phase II Proceedings of the Fire )

Support Methodology WORKSHOP, . -
e

: » JE7- 'pe of report and Inclusive- dn’lre.q)i B T
l) Final Eeputi )4 -7 August 1975

5 A £

jDROSS S/Thackeray’ | ' N |

nn_r.n R N 70, TOTAL-NO. OF PAGES " ]7b. NO. OF REFS

,M J18 DecM?ﬂ

N VaeiThe

. e W

ey

——-—

e ey

o o Wt et S

[ KN

IS —

Ry g

N i aa e Ry

e ——

M CONTRACT-OR GRANT NO. -
: f) Né6ﬂ14 —75-C-1144 h/ﬁ“/

‘R e (MTHER REPORT NO(5)- (Any other numbers that may be assigned
this report)

e : A N/A.

] 10. DISTRIBUTION STATEMENT

Distribution of this-document is-unlimited.

11. SUPPLEMENTARY NOTES B N - 32 SPONSORING MILITARY ACT!V[TY

| Mathematical & Information Sciences Div
Office of Naval Research (Code 434)

L\ywAa , | Arlington, Virginia 22217
Msrmcr
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Methodology Study (FSRMS) to improve the utility of their studies in support of
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systems. Along with a review.of existing-models and techniques, a Fire.Support
Methodo! . gy Workshop was sponsored at the 'Naval Postgraduate School, Monterey,
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Workshop.
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functions of command and the.effects of suppressive fires. The need for further
methodological research-was highlighted but a cautious approach to the immediate
application of advanced methods-was suggested. A hierarchy of simpler.models in
keeping with the validity of available inputs-was recommended along with.a reap-
praisal of what models can realistically be expected to contribute to decision
making at senior staff levels. .
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FOREWORD

The Marine Corps has a continuing need for an analytical basis and
a rationale for determining coordinated requirements- for air, field

artillery and naval surface fire support systems. Research and develop-~

ment studies are conducted to support programming, budgeting, force
sizing and structuring decisions. The methodology utilized in the
studies supporting the requirements must not only lead to sound
decisions, but should also provide clear insights into the retionale
for those decisions, both to the decision maker and those reviewing
the decisions.

‘the Fire Support Requirement Methodology Study is-an effort to
determine the "best" methodology that the state-of-the-art can support.

The "best" methodology is-defined as being those techniques that will

provide the most realistic results in a-framework of Marine Corps

-constraints of time, personnel and money..

; ‘ A description of the Marine fire support system, along with a review
r. : of applicable theories/techniques and: fire support models, was provided
E us a backaround for the: Workshop. Participants were-both Office of
Naval Research (ONR).contract theoreticians and representatives of

agencies (military and civilian) activein fire support studies.

Because -of the eminent workshop participants, this document. is
intended to reflect the state-of-the-art. Additionally, this report

serves the purpose of conveying-a better understanding of the Marine

- e = g

Corps fire support problem to the people wh 0 are most qualified to
provide solutions to this.complex problem.
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CHAPTER I
INTRODUGTION

In common with other large=scale enterprises, the United States
Marine Corps must divide limited funds:-among ‘many alternative
patterns of investment in such a way as to-achieve the greatest
feasible return. The necessary resource -allocation-decisions are
complicated by the fact that the items of military hardware offered
for purchase often have several non-unique capabilities; they are
usually presented first as developmental concepts with initial
operational capability (IOC) seven to ten years in the future and
they generate their return on investment against-an evolving oppo-
sition and in situations which are only vaguely predictable. Since
the choice of fire support systems is a large and- vital sub-set of
theirtotal allocation problem, it is not surprising-that-the Marine
Corps has sought to use the téchniques of.systems analysis and
managament science to improve their selections-of-weaponry and:
associated gear. Unfortunately, this rather costly effort has been
a disappointment. All too often,a- study that had been well received,
used and appreciated at lower organizational:levels was subject to
increasing criticism and even rejected when briefed.to the senior
staff. The main complaints centered on alack -of realism, especially
in such areas as the portrayal of the target:mix.engaged.by fire:
support weapons, the simulation-of the suppressive effects of
supporting fires, and the -modeling of the flexibility availabie to a
MAF commander in his-conduct of a battle.. To:improve the contribution

which formal studies could make in-allocating-resources-to fire suppoﬁ;

systems, the Fire Support Requirements Methodology Study -(FSRMS)
was established.
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The FSRMS is structured in three phases. Phase I1is to provide
a description of the existing Marine Corps Fire Support system,
review the current state-of-the-art in the-analysis of such systems,
and outline a tentative methodology development plan. ‘Phase II,
the subject -of this report, is an extension of the Phase ] effort in
the form-of a one~week workshop that gathered the most competent
professionals in the field to-discuss A;')os;éible innovations in methodolif;gy
and to comment on the development plan of Phase I. Phase III, which
runs concurrently, is to study -the Marine-Corps decision processes to-
determine the nature and extent of the ¢objectives and constraints that
these processes impose on the set of methodologies (Refgrence 1).
This- document records the "Proceedings of the Fire Support
Methodology Workshop™ which was ‘held: at the Naval Postgraduate
School at :Monterey, -California, 4~7 August 1975. The aim of the

meeting-was threefold. .As stated in Reférence 2, and verbally by

‘the project.officer, it was:

a. "To gather the most qualified theoreticians (Gaming and
simulation, large -scale-programming, -applied statistics, etc.) and
practitioners in the field-of fire support". (Reference 2, page:i)

‘b. To-inform the academic and research communities of the
Marine Corps' needs for improved methodologies in thé study of fire
support.requirements.

c. "To establish a.dialogue, informed by the product of Phase I,
that would lead to the approach that should be taken to-achieve the
desired methodologies™. -,(Réferer’xce 2, page- i)

The program and the.list of participants, their home-organizations,.

and the mini-workshops to which-they-contributed, are.given in Appendix 1.

The Fire Support Workshop was conducted in four stages. The first

day waéfd’e“v'oted' to presentations-on-and discussions of:the work of

Phase 1. The second day was devoted to:invited papers-on various
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techniques and disciplines which might improve current methodologies.
On-the third day, the participants broke up into seminar groups or mini-
workshops on the subjects-of "Target.Generation and Detection”,
"Target Engagement”, and "Fire Support System Mix Effectiveness
Analysis". The final day was devoted to further discussions and summa-
rization. The pattem of the program is reflected in the organization-of
this paper. Following this mtroduption are chapters on the results of
Phase I, summaries of the invited papers, reports on ths deliberations
of the mini-workshops, and finally, the observations and conclusions
of-the editor. The presented papers appear, in full, in the appendices.
Since the results of Phase I were the starting point formuch of
the-discussion in-the Phase II Workshep, the-highlights are summarized
in-Chapter II. This is only done-as a convenience, however, and does

r;of‘: pretend to be a substitute fora study of ithe three reports which

record- the work of the first phase..
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CHAPTER II

THE RESULTS OF PHASE T

Phase I of the FSRMS, which was reviewed by the speakers on
the opening day of the Workshop, was done under contract by the
Potomac General Research-Group (PGRG). It-consists of three major
tasks, which were reported in references 1-3 and summarized in
reference 4. These tasks-were -given descriptive titles as follows:

Task 1 - Verbal and Mathematical Description:of the Marine Corps
Fire Support System.

Task 2 - Review of Théories and Techniques Applicable to
Marine *ire Support .

Task 3 - Survey of Programmed and. Operational Models for
Evaluating thg-:Hm Support System-.

Task1l
The descriptions of ‘Tagk 1 provide the ‘friendly-organizational
and operational settings within which candidate fire support weapon
systems must be evaluated.. They are therefore an-elastic framework
for ~fire support requirements .studies in that novel weapons sytems
may-require changes in the -settings to achieve their greatest effective~
ness. The descriptions also makeé clear the large numbers -of target
sensors, specific weapons-and munitions whose- varied characteristics.
mg§%fbe adequately modeled by any useful analytic:methodology. But
perhaps the most important:-outcome is the graphic demonstration of
the-complex and tight interaction which exists between all elements
of the fire support system, the command and control -system and the
actuzl progress of the engaged forces to be supported.

i‘o make-the fire support -system more'rameﬁable‘to-modeling and

analysis, it is broken down.conceptually into three fundamental
-subsystems:
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1. Target generation sub-system. This sub-system is composed of

all sensors or information souwces used to detect the presence of

targets and the processes for turning detections into lists of potentially
useful targets. In general, the processing of detections tends to be in
pre-planning, rear-to-front, during the preparatory phase priorto an
amphibious assault. Targets are isolated by remote means. or intelli-
gence. During preparation for a combat operation by forces already
ashore, preplanning still predominates, but the process is front-to-
rear. Once combat.is joined, preplanning gives way to improvised
responses and the bulk of the increasing number of target detecticns

is by ground observers. Fire Support Coordination-Centers (FSCC)

exist at each level of command to-carry out the processing.

2. Target.designation sub-system. This is the sub-system which acts
on-the flow of potential targets from the genération:sub-system to
determine which-ones shouldbe attacked by supporting 2*ms, and with
what priority. 'The=;procéss: i.s, sgpﬁor:ted by an elaborate communications
_netv?prk. In less ‘urgent —s,ituation's, it is a deliberate process with-each
ééhelon making its input. When a.fast response is imperative, the
engaged unit requesting support-can talk directly to the supporting unit
with-intermediate FSCCs .mbnitqrihg in.a silence-means-consent mode.
3. fl'e};jget,engagement sub-system-. Targets to-be attacked have restrictive
characteristics ,;sgch— as distance; proximity to friendly forces, short
life span, and soon. This sub-system surveys the available types -of
supporting fires-(air-borne, artillery and naval)-and selects the-one most
nearly meeting.requirements. Equipment and munitions within the type are
then:matched to-target vulnerability and defenses and the mission is.
ordered.. The loop-is closed by the assessment of the degree of mission
accomplishment.

‘Much of the discussion of techniques and modeling which cccurs in

later tasks of Phase I and in Phase-II relates directly to-the fidelity with




which various methodologies can reproduce the- performance of these
subsystems. This is because the "target list" against which the
simulated supporting fires are directed:is the driving-element in any

-study of fire support requirements.
Task 2

Pr;imework for Analxsis

"Fire Support Requirement Studies" is a title for a broad category
of analytic effort. It can include studies to help in choosing the best
weapon against a particular target. It-can, at the other extreme, mean
attempting to determine the most cost effective evolving total force
structure for the foreseeable future. To keep this: breadth-of meaning
from being a source of confusion, as it has often been, Task 2 was
begun by defining six levels of analysis. The frequency with-which

these levels-were referred to by the participants in Phase II attests

to-the utility of the definitions. They are as follows:

MR- O

Level 1 - Engineering Performance Characteristics. This is a i
descriptive analysis defining the engineering features of an-individual
weapon-or weapon system. For quantitative studies at higher levels,
it provides basic performance inputs.

Level 2 =:System~- Subsvstem Performance. This level is-concerned
with system performance measures, not just physical parameters. It
should includethe human-element as in such factors as suppressive
effect of supporting fires. Typical measures of effectiveness -(MOEs)
‘tend to be g(_i_hgg_ and- arbitrary and might include coverage .area,
response time or weighted kill scores against various target mixes.
| ) Level 3 - Combat Effectiveness.. Here, the attempt would:be made

to evaluate effectiveness of fire support in terms of its contribution to

overall mission success in-combined arms-combat. Though some models

of combined arms operations do exist, they are not suitable for fire

support analysis and have. not been used. Level 3.analysis is highly
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scenario-dependent and is usually skipped in proceeding to highar
levels.

Level 4 - Ssnsitivity Analysis. Analysis of sensitivity of
results to variations of input parameter values is required at every
level. In this discussian, stress is placed on sensitivity of results
to the variability of enemy threats in the context of different
scenarios. This could be done by comparing results-of many Level 3
analyses but it is very expensive and the problem ofthe relative
value to.be attached to each scenario remains.

Level 5 - Force Mix Analysis (a snapshot in time). This level
deri,ves::‘ 'fo?ce mixes which perform well in-a variety of settings:
against many fhreats,at some specified future time period. It-does
not yield "optimal" mixes for-any one threat or scenario-and it ignores
the course of events both before and aftérthe upecified time period.

Level 6 -~ Time:-Phase Force Mix Analysis for ‘Proctirement Decisions..
This leVéi véeeksto;develop—a,time—phasec} procurement plan which takes
account. of feasibleracquisition: schedules-and-assures that the -best
overall-mix-of weap‘c}hs, {s available at.al -times out-to:the ultimate
planning-horizon..

With regard to-these six.levels of analysis, several observations
wera made. Constraints on-time and resources and a:lack of completely
adequate methodologies have-generally restricted fire support analyses
to Levels 1, 2 and5. The most productive.analysis is at Level 2. Full

support of many real-world procurement decisions -would require-studies

‘which.reach Level 6.

‘Because studies at any level must base their assessments- on value
judgments- drawn from-a higherlevel, there is no possibility, even in
theory, of formal studies.or computer techniques glo_‘r’l:é ‘makingvalid
determinations of truly optimal fire-support weapons *f’fxixes. Judgment

is necessary in evaluating and:applying the results of studies done at
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all levels. In particular, the results at Levels 5 and 6 have meaning
only in the light of judgments regarding the relative national importance

of differing threats and scenarlos.

Methods and Techniques (Strengths and Weaknesses):

Noting that Level I problems are manifest in-higher levels,
the discussion-of techniques moved-directly to Level 2. Here, the
first major problem is to find ways of developing a realistic target

list against which to-apply the candidate weapon systems. In the

real world, t® target list is extremely dynamic. One side develops

sensors, tactics and procedures. for target detection. The other side

-develops countermeasures-to frustrate them. The accumulating effects

of friendly fires alter the target list - but so do enemy reinforcements
and efforts to-harden facilities. Nd the.least source of the dynamic
nature of targeting is the fact that the ‘priority for attack of each: item
on the target list is a strong function of the commander's -battle plan
and scheme ‘of maneaver, as-modified by the unfolding two=-sided
contest on the battlefield. If Level 3 analysis is to-be- attempted, it
is-imperative that the targét list, which.drives all:‘that follows,
faithfully reflect all of the salient features-of the-real. world-targeting
process.

Since thé target list does drive all: 'subsequent.analysis, it.is

surprising that, in existing models, the target generation and

designation subsystems are-combined-and. both are isolated from:the
target engagement subsystem. The target list is then developed

without dynamic feedback ofithe effectiveness-of supporting fires.

‘Coupled with-a lack.of adequate sensitivity analyses, this failure

has led fo rejection of-results of prior studies. Possible improvements

in.target list development are offered by-three techniques:
a. Extrapolation of History. This.is the application of military

Jjudgment to-combat experience . However, available historical data
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-are-of doubtful validity for assessment-of complex interactions and.lose

utility for:studies set in future.time frames.,

b. Waf~G§mg§.e ‘These permit free.explaration-of'the possibilities.

‘but-are-costly,.-do not-reproduce results-and leave uncontrolled. such.

variables as the skill-of'the players;, their-motivation and the-effect of
outside influences:such -as -controls and:game-structure.
c. Kinematic Analysis. This is-a-high resolution map exercise. using

actual.topography and the real or projected physical characteristics of

thesweaponry. It permits two-sided’, dynamic generation of targets-but

is cumbersone;, time -consuming., scenario-and: tactically dependent, and
difficult to amalgamate with-a.computer simulation.
‘Given-a target 1ist, the modeling. of the:actual-engagement of targéts

is in-a-somewhat better state. The:modeling-of weapons selection-and:

the-estimation: of-damage produced:is-generally-adequately-done by
-approximate formulae, but the input values remain-rather-suspect-due-
to-a-lack -of detailed:data-on thése: functions-under:field: conditions. The-
really-glaring deficiency is-tlie:lack of any-adequate representation: of the

suppressive and:neutralizingreffects-of:supporting. fires.. It.is. generally

agreed:that these-6ffécts are the.most.fitlitarily important, yet existing
modéls deal-onlyin kills-or damage estimatés. Since-medelingthese

effects-1s .conceptually straightforward, the-continuing lack.{s seen to

‘bé. the-result-of a-basic:lack-of-understanding-of these effécts as they
-exist on:the-battlefield:

modeling a-combined. arms:battle in itself and-especially the-difficult
problem of representing-the commander's-role« This: is-the.reason-that
in:mostspriorfire support studies-thé-problem-has been finessed. Level 2
analyses-are done-to-yleld-comparisons: among-weapon-systems-applied

against a-set-of fire=suprort‘targets. Thesé:performance-estimates.are
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then assumed to be the same as the system effectiveness:measured
as a-contribution to-a-combined arms battle. In this <Way-, Level 2
results are used as a surrogate for Level 3-analysis. ‘ ’
The need for Level 4 analyses i35 universally agreed to,
but, in-practice, they are almost never adequately-done. ‘»App'ropriate
design.of a- hierarchy of models may doffer a way to make them.less costly. <
Analysis at Level § is a: "snapshot" substitute for a time-phased-
Level 6 analysis and in the past has been dependent on a-Level 2 analysis
used as-a pseudo-Level 3 analysis. Even if full Level 3 ahal’ysis—‘wex‘e . -3
available, the snapshot-choice of a best mix depends on.having c‘:‘bmpariséns
among all possible candidate mixes; which genérally are too costly to-
generate. This last problem has been eased by using regression analysis
on the MOE:sample -points of candidate-mixes to establish.estimated smooth
-aurves, and mathematical programming to find a constrained: solution that

-reached-at l‘éyast specified minimal performance-levels.

New: Theories and Technigueés:

The report of Task 2 (referénce 2)-discusses four techhiques which
are either new 4n their éwn. right or-which would'be innovatiéns in-the
treatment of fire support problems. Thése:are Dynamic Planning, Optimi-
zation by Mathematical Programming, Value-Driven Combat Simulations,
and Algorithmic Modeling. ’

Dynamic Planning. This concept was presented on-the-opening day of
the Workshop.-by Dr. Ronald: New as-a way of moving from the "snapshot-in-
time" results of 1evel 5 analysis to-realsupport of the turbulént procurement

processin Level 6. The mechanisms of%dyr;an{i”g ‘planning were-di-scussed in

contrast’:to current s'tudi procedures.,

In prior-fire support requirements studies, it has been-typical that a
time period some. years in the future- was picked and a good average weapons ?]
mix determined for some .subsequernt life-cycle. This frozén snapshot tends V

to obscure'fthe:eiffectS* of increasing -obsolescence-of existmé}}_aSSets’_ .
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detail but is costly and non-reproducible. In.his paper-on Value-Driven

Simulations, Dr. George Pugh describes an-approach to-machine modeling
of the human decision process that mitigates the objections to. previous
teéhniques,

A canonical decision process , applicable to-every-day human
deci sion making, is described as follows:
1. Data input -~ Information is collected on the-current problem.
2. Updating the model - The informal mental model of the problem in
hand is revised to accommodate the new information;
3. Search for altematives - Feasible and. promising-alternative cowses
of action are identified.

4. Simulation - The updated mental model is 'uséd‘to:;simulat‘e*th@ -outcome

- —ofeach-course of action.

S. Evaluétioh -=Tha.outcomes are evaluated- in‘terms of a value structure.
6. Decision ~ When an acceptable outcome is. identified, the search is
stopped. Until then the process is recycled-tc step-3.

In real life, however, it is frequently -1mpo;s”5i516;°;o-;§iée> one's way
through to-the ultimate end of an activity, be it a:chess game or a.
combined arms battle. Hence, people actually-use-mental models of
only part of the total activity-and apply Isurroga't’g -value -systems, such
as relative casualties, to stand in for final values:;, :such-as success or
failure in a.military campaign. By identifying-the =pgrt1ali‘quels, and
surrogate value systems actually used by experienced-commanders (or
better-ones 1f possible) a basis is laid forgreatly improved simulation of
the commander's functions: However,.to support'this improvement, it is

necessary to play in greater detail the-acquisition-and.flow of intelligence.

Actual items-of intelligence are-the-ingredients-to the formation of a
commander's: view-of his situation vis-,-'é;visa:the::gf@my. However, some
of the required items are missing, incomplete; delayed or-wrong. Their

value decays with time. The-resultis that the-commander's picture-of his

-12.~
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changes in the threat, fluctuations in-the budget or new R&D results. If
taken literally, such a study would also imply a serious.discontinuity in
force structure at the beginning of the new-weapon life~cycle.

New proposes that a continuous adjustment of force structure should
be approximated by breaking the planning period of say, 10 to 15 years
into natural segments, such as budget cycles, to achieve the resolution
necessary for the problem in hand. At'the beginning of each segment;,
careful attention would be directed: to the current value -of inherited assets.
The decision criteria would: include the value of the chosen mix as an:
input tothe next segment. The process, of course, is repeated out to the
planning horizon. In the application of this concept, it was stressed that
success-is g’riticaliy dependent on adequate sensitivity testing of the impact
on the results of both uncertain input values and any possibly controversial
assumptions. Sincethis sort of planning is already inherent in the resource
allocation procedures. in:the  services, if.only to control cash flow in the
out years, this proposal would serve to-bring studies into closer and more
useful conformity to:the decision-making processes they are intended to

support.

thimiggtion by:Mathematical —Pfogrammmg‘. ©n very few- occasions
have the: powerful methods of.mathematical programming been employed:to
derive. constrained optimum mixes of fire support weapons. In-reference 2
it is pointed out that:more extensive application.o the techniques may, by
concentrating: on force mixes; by-gass currently vexing-problems such as
explicitly- modeling synergistic-effacts between weapon systems. The
discussion.of:prograraming was considerably-expanded in-Phase II and will
be amplified in later chapters.

'V@IuefDrﬁve;{t31mu1at§ons.‘ ‘As pointed-out earlier, Level 3 analysis

places a premium on adequately modeiing commanders’ decision -processes.

So far, the processes have been represented-in machine simulations by

-over-simple:rules-of-thumb. In war games, decision-makingis played in
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situation-is "fuzzy". To model the process of integrating intelligence

items into a "fuzzy" picture, Pugh proposes to apply the techniques of
Bayesian inferex)c;é,—to stylized arrays of intelligence data. In-this way,
for the first time, he-achieves explicit treatment of the effects of the
fog-of-war within-the canonical decision process.

Algorithmic Modeling

This technique-was described in somewhat general terms by Mr.
Timothy Horrigan, It is fundamentally an effort to return to computer
machine language to-devise computer representations of the slements of
combat which are 100-to-1000 times more computationally efficient than
similar representejlt,ions in-the usual readable, flexible simulation
languages, such-as Simscript. Program modules capable of achieving
these economies are now-awv:silable. ,

The benefits-of such largei improvements: in efficiency are in the
increased resolution of the combat simulations. Relevant events such
as hits in small' arms fire. or combatant-to-combatant detections. can be
individually resolved, sothatthe inputs can be at the-level of ‘systems
characteristics which-are irherent]y more readily available and-more
reliable than aggregated performance measures. There are €ls0 obvious
advantages in being able to trade, on_more favorable terms-, between
detail of simulation, scegs of study and computer running time. " Such
improved computational efficiws:,...es could also be the 'i’c,ey'to obtaining
adequate sensitivity-analyse:. )

Improvements -of technique by factors of 100-or 1000 are not.achieved
without cost. The rerort notes that to-use the algorithmic models.fire
support studies must be recast and the familiar conceptual organization
for land combat,Monte-Carlo-simulations abandoned. There is.alsothe
cost and uncertainty -attendant- on taking the program modules from theory
to-practice. However; it is noted that what is cffered is a potential
breakthrough as -oppoted. to an alternative of ever-larger, longer running

models which are more expensive and no more-credible.
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Task 3

The Task 3 survey of existing models applicable to fire suppori

studies did not materially in/\wance the discussions-of the Phase II
Workshop and the survey +i:f r:.l be reviewed in detail here. However,
the conclusions of that t:», ¢’ %' ~¥a summarized in reference 3, as

follows:

“The existing models that «.;e ralevant-to-answering questions
concerning the compositi.'r and effectiveness of the Fire Support
System (FSS) are of two b.:sic-types. Those that focus on the
processes of fire support, excluding the interacting combat systems
(FSS models) and those that examine the mrform,ance of the force
&s a whole but not the FSS ia detail, The farmer group-includes the
MAF model, the Legal Mix IV model, the Class V model and the
DAFS/CAS model. The force performanceé mcdels are BALFRAM,
IDAGAM, VECTOR and LULETIAN.

We have tenatively -concluded that the ‘fﬁi‘@é performance -models have
véry little ooty in answering Marine Covrps fire support questions.
They abstraci combat to-such:a degree that-effectiveness-differentials
among-closely competing fire support-candidates-would be lost in the
"noise™ of the output. Moreover, many ofthe inputs-to-these models
are precisely the answers we are- seeking; -such-as, the firepower
effectiveness of a certain artillery battery. However, these models:
may have utility in selecting appropriate .sc':efigﬁi_x‘ios-‘that' should be
used. It appears that for some time to come it will not be practical
to rerun a FSS model against a sufficient number of scenarios to.
convince the user that a robust solution has been found. . Under these
circumstances, the force performance model s-may assist in sotting

-out the few scenarios that should be used. The jarine Corps is

-exploring this possibility at this time,"
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Tentative Methodology Development Outiine

As a strawman for consideration.and discussion during the
Phase III Workshop, the PGRG prepared a tentztive program. for
near-term and long rangé improvements: in the methodology of
Marine Corps' fire support studies. This proposal may be summarized
as follows:
Near Term. Improvements to be available during FY 77.
1. The Target List. Major effort is proposer. to develop a target tist
that: "(1) incorporates a realistic target detAction youtine; (2) carefully
derives the target list from a detailed microscopic map analysis (kinematic
analysis) of the-deployed enemy;and (3) does so with the thoroughness-
that will permit altering the deployment of the defender and still be able
to derive a credible new target list to ccrrespond to the new tactical
situavion."”
2. Kiiematic Analysis. :One to three scenarios and-enemy force compo-
sition should be agreed on-with Marine Caps professionals. Then the
target generation and designation sub-system oi 2n existing: fire support

model should be subjected to kinema tic analysis dow ¢ squad or

‘platoon level over a combat period of several days or weeks. This is

estimated to-require 3-4 man~years over a 9 month period. The sci+ =28
of-maneuver for each-scenario would ‘be-developzd in-open games ana

rélated in detail-to the target lists irn crder that, at a latertime, the

1ists.could be revised as appropriate for a different version of the fire

support weapon systei.
3, .Suppressive Effects. Attempt should'he made to imprcve the represen-

taticn -of suppressive effects of supporting fires. Perhaps the historical

record 'would permit comparicon of times to conduct a given oparation

wher under such fires and-when free of them. Also, field experimentation

should be reviewed. An-estimated 6-12 total man -months would ‘be required.




4. Damage Equations. Research is.recommended to-improve the:knowledge
of fragmentation patterns, energies, wound ballistics, and the

influence of terrain and posture on the-effectiveness-of.each fire -

support munition. This is-needed to validate the-generally employed -

defeat-criteria concept.

e —

Long: Term Effgr;si,. Improvements for use Post-77.

1. Basic Problem. To get to-a valid Level 3 analysis;, the full;

bremsad

combined arms battle must be-modeled: The only reasonably convincing

techniques for this are war games and computer simulations,

[l

2. Simulationsr. ‘Simulations are still hampered by a-lack of suitable

aggregations of the oparations of small -units up to-the. company on which

brwenmed

to base the rules.of a misnageable Marine-:Amphibious Force (MAF) level

model. The feasibility of very highly detailed simulations depends on _{
the development -of better representation-of decision-making and more ‘
efficient computational procedures. To achieve these goals, work on ) ' f
the-development and application-of value-driven combat simulations

and algc;rithm,icmoge!,s is recommended. - ) {
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CHAPTER III
THE INVITED PAPERS

76 broaden both the -appraisals: of Phase 1 and the search fornew
approdches, :seven-eminent individuals-orgroups. in-the forefront of
methodological advances in-Operations Research »Wer:é invited to:prepare
speclal presentations. These weré to-be:on:the-general Marine Corps:-problem-
-as: seen:from-their perspective, as:well.as on-thé innovative application.of
new-techniques. Two other; equally well qualified, individuals were asked
‘to-summarize and:commert on the invited papers. ‘The full review papers:
by Professor Gerald: J.. Lieberman, Chairman- of the Department of Operations:
‘Research, ‘Stanford: University and Professor James ‘Taylor, :Department of
‘Operations-Research  and Administrative Science, Naval Postgraduate School,
appear-as-Appendices 12 arid 13 respettively.

The invited-papers. fall in.thrae :géneral categoriés: a reviéw-of what must

beincluded: iri an-adequate fire: support analysis; examples of compléted -
nicdéi‘thaVinq-ri@ten,tialf application-to:fire support-requirement problems- =~
either directly or:as-methodological prototypes - and-general-discussions
of the possible utility of spectfic-techniques,
Framework for Analysis |

The first category is:represented-by a papérby J. Ca 18951,0,1@ and L. S.
Peters-of the Naval Warfare Research Centér of SRI, eritttled "Framework for
-Effective Fire -Support:Analysis "1(Ap:3};ahdix>2)? g2

The proposed framework stresses that ssveral levels. of:decision making
are-covered in-discussions of "the fire.support problem!. However, the
analyses which support each level-can be broken down into-three major
elements: the decision interface, the-quantitative analysis, and the. data:
’réseri;qir. This structure *is:-ﬂlustfs‘tté&-.in—ﬁ'giirdfi;, From the-discussion-of
each-of the-elements, the reviewers picked four-potrits for citation:

a: No-furthér model building should be undertakerby the Marine Corps
until a satisfactory fire support analysis structure-is-developed.

-17 =
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Cherry.

‘before hostilities. Variables include- aifgraft:typeg, .missions, targets,

dellvery conditions, weather and.time period. There-is- provision for 35

b. Work is required to better define the decisions to be supported by

analyses and to choose the appropriate MCEs for each level of decision
making.

c. No single model can fulfill all of the Marine Corps requirements and
the development of a hierarchical set of models is recommended.

d. A data reservoir should be established —whi,ch provides. for the accumu-
lation of information necessary for the preparation {(and standardization? Ed.)
of inputs to fire support studies and the pooijng of‘the results of completed
analyses.

Completed Studies as Prototypeg

The papers which dealt with complete studies were the "Solution of a
Large Scale Airforce Ordnance Plannir;g*iProbLem_by’Mathematical Programming"
(Appendix 3) given by George Dantzig and "The -Role of Differential Models of
Combat in Fire Support Analyses” (Appendix 4)-which was presented by Peter

The purpose -of Dantzig's paper was-to show., :by example-, that there is an
alternative to simulation.for the treatment of large-scale problems involving
the optimization of a mix of resources. The example was a ,brogram written for
the USAF to guide the fselecitipn:of stocks of ‘War Reserve Materiel (WRM). It
optimizes;, through maximizing targets-destroyed- after each of several stages

of combat (typically 10, 30, 50, 100 days), the ordnance which was ‘stockpiled

constraints on effectiveness such-as sortie rates, attrition rates or budgets.
The - resulting comwex, non-linear program is treated-by piecewise linear
approximations with software capable of handling: 400-equations with over
500,000 variables. A problem of about ~2501roy;r,s, 100,000 variables per-time
period and 10 periods takes about 75 iﬁifgut@s’-CE:U ‘time on an-IBM 360/75
computer.

The process of optimization by stages was questioned for application in

fire support requirements studies and was defended by Dantzig. He noted

-19 -




that the sub-optimal solution could be-compared with results of other
simulation schemes. "If such stage-by-stage procedures-are not -gocd,

he suggests. the alternative scheme of :simplifying the model until it can:

be solved by-a dynamic program™, However, the WRM modelis static

with fixed target lists, -attritions péer sortie and sortie.effectiveness values.
1t was not immadiately clear that the approach would succeed in overcoming
the-deficiencies. of present fire support methodologies which demand an
adaptive opponent and a-dynamic target list.

-Cherry's presentation:-covered the Vector Corporation's work-on-the
theater level combat-models Vector 0; Vector 1 and its-derivative, the
DIVOPS: model; and-the prospective Vector 2, with: its increase in-detail..

Of these, only the 41ést;wa_s judged to-have- sufficiently high-resolution to
‘be-of use in fire support studies. None-of these models:-contain-optimization
procedures. for a weapon.-mix-or-tactics. Again, while the-quaiity-of the

work for its-original purpose-was.appreciated, the-utility -of these models.

for fire ‘support studies-has not:been demonstrated, in spite-of the initial

Spe‘ciiif’iq ,ifeChﬁ@gué s

‘Turning to:-the papers: on the épec;‘ific::téchniques -of analysis and their
application.to fire support problems, Martin.Shubik discussed the contributions
to-be expected from:Gaming and Game Theory (Appendix §). Beginning with a
review-of the-distinguishing féatures of game theory -and gaming, the benefits
and: pitfalls of each:technique weré outlined. He closed with some comments.
on the-place Of:modélihg within the decision making process-.

Specifically, Shubik noted-that game theory solutions were available

way to begin the-modelifg of real world. problems-as complex as fire

support operations, since they can.clarifythe importance of variables

to-be represented in-the final simulation: Gaming, on the other hand,

~ 20 -
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draws both the sponsors and users into the full problem., including the

Fwinid

human behavioral aspects, whether rational or not. On.the general

subject of modeling, the point-was made that the unsophisticated often

Foisd

confuse "relevance" and "realism". This struck a responsive chord and

was widely referred to by other-particl pants. 1 In addition, -Shubik

!w Wmi

cautioned the analyst to concern himsel{ with data validation, sensitivity

analysis, aggregation, symmetry and built-in bias. In.closing, he

oy

stressed that the current tendency in the Defense Department toward "black~
box" simulations is dangerous if these are not cross-checked with man~
machine games and simple-analytical models.

In his paper entitled "Modeling and Markov Processés" -(Appendix 6),

Matthew Sobel provided a second to Dantzig's offer of mathematical

programming as an alternative to-simulation. He also olserved that

gt

g previous fears of the size of such programs are no longer-generally valid,
in that current computers and optimization algorithms can‘handle very

R
~

large-programs in running times comparable to those of batile simulations.

Howevei, to cope with the complexities and dynamic nature of fire

support as part of an amphibious landing, he suggests resort to embedding

stochastic network decision models within larger simulations. While this

is not a totally new idea, it is-not .often exploited and "the-art of such
] ‘hybrid procedures is primitive and the science is nonexistent". Sobel
concluded by citing-the need for new developments in four areas:
: a. Optimization program:packages for large dynamic-decision models.
g h b. Synthesis of cimulation and network optimizatio..
g | c. Computational solutions -of stochastic games.

-d. Decision network representation of the fire support system,
! It should be recalled, lLiowever, that the non-analytic but:responsible

7 ' military decision maker has few tools to check the thoroughness of his

4 j "iyory-towe:" advisors. To insistthat a modél have a representation of

every facet of actual battle, is-expensive and crude but it is an understandable
expedient, Ed.
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The two -amaining papers were concemed: with simulation. George
Fishman revie: « the characteristics of simulations (Appendix 7), noting
six attractive features:

1. Compression of time

2. Expansion of time

3. Model detail

4. Selection of outputs

5. Control of measurement ersors

6. Control of variation
In expanding on these points, he stressed the need for weighing the
benefits of increasing detail against the costs in-modéel complexity and
additional data.

The sixth,cl-iaracteristig of simulation, the-control of variation, was
discussed 1n:deta1§'. This referred to the ability-to control the pattern of _
variability-within @ stochastic simulation to reduce the running time required
o obtain a-given statistical accuracy in the results. Several variance
reduction téchniques were illustrated which-could be imporcant in fire
support simulations, through permitting higher-resolution at little increase
in present running times.

Donald:Iglehart, in his paper oh "Statistical Analysis of Simulations”
{Appendix 8), introduced the regenerative method. Quoting Lieberman's
review, "The-basis of this method is the collection of data during each of a
number-of -fegenerative cycles that will be independent and identically
distributed. ‘ifhisj requires the existénce of regénéi'aﬁiqh points, which do
exist in a wide vérj,ety of problems. He described methods for "efficiently"
estimating the-desired parameters of the simulation with prescribed
"accuracy". He alsc gave two approximation techniques. for dealing with
non-regenerative -systems or regencrative ‘systems: for which it is difficult

to identify the fr,e‘g'eneration points. A major advantage of this technique is

the elimination.ofthe need to discover when the :system leaves the transient

state and-enters the steady state. The regeneration-method.has had important.

applicability to intermediate size problems (e Gy cBmputer scheduling)..

Whether or.not it will have an impact on fire support simulation models remains

to be seen.”
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: . CHAPTER 1V .
' THE MINI-WORKSHOPS.

As:noted in-the Chapter T-discussion.of Methods:and Techniques,

-existing models-of fire support-combine-the processes-of target. generation

i and-target designation. ‘They then model the actual engagement of the

- target-and proceed:to-the-evaluation-of:the effectivéness of-the.resulting
. -supporting fires. ‘The 'subjects -of the mini-workshops were.drawn from

- this-breakdown; being. "Target-Generation-and Designation” . "Target

1 Engagement” and "Mix Effectivéness Analysis'. The:chamrie‘n:ofithe ,
three-working. parties -each..eported-on-the work-of their.group-and: these:
reports-appear-as-Appendices 9, 10;, and 11, respectively. This. chapter
is-a summary of the discussichs-and findings aé::fhey:répo&edzzthem:.

ZTarget Generation and Designation (Appendix 9).

b e e
P

The-participants in the-workshop-on "Target Generation.and Designation™,

ey

:chaired-by Robert Hinckle, again-stressed-that a-dynamic-target listwas:the
-driving-element in firé- support -studies. They then.defined their subject:as

RUSy I
far. o 5}

[ ranked , dynamic target afray" fepresenting-thé demands placed.onsthe fire
-support :system, :specifically-including suppressive,.preparation-and

* harrassing fires: The process:-of simulating supporting fires; being:

dynamic, was visualized-as ¢ircular. Starting from.an. ideal:list of all

i i  possible targets, it moves:fo-aii-operational target 115t with-both omissions

‘ and false‘targets. If.turn, the suppotting -‘ﬂrés:éétu,a,lily delivered and

i enémy actions:both modify the ideal list and the process fepeats. A

| general conclusion-of:the-workshop-was:that-the exact form-and-level 6f

deétail of the process must be tailored to the:questions-addresséd and-the

1 decisions to-be supported:, _
| §§ Twczmajof;arée;zs‘»of-—madequgéyfxof—:pres@nﬁmé@@l.s weré-discussed: The
first of these-was the simulation-of the-Sperationsl generation of target lists.
i The-operational ‘basis:was taken-to-be-sensor outputs-réad against a background
: of prior knowledge and-other intelligence:. It was-generally adreed: that sensor

i performance 1s well modeled but that:the-essentially humah process. of interpreting

.sensor-contacts-and,. from-them ,—*deveiébing:»thé%t@rgetsliét 1s neither-well

|

|

i
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i
understood nor well modeled. For much the same reasons, present models
do-not adequately represent: the-generation of requirements rfor harrassment
} -and interdiction; preibarationfahd'Suppressivé:—fires.» Finally, no-appropriate ~
way has yet been implementeéd in-machine :simulations to represent the human -
generation-of errors in.going from-the-ideal to the-actual target lists.
The secornd area-ofiinadequacy is in representing:; in simulations, the:
dynamic nature ofreal-world target lists. Operationally, the lists change T
as the result-of -new intelligence:or sensor contacts, the damage actually I
inflicted by supporting: fires- and énemy initiatives. To-represeént this dynamism, ‘t
the possible-use of a- Markov process or stochastic network model is suggested. ®
The state-of a system consisting of-the ideal target set, the operational =
target list.and fire support.assets would-be go nsidered. at-discrete points in time. %
' At a-given time, -a decision makKer allocates his fire-resources to targets on-the s
operational list. As-a result ofthe-actual implementation of this-decision, the ‘
system-moves ,. with-certain: probabilities,to-one of a set-of possible new states. ‘
f and the-processrépeats. The final valués.-of the: staté variables themselves
f can.bé used as: the measures of effectiveness. It was emphasized-that this {
concept is-a suggestion-only andthat its-efficiency and utility-are:not.
) -established. ’ ;
The-group-gave:-a series .of:conclisions-and recommendations, -of which i
the followlng is..a selection:.(the: complete 1ist 1s-available in: Appendix ‘9):
4 ® ASensor -performance :models are.adequate
. -® Idealtarget set and-operational:target1ist should:be-kept
distinct in the simulation process. )
3 -. Dynamic interaction-between target st (herice,, the-target list) ;
A and fire plan implementation should be-modeled:-.
L #. Thé degree-of resolution/aggregatian reguifed 1 thé methodology
and hence in-the-target array-desciiption fs:dfiven by-the study question.
‘ f ‘» New- sensors. and:data: gféé,é_{ss“i‘i};gas"‘}'zStémS"Wﬂ_l ‘Pplace increasing -demands 1
| I -on:the fire support allocation-and-éngagement process-.
i ® -An-in-depth study-of the-target-generation process: should be-:inade,
/ i ) including:command’, -control: and- communication, 1nte111gence -data
i processing; -and: inference. ?
§ 3
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fl‘arget Engagement (Appendix 10)

The members of the Ta'gjet Engagement Workshop, chaired by Alan Goettig,
set themselves a series of questions and attempted to develop a concensus po-
sition on each one that would be helpful to Marine Corps modelers in future
studies of fire support. After agreeing that the problem centered on-obtaining
a low-cost methodology which would treat both an optimum mix.of weaponry
and a balanced merm of expendable ammunition, they turned their attention
to the modeling of supdressive effects of supporting fires.

Their conclusion that suppression and neutralization are the- primary
things accomplished by real~world fire support threw into sharp relief
the fact that current;methodsfdeal almost exclusively with the killing or
destruction of targets. This, in turn, led to questions of "why?" -and.

"what can_be done about it?"

Noting that effort“g" are under way to seek remedies, the group agreed

that the present and basic need is for supportable-data on the behavior of
troops under fire. Until the difficult task of filling this need- has been

completed, suppressive-effects should be included in models as-a set of
aojustable ‘parameters. This-conclusion was the result of a debate-on
whether it is more dangerous-to useﬁurlsupported estimate; than to ignore
the provlem altogether. Including suppression-in parameterized form would:

1. Require selection of MCEs that would include it and thereby focus
attention on the need for field data and improved models of the effect.

2. Helpta identify those cases where the uncertainty about suppressive
effects has a significant effect on decisions. ‘

1

3. Provide a- quantitat*ve ndication of the need for accurate suppression-

‘modeling.

Without wishing to-discourage attempts to find alternatives the- group
felt that. combat experienCe is the only presently useful source of: data and
that, of course, 1t will not be available for the behavior of operators of
conceptual future we apon systems. In Appendix 10 will be found references

on this subject and a if'st of individuais-working in-the a
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This workshop, in addition to tackling their own questions, undertook
to comment on the Phase 1 proposals for future development-of methodology.
After much discussion with an author of the Phase 1 report, the-group
concluded that they were in general agreement with the near-tern: proposals
as explained verbally. This led to a recommendation that the problem
statement and decision process given in the report be redone in a.more
explicit form.

The far-term recommendation of Phase 1 for development and
application of value~driven simulations and algorithmic programs: was met
with .a cautious response. Noting that they appeared not alone irialacking
an in-depth understanding of these techniques, the group felt-unable to
make a strong positive or negative endorsement and urged an expioration
and a comparison of them with alternatives prior to making any extensive
commitment. 7

The group did endorse standardizing scenarios (including thjééts)'
and concepts-of operations as.a means of enhancing comparison-between
studies and reducing study costs. Standardization is not intended to-
prohibit reasonable excursions, but it might provide some help-in-the
area of target lists for specific, often-occurring combat situations..

No agreement was achieved on how to effect needed improvements in
the understanding of the relationships between fire support and rates of
advance. The need for more trial data and betfer *m{gdeling;of the impact
of limited visibility was stressed. This is particularly important in the
case of dust smoke or haze over a battle area when guided munitions might
be used. The group concluded with a review of the issue raised by Shubik

with his phrase "relevance vs realism”,

In his personal comments., the chairman noted that the workshop was
concerned by the Phase I recommendation for greater -detail in fire support
modeling. To the-group, the acknowledged lack of data indicated, instead,
a need for more aggregation in-order to speed-running times and :permit the
exploration of the-effects of uncertainty in the inputs. In the same vein, it
was strongly urged that development of future methodology-iriclude:the parti-

cipation-ofthres kinds-of peoplée-in -addition to the technical analysts:

- 26 -
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-of suppressive effects in é:dsi:ing;ﬁre:suppdt studies. However, there was

1. Combat experienced personnel who know what kind of data

can be obtained.

2. Study managers who have had experience in utilizing methodology
to compute answers to someone's questions.

3. Project managers who will have to make decisions on alternative
fire support concepts.

Fire Support System Mix Effectiveness Analysis (FSSMEA) (Appendix 11)

This workshop was opened with a réview by its chairman, Edward
Girard, of two analyses of fire support to illustrate significant improvements
still required. He stressed the extreme complexity of tracing the impact

of supporting fires through a two-sided, combined arms battle and ultimately

developing measures of its effectiveness. The most useful result of such
a study was said to be "one that-expréssed: the consequences of the

-agreed facts and assumptions in the-same. gsystem of utilities -a senjor

—n?gilitafy decision—make; vyc’;q’l’d usg;i‘fjhgé were Aactuallg commandinglr in the 4

situation visualized. This: takesﬁthéz'mattér beyond the single point
“answer" or "solution" usually produced in a-study, which at best has the
significance of a revealing example'

Also stressed is that target &ésignations do not.come from intelligence
and sensor detectiqns alone, butf{r’om: those inputs ¢onsidered in the light
of the scheme of maneuver which.-results from the combined arms commander's
plan of battle. This places additional strain on:the modeling of thetarget des-
ignation pr‘o,ces‘é since the commander's function: of developing a battle plan
must be explicitly represented within:or external to-any machine simulation.

After the review, this group also took note ofthe negligible simulation

seen to be no-real barrierto modeling such effects and the work of Lind of

Editor's emphasis to call attention-to-the relevance of this quotation
to the "Realism vs Relevance" question and to the earlier recommendation
for scenario standardization.
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RAND using Marine Corps data from Vietnam wss cited as a successful

example. For future development, it was suggested that use of algorithmic

programming, permitting decompositio:: of the battle to the level o a
single soldier, would, hopefully, allevs these effects to flow naturally
from the simulation of elementary functional events.

The second major problem discussed was the representation of the
combined e:sins commander in a computer simulation. This requires develop-
ment of decision algorithms whose output would be "indicative" if nct
"typical" of decisions-taken by senior officers under the conditions
portrayed. To-develop such algorithms, it was proposed that an
advanced man machine model, such as RAC's ADVICE II, be coupled to
a high quality combat simulation. A relatively small research team would
use thistool to evaluate the candidate algorithms and the successful ones
would then be used in the combined arms simulation in which the fire
support operations would-be embeddecd. Safeguards would, of course, be
retained such as a manual override if the low-level simulations took an
-absurd: course. A manual walk-~through would be a useful preliminary to
the simulation of novel forces or capabilities.

In considering the six levels of analysis proposed in Phase I , the
workshop- felt that not all the Marine Corps' decisions in fire support
require analysis up to Level 6. They also felt that deficiencies in
technique were most serious at Levels 3, 4 and §. It was accepted that
there is little of value to be done to improve the special methods of Level 6
until they can-be taxed with an improved quality of analyses and inputs
from below. This mini-workshop-concluded: its report with a proposal for
a three-track effort aimed at developing a true combined arms appraisal
of fire support: '

I. Activate RAC ADVICE II system with the Division Battle Model (DBM)

a. Shake-~down team, design and start experimental program. 1-2 years

at 6 man-year level.

2
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-:experimental programs.

b. -Review Vector DIVOPS-and other models as replacements for

DBM. l-2 years at-one-man-year level,
Model-and Program-algorithmic -model of physical suppression
effects of fire within the:rifle company. 2-3 years at 1-2 man-year

level.

Then.develop-new combat model, possibly improved "ADVICE III"

man/machine interface as basis of faster, cheaper, continued
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‘CHAPTER: V.
EDITOR'S OVERVIEW

It is:the purpose of this chapter-to-draw-together:the separate
threads -of rdisgugs16nz4tha§*we;-§;%xygvéuithrbugh’zrthe_,. four-day workshop
and t¢ place them in-context to-see:-if a- pattern emerges which- might
be even-more informative than-the sum of the individual recommendations
-which were made. The-:starting point. f@rﬁt{higpfo’cedure‘:i‘s ‘the-definition

of what analysis.can-be reasonably expected-to-contribute-to:the-choices

the Marine-Curps must-make -with regard to-mixes of fire support assets.

Expectations vs Reality |

We begin at the top. The final stages.in.a-majorresource allocation
decision in.-a military service typically consist-of méetings attended by
two=-or-three~star-agency -chiefs. Since these:individuals often
représent-conflicting-interests, their views on-the questions. in-hand
will differ. Sinca they are.at-alevél where surprisés-in-open-meeting
are-;@ﬂgﬁfhi‘séiblc: »they are :pre-briefed-and-arriva-with firm positions.
Any -studies usedito Suppoit-one. or the-other-of the staff recommendations:
to.be-discus8zu will-have been.reviewed. by-each-busy executive for-a
total of, atmust, an-hour-or two. If the-agency can-agree with the study
findings., these are:generally-uncritically -accepted. ,If:t,h-e’ "set" of the
agericy is opposed,. the-chiéf-will be brieféd to attack the scenario;
-assumptions, input values, rigidity-crlack of structure -of the methodology
or any-other "not-certain” feature of the analysis. Since-the doctrine-of
" beyond- a:reasonable-doubt” applies in-such.sessions, the study results
are., in-the-end left virtually without i;iﬂueii’cf:ésin the choice between
the specific options-offered for-decision. The:decision will thén:be made
in a-debate which willinclude factors not part of any formal study, such
as the mood of a-congressional committee or an intér-agency-horse-trade-

1f formal studies-often-have little-direct-influence-at the final

decision stage within the service, are they then totally without value ?

Lo
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Absolutely not! They are the —best;tpb.l-knowﬁ, foi'-:defi;ﬁng the alternative

options-or courses of action which are presented to the chiefs for decision;
and this is the case for both the lower staff and-command: leveis within the
service and in presenting the service's choice as-one alternative in the
larger decision arenas.of DoD and congress. 7

Some of the consequences of these'obsker'vé'd facts-of-life are that (1)
no one study should be expected to be decisive in.a decision-making
exercise; (2) in the results of studies, trade=offs, relationships, and
decision-making rules of thumb-are of greater-and more durable utility than
absolute values; and (3). a repeating series of:compatible analyses is more useful
in providing insight than a number of unrelated, one~shot efforts, however
massive they may be. Because the workshop was directed toward the improve-
ment-of analytic methodology, —theée‘:pcintsx Wé':e':-ng’)i;; often stressed in the
papers or discussion. However, they are-germane to the-choice of the
Marine Corps' future course in dealing-with fire support problems. Itis
therefore important to note the occasions on wﬁic&h.ft,hgy‘fdidAarise.

In their paper on a "Framework for Effective. Fire Support Analysis",
Bobick and Peters devoted.one whole chapterto the:"Fire Support Decision
Interface". In the first paragraph of that.chapter (Appendix 2, page 6), they
make a-blunt but salutary observation; "Specifically;; Marine Corps Fire
:Support analyses have failed principally through:the oversight of trying to
replace rather than-augment the decision process-of the-decision~maker."
They continue, "It must-be emphasized that.the-analysis shculd be used to
clarify the decision parameters and illuminate.alternative courses. of action,..."”
In short, the Corps' disappointmentwith. their fire s‘uppgrt;s:cudies is saxd to
stem less from inadequacies in the state-of<the-art (although there are plenty
of those!). than from unrealistic expectations-of what any study can:achieve. This

results when the actual impact -of study findi_ngs~;is_~:cg{r?pared‘-tofa— goal which is
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The place-of a study in the decision-making environment is addressed

from a somewhat different viewpoint by:Shubik in his section on "The
Purpose-and Process” (see Appendix 5).. To-ensure the utility of analytic
results, he suggests that it is of great importance to do a study of the
implementation process from the inception o6f a projected analysis to how it
will finally influence a weapons mix and force structure problem. Rotations
of military personnel can leave to-an analytic team much responsibility that
should remain with a sponsor. And in addition to-this reversal of roles, there
is the confusing fact that "even if all individuals at different points in an
organization.are efficient and rational, the-overall performance of the
organization-need not be rational or even-reasonable. In terms of studies
such as-detailed fire support simulations, overall organizational rationality
must force-us to ask how do they fit in, in-importance, for the overall
organization?" All of this suggests that in the Phase III review of constraints
in the Mariné -Gorps' mechanisms of décision=making, it is necessary to look
at organizational and subjective questions; as well as objective factors such
as the limitation-on study resources. It-also -means thatthe results 6f;a
‘broadered Phase 1II should be'a major input .to the improvement in the
definition of ‘the:-questions to be-answeréd-by fire- suppo.t analgs‘es , which:
was recommended: in the reports on Phase I.
Validity

Whﬂé:, as- noted above, absolute results-of fire- support"studies‘?‘canﬂot
be mac{e->préo’f:agéginst “reasonable doubt", thé models-and inputs must be
validated whenever possible. This need for-continual attention to proof and

verification is not:\uniizue to military-analytical studies. The theories-and

even-the laws: of phvsics are also mathematical models subject to tést. However,

in the worljt}»Of*blesics‘, the standards-of validation:are far higher. No theory

is accepted:for application until it is shown to-desciibe adequately all relevant,
previouslyknown phenomena and to- predict-accurately the results of experiments

yet to be performed. In checking theories, -great attention is, of course, paid to

the precision-of experimental results and: to-the purity-and completeness-of the
data and the model in which they are used. The risks-of error, without such
rigorous testing, reduce the unvalidated mode! to the gfatus-of so many:exotic

symbols on.paper:
-32-=
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Military analysts pay lip service to these same standards-of validation;

|

precision-of input, completeness of experiment and model, -and to- the testing:

Mg
i)

of the sensitivity of results to variations in input. Several workshop parti-

;w

-cipants-discussed these requirements on:analyses and most have added“thét

sy

these requirements .are almost-never met. Yet, to-an-astonishing-degree, the

discussion then proceeds as though they were! This c¢'early puts-the buyers-

Enuwr-mﬂ . ﬁ

of large modeling efforts in.a-dilemma-and, to some éxtent, placés analysis on the

plane of some aspects of the practice of medicine. Much practical help-may be.

st

rendered the-client, but it may hever be completely-clear how-the-result

was achieved-or what side effects will nullify:the next attempt. It -also

B

i

places a premium on-obtaining the services ofthe most skilled -practitioners

available.

4

4

Ideally, to ifriprove!tj;,e situation,. there are two courses-of action needed,.
one for-the analysts and-one for thelr clients. ZAnalys ts.should feach potential
clients the importance-of validation of model and input-as well.as the need

for incorporation-of sensitivity testing in the total study. Thew should thén

develop a design of thé total-program which includes-an-effort balanced-among.
modeling, validation-and. thé study-of decision questions. The client-can par~
ticipate in.an implementation -study and-aid in-defining the decision questions
so. that the balance can.bé struck. -Once a sound program is established, the
.client -can take-the unpopular step-of funding-an éffort in which the visible

. size (and -glamor) .of the model and the volume of study output.are-reducedin

i favor of inéfeasing the-assurance of validity-in the results.

‘But-the reason -x}alidatigg:and‘,s:ehjsitivityftestiﬁg are -oftén neglected is:

X that they-dre extremely-difficult to-do-and the-attemdt is costly-to-carry-out.

- What-are-the -practical steps that-can fbefaddéjd*igo:Ef.zi{-aﬁalysis program. to-ease

[+ these -problems-?

ot |+t

- Possiblé courses of action,. largely-drawn fron workshop -papers @nd
i discussion; includé the following:

-y ' First, change the goal. Give-up siy-desire for a sausage machine

g » ‘which.delivers incontrovertible decision.. . Adopt a: Fesearch attitude of
g ‘continually seeking to.improve, by any means gvailable, the understanding -of
{.

the-operational proccesses and interacticns of fire support. Plan.for the

?
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integration of modeling, gaming-and computer simulation with field trials,

historical research and ‘the use of Electronic Warfare, aircraft-and other

hardware simulators. Put operators, study managers and decision makers

on the methodology development-team and arrange for the team to spend

time obsérving fleld trials and-exercises. Seek inter-relationships between-

elements of the fire support system, synergisms and trade-offs, all of which

\ '
fronmapa. *

are of more use than single-point, absolute results when fitting systems

costs into a shifting budget..

o n |

Second, control inputs tdjnbdels, accepting only those for which-values

are or can be made available from trials, combat data or other valid external

[
it

source. If a function or process must be "parameferized”, as was recommenged,
for the modeling of suppressive-effects, make the appropriate sensitivity
tésting a buiit-in part.of the-model. Since it is virtually impossible to.
validate a complete model of a iarge military action, at least schedule the

e validation of ,sub-moﬁels >su’ch_<§'s_’ttjgaf’unctioning of, say, a fire support
# coordination center. Finally, build:into the analysis program statistical

investigation of variation of:resuits due both to-the stos

¥
3
{

1A
]

operaiions modeled and to the broad-confidence intervals. typically assoclated
with the inputs.
Third , schedule a substantial fraction-of the study effuit-for the inter-

pretation of resulis and the design cf-decision éids and graphics for presentations.

to senfor decision makers. The:further the results are from.single-goint,

absolute value allocation.recommendations, the harderit is to extract-and

ﬂnmmm;

convey the lessons learned from.the study, or better yet, a series of studies.
ﬁ On the-other hand, such general lessons are not easily dismissed by debating
tactics and retain their influence at higher-orgarizationai levels.
The above thoughts on future :study efforts are largely direct=d toward
“the management approach. What positions-did the workshop participants

aci v o

- take-on new inethodologies?
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New Technigues

The keynote-on innovations was one of caution. A series of
techniques were discussed by experts in their-development and application,
Each presenter gave a review of the screngths and weaknesses of his

technique &nd concluded by saying, with greater or less certainty, that

it should be applicable to the Marine-Corps' Fire Support Problem. The

reviewers and mini-workshops then pointed out that validity, practicality,

comparative utility-or other-factors relating to the chlioice of any of the
techniques, were not yet established . Such commenis were even applied
to some of the methods discussed by-Cherry, which are already incorporated
in a series-of large models of theater or-divisional combat!

The caution of the professionals suggests that in-attempting to adapt.

new techniques to their problems, thgzMax‘iné;Gorps has: two, almost equally

unpalatable-options. One {s to go-difectly for new models of fire support

which incorporate the innovations and, in-doing so, to accept a high risk

-of achieving littlé-at great cost. The second is to undertake a program.of
fundamental research in methodology-before pi‘bceeding to- further work on

fire support requiréments. Both of thése options tend to-encourage a search

for a- middle ground.
Qld Probl{ems

r v
P

In terms of major unsolved modeling problems, the-workshop developed

little that was new. Continied research was the only answer offered to the

‘problem 6f n:odeling suppressive effects, with a parametric¢ treatment incor=

porated in fire support studies until a. definitive- model was available. Opinion

temained-divided on how to make a dynamic target list available to the

‘battle simulation. It was agreed that-such a list was vital, that it had to
allow adapti‘ve-beha‘vior by the-enemy,. and that it had to reflect the accumu~
Jdating effects of prior engagements by supporting fires. But recommendations

‘were made both for supplying the list from outside the simulation and for

modeling. the target genération andcngigﬁationuprocess within the simulation.
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of results, extraction of lesgons-and:development of-decision aids.

-and-toward a. strong and careful effort.on-step 1; the use:of simpler models

variability:

.

Finally, the need for evaluation of fire éuppdr’tmbces in the:context of

a combined arms battle-was stressed, but there was no method-offered

for simula{ing the planning and decision functions-of the-commander. -

Again, the establishment of research.game was recommeénded, using
ADVICE II, to: try to develop decision algorithms to be incorporated in-a
free-running simulation..

I , h

Qonglus_iqn

The FSMRS. was carefully structured in phases. Phase I was to
review-existing-methodologies.and models-and: to-develop-a tentative course
of future model development. Phase 1I has been.a workshop-of experts

reviewing new metiodologies-and the recommendations of Phase I. Phase III

of Phase II suggests that:the development-of-future: fire-support-study-
programs should, as.planned, follow & similar-course:

1, Define the impact which studies canreasonably be-expected to
‘have and the specific-decision quéstions. to be-addressed, (Recall that

no one believed that a single model could-meét-all-of the-requirements.):

2. Develop imodels tailored to. the:quéstions. paying careful

attention to the validation-of Sub-models and validity-of inputs; use

T,

statistical technigues to-determine the significance of results. }

3. Devote a significant portion. of the. study-effort to-the analysis
In-allof thig, the emphasis shifts away from methodological-dévelopment

which are mofe-commensurate with-their degree of'validation-and our-poor 0
knowledgé-of -many inputs; and many replays-and variations of studiesto

=4

gain insight into the:fire: support process-and to-control statistical
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Finalinlﬁ\iéte 4 '

The rigorous critique of analytical methods which characterized
this workshop might suggest to some -that technical analysis. is not
worth-the obvious cost and effort. ILet-anyone who finds his thoughts
moving-in that dfrection, apply the same standards of criticism to the:

process. of making decisions only by+débate, based on unsupported-gut

feelings:]
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FIRE' SUPPORT METHODOLOGY WORKSHOP

ATTENDEES, ‘PROGRAM AND'
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Fire AS’upiport Methodology Workshop Attendees

Dr. ‘Robert D. Arnold, Ketron, Inc., Workshop Manager

John Bobick, Stanford Research Institute

LCOL Gene E. Brennan,HQ, U.S. Marine Corps

Dr. Kwai-Cheung Chan, Institute for Defense Analyses

LCOL Richard Chenault, Marine Corps Tactical Systems Support Activity
Dr. Peter Cherry, Vector

George B. Dantzig, Stanford University:

‘Rabert V. Dennis, Potomac-General Reséarch Group

‘Robert H. Dickman, Office of Naval Research

Leon Feldman , Center for Naval Analyses

George S. Fishman, University of North Carolina.

Edward Girard;, Potomac-General Research Group

Alan H. Goettig, Naval Weapons Center, China Lake

LCOL Kenneth P. Harrison, Marine Corps Development & Edu cation Command

‘CAPT Fred Hartman, U.S. Army Concepts Analysis Agency

Dr. Robert Hinkle, Naval Surface Weapons ‘Center, Dahlgren
Timothy J. Horrigan, Horrigan Associates

Donald Iglehart, Stanford University

Prcfessor Gerald J. Lieberman, Stanford University

Jack Lind, The Rand:Corporation

Rufus C. Ling, U.S. Army Concepts Analysis Agency

Lawrence J. Low, Stanford Research Institute
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Fire Support Methodology Workshop:Attendees:

(continued)

Ronald Magee, U.S. Army Combined Arms Combat Developments Activity
Ronald New, Catholic University

Dr. D. B. Osteyee, Office of Naval Research, Pasadena

iioyd S. Peters, Stanford Research Institute

CQL G. H. Polakoff, Marine Corps Dev. & Education Command

George E. Pugh, General Research Corporation

Edward K. Reedy, Georgia Institute of Technology

LCOL-R. S. Robertson, HQ, U.S. Marine Corps

Dr. Robert Ryan, Office of Naval Research

MAT Ludwig J. Schumacher, Marine Corps Dev. & Education Command

‘Professor Martin .Shubik, Yale University

J. Randolph Simpson; Office of Naval Research
James G, Smith, Office of Naval Research
Professor Matthew J. Sobel, Yale University

‘Professor James Taylor, Naval Postgraduate School

Dr. Martin Tolcott, Office of Naval Research
Thomas-C. Varley, Office of Naval Research
MAJ Robert L. Vogt, Marine Corps Development & Education Command.

Richard E. Zimmerman, Potomac General -Research Group
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Monday - 4‘_Auggst

8:00 - 8:30
8:30 - 9:00
9.00 - 10:60

10:00: - 10:20
10:20 -~ 11:20

11:20 - 12:00

12:00 - 1:30
1:30 - .2:30
2:30 - 3:00
3:00 - 4:00
4:00 - 4:45.
6:00 - 8:00

PROGRAM
FIRE SUPPORT METHODGLOGY WORKSHOP
U.S. Naval Postgraduate School

Monterey, California

4-=7 August 1975

Chairman: T. Varley, Office of Naval Research
Ro_omrzr Irmgersoll Hall 122

Registration

Welcome and Anncuncements

The Fire Support System and its Problems
K.P. Harrison, MCDEC, and R.E. Zimmerman, PGRG

Coffee Break

Summary of Models and Techniques
R.V. Dennis, PGRG

Dynamic Planning
R. New, Catholic University

Lunch

Value-Driven Simulation
G. Pugh, General Research Corp.

‘Coffee ‘Break

Algorithmic Models
T. Horrigan, Horrigan Associates

Tentative Development Plan

R.E. Zimmerman, PGRG, and L.J. Schumacher, MCDEC

No~Host Cocktail Party (Commissioned Officers and
Faculty -Club)




v

Tuesday - 5 August

8:50 - 9:30
9:30 -10.30
10:30 -~ 10:45
10:45 ~ 11:45
11:45 - 12:45
12:45 - 1:45
1:45 - 2:45
2:45 - 3:45
3:45 - 4:00
4:00 - 5:00

Chairman: J.R. Simpson, Offics of Naval Research
Room: Ingersoli Hall 122

Concepts for an Overall Fire Support Analysis Methodology
John Bobick, Stanford Research Institute

Mathematical Programming and Its Role in Fire Support
George Dantzig, Stanford University

Coffee Break

The Role and Use of Lanchester-Type Models
Peter Cherry, Vector Research, Inc.

Uses of Game Theory, Gaming, and Model Building in
the Study of Fire Support Problems
Martin Shubik, Yale University

Lunch

- Methods of Simulation Analysis

George Fishman, University of North Carolina
Modeling and Markov Processes
Coffee Break

Simulation and Statistical Inference
Donald Iglehart, Stanford University

Wedr@'e_sday - 6 Auggst

8:30

8:30

8:30

Chairman: R. Dickman, Office of Naval Research
Rooms: Ingersoll Hall (Room numbers to be announced
at meeting.)

Three miniworkshops will be conducted in parallel. Each
attendee-will select one-on Tuesday afternoon at the
registraticn table. In case of maldistribution, some
attendees may not receive their first selection.

Target Generation,ariia Designation
Session Chairman: Robert Hinkle, Naval Surface Weapons

‘Center, Dahlgren

Target Engagement
Session Chairman: Alan Geettig, Naval Weapons Center,
China Lake

Fire Support System Effectiveness
Session Chairman: Ed Cirard, PGRG
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Thursday. = 7 BAugust

Chairman: J. Smith, -Office of Naval Research
Room: Ingersoll Hall 271

8:30 - 10:10 Reports of Miniworkshop Chairmen
10:10 -10:30 Coffee Break
10:30 ~'12:00 Summary -of Invited Papers
G. Lieberman, Stanford University, and
J. Taylor, -Naval Postgraduate School
12:00 Workshop-Adjourns
- 5 -
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MINI-WORKSHOP PARTICIPANTS

Iarget Genqrqtion and Desigration

Robert Hinkle - Chairman
Peter Cherry

Robert Dennis

Leon Feldman

Edward Reedy

Ludwig Schumacher
Josmes Smith

Matthew Sobel

Robert Vogt

Target ‘Bngagement
Alan-Goettig - Chairman
John Bobick
Kwai~Cheung Chan
George Fishman

Kenneth Harrison

Fred Hartman

‘D. B. Osteyee

Lloyd Peters
James Taylor

-Richard- Zimmerman
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MINI-WORKSHOP- PARTICIPANTS

"~ (continued)

Fire Supporg ‘Systgm";M“ix

Edward Girard --Chairman
Gene Brennan

Richard Chenault

Timothy Horrigan:-

Donald Iglehart

Gerald Lieberman

Jack Lind

Rufus Ling
Ronald New

R. S. Robertson
Martin Shubik
Randolph Simpson
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FRAMEWORK FOR EFFECTIVE FIRE SUPPORT ANALYSIS
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FRAMEWORK FOR EFFECTIVE FIRE SUPPORT ANALYSIS
by J.C. Bobick and L.S. Peters

"~ T INTRODUCTION

A. Definition of Fire Support

The term "fire support” embraces the employment of a variety of

weapons to provide supporting fire to grouand units in combat. -A more

precise and relevant term to describe these weapons is "supporting arms,"

defined! as air, naval, and artillery weapons of all types when they are

employed to provide support fire for ground units. It should be observed

that the term fire support denotes spetifically a function rather than
a weapons system. The weapons, when used as supporting arms, fulfill the

function of fire support.

The three general types of supporting arms employed in- the fire
support role may be more -definitively described as follws:
(1) Air--The air weapon system consists of the carrier or land

base, the aircraft, the aircraft weapon delivery subsystem,
and the ordnance.

(2) Naval Shorefire--The naval combat ship wegpon system consists
of the ship platform, the gun/missile mount(s) and associated
fire control subsystem, and the ammunition.

(3) Artillery--The artillery weapon system consists of the gun,
howitzer, missile launcher, mortar, associated fire control
subsystem;. and the ammunition.

The Marine Corps has expanded the scope of the term "supporting arms’
to include two additional types of weapon eystems: armored: combat and
special purpose systems.? The armored combit w(apoﬁs system includes tanks
and armored amphibians that mount gun systems; the special purpose weapon
systems include area denial weapons, weapons employed in psychological oper-
ations, and riot control weapons. Thus, :the te;m supporting arms embraces
all methods of neutralizing and destroying designated ground targets in
support of Marine landing forces in amphibious assault an& sustained combat
operations ashore. The only Marine Corps weapons excluded from the scope

of the term are the indfvidual ‘and man-portable weapons.bf'infantry systems,

antiair warfare weapons, and nuclear weapons.
1
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The fire support function is subdivided with respect to the proximity
of the target to friendly force. These subdivision are:
» Close Supporting Fire, -defined! as fire placed on enemy troops,

weapons, or positions which, because of their proximity, present
the most immediate and: serious threat to the supported unit.

Deep Supporting Fire, defined! as fire directed on-objectives not
in the immediate vicinity of our forces, for neutralizing and
destroying enemy reserves and weapons, and interfering with enemy
command, supply, communications, and observations.

The delimitation of close fire support is- significant because it
introduces coordination, control, and timing problems not involved in deep
support. This is especially true of -close .air fire support, which by
definition requires detailed integration of each mission with the fire and

movement of -the friendly forceés on the ground.

B.  The Fire Support Problem

The description of ‘the "Fire Support Problem™ varies: with: the differ-
ent aspects of fire support with.which people are involved. The roles
people play in. fire support inclng*thqgerf’p;aﬁpet¢=teéhﬁiciéh; strategist;

tactician, requestor, allocator, server, and--Supporter.

Th2 planner is. concerned with décisioﬂsurégg;diggyresearghi=devélopment,
test, evaluation, and procurement @f;ﬁire,Suppogﬁréquipment. ‘The ‘technician
is concefned with.-the spplication of~&éghnplqg4es if the désigh of weapons.

systems: Strategists include the amphibious force commander who is inter-

-ested in establishing a strategy appropriate to the contingency objective

which incorporates -the fire support with the other .elements of the amphib-
jous force. Tacticians are conceinéd: at ‘the alr wing, artillery battalion,
or naval shorefire support ship task level withues;gbgishingvﬁhe'mosﬁ effic~
jent tactical scheme .of employing the available resources; The requestor
(i.e., ‘the ground combat force) is -concerned with gétting sufficient -amounts
of fire-suppdrtft0~accompliSh his mission objective. The allocater is

concerned- with apprupnia;eiy:selectingnampﬁg;thg~resdgrces that can be

placed at his disposal. The server (l.e., the aircraft pilot, battery

commander; or ship shorefire .0fficer) is concetrned: with the successful

-completion of the assigned ‘task. ,Ag‘;he:mgintéhanp¢~$uppopﬁ Jevel -the

2,
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concern is to maintain the consumables, ammunition ready supply, fuel,
spare parts for maintaining the weapons, and the necessary logistic system

that permits this end.

Regardless of the roles of people involved- in fire -support, a common
point on which all agree is that fire support is vitally important in the
conduct of assault and defensive operations, particularly thosc associated
with amphibious warfare. This high level of importance supports the expend-
iture of substantial effort in the andlysis of requirements, performance,
utilization, and effectiveness of alternative fire -support systems. The
overall objective of such analysis is to support decisions that must be
made in seeking the best system achievable within real world constraints.
Such real world constraints include technological limits, budgets, manpower,

logistics, and political considerations:.

C. chge of this:Papgr

In order to perform effective fire support analysis, a framework needs
to be established to provide the means -of acquiring valid. inputs to the
analyses, utilizing the proper tgols for the aﬂaIyses,,and~gsiﬁg»tbeAresukts
of the analyses to gpda;e~theaéommdh;base>qﬁ knowledge -on fire support.

The framewdrk depicted in Figuke I is;ptOQOsed ‘to fulfill this need; it is
the focus .0of this paper.

As indicated in Figure [; :there are -three basic -components: o the
proposed framework; hamely, the decisionh interface, -the quentitative analysis,
and the data resetrvoir. ‘Each of -these components will be discissed in
detail in this paper. The decision interface component is discussed first.
The analysis support fequired- By vaﬁidgs decisionmakérs and the associated
measures of effectiveness and .decision aids are described. -Secondly, quan=
titative analysis of fire support systems is -considered.. A ‘system formal-

ation of ‘the physical fire support systém which. is amenable -to analysis. is

derived, and the key elements of quantitative fire support analysis are

described. Fire support analysés are -categorized into thrée levéls, namely

force level fequirements, operational -concepts,. and -technology -assessment

analyses. The analysis tools, models, and techniques: useful for fhese
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various analyses :are -described. Thirdly, the role of the data reservoir,
_ N in fire support analysis, the type of data in the data reservoir, and the
o ‘sources of this data are discussed. *
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IT FIRE SUPPORT DECISION INTERFACE

Modeling of large scale military systems has become an integral part
of many analyses of force level requirements, force operations, and tech-
nology applications. The utility of these .models in the decision process
and the relationship between model builders. and decisionmakers have recently
been the subject of criticism.3 Existing fire support analyses for the
Marine Corps bear out much of such criticism. Specifically, Marine Corps
Fire Support analyses have failed- principally through the oversight of
trying to replace rather than augment th¢=decisionhpyocess-qf the .decision-
maker: It must be emphasized that the analysis. should be used: to-.clarify
the decision paraméters and illuminate alternative courses of action, not

to replace the decisionmaker or his responsibility.

Thus, as indicated in Figure 1, the first -componént of the ftamewofk
for effective fire support analysis is the interfdce bétween the analyst
and the decisionmaker. Prior tq~emp10yihg»mbdglé‘t0~petform quantitative
analysis, it is essential to translate the fire support problem; as con-
ceived by the decisionmaker, into a formalization which is amenable to
analysis. This formalization of the problem requires-an appreciation of
the perspéctive of ‘the decislonmaker, Whighfqaﬂ,be"épéaiﬁgdioniy By—cdmmun—
ication with him. Measures -of effectivéness .of alternative systems: need
to be identified during the incérgpursé;‘ Also, decision aids which will
facilitate the comparison of altéihative~systems~1n view of both-quantit-
ative and qualitative considerations need to-‘be de?isgdu Neglect of
sufficient interface between the analyst and the decigionmaker will doom
the analysis to faillure. g

.
-

The character of -the analysis support required by--a decisionmaker is
dependent upon the type -of de¢isions with which ‘he 1is concerned. It is

therefore -useful to -citegorize decisionmakers according to their concerns

and- identify the associated meastres--of effectiveness and:- decision aids,
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A. Heitrarchy of Decisionmakers

The highest level of decisionmakers is concerned with inter-system
force level requiréments., Strategists- and planners are concerned with- the
adequacy of planned resources to carry out the assigned role in national
defense, e.g., planning the necesséry naval shorefire support and naval
aviation for the ‘mission of projection of sea -power ashore. The type of
decisions include the establishment of policy and setting of organizational

responsibility for the provision of fire suéport capability for amphibious
warfare.

At the intra-system force level requirements level, planners are
concerned with obtaining balance within suppotting arm systems (air, naval-~
shorefire support, or artillery). The type of decisions concern the est-
ablishment of -emphasis, such as,. fighter, attack, or support aircraft in

obtaining the -balance that best counters -the threat .characteristics.

At the -operational concepts-decision level, .tacticians, requestors,
allocators, servers, and supporters are concerned wiﬁh.tgégical and -oper-
ational considerations Yegarding weapons systems at their disposal. The
type of decisidns at this level include -establishing modes of .operation,
schemes for aliocating>resourceéuamphg competing -demands, and providing

maximum weapon system availability.

_ At the technology assessment level. technicians .and R&D planners are
concerned with the pursuit of techn.logies that will reduce constraints. on
amphibious warfare. The typé of decision involved concerns -the balancing

of development risk with the potential payoffs in terms of improved tactics

and ‘weapon: system -performance.

The types. of decisions addressed. at the vardous levels have unique

characteristics. Therefore, the choice Qf'toolg,andchchhiques used to

provide analytic support must be tailored -to the particular decision level
of concern. .

B, Meisures of Effectiveness.

In performing fire. support analysis it 1is- necessary -to- identify
Measures o£=E£Eeccivene55»(MOEs)xwhich:édeQuately~re£1ect—ﬁhe effectiveness
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of alternative systems to the decisionmaker. Such MOEs must be directly

related ‘to the objéctives of the fire support system and be analytically
tractable or measureable. In the assessment of the fire support system,

a parallel heirarchy of MOEs must be developed‘tﬁat correspond to the
decision levels identified in the ﬁiior,section. Following is a discussion
of such a corxelation; this discussion is not intended to be comﬁlete, but,
vather, tc indicate the relative nature of MOEs at the various decision

levels.

At the highest decision level (inter=-system force level requirements)
‘the MOEs are the most encompassing .and as a result the most abstract
relative to an individual fire support weapon.. At'this lével of decision,
measures -such .as ‘the gmdgnt-gf;gfpund~gaihgd—6f lost .as a function of -time,
casualities inflicted in ratio to casualties taken, -and- the -expected out-
come of the battle are -most meaniﬁgfully~comparediwifhfplgnping,opjectives,
With MOEs of this type produced for each alternative fire support system,
it is possible for -the decisionmaker -to:‘select a preference; 4nd resolve
issues such as the relative émphasis on air, artillery, and: naval shorefire

support.

For intra=system. force level requigeﬁénts;&gciﬁipﬁs,:the MOEs are less
encompassing and .more easily:éorfélaﬁed»wfthvo?gfdﬁiqhak.gndngtaﬁging of
weapon systéms -employment. At this level such-measures as- the number of
migigany~mia§iép,ijsétivgg'géhievedeandx;egbonéivéneészétttibuteéﬂéouid be
meaningfully interpreted as they relate to the -system mix attributes. These
measures for reasonablé alternative weapon: systém-mixes make it possible for

minimizes resources while meeting the higher deciéid@-lévgl requirements.

At the next successive ‘decision level, operational: concepts, the MOEs
are most closely reélated to measufes used in the management of é?ste@:opet;
ations. For -example, such measurés as: the -accomplishment per weapon opération
{e.g.; target kills/sortie for -aircraft) and ‘the continuity of fire support
to the supported forces are most meaningful. These measures permit the
expression -of effeétivengss—géngiciv1c§ to aLterngti?gfgpéga;;ng=§gqt193:and»
provide for the -selection: of tactical preference within the -conteéxt .of

balanced ‘system capability previously mentioneéd.
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At the -technology assessment decision level, the MOEs are most

closely related to performance measures. -Such measurzs as the probability
of acquiring a target, CEP of :arget location designation, probability of
target destruction, and other similar MOEs are most valuable to the
technology oriented decisionmaker-.

The prior discussion has focused on only the effectiveness measures
for the fire support system; it is recognized that costs and: other con-
straining aspects need to be considered. Cost-effectiveness techniques
in which a ratio is used to permit the direct comparison of alternatives
are commonly used. In addition fo- the cost constraints, future decisions
will incréasingly ‘have to consider constraints of other rescurces such

as energy, amphibious. 11ft, and personnel.

C. Dégision—Aids

The models use&.in-firessuppgrt analysis serve to produce -data
concerning the expected effectiveness of alternative weapon systems,
operating modes, or -technological innovations. Presenting these data
to the decisionmakers in its raw. form or only in terms of MOEs is neither
an effective, fast, nor practical solution. The resulting data from the
models will have to be reduced by methods of -graphical analysis -or
incorporatéd into a decision analysis- format before presentation for
decigion. Since both of these analysis techniques are widely kriown, '+’ 5

the specifics of the decision aids will not be diséussed here.

It is important to make the point that in the pursuit of a fire

" support analysis methodology, effort shoiild be directed to the formating of

results for the decision process. In the absence of such effort, the

true value -of the fire support analysia,mgthods’mayVﬁeve: be realized:
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TIT QUANTITATIVE FIRE SUPPORT ANALYSIS

A.  System Description of Fire Support

As- indicated in Figure 1, the second component in the framework for
effective fire support analysis 1s quantitative analysis. In order to
perform such analysis, the physical fire support system must be represented
by a system description which captures the essence of the physical system
in an analytically tractable form. Such a system description, based on
the interaction of the physical fire support system with the enemy target

array, is conceptualized in Figure 2.

The surveillance process 1s peripheral to fire support, yet intimately
related. The purpose of surveillance is to sense the presence of the
opposing force target array. Therinformatiqnvggtheredsvia-the surveillance
process- is refined in the target acquisition process in which specific
targets are detected, identified, and located in sufficient detail to
permit the effectivé employment of weapons. Also, the -decisions about
which targets require fire suppoft and- the priority order in which these
targets should be addressed (i.e., target analysis) .can be included. The
output of the target acquisition process is therefore a target list that
includes the target identification, location, effect desired, and. the

fire support weapon -preference.

The target allocation process hatches»the specific -type -weapon
(including ordnance dnd ordnance configuration) with the target within its
environment. This}proéess accounts for the weapons, their current and
projected availability status, the availability -of logistics, and other
factors that could affect the allocation and expenditure of fire support

resources. 4

The weapon delivery -process includes all necessary operations of the
weapon systems. This includes all preparation of the fire delivery means
and necessary ordnanceé, coordination, execution of the fire mission, and

return of the weapon cystem to0 a state of readiness.

10
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The damage assessment process is initiated with the delivery of

ordnance on the target. The assessment of the results is necessary to
indicate when the desired effects have been achieved, to determine changes
in ‘the target status, and to update the changes in the target acquisition
information. This assessment provides the assential feedback to improve
both the estimates made about fire support weapon system requirements and
the detailed state of knowledge about the target array resulting from the

application of the supporting firepower.

The last process is fire support -scene evaluation. The effects of
the application of the fire support are assessed for revisions of the

opposing force target array in terms of composition and -disposition. 'This

assessment serves to update the target acquisition and overall surveillance

information which, in turn; impacts on planning for the conduct of friendly

-operations.

lt.should*be noted that the input and output of the conceptual fire

support system of Figure 2 are the -opposing force target arrays. The

differentiation into prior and post target arrays -signifies- that the primary

objective of fire -support is to achieve -a modification of the -enemy target
array. Any measure of the effectiveness of fire support system must rep-
resent the capabiligy of a candidate system to make such modifications.
This implies a change in target array with time. More specifically, the
application of fire support serves to modify an enemy tar;g'etr -where the
deéitéd:ﬁodifications are sﬁécifiéd:in—terms of desired effects and a
schedule for their accomplishment.

B. Elements of Quantitative Fire Support Analysis .

In general, quantitative fire support analysis involves several key
analyeis -elements. These elements, as illustrated in Figure 3 in the

heavy-lined boxes, include:

*+ Fire Mission -Generation
* Eire Mission Allocation:

+ Fire Support Systeh‘E%fgéﬁiveness Analysis
+ JFire Support System Cost Analysis

»- Fire SupportlSystemAPrefétence Selection

12
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Also shown in Figure 3 are the relationships of the key inputs and the

combat areas other than firepower to these key analysis elements. The details
of carrying out these analysis elements depends upon the particular concerns
of the decisionmaker for whom the analysis is being undertaken. However, it

is useful to discuss the general character of these analysis elements.

Fire support exists to achieve desirable modifications of the hostile
target array. Thué, to quantitatively analyze the degree to which a fire
support system meets this objective, credible targets and missions must be
generated to represent the demand placed on the fire suppof£ system. The
missions (or demands) for fire support must reflect the operational
environment and the threat posed by enemy forces. Possible operational
environments cover a wide spectrum of conflict situations, geographical
locales, friendly missions, operational concepts, and force levels. The
threat describes the opposition,. including order of battle informstion,
general'chafaéﬁeristics of the hostile force, the disposition of the

enemy's available forces, and the enemy's tactical doctrine.

Fire mission generation involves several tasks. These include
generaticn of the array of actual targets, the acquisition of  targets,

and the synthesis of a target/mission list. Tha actual target array

describes the hostile forces in terms of types, size, location, and

activity. This array is a dynamic entity and changes as the battle
progresses. For the purposes of a specific fire support analysis, at
any instant in time this array represents exactly where the enemy is and
what he 1is doing.

Target acquisition is accomplished by surveillance, réconnaissance,
and other target acquisition systems. These systems act on the array of
actuaiitargets and produce the~material for the mission list. The friendly
forces will not know the exact location and description of each hostile

target. The system used to acquire targets will not only miss some targets

_-completely, mislocate or misdespribe others,:bgﬁ undoubtedly will introduce

spurious ones.

~ The result of the iatget acquisition syscémgéccing on the actual
‘target qrréy,is a -picture of the opposing forces as seen by friendly

forces, which 1is in effect the acquired target array. After analyzing

14
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the possible impact of these targets upon the friendly scheme of maneuvers
and missions, they are placed into a priority listing. This list is des-
ignated a target/mission list. The word "mission" is included in this

term because the Tist contains fire missions such as illumination, harras-
sment, and interdiction, as wgll as destruction and neutralization. Also,
based on the target description, location, and effect desired, a supporting
arms preference is indicated.* This list now forms the demand for the use

of- fire support systems.

The second kéy analysis element is fire mission allocation. Having
established the deﬁand for fire support, an attempt is made to allocate
resources to fulfill this demand. The allocation function—addresses the
manner in which missions are actually assigned to weapons. Factors involved
in.this process relate to the target, such as type, location, priority, and
duration; to the supporting arm, such as capability, availability, and
responsiveness; and to constraints, such as logistic supportability, safety
of friendly troops, desire for surprise, obstacle creation, and civilian

casualties. ’ -

Necessary jinputs to this allocation process are the available weapon
mix, the weapon system performance characteristics, and the weapon support
system performance characteristics. The weépon mix, that is, the types and
numbers of weapons to be considered, must be -available to start the alloca-
tion process. The weapon performance characteristics of -the individual
weapon system under consideration must be inmput since they infiuence the
perferred usage of the weapons. ,Similarly,<the performance characteristics
of the support system affect such factors as ordnance avaiiability,;resupply
rate, and rearming and refueliné time which, in turn, affect weapon system
availability. 7

The third key analysis element is fire support system effectiveness

analysis. Once a mission has been allocated to a fire support means, the

*It should be noted that neutraiization of some targets may be achieved
without placing fire upon them. For example, some targets may be neutral-
ized end t.hus prevented from accomplishing :their objective, by employing
ECM: In :this use ECM may be considered as a weapon substitute, and cer-

;tainly its use should be integrated with conventional fire support means.

15




A

s el v s

3 > e -
o ———————-—

next function to be performed entails the analysis of how effectively the
assigned mission 1s accomplished. The particular measures of effectiveness
(MOEs) generated in this step in the analysis dependent -upon the scope
of a particular study and the decision level at which the quantitative
resalts will be used. Obviously, the weapon mix, weapon system performance,
and weapon support system performance inputs bear directly upon the fire

support system effectiveness analysis.

The fourth key analysis element is fire support system cost analysis,
In days of great emphasis on achieving the maximum use of resources, the
cost of resources used in providing fire support -must be -considered- in
selecting among alternative weapon systems. -Because quite disparate
systems are necessary to provide fire support (i.e., ground, sea, and air
systems, which operate in different environments and differ -as to whether
fire support may be the sole reason for their existence), it is particularly
important taat a consistent, overt method of costing be used and that the
method of allocating costs to multimission systems be credible, In -partic-

ular, life-cycle costs should generally be considered in cost-effectiveness

evaluation.

The final key analysis element is- fire support system preference
selection. Key ingredients to the system preference selection -are the
reasults of the effectiveness analysis and the cost analysis. These must
be velated in some way to show how the costs vary with effectiveness. A
criterion ar criteria must be established to. enable selection among alter-
ngtive systems. 7The most cormon method is to select a fixed leve”™ -~
effectiveness and determine which system can provide that level of effect-
iveness at least cost or, alternatively, to. éstablish-a fixed cost (budget)
and detsrmine which system provides the greatest level of effectiveness
for thac budget,

The objective of the system preference -seléction- is to :provide the
decisionmaker with a set of promising alternativés based on the informa-
tien and consirdints coﬁsidéied iv the analysis. Because many constraints
(¢.g., political ébnstraints) are not quantifiable and require qualitative
judgements by a decisionmaket, a quantitative analysis muéﬁ}present not

"the answer’ but several promising alverhatives.
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As indicated in Figure 3, there exist relationships between the
combat area of firepower, which is of major concern in a fire support
analysis, and the other combat areas; namely, intelligence; command,
control, and communications; mobility; and logistics. Each of these
combat areas directly impacts upon .the fire support analysis elements of
fire mission generation, fire mission allocation, and fire support
system effectiveness analysis. The quantification of this ‘mpact is
a difficult undertaking, but necessary to assess the overall fire support
system and identify trade-offs among these areas.

-

C. Analysis Tools and Techniques:

As indicated earlier in Figure 1, quantitative fire support analyses
fall into three categories, namely, force level requirements analysis,
operatiogal concepts analysis, and technology assessment analysis. The
decisionmakers generally associated with each of these categories of

analyses as well as the general charactéristics of the analyses are shown
in Table 1.

Force lével requirements analyses are required to suppor% relatively
"high level" decisionmakers, (e.g., strategists, force level planners,
and multiforce commanders). These decisionmakers are interested in
relatively aggregaté measures of effectiveness -and' cost of fire support
systems; therefore, multisided analysis using .abstract models with aggregate
scenario descriptions are employed. -As a result, the types of analysis
tools most applicable to these analyses are games- (including war games,
analytic games, and computerized games) énd>hybrids which incorporate

both gaming and simulation techniques,

Operational concepts analyses are generally used in support of the
operations level decisionmakers, including ‘the tacticians; weapon system
planners, and operational commanders. Thesc decisionmakers are interested
in fairly detailed analyses of the dependence. of fire support system
effectiveﬁess and cost upon -tactics, operational concepts, and weapon
systems employment., The analyses techniques most applicable to this type
of cnalysges include éimulations,'hybtids, and analytic models.

17
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Technology assessment analyses provide technical decisionmakers such
as research and development planners, weapon system degigners, and system
test and evaluation directors with ihformationvregardihg alternative -weapon
technologies. The application of advanced technology to weapon systems and
the cost-effectiveness of competing weapon designs are examples of the type
of interests of this level of decisionmakers, Such information is provided
only by very detailed submodels of the specific technical area of interest,
usually with a one-sided scenario.of limited scope. Simulations and

analytic models are best suited for this type of analysis.

The analytic tools/techniques mentioned above are shown in Table 2
together with their distinguishing characteristics and the problem areas
they address. 7Tt should be noted that all models do not neatly fall into
oné of these types—of‘anaiysis tools. Sometimes a model incorporates
some characteristics of several tools and the category it falls into will

depend on the area enphasized by the user.

For completeness,. it is. useful to- place such thimigaﬁion techniques
as linear programming, mnonlinear programming, ana~dyhamic programming ian
the context of quantitative ﬁite'sqppor; analyses. -All of :these techniques
are concerned with allocating limited resources (weapon systews) among
competing demands (missions) in: an "optimal” -manner. Thc major difficulty
with applying these optimization techniques to fire support analysis is
establishing the -criterion .which defines ‘the Yorcimal" situation. Invariably
the choices among -altetrnative fire support =ystems depends upon qualitative
considerations and numerous--quantitative measures., Because the qualitative
factors cannot generally be quantified and the relative influernce of the
numerous quantitative measures. in .the decisionmaking :process is generally
not quantifiable, these optimization techniques cannot be embedded into. a
general fire support analysis. -However, in a specific analysis for a
specific decisionmgker n-sﬁecificvﬁéiﬁt in time, such-éﬁ:optimizaéion
tecbnigué may ke val ,.e, but only if the decisionmaker isrwflliné,to

precisely define, in quantitative ‘terms, his decision process.
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GENERAL DESCRIPTION OF FIRE SUPPORT ANALYSIS TOOLS

TABLE 2

TYPE OF

“PROBLEM AREAS

" & TACTICAL

| -o comBINnES GAMING, SIMULATION,. AND

‘; . SIGNIFICANT AMOUNT. OF COMPUTER TIME

ANALYT!C MORELING

ANALYSIS GENERALLY DISTINGUISHING CHARACTERISTICS )
TOOL ADDRESSED
WAR GAMES ® STRATEGIC | 8 TWO-SIDED ANALYSIS
| @ -ACCOUNTS FOR HUMAN FACTORS ‘E
® VERY TIME-CONSUMING TO USE
ANALYTIC 0 STRATEGIC € TWO-SIDED ANALYSIS
GAMES o " F
8 PROVIDES "OPTIMAL” STRATEGIES ;
1 & VERY ABSTRACT REPRESENTATIONS
@ PENCIL AND PAPER ANALYSIS
COMPUTERTZED'| ® STRATEGIC ® TWO-SIDED ANALYSIS
GAMES - : ) .
-¢° PROGRAMMED DECISION LOGIC
® FAIRLY AGGREGATE ENGAGEMENT DESCRIPTIONS
1 0 FAIR AMOUNT OF COMPUTER TIME REQUIRED
| simuLaTIoNs | @ TacTICAL | o ONE-SIDED- ANALSIS (GENERALLY) : -
| @ TECHNOLOGICAL | -8 CLOSE. REPRESENTATION OF THE REAL-WORLD | i
‘ F ‘ENGAGEMENT DYNAMICS
10 DETAILED SCENARIO DESCRIPTIONS
: i i - 7 i . ’§§
1.8 SIGNLFICANT -AMOUNT OF COMPUTER TIME §
: REQUIRED &
[anaLyTIC - - TACTSCAL e ONE;sxnén~ANAtY913 jE
MODELS " o
‘ ‘f & - TECHNOLOGICAL :| ‘8- FUNCT:IONAL -RELATIONSHIPS-AMONG
: 1 SYSTEM PARAMETERS §
; | & EASY AND INEXPENSIVE TO USE
| HYBRIDS | o sTraTEGic | | @ TWO-SIDED ANALYSIS (GENERALLY) E§

REQUIRED

£3to)
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IV TFIRE SUPPORT DATA RESERVOIR

A, Role of the Data Resetrvoir

The third component of the structure for effective fire support
analysis is the data reservoir, One role of the data reservoir is to
provide the two-sided analyses data required to insure the validity of
the many one-sided quantitative analyses that are performed in the area
of fire support. For example in many analyses, the enemies' actions
are assumed to be preprogrammed while the friendly forces' actions are
varied to evaluate alternative force mixes, concepts of operations,
weapons systems, etc, The data'géhergted with two-sided analyses are
essential to establish what the preprogrammed enemy actions should be
and over what ranges of friendly férce actions the preprogrammed actions
remain valid. Thus, although it would be foolish, if not impossible, to
attack all fire support problems with multisided analysés, data from

multisided analyses must be utilized" even £or the one-sided analyses.

Another role of the data resérvoir is to serve as a repository for
the state-of-the-art knowledge of firé support analysis. Results from
all fire support analyses .are usedito refine the data base and incorporate
improved concepts. of operations, force deployment, -etc. Because the data
base is a dynamic system it will require continuing management in up-

dating data and providing inputs to -analyses.

3. Typés:of,ba;a

The type of information in the data base is generally aggregate
measures which characterize -the composition, concepts of operation, and
engagement features of both fr@gndly and énemy major organizational units.
For example, such measures might include statistical distribution of the
types of individual components: of .each organizational unit, movément
rates, attrition rates, and firepower coefficients. It is essential to

include aggregate rather :thun detailed parameters: to -keep the data

21
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storage requirements within reason and to insure that the data can be

catalogued and organized in a usable form.

An important task in the development of a fire support data base is
to isolate a reasonable set of measures which adequately characterizes
the forces, operational concepts) engagement features, etc., that are of
concern in fire support analysis. These measures are referred to as
planning factors, It is necessary that each of these factors be quanti-
fiable and measurable. It is-also necessary that from this set of
aggregate measures, more detailed characterizations are derivable. For
example, a planning factor may be the mean and variance of the numbers
of tanks, trucks, and armored personnel carriers in a Soviet motorized
division. A-target'generatog which would generate the actual number of
each type of vehicle from these statistics could easily be devised if

needed for a specific analysis,

C. Source‘of Data

One source of data for the data base is- e,mx;,irical infom,a;t_iom
This includes actual battlefield statistics,. ig;elligepcg information,
and judgments by experts. Since wars- are not fought to gathex empirical
data for the analyst, Gery little battlefield data is available. Of the
data that was. gathéred, much -of it i8 unusable because of its incomplete-
ness, form, or dubious validity. Therefore, most of the data for the

data base must be derived from analytical investigations,

A major analytic technique fog~gengrgting data for the data base is
the use of two (or more) sided engagement ‘analyses which have been
referred to as games in this work. Traditional war games (both manual
and computer augmented), analytic games, and computerized gemes all
belong to the general cacegoé} of games. The essential feature of games
is that they are multisided, that is, they involve more than one party

competing to achieve conflicting objectives. . -

Another :source .of data is the results of the various force level
Tequirements, operational concepts, and technology -assessment studies

which: are fed back into the data base after the -data from these studies

22
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are transformed into the appropriate planning factors. The results of
these studies are thus used to continually refine the data base. This

leads to more accurate data for deriving inputs to fire support analyses.
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V CONCLUSIONS

In developing the analysis framework, several fundamental con-
clusions became evident, The first is that the purpose of fire support
analysis is to- support, not supplant, the human decisionmakers who must
integrate the results of quantitative analysis with qualitative factors
and constra‘nts (economic, political, etc,). With the diversity and
fluidity of the qualitative concerns in fire support decisions, any
attempt to replace the Luman decisionmakers via some analytical or
optimization technique is doomed to failure, Thus, the objective of
quantitative analysis is to provide the decisionmaker with support in
the form of decision aids which depict the tradeoffs associated with
key system parameters and. identify sets of alternatijve,systems which
appear promising in view of the quantitative factors considered in the

analysis.

A second fundamental conclusion is that no single fire support
analysis "model" can be developed that will fulfill all fire support
analysis requirements. The particular types of problems that are of
concern to decisionmakers at different levels vary widely. As a result,
the analytic tools and techniques applicable for providing quantitative
support differ among decisionmakers, ot only among the various levels,
but even among decisionmakers at the same level. The aim should be to
incorporate existing fire support analysis models (after modifying them
to conform to a set of standards) into a fire support analysis package.
Additional models would be developed and incorporated into this package
as needed to supplement the existing package, Access to this standard
fire support analysis package would provide analysts with a common base
for providing quantitative support for fire support decisionmakers.
Procedures for standardization, assembly, and maragement of such an

énalysis package should be given considerable attentiom.
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A third conclusion is that a data recervoir which provides the

necessary information for developing inputs to fire support analysis and
for pooling the results of past and' future fire support analyses is
needed. Even though different fire support analyses require scenario
input data: in different forms and to different degrees of detail, this
data base will provide the means to insure consistent scenario descrip-
tions. 1In addition, by incorporating the results of all fire support
analyses, this data reservoir wiiiAptovigé—a'repositgry for the state-

of-the-art knowledge of fire support.

Finally, considerable efforts must be- expended in the development
of the fire -suppoxt analysis structure befqrerany additional model
building is undertaken.. Work is required in the area of -defining a
hierarchy of fire support decisiommakers. and the associated -hierarchy of
measures of effectiveﬁessg which will include working: closely with the
decisionmakers. Work is -also required to -design and synthesize the
required  data reservoir. This will 1ﬁ91udé:défiﬁing»abpropfihte planning
factors, data structure, and means of maintaining and managing this da.a

reservoir.

Work must aiso be undertaken to structure -the fire support analysis
package. Standards (e.g., regarding inputs, outputs, etc.) will have to
be establishéd to insure the integrity of the package and the compatabil-
ity of the various models 4in the paquge. Having structured the package,
presently developed fire support analysis models will have to be incor-
porated- into -the package. Only thén can gaps. in the analysis package,
which may be filled by additional model bﬁilding,»be identified,
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SOLUTION OF A LARGE SCALE AIRFORCE

ORDNANCE PLANNING PROBLEM BY

MATHEMATICAL PROGRAMMING

George B, Dantzig,1 John Friel,2 Robert Gdlightly,ev

’ foy P. Harvey,3 Robert D. M@Knight3

_ ABSTRACT
This paper summarizes a larger papéfhﬁdgalingrwith the solution
of a non-linear mathematical érogrammipg:mbdelrwhighxis~gpproximated by

a- sequence of linear programs with about 400 constraints each. The major

"-point of interest is that each of the problems may have up to several

million variables so that much of the project effort has.been to develop
an efficient priciag algorithm and strategy.

The all FORTRAN. softwave system, named: TAC RESOURCER, uses a
fiexible‘mathamaticél programming code, -CAMPS, which has been adapted to
take advantage ofiproblém structure and characteristics. In this case
the data storage task is kept within reason by a column -generation scheme
and knowledge of the problem charactéristiés makes speciélnsensitivity

analyses possible.

1Control Analysis Corporéti&h and Stanford University.
USAF, Studies and Analysis, Washington, D. C.
3control Analysis Corporation.

gGeorge B. Dantzig, John Friel, Robert GolightTy, Roy P. Haivey and Robert
D. McKnight, Solution of A Large-Scale Mathematical Programming Problem
Related to Ordnance Planning, Control Analysis Corporation, Palo Alto,
‘California, September 1975.
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1. General Description of Problem and Approach

This paper describes a large scale ordnance planning and resource
allocation model which has been developed for the U, S. Air Force. The
model is designed,to aid in the following three analyses:

1) Determination of alternative stockpiles of air-to-ground munitions.
2) Determination of the most effective wéapon modules for the modular
weapon d;velopment program.

%) Allocation of air-to-ground resources between aircraft and weapons.

The planning horizon for the model consists of several time -periods.
A planning horizon, for example, might be 180 days broken down into four time
periods of 10, 30, 50 and: 90 days. A feature which makes.the problem of
special interest is that in general, it contains a va2ry large number of '
variables, (several million perhaps), representing sortie types with all
permissible combinatigﬂa of aircraft type, ordnance tyéee target type, de-
livery condition, weather state and time period.

In Section 2 the problem is. formulated as a convex non-linear pro-
gram. At the present time the model is solved suboptimally as a sequence of
linear programs, one for-éach time period. The formulation of the linear
program for one time perio§ is described in Section 3.

The model is handled compleéely by a computer system named TAC
RESOURCER within which is embedded a flexible linear programming code -CAMPS.,
The non-linear functions axe represented by piecewise linear approximations

_within TAC RESOURCER. decause of the very large number of variables available




®

for the mathematical program for each time period, we do not follow the

usuali approach taken in large mathematical programming computer systems

of constructing\a packed wori. matrix consisting of all the nonzero co-
efficients of the fogstraints and objective rows with row and columm
identificaticgg. The basic information necessary for constructing these
nonzero elements is provided to the system in the form of a large, sequentially
organi~ed data base produced by a different suite of computer :programs. This
data base changes relatively infrequently. As a preliminary to solving the
mathematical program the data base is processed and the required information
is extracted from it and stored concisely in so célied‘ﬂpgckages" of infor-
mation in random access file -organization. SuBsequently,_during simplexing,
these "packages™ are brought into high ;peed—cére dccording to certain rules
and opened up for pricing. The computer system and the algorithms employed
in the packaging ané pricing procedures are described in Sections 4 and 5

and the post optimal sensitivity analyses are described in Section-6. Section

T contains some results and conclusions.
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2, Formulation as a Non~Linéar'MathematicallProgram

Let

]

i 1 = the index of aircraft type
the index of ordnance type

_ the index of target type

w
]

B i
Cde
1l

d = the index of delivery coundition
3: £ = the index of weather state
‘ t = the index of tive period
p a, ) m = the index of ordnance class containing ordnance type

indices Jm ..

-

Let the variable xijkd!t” 0 be ‘the number of sorties flown by

3 ; gz the ith‘ aircraft type with the ij ordnance typé against the kth tar-

- get type with the —dth

delivery condition in the lth weather state, in
- the tth time period. The nptatioﬁ Xij?dlt refers only to permissible

sortie types. Combinations of indices which do not give rise to permissible

-

. o ami- - - p ) i . .
sorties are .omitted so that, for example E:jkxijkdlt means that the sum
mation is carried out only for permissible jk combinations for the given-

1d4t combination. Multisubscripted variablés {or constants) that are summed

over all values of a subscript, will be 50 indicated by replacing the sub-

script by 5 dot. Thus

.. det © 'Z—jk:xfjkdlt

o m e e e e w e o = R c—— ==
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In certain cases weighted combination of the X's will be similarly

treated, e.g.

B g, e SoijarFagrd®eikdre

The following notations refer to known constants:

it

'/ value of a target of type k in time period ¢t ,

kt
Tkl = total number of k type targets at beginning of time horizon.
Eijkd average number of targets killed or a:single sortie with indices
) ijkdst assuming that at 1e;st Eijkd tlive' targets of type
k remain at risk and- that there is no dim;uishingiSOréie
effectiveness dﬁe to difficulty in distinguishing live targets
from 'dead' ones. k
Xijkd = average attrition of a sortie with indices ijkdit .
Wijk = ordnancz load per sortie: of type 1ikdse
T = a factor referring to targets killed in‘previous time period and
not availatle for cugrenf time,peribé‘ t .
Bog = 2 factor referring to -targets killed- two periods .earlier and

now reconstituted and available for attack in period -t .

Byie
Boje {

B . budgetary bcunds on aircraft types, oxdnance -types, ordnance
m
B, } classes and overall for time period t .
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Objectives

: ’ - - 1
max EtzkvktTkt [L exp(-E ok ,,t/Tkt)] (1)
where Tkt is the number of undestroyed type k targets remaining in period
t defined as:-
— ‘: - - = 2
Teo = T = Mixo¥ia o (2)
- T - ] >2
Teg = Te,ee1 ™ Preefi,e-1 ¥ Mo e-2 2 © (3).

where Mkt refers to the number of type ‘- k targets"kirléﬂ‘in tiﬁe period t .
The objéctive function is one ‘4sed by thé Air Force for ordnance
planning and represents the total éxpect;d damage iﬁ terms of military
worth. As is shown in the lapger paper, [4] it ié a concave function in
its argumengs and can be -derived by applying a binomial attrition process
and making such essumptions as:
Every aircraft type being considered is caéablg of reaching all targets
of each given type witﬁ enough fuel to expend its ordnance and return,
Each sortie is flown independently of all others.
On each sortie the aircraft locates and attacks a target or targets of
cnly one type.
Each sortie expends itg entire load of ordnance, using one of a pre-

selected set of delivery tactics.
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Implicit in this objective function is the increasing difficulty
of.finding a 'live' target to attack. As live targets are neutralized, the
effectiveness of subsequent sorties'decreases. This decreasing effectiveness
stems from the assumption that expenditures of ordnance occur against targets

which may have been killed by earlier sorties.

Sortie vs. Attrition

The ability to fly sorties is affected by the attrition encountered.
If attritions are heavy, the upper limit on the number of sorties is lower
than if attritions are light. This relationship may be derived as follows;

Let N,  be the number of available aircraft of type i at the

it

_ A ) .
assuming no attritions occur, and Ait the expected loss of type 1 aircraft

beginning of time .period t , P be the sortie pptential per aircraft,

during period t . Then for any one aircraft of type i the probability

of attrition during the time period is Kit/Nit and the corresponding proba-
A ’
bility of survival is 1 - Ait/Nit . Assuming a uniform attrition rate

over the time period, it follows that Fhé probability of survival of one
aircraft from one sortie is (1 - Xit/Nit)l/?it on 5ver8ge. Using the
multiplication principle for probabilities and assuming that Pit
integer, the expected maximum number of sorties for -one aircraft becomes:

A /N
o el

- /
. (1 -4 Ay it
- (1 -A, /)

I

is a positive

[ e—




and for aircraft it becomes:

= . .. ﬂ: : (5)

(4]

In the larger paper, a general proof of the concavity ¢f U is

it

given for real P N > 1. For the case: that P is a positive integer, (4)

i it

shows that U is the sum of concave functions of the arguments A't

it i

and is therefore concave.

The above derivation allows us to impose the constraint:

A Pal W
r < - A . -~
... .t = Uy (A;,) , vhere A, = A, ., (6)

However for practical reasons the -constraint actually imposed is

the equivalent inverse relation:

¥

A ~1 v
- < : J = i .
Ai g SV (xit) , where X . = S (1

Other Non-liﬁearitieg

Non-linear budgetary constraints -in each time peridd may be imposed

on several -diffeérent linear forms in the problem. For example;
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s 8
15 e T B (8)
. t
- : <
cﬁjt(§lw. oo .x) = Baje (9) .

vhere -61 it and 02 ‘e above are functions of the arguments shown in

parenthesis. The set {Z|2>0 , (2) < B } is convex for pq=1i or 2j.

Pqt

Constraints (8) and (9) are readily transformed into ths equivalent linear bounds.

-1
c 10

X ..t = (Bn;) (10)

t -1

- <' - . . .
}:w.—j vt = CEjt(Blit) , . (11)
T= 1‘

Other budgetary constraints involve donvex functions Cl 1 and 02j

and are of the form;

EC?J(Z 'r\) S Bpe | (12)

jed
7 t
226 (in cee !r) ¥ ;iczj (Ew.j. e ¢) < B, (13)
i =1 - =1

- 10 =




i
L

¥ ]

P

pom e fad feew

Other Constraints

The other conmstraints in the problem are linear and consist of
lower and/or uprer bounds on various weighted combinations of the variables.
They are not included in this se~tion; but Section 3 will list them (in a

consolidated form) as they appear in the linear programs.

3. The Linear Program Formulation for One Time Period

In this section we describe the linear program which approximates
one time period of the non-linear program described in Section 2. We con-
tinue to use the same notation and introduce more as required. The subscript
t 1is dropped.

We will introduce ncn~negative variables ylir-’ yéjr s yﬁkr
bounded above by 1.0 that are used to achieve a pélygonél approximation fo
the non-linearities. These approximations are constructed automatically by
TAC RESOURCER according to maximum error tolerances provided by the user.
However, we will not describe these methods in this short paper. Instead,
we assume that a satisfactory approximation is achieved by sets of coefficients
(apqr s bpqr’ dpqr) where a,qr Teasure changes in arguments, and b

and dpqr measure the corresponding changes in the functions.

par

Objective

Maximize W , where

W o- ZkrkaryBRt = 0 (14)




where the arguments are defined by the constraints:

Zr A V3ke T Bl k.. T T %k (15)
and azk and a3k + r a5kr -account for bounds on E' k..
Sortie vs. Attrition
- . ~ . S
- Erdlirylir AL, S0 (16)
with the arguments defined—by;
‘ Z.:ralirylir XL T % (17)

where o4 and ‘—"1,1 + Zr A4 establish ‘bounds- on -Xi

Budgetary Constraints

The same yj3, Variables and &efinit’iqiial constraints (17) are used

for the sortie cost in the-budgetary constraints. Thus they become:

- m

3‘52Jnx::rbajry2jré P~ O (18)

- 12 -

wr———




foseey

bind e - e i pny pasy

poseyy  piuig  ped

o -t

zb N Zb . . < B -
&urlr T &% Togr S %

where the ordnance arguments are given by the -constraint:

- a5, Yo + W, = (,
.rz 2Jr y2Jr oJe o s ej

and O 2 &y aaj account for lower bounds.,

Other Constraints

(19)

(20)

In order to describe ‘the constraints not implicit in the bounds im-

posed by the «fs and 4Zs.a's we shall use the symbol =

, T

of the symbols <, = :or > . The letters R Kt

! it‘:

known -constants.

I %

xsi\. L ) z’ Bil
.. :)_(-
Xk.. = %
. * 7
E- uk . I B kl
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to represent one

and G:

. aré N
ik

" (21)
(22)

(23)




R

W e et

k., The Computer System

The overall flow diagram of the system is illustrated in Fig. 1.
The program is coded almost entirely in FCRTRAN and currently consists of
about lh,OOO statements -used in an overlsy system which uses about 630k

bytes of core storage.

There are two main §ources‘of input; the data base which is main-
tained by an independent cystem,(see Section 5) and the so-called parameter

input data which determines the structure of the problem in terms of the

subset of variables;,. the constraints employed, the—noﬁ*lipear functions used,

etc. The latter also contains parameters that control the LP solution algorithm

and select the post -optimal analyses.

Much of .the §y§tem relates to editing and processing input data,
forming the problém at each stage and producing reports:-of the solutions
which are both cumulative and non cumulative over time. It is possible to
carry out senéitivity-rgngi:gvanalyses,on parameters of the systeﬁ s;ngly
or in some cases, cbilegtively (see Sectioﬁ 6). The system is heavilyiloaded
‘with user parameters and options, which, if'not'spgc?ﬁiéd explicitly, will
take 6n default values. Within a time period .data -specification is order
independent, If-dg@ipéd the system will operate in an initial mode which
processes and edits all data for all time periods without, however, solving
any of the linear programs. Only if everything is apparently in order does

the system go into its second mode and commence to solve the linear prozrams.

i—
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SYSTEM FLOW DIAGRAM « TAC RESOURCER
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Across time periods the structure of the linear programs may

change. For example, a new aircraft type may become available in a later
time period, or certain combinations of aircraft type end ordnance type
may be available in certain time periods and not in others.

VR4

Getoff and restart capabilities are available which allows the user
to terminate a run with all pertinent arrays saved after a specified time,
number of simplex iterations or a number of time,periods hévé béén,de31§
with, The data for succeeding time periods may be -ciianged if -desired,
and the program may be restarted from point of exit using a special restart
parameter card. In case of machine or operator mélfunctipn or other um-
scheduled termiﬂatiop, the program m2y always be restarteq from the last
time period processed.

- The linear programming code is a modularized set of Fortran sub-
routines which is easily adapted to take advantage of special features oé
a problem. It has upper bounding and uses the product form of the inverse

with double precision arithmetic where pertinent.
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S.’The Colump GengrapipniAlgo?ithmg‘

There are three types of linear programming columns in this:
problem. Ihe—sihck variables -and the upper bounded y variables:
associated with ?P? piecewise linear approximations are kept in high speed
core while a linear program is beiﬁg solved.

From the linear programming standpoint the major point of intérest
is the handling of the enormous number of ‘xijkdlt— variables in a problem.

Each X wvariable has at most seven nonzero coefficients in its
columi arising from equations of type (15), (16), (17), (20), 121),,(22).
and (23).

The formula for computing the reduced cost of such a colum. is

given by

)

pikdze = M21gge b Bigrd™eskie T Teeske T Migie
+ W + Aijkdwi6it (24)

13203t~ ErjkdMiske
vhere the m's are the simplex multipliérs, using a notition which corre-
sponds to ‘the row numbefrs,

It can be seen that a matrix column:can be ¢onstructed if three

‘coefficients are known and: that these coefficients are shared by meny other

. ”n
-p - . Ny
EBigear Wi 9 Bgng

compact form in 'packages' in the random access storage. ‘This packaging is.

columns. The ‘three coefficients are stored in a




carried out after the structure of the linear program is known in a pre-

: liminary processing operation at the beginning of the problem rum, and é
again for subsequent time periods if problem structure .changes éequire it. .
The data base wﬁiéh.cqntains these toefficients is processed and all re-

\ -quired data extracted using an algorithm whichﬂattem@tSzto'max{mize the

amount of useful information'in each record.. Solid ‘blocks of data in the

data base are searched for. Gaps in the coefficient -arrays- indicate
non-permissible sortie combinations.
After ‘the packages are formed and depending on the availability

of core storage, two parameters K1 -and K2 are coﬁpu;ed. The first j

- e men o e ey

parameter li 1is -the minimum number,of:reprgaentativg‘qdlumma wvhich will
be held in core from each package of columns, The second parameter {
Xé > Kl is the number of .columns: which is. sought from a.package each time i
it is brought ihsffomzrandom access storage. The -main idea in the pricing

strategy 1s to-maintain in core representative colummns from each -of the '
p o packages as illustrated in Fig. 2.
| A major iteration in the solution procedure is- roughly as follows:
| 1). Select .a package for pricing. Give priority to packages which do
X . not Hg?g=§he{;equisite numbe¥ of representatives. Otherwise
determine which variable xijkﬂ!t in core has the minimum reduced
cost. Select the package ﬁhich contains this variable. Initiate

a read for -the -chosen package.,.

A o e o

e S ™ S AN AT b - [

2). Simplex on the in core matrix until the most attractive reduced

ey it
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cost is greater than a tolerance e . If any simplex iterations l

-occur, unlabel any labeled -packages (see step 4).
3). 7According to a set of pr}ority rules earmark ;Ké column spaces
in core which may be used to. record the'choseh»columns—frp@ the
next ﬁhékage*pticing operation., This may be *new' core storage,
-or ;pace occupied by 'stale' package representative columns{
4). Price out the ‘package' in core. Choose up..to K,

according to attractiveness. If no column has a negative reduced

colums

cost, label this package. If all packages ‘are labeled, exit.
5). Return to step 1.

“The tolerance € is a dynamic tolerance: It starts with .a i

s

substantially negative value and gets increased when certain conditions

x

occur, such -as when a-certain proportion éf'packageszget labeled -or very
little progréss is made -at step 2k Its function is to attempt to strike a
balance between computétipn,work'and fgai:progress;

There is a -complication. in the -above procedure in that one:

package is being processéd while anotheér is being transmitted from peri-

pheral device to core. The simplex multipliers used. in step 4) are there-
fore not current,

The pricing out of a package in step ) is carried out in a

5 -
i

'nested' fashion écccrdipg to the following table showing five major loops:
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Lé?g' gésgg ’ ) Compute
1 Mie 2 164t
¥ 7 #20 it
k Visk + Tiske 0 Topike Begke = M7ie * ¥igkooge * Moike
d E{jka ° 4zijkd‘ ‘ o b jkde = Bkt ~ BijkdMis5kt

-

* Ay kdMébit

e}

L To1se , M23khe Pugkate * Ctgkae  T21ase

* By kda3k1e

—

The quantities :5ijkt and .5ijkdﬁ —9:e:partialfsqmm@tionsyuéed—in the

nesting procedure.
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6. Sensitivity Features

TAC RESOURCER allows the sensitivity of nearly -all of the problem
parameters to be studied in some manner. The primary-method i1s ranging.
Ranging is the Egshniqdeathat determines the range of Values that a para-
meter (or set of parameters) may take while still maintaining the feasi-
bility and optimality of :the basis. This technique displays the revised
solution values (primal and/or dual) at the extremes of the range and
indicates ‘the nature of these range Iimits.

‘Closely related techniques produce lists of non-basic variables
that (most nearly) price at zero. The lengths oé these 1lists can be
determined by the user and are categorized in several ways. Another
‘sensitivity report interprets the dual variables in management terms and
relates these variables to ‘the appropriate problem paraméters. -

Below we will riame the algorithms available. No attgmpt‘will'be
made to explain these algorithms in this report.

1). ‘Right-hand-side ranging with upper bounded'fgriabies.

2), TRight-hand-side ranging wiih-&@ﬁér bounded variables; and with
special designed techniques to-.account for implicit appearance
of the parameter in the problem in places other than the right-
hand-side..

3). Cost-row ranging.

These first three algorithms can range specific parameters in-
dividually or range a~spe¢i£ied—set—of.ﬁaréggtefs simultaneously. In the
latter case the user provides a vector of rates of change relative to. -the

rate of chage in an indepéndent change parameter.

- 2_2,’.-
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‘Row ranging..

Row ranging with special non-linear treatment to handle the sortie

vs attrition relation.

‘Non-basic element cluster ranging.

Lists of+(near) alternate basic variables. These lists may be:

(a) The non-basic variables with smallest ‘reduced cost'.

(b) For each k , the non basic variables requiring the least

increase ini:Eijkd to have reduced cost -of zero.

{c) For each i , the non-basic variables requiring the least

) _
decrease in Aijkd to have reduced cost of zero.

- 23 -




7. Results and Concluéions i

TAC RESOURCER has been operational for more than a year during

which time it has been used to solve more than 100 problems. None of the b

problems solved so far ‘have been as large as originally contemplated.
Typically a probiém might contain 30 aircraft types, 50 ordnahgg types,
50 target typ;s, 6 delivery conditions, 6 weather states and 10 time
periods., A systematic study«of solution. strategies has not yet been -
undertaken. ) \

A problem -with about 250 rows- and 100,000 variables -per time

period, with 10 time periods takes about 75 minutes cpu time to solve on

an- IBM 360/75 computer.
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THE ROLE -OF DIFFERENTIAL MODELS:OF COMBAT
IN FIRE SUPPORT ANALYSES '
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THE ROLE OF DIFFERENTIAL MODELS OF COMBAT
IN FIRE SUPPORT ANALYSES
by W.. P. Cherry 7

1.0 INTRODUCTION

This paper addresses the: use of one- analytic methodoiogy, namely-
differential models. of combat,. to describe:fire support activities.

The:-contents of the -paper are-:based -on -the -experience -6f Vector Research,

Incorporated (VRisg;ih-deve1oﬁ?ng and-usiﬂgudiffeﬁehtiéi«modeTs in -numerous

mi]itgry»studieé-inc]uding'studies of specific fire supﬁortzneﬁuirements
and éb]es. The remainder of the paper is organized as follows. Section
2.0 consists of .a::brief discussion of forerunner of the differential
models, namely the Lanchester theory of combat, and the battalion level
differential combat models developed by VRI. Section 3.0 is devoted

to a discussion of VRI's current approach to fire support processes in
combat models and- addresses the critical -elements of the processes and the
means chosen to represent these elements. Section 4.0 is a-description of
VECTOR-2, a theater level combined arms model under developmoent at VRI.
The description is included td=i11u$tfaté'§he degreé to-which fire support
is .modeled in a.largé—sca]e model and to-ééhVe as a possible basis upon

which future analytic needs can be defined.




2.0 BACKGROUND

In their simplest forms the equations proposed by Lanchester (1916)

‘to represent combat are as follows:

dx
at ~ Y
%%—= -bx
and 7 ;
%Eb: _axy
. dy .
? dt -bxy §
vihere

x = the number -of Blue survivors at time t,

y = the number of Red Survivors at time t, §
a = the rate at which a single Red element attrits Blue elements, and
b = the rate at which a single Blue element attrits Red elements.

The first two equations are usually described as representing the “square
law" and are- appropriate for aimed fire and negligible tarcet acquisition

times, while the third and fourth equations are described as represeating

—-—

the "linear law" -and are appropriate for area fire in which target acqui-

sition times are relatively larger than times to destroy acquired ta“gets
and are inversely proportional to target density. (For 2 more complete N

discussion of the Lanchester models see Weiss [1957]).
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Although the simplicity of the Lanchester model is attractive, it

can rarely be applied to produce realistic results for analyses of questions

oo S v o S 4% R =

involving:modern weapons systems, force structures- and tactics. In par-
ticular the attrition rates, a aﬁdib ahove, which -were assumed constant

by Lanchester are in fact variable and extremely complex functions of the
state of the battle at any given time. -Moreover, studies-of the dynamics

of combat :have indicated that the-categorization of lethaiity mechianisnms

LR e D

into either linear or square forms is incomplete, since there are mechanisms
in: which, for example, the attrition produced by a single weapon system

is .not proportional to the number of targets -but depends upon this -number
in a complicated.way. -As a: consequence, a class of ccombat models has

been developed Nhi@himOSt properly might be designated differential models

e mEER Coa

of which. the Lanchester models are-a specia!>casé. VRI has been and is

¢

currently éngaged in research on differential models of combat; this research

and some of its results are described below:

2.1 The Differéntial Methodology

In a broad sense the -primary objective-of our research is in the:
development of analytic structures that can -be used. to predict the
history of an engagement.. .Essentially, this. would be a trajec-
tory or trace of time, geometry, casualties; -and resources expended. for
both forces: Measures of .combat effectiveness such as the ratio of sur-
viving forces at the objective, time to-aqverrun the objective, and the
amount of terrain controlled: are then determined from--these results of

battle.

P Doy Tt GHNBE DR DK R et
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Ideally, there exists some functional relationship between the results
of battle and: the initial numbers of forces, types and capabilities of
the weaponis systems; the doctrine of employment, and the environment.
Thus, we would Tike to specify the function f shown below.

Numbers of Forces

Types of Weapon Systems
(Re§¥1t5)— = § (Weapon Capabilities

'VBatt]exi Doctrine of Emplojyment

(tactics, organization)
Eavironment

Unfortunately, it is not. known- how to construct such a function directly,

nor is there sufficient -data to develop it empirically. ‘Because of this,

we attempt to approximate what happens in a small period: of time -during

the battle. That is, for each side, it is hypothesized tnat in & short
period of time ‘

(1) Tlocations change -due to tactical movement,

(2) weapon systems are attrited by -enemy activity,

(3) resources -areexpended, and

(4)- personnel ‘become casualties due to enemy activity.!

Focusing on the Toss of weapon systems and- personnel, it is.-assumed
that, if the state of the battle at the beginning of the small -interval
is known, and the activity that takes place during the ihtervéﬂ-ﬁkahown,
the rate at which weapons systems and ‘personnél are attrited during this
small intérval canabEaprédiétéd: It is because-of this rate focus that
the mathematical structure -employed to model the coﬁbat activity is that

of differential -equations.

1Reserve- commitment -and resupply during the small interval of time are:
also possihle but are omitted for presentation frurposes.
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the numbers.-of Surviving: forces. (m aﬁd‘nJ) as. continuous variables;

while- c]early the: actual battle: act1v1ty d's-.a random- phenomenon and: m
and: Az
:ments -are é ntained: dn: th1s formu]at1on, the output :0F the- mode] is &

fdeterm1n1st1c traaectory -of the: surv1v1ng numbers of forces.:

eIt T Tt eEaE e e,
- e e e e e <R e 2 . . e I
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Mathemat1ca11y, these assumptions. take the Form of the fol]owwng coup]ed

- sets of -differential equationg:ls2

-

dne. e

fOT J 7 52l

] 2

u‘*

for i

where:

%53(‘) the: ut111zed per system effett1veness in: £hes i th. Blue: 7 ‘

group:against theJhRedtargetat Fange ¥, This: 45 o -

calded: the Blué attrition-coefficient. |

By;{(r) = the utilized per system: effectiveness. of systems in the f
3" Red-group against. the 0 Blue targat at -Fange r. ?

This 1$-calded: the: Red attrition cosfficient.

Tt ds-noted: that ihts,{ormulataonz1Suawggterm)nj§tfﬁfgﬁégwﬁigha%gggggg

are: 1nteger va]ued Var1ab1es A]though -many: probab111st1c argu-

Ji

It JSédf

41r1ng weapon group andi he _arget g upe
ap a of the :model:; actual time
.v_pucan ibe: -considéred:

2A]though not exp]w"g;y»shown ‘Fesources -expended: are expT Ty -cons
tained: in: the: -deveTopment. .of the A.u~and €an-:be: deternxned” irectly.




on each side) indicates that the deterministic formilations are reasonably

good approximations of the expe@téd4nuﬁbé&zof‘Sufvivors if there is a
small probability that either side is.-annihilated. Additionally, in
‘many defense studies that employ Monte Carlo simulations, typically only
‘the expected results are considered in:the-decision-making process.

1n the computaiional program, these differential equations are

approximated. by the‘differenCe equations-

n

n.(t + At)

where .at iéfthévcomputationaiwtimé:sgepg The:correspondence between
battle time and spatial distribution of forces during the battle is
obtained: from knowladge of the mQVé@gﬁtgﬁgttgfﬁecﬁ aﬁJ:Red;andzgluelgreups;

The attrition coefficients &AgﬁgandﬁB -are,.-as--one .would expect,

rcomplex:functions—of*the:weaponfcapgbiéjiiésjgxgﬁgeiichaﬁacte?iétits,
distribution. of the targétéJ:allogafioﬁfﬁféﬁédngS:f6?r§55f9ﬁ1n9~werons,

to targets. etc. The model: attempts to-réfiect these complexities by

=partitioning»the/totaliattritioﬂ;pﬁggéés‘ﬁﬁtéai@ui distinct ones:

h—
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Similar defifitions -exist for components of thé Réd: attrition coefficient,

(¥) theeffectiveness of weapons systems :while firing on live

targetss;.

(2} the:allocation: procedure of assigning:weapons to targets;

(3) the: inefficiency of fire when- othér than Tive targets. are
engaged;. and

(4). ‘the -effect of terrain on limiting -the firing: activity and on '
‘mobidity of the systems..

The first three effects are included din the attrition -coefficient

as

-

o3

-
n

j3(r)egy(rLy ey

(s

(o)
=3
~—

1l
©w

 (F)h j {r) r\ﬂ

f;the:gftrition rate--the rate at which:.an individual system

in-the 1M Blue group destroys Tdve: ;N

R
o=de
e,
—
TS
~
n

“group Red targets
--at -range r when it is firing. at them;.

. = the-allocation factor=~the proportion of the it Blue group

systems assigned to fire on the §°"

®
-
A
1\/
i

-group Red targets which

are at range r.

the intelligence factor—-the propovtion.of the i " group

firing Blue weapons allocated to: the j Red group which

_aﬁgzactgaiﬂyaengaging'IJVe jth group- targets at range r.

o |
Ll
73

i

Bji; Thé:jﬁtéﬁgﬁgéﬁcé factor ‘has not been.-consideréd: in any applicatiouns

tOdate: 1. 8.5 I'iJ = ].OfOY' all 'l, J.
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The "terrain is incorporated in the model as if it were a map with

digitized properties of ccncealment (~]1‘ne—of-s1‘ght),'1 cover,. terrain

roughness, -etc. associated with each or pairs of locations. Values of

the attrition rates (aij,-e.i) at’any time during the battle are determined

J
from basic weapon performance descriptors which are interrelated in

attrition-rate submodels. For any weapon-target pair, the submodels deter-
mine the mean. time which will be required for the firing system to kill
the target system, neglecting the possibility that the firer will be

killed during this period, but taking into account all the other conditions
of battle (including cxposure, movement; concealment, suppression, etc.).
The attrition rate is then taken to-be the reciprocal of this mean time

to destroy the target. The attrition rate is discussed below.

2.1.1. The Attrition Rate

‘Basic to the differential model or theory of combat is the attrition
rate, which is the rate at which a weapon systém can destroy iive targets
when it is firing. at them. 1In the classjcalAtanChesrer*thed}ies, the
attrition. rate has been assumed consfént,or—state-depehdent (depéndent

on' the numbers of surviving Red -and Blue forces). The inability to obtain,

-other than by hindsight, a satisfactory estimate of ‘the attrition rate for

~future engagements has Timited tae use of classical Lanchester theories

for- planning. However, [Bonder and Farrell, 1970] have developed- such a ~

means of -predicting attrition rates for a wide-spectrum of weapon systems.

1An exception to this -statement is the version of the differential models
in: the VECTOR series of theater campaign models, which incorporates
random variations in terrain line-of-sight.
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in their developments, the attrition rate is assumed to be dependent

nn.a multitude of physical parameters of a weapon system which- describe

its capabilities in such areas as acquisition, firing accuracy, delivery

rate, and warhead lethality. This dependence gives rise to two distinct
variations in the attrition rate--variation with range to the target and
chance variation at any specific range.! A mathematical structure -of

‘heterogeneous-force combat which includes the range and charce variations

explicitly cannot be analytically solved with:-existing mathematical ztech-

nigues. For this reason we f:ave suppressed the explicit chance variation

and used average attrition rztes. In this formuiation we can consider the

range variation of -the attri%.on rate explicitly and somewhat -independently

of the chance variation-at each specific range to the target.

Initially, the attrition rate at eachirangé vias defined to be the

arithmetic mean or- expected value of the attrition-rate random variable.

L@arfoot, 1969] suggested that a more appropriate definition:-of the

attrition rate, when a single value is used at a specific range, is the

‘harmonic mean of the attrition-rate random'va?iab1g; The appropriateness

of this definition for use in i differential equation model of combat is
sgen=be1ow.

Consider < homogeneous-force battle in which: the initial numbers :of

‘Blue and Red forces are sufficiently large so that neither is totally

annihilated. Each Blue weapon system is engaged -in--a renewal -process -of

attriting targets, i.e:«; the timeszbetween:kiiés are independent and:

1For clarity of d1scus<1on, variations in- the attrition rate due to- changes
in target posture, environmental effect, etc., which can be included: in-
the model, are not presented.
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identically distributed » & «* cariables. -From Blackwell's theorem‘

[Parzen, 19627 we have

=

Vim Pe[revewal in (t, t +-dt)] = 98,

,t.)oo i

where

p  the expucted interrenewal time.
Therefore, ‘the expected number f Red kills ‘in (t, t + dt) is

E[number of Red kills in (t, t + dt)] = -"lg—t . S8}

The differentiai—eQuatﬁbh*homogeneous-fonéé-mode] of combat states that

<n = E[number .of Red kill1s in (t, t + dt)]

13

amdt.. . (2)

Comparison: of (1) and {2). suggests that « :be defined as 1/x.. ‘More generally,

the definiticn of the attrition rate to use :(for a specific range) in the

differential equation structure of heterogeneous-force combat is

7 def 1
(at range r) = =—————,

aid

where

:Engjirjéé—the expeétéd*time for a single Blue system:of the ith
’ : th

group ta destroy a passive j group Red target, given

the target at range ..
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;;} U ! This definition for an average value of the . .trition rate at range r is

equivalent to the harmonic mean of the attrition rate when it is viewed

as a random variable at range r. This definition &lso leads naturally

i; tc defining the range variation of the attrition rate as the vaviatiown
in the reciprocal of E[Tijlr] as the range 9 the target ckhanges. - The

*}i : ; range variatinn is called the attrition-rar: func:ion and is devoted by

“ij(r)’ as used in the differential equation structure of combat.

Based on the ahove discussions, research on attrition rates has

been concerned primarily with the development of time to kill probability

distr ibutions and their expected values for a spectrum of weapon systems.

Hower o mEesd e

The distribution for the time-to-kill random variable is developed by
consideration of the number of rounds expended to achieve the kill.

Thus, the amount of ammunition resources expende: can be obtained directly

i T 7%

for a specific combat activity. Essentially, what 1s dore is to take the
%“ physical process of the duel (which is basic to Monte Carlo simul :-onsj
and model the dynamics of this process mathematically.

To ensure that the attrition rates developed are general, a taxonomy

” i

of weapons systems *hat is not dependent on physical hardware characteristics
(such as caliber) was developed. Rather, the taxonomy reflects character-
istics of weapons systems that would affect the methods used in predicting
the attrition rates. .

The taxonomy is shown in figure 2.1. Weapon systems are first classi-
fied by their lethality characteristics as having either impaci~to-kill

mechanisms or area-lethality effects. Within each of these categories,

we have found it useful to further classify weapon systems on the basis of




FIGURE 2.1: WEAPON SYSTEM CLASSIFICATION FOR THE
DEVELOPMENT OF ATTRITION RATES

LETHALITY HMECHANISH:
1. TMPACT
2. AREA

FIRE DOCTRIME
1. REPCATED SINGLE SHOT:
*a) WITHOUT FEEDBACK CONTROL OF AIM POINT

*b) WITH FEEDBACK ON IMMEDIATELY PRECEDING ROUND (MARKOV FIRE)

¢) WITH COMPLEX FEEDBACK
2. BURST FIRE:
*a) WITHOUT AIM CHANGE OR DRIFT I# OR BETWEEN BURSTS
*b) WITH AIR DRIFT IN BURSTS, AIM REFIXED TO ORIGINAL ATH POINT
FOR EACH BURST
¢) WITH ATM DRIFT, RE-AIM BETWEEN BURSTS
3. MULTIPLE-TUBE FIRING: FEEDBACK SITUATIONS (1a, b, c)
*a) SALVO OR VOLLEY
4. MIXED-MODE FIRING:
a) ADJUSTMENT FOLLOWED BY MULTIPLE-TUBE FIRE
*b) ADJUSTMENT FOLLOWED BY BURST FIRE

1'(Indicat:es that analysis of this category has been performed.
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their-methods of using firing information to control the system aim -point
and their delivery characteristics, i.é., the firing doctrine employed.

- ‘Methods -have been developed [Bonder and Farrell, 1970] that allow
the prediction of attrition rates for many of the weapon systems shown:
in theé taxonomy. The first caSes:anaJyzedrfnvolyed single-tube firings
in which: launch of a,projéctile,é%cynred:on]y after the observétién'of
the effects of the preceding round.. These are called "repeated single-
shot" doctrines in ogr.sghema,Aand:ére:Sngtimgsvcailed "shoot-100k-shoot"
-doctrines :by- other aralysts. Anaiysgsshaveibeen undertaken of two sub-
classes: (1) those in which nonuégziS—made of information obtained from
observations and (2) those in whf@ﬁgthé:observations are treaéédAdistinctly
‘depending.-on whether they areaé'hii=or a miss, Teading to différent types
of correction in aim:point’fbr=theséatuo~cases.Y This -subclass is called
"Markov fire." A completely genetiﬁvfiméeto-kilﬂ probability -distribution
for Markov- fire systems has been-developed. weépoﬁ system parameters that
are inéigded=éxp1icit1y in the distribution are shown in: figure 2.2.
‘Methods of predicting these paféﬁeiéﬁS‘f?OmrﬁaSic hardwaréiédnéidératiOns
are well -known.

The more complex doctrines involving "multiple-tube firingsﬁ;aﬁd'
"buf;;lfirg," have been analyzed separately. These are—claSsééﬁgf systems
for which the projectiles may be launched before observation of :previous
round effects. Burst-tire cases ghaiyzed include those in which rounds
are all identical with respect to=ac§uragy—(go—drifting,or controlled
aTte?atiéﬁ,bﬁ the aim point) and those fn which the accuracies :0f rounds

within a ‘burst vary, but the bursts are resighted to the same aim. point.
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their methods of using firing information to control the system aim point
and their delivery characteristics, i.e., the firing doctrine employed.
Methods have been developed [Bonder and Farrell, 1970] that allow
the prediction of attrition rates for many of the weapon systems shown
in the taxonomy. The first cases analyzed involved single-tube firings
in which launch of a projectile occurred only after the observation of
the effects of the preceding round. These are called "repeated single-
shot" doctrines in our schema, and are sometimes called "shoot-look-shoot"
doctrines by other arnalysts. Analyses have been undertaken of two sub-
classes: (1) those in which no use is made of information obtained from
observations and (2) those in which the observations are treated distinctly
depending on whether they are a hit or a miss, leading to different types
of correction in aim point for these two cases. This subclass is called
“"Markov fire." A completely general time-to-kill probability distribution
for Markov fire systems has been developed. Weapon system parameters that
are included explicitly in the distribution are shown in figure 2.2.
Methods of predicting these parameters from basic hardware considerations
are well known.

The more complex doctrines involving "multiple-tube firings" and
"burst fire," have been analyzed separately. These are classes of systems
for which the projectiles may be launched before observation of previous
round effects. Burst~fire cases analyzad include those in which rounds
are all identical with respect to accuracy (no drifting or controlled
alteration of the aim point) and thosz in which the accuracies of rounds

within a burst vary, but the bursts are resighted to the same aim point.
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A11 present analyses have been based on fixed-length bursts. The complex

case in which bursts are re-aimed on the basis of observation has not

been analyzed.

Analyses have been conducted of multiple-tube firing cases, and it
has been determined that the attrition rate for both volley and salvo
fire may be represented by the same formulae. The method developed con-
siders a weapon system which, perhaps not knowing the exact location of
targets, fires indirectly into an area with a projectile that delivers
damage-producing effects over part of the area. Parameters included in
the method are shown in figure 2.3. Each of these parameters can be pre-

dicted from basic hardware characteristics of weapons systems and targets.

2.2 Battalion Level Models and Fire Support Arnalyses

VRI has applied differential models of battalion task force level
combat in a wide variety of studies. The computatiicnal efficiency of the
models and the high resolution present have been proved valuable in analyzing
such topics as the role of attack and scout helicopters, anti-tank and
tank weapon systems, the effect of terrain line of sight variations, and
the effectiveness of the cannon launched guided projectile (CLGP). The
full extent of systems, processes and environmental variables that have
been incorporated are illustrated in figures 2.4, 2.5, and 2.6 respectively.
However, in analysis of fire support mix questions, the differential models
described above are not used in a stand alone mode but form a component

of larger models. The nature of this approach and the rationale for its

use are described in the next section.




FIGURE 2.3: FACTORS CONSIDERED IN ATTRITION RATE FOR
INDIRECT, AREA-FIRE WEAPONS
WEAPGN AIMING AND BALLISTIC ERRORS
TARGET LOCATION ERRORS
. WEAPON FIRING RATE
/; VOLLEY DAMAGE-PATTERN RADIUS
- TARGET DISTRIBUTION
TARGET RADIUS
TARGET POSTURE
PROBABILITY THAT THE TARGET IS DESTROYED GIVEN IT I3
COVERED BY DAMAGE PATTERN
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FIGURE 2.4: THE DIFFERENTIAL MODELS: SYSTEMS INCLUDED

TANKS, INCLUDING SECONDARY ARMAMENT
APC'S, INCLUDING MULTIPLE ARMAMENT SYSTEFNS
ANTI-TANK GUNS AND MISSILES
ASSAULT GUNS
HEAVY MACHINE GUNS
MORTARS
RIFLE SQUAD WEAPONS, INCLUDING
LIGHT AND MEDIUM MACHINE GUNS
GRENADE LAUNCHERS
MIXED-MODE WEAPONS
RIFLES
CONVENTIONAL, ICM, AND LASER-GUIDED ARTILLERY
ATTACK HELICOPTERS WITH
AUTOMATIC WEAPONS
ROCKETS
COMMAND-GUIDED MISSILES
SELF-GUIDED MISSILES
LASER-GUIDED MISSILES
ROCKET OR MISSILE ARTILLERY
FIXED-WING TACTICAL AIRCRAFT WITH CONVENTIONAL OR ADVANCED ORDNANCE
AIR DEFENSE GUNS AND MISSILES
LAND MINES, INCLUDING SCATTERABLE MINES
JEEP AND TRUCK MOUNTED WEAPONS
LASER DESIGNATORS




FIGURE 2.4: THE DIFFRRENTIAL MODELS: SYSTEMS INCLUDED
(Coneluded)

TARGET ACQUISITION SYSTEMS, WHETHER GRUUND OR AIR BASED, INCLUDING OPTICAL

AND OTHER ELECTROMAGNETIC SYSTEMS AND SEISMIC, AUDIO, AND OTHER
SYSTEMS
SMOKE OR OTHER OBSCURANT AEROSOL, HOWEVER DELIVERED
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FIGURE 2.5: THE DIFFERENTIAL MODELS:

PROCESSES MGDELLED

ACQUISITION, "SERIAL" OR "PARALLEL," INCLUDING FALSE ACQUISITIONS,
ACQUISITIONS OF DEAD TARGETS, AND MIS-IDENTIFICATION (AND LOSS OF
ACQUISITION)

TARGET SELECTION, INCLUDING CRITERIA FOR THE ACCEPTANCE OF LOW-PRIORITY
TARGETS (AN APPROXIMATE MINIMAX TARGET SELECTION PROCESS IS AVAILABLE

——

IN ADDITION TO DESCRIPTIVE MODELS)

AIMING, ROUND SELECTION, AND MODE-OF-FIRE SELECTION, INCLUDING FIRE
ADJUSTMENT PROCESSES

FIRING, DIRECT AND INDIRECT: SINGLE ROUNDS, VOLLEY, AND BURST; ADJUSTED
AND UNADJUSTED; BALLISTIC ORDNAHCE, COMMAND-GUIDED ORDMANCE, SELF-

Eolls  ssuminsw A——

GUIDED ORDNANCE, ILLUMINATION-GUIDED ORDNANCE; ETC.

ORDNANCE LETHALITY, IMMEDIATE OR DELAYED, AGAINST WEAPON SYSTEM HARDWARE
OR CREW, INCLUDING MULTIPLE DAMAGE STATES {(WHICH MAY INVOLVE DAMAGE
TO ONLY ONE COMPONENT OR SUB-SYSTEM OF THE WEAPON SYSTEM, SUCH AS A
MOBILITY KILL OR A PARTIAL FIREPOWER KILL)

MANEUVER

7

oz N it S o

DELIBERATE DETERMINISTIC OR STOCHASTIC USE OF LOCAL TERRAIN OR VEGETATION
FOR COVER AND CONCEALMENT, INCLUDING BUT NOT LIMITED TO SUPPRESSION
BY ARTILLERY OR DIRECT FIRES

COMMUNICATION OF TARGET ACQUISITION INFORMATION BETWEEN WEAPON SYSTEMS

DAMAGE RECOVERY, INCLUDING RE-MANNING OF A NEAPON SYSTEM WHICH HAS SUFFERED
A CREW KILL

MINEFIELD ENCOUNTER, INCLUDING INITIAL ENCOUNTER ATTRITION, ATTRITION
DURING REORGANIZATION (IF ANY), CLEARING OR PASSAGE TACTICS DECISION,

et peecd ol SRR 0 GBS D
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FIGURE 2.5:

MANEUVER ALTERATIONS FOR CLEARING, PASSAGE, OR ATTEMPTED BYPASSING,

20

THE DIFFERENTIAL MODELS:
(Coneluded)

PROCESSES MODELED

AND ATTRITION BY MINES DURING PASSAGE, CLEARING, ETC.

AEROSOL GENERATION AND CONSEQUENT ACQUISITION AMD ILLUMINATION

ENVIRONMENTAL DEGRADATION
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FIGURES 2.6: THE DI"“ERENTIAL MODELS: ENVIRONMENTAL SUB-MODELS

DETERMINISTIC TERRAIN AND VEGETATION

DETERMINISTIC ATMOSPHERIC TRANSMISSIVITY AND ABSORPTION
(DETERMINISTIC METEROLOGICAL VISIBILITY)

DETERMINISTIC LINES-OF-SIGHT (FUNCTIONS OF DETERMINISTIC TERRATIN AND
VEGETATION)

STOCHASTICALLY DESCRIBED TERRAIN AND/OR VEGETATION

DETERMINISTIC TERRAIN AND/OR VEGETATION DETERMINED AS A SAMPLE FROM A

STOCHASTIC TERRAIN
OBSCURATION PRODUCED BY COMBAT ACTIVITIES (MOVEMENT AND FIRING, ETC.)

STOCHASTIC OBSCURATION

DETERMINISTIC BACKGROUNDS AND ILLUMINATIONS AS FUNCTIOMS OF LOCATION
STOCHASTIC BACKGROUNDS

DETERMINISTIC CLOUD HEIGHTS AND LOCATIONS

STOCKASTIC CLOUDS
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3.0 CURRENT METHODOLOGY

The differential models described in the previous section serve pri-
marily as high resolution models of direct fire combat in maneuver unit
engagements. Although forms of differential models have been used to
calculate the results of brigade or division level combat in a single set
of equations, we at VRI prefer to model combat at the brigade or division
level as consisting of a set of company or battalion level actions that
occur in secuence and/or in parallel, with each action modeled by means
of an appropriate differential model. There are various reasons behind
this approach, among the most important are the need to adequately repre-
sent command and control of maneuver units in a division or brigade engage-
ment and the need to represent the dynamic changes in the demands on and
availability of components of the combat process of which fire support is
perhaps the best example. Accordingly, a series of models have been
deyeloped by VRI which are differential models in the sense that direct
fire enqagements are modeled via high resolutior differential models of
company or battalion level combat within an overall structure that incor-
porates deterministic or expected value models of other battlefield
processes. In this fashion a high degree of resolution is achieved in
representing the spatial and temporal interactions tetween the entitiss and
processes which comprise a battle or a campaign.

In conducting analyses of fire support mixes the inclusion of spatial
and temporal interactions is critical. Due to the long-range effectiveness
of the weapon systems in a fire support mix, the impact of fire support is
not restricted to a singie Tocation on the battlefield; the targets of a

battery or an aircraft sortie could at one inst::t be an engaged threat
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and at the next ‘instant a weapon system or concentration a substantial
distance behind the FEBA. The impact of fire support may be immediate in
the case of final protective fires, of intermediate duration in the case
of suppression of threat air defense systems or delay on a reserve maneuver
unit moving to the front or of long duration in the case of the destruction
of supplies or transportation resources.

The fire support system must simultaneously deal with spatially
separated targets of possibly critical importance; in certain situaticns

the number of targets requiring fires may exceed the number of fire support

resources available. Furthermore, the fire support mix is itself subject
to attrition and suppression by counter-battery fires in the case of
artillery; by air defense systems in the case of close air support, both
fixed wirg and helicopter. Based on these characteristics of the fire
support process, it can be argued that analyses of fire support mixes must
at some point include the examination of the contribution of the mixes to
engagements of at least brigade and more properly division size, of suffi-
cient duration to permit assessment of the impact of the long term effects
of fire support missions and possible threat responses directed at the

fire support resources.

3.1 General Approach

VRI has constructed a number of models of combat at the brigade,

division and theater levels which have ac their basis differential models

of engagements between maneuver units. Our general approach to modeling

combat in these scenarios has two basic components: the concept of the

state space and the concept of process models. The state space consists




of those variables whose values complete¢ly describe the battlefield

at any given instant, together with variavles whose values suffice to
permit the calculaticn of the future course of combat. In the first
category are variables describing the numbers and locations of different
weapon systems, their organization, their activities, etc., while the
second category includes variables describing such things as target 1ists,
pians and inteniions, etc. The state space is frequently thought of as
consisting of the information that would constitute a “"snapshot" of the
battiefield, together with information describing intended behavior or
courses of action. (Historical information is alsc included as input to
tactical decision making.)

To calculate the changes in the values of elements of the state space
that occur as a consequence of activities on the battlefield process models
are used. The differential models of maneuver unit combat are the fore-
most example of process models, others include supply and ammunition con-
sumption, target acquisition, tactical decision making, air to grouna
firepower, etc. Inputs to process models include not only state variable
values, but also performance and/or environmental data. The key character-
istic of VRI's approach to both state space and process models is that,
insofar as is possible, state space variables and data are based upon
experimentally or doctrinally verifiable quantities. Such concepts as
"firepower score" are not used.

Within the state space/process model approach to modeling combat,
it is possible to achieve efficiency in operat on without substantial
degradation of resolution by logically selecting state variabies that -an

represent aggregates rather than single entities and by calling upon process
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models to calculate the effects of activities with a frequency consistent
with the impact of these activities on the spatial and temporal inter-
antions on the battlefield. Thus for example, the loration of batteries
of artillery (rather than single tubes) is sometimes assumed to be
described by a distribution, and the effects of fire support on rear

area targets may be calculated less frequently than the effects of fires
in a maneuver unit combat. The governing factor in selecting either
aggregation policies or intervals for calculation of effects is the
necessity of representing the possibly simultaneous interactions between

entities and activities on the battlefield.

3.2 PFire Support Proce3ses

In the context of the general approach to modeling large scale combat
activities, two major components must be formulated to properly represent
fire sumport, namely state space variables and process models. The state
space variables describe the components of the fire support mix, their
status, activities and intentions, whiie the process models describe the
activities of the fire support mix and its interactions with the total
combat process. Needless to say, tie attrition an¢ suppression of elements
of a fire support mix are critical to any analysis of the course of a battle
or campaign in which such a mix is employed. In this paper we will
discuss these problems only briefly and then from the point of view of the
causative agent rather than the target.

Typically we have described the elements of a fire support mix in
large scale models in terms of state space variables which represent

numbers, location, status and activity. In some cases where location is




not sufficient to indicate ownership, a further descriptor is used, e.g.,

to describe the use of corps artillery in support of a specific division

or brigade. It is possible in the models to represent variable numbers

of different types of artillery, fixed wing aircraft and helicopters,
together with different ordnance loads. Aggregation at the battery

or flight level is generally used, and positional information is repre-
sented in terms of distributions uver areas associated with specified

levels or organization, i.e., division or brigade artillery, or the position
of a flight of aircraft on the ingress, target area or egress portion of

the flight path. Provision has been made to represent suppression of
artillery batteries and tc indicate unavailability due to movement.

A second set of state space variables is nSed to describe targets for
fire support w.3sfons. Inventories are mairzained of targets by type,
Tocation and activity. Target types refer to both composition and behavior.
A number of generic categories is supplied within the model and the user
provides information of the elements making up the target, their deployment
and their behavior. This information ccnstitutes data used as input to
both target detection and attrition processes.

The final set of state space variables directly associated with fire
support is that which describes the target acquisition resources. Again,
inventories of these resources are maintained by type and location. Where
appropriate location is implicitly used to define the unit to which a
target acquisition resource reports its acquired targets. Target acquisition
resources are subject to attrition and suppression.

Three different process models are directly associated with fire

support activities:

proT—
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(1) target acquisition,

(2) target allocation, and

(3) delivery.
These models are used, as described above, to calculate dynamic changes
in state space variable values and thus to represent interactions between
elements of the fire support mix and other entities and activities on the
battlefield. The target acquisition model, based on the classic non-
homogeneous Poissen process nodel of detection, produces the expected number
of acquired targets characterized by type, location and type of resource
making the acquisition. The expected number of targets acquired is a function
of target types and numbers, range between target and sensor, line of
sight properties, target composition and behavior, environment and the
duration of the search period. Provisicn has been made for sensors which
operate intermitantly and for sensors that "hold" an acquired target
after detection. Target reports are generated from target acquisitions
to represent non-identification and the reporting of targets is delayed to
reflect processing and communication.

The output of the target acquisition process model is an array of the
expected number of acquired targets by type and location. This array which
changes dynamically as further acquisitions are reported and as missions
are fired, is the primary input to the target allocation process model.
This model represents the decision making process which assigns targets
to elements, e.g., batteries and Tlights, of the fire support mix. It
has been our practice at VRI to base the logic of target allocation upon

current doctrine rather than to attempt in any way to "optimize" the fire
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support process. The target allocation process model is extremely flexible
in this regard and logic has been designed which incorporates such vari-
ables as the number, type and location of reported targets, the lengths

of time since acquisition, the CEP of the reporting sensor, the number and
type of fire support resources available, current missions and ammunition
and/or fuel constraints. The outputs of the rule specify #hich elements

of the fire support mix fire on which targets and also specify the type

and amount of ordnance to be delivered. A further delay representing
processing and communication is assessed in the target allocation model.

The calculation of attrition and initiation of suppression is accomplished
by the delivery model, which also schedules the attrition to account for
delays caused by battery preparation and flight times. The quantity calcu-
lated is the expected amount of attrition as a function of actual target
composition (as distinguished from the reported target) ond amount and type
of ordnance delivered. As the duration of the period between acquisition
and delivery is available in the model, the effects of target movement,
target location and deliveryefforts are incorporated into attrition calcula-
tions. Suppression is generally represented by a decrease in firing rate,
ranging frow complete suppression to a fraction of the normal rate of fire.
The duration of suppression is a function of the time since Tast ordnance

delivery.

3.3 Advantages of the Differentiai Models

As discussed earlier, it is our belief that combat models at the

brigade or division level are necessary for fire support mix studies, and
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that these models must be capable of representing the complex spatial and
temporal interactions that take place in combat. The differential based
models in which maneuver unit combat is modeled by means of differential
methods and other modeling techniques are used where appropriate to repre-
sent other battlefield activities, appear to offer several advantages.
The first of these is the high resolution available. Without exception
the methods used in the differential based models provide greater resolu-
tion than any other deterministic method. The only other methodology
with which a comparable resolution is possible is that of a highly detailed
Monte Cario simulation. It can be argued that this latter method is more
expensive in terms of both development and use, and that it puse: problems
in terms of transparency, i.e., it may be difficult to connect cuiuse and
effect using the Monte Carlo approach. In addition to efficiency and
transparency, the differential models have proven to be remarkably flexible
and can be quickly and easily modified to reflect new weapon systems and
tactics, or to increase or decrease resolution as require:, by aggregation
or disaggregation of entities, processes or time.

There r main, of course, problems in differential models but these
are for the most part common to all combat models. These problems might
be best described as those associated with battis “ield processes which
are not adequately understood. Suppression is one such process; the genera-
tion of target reports from target element detections is another. It is
clear also that although a substantial amount of information can be obtained
in the area of target allocation, actus! procedures vary from organization
to organization and from officer to of7icer. Until more detailed knowledge

becomes available on these processes, approximstions must be used to
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represent their effects. In the mean time the

to different approximations can be determined.

sensitivity of

combat results
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4.0 THE VECTOR-2 THEATER-LEVEL COMBINED ARMS SIMULATION

This section is intended to illustrate the range and scope of differ-
ential based models of combat. Perhaps the ilargest such model -urrently
available, VECTOR-2, is described. It is not suggested that this model be
used for fire support studies per se, but the model is an example of what
can be accomplished using the differential model approach.

VECTOR-2 is a two-sided theater-level combined arms simulation model.
The model is deterministic, i.e., it produces a single engagement history
for theater-level! engagements of durations ranging up to 100 days. The two
basic elements of the model structure are the concepts of a state space
and a set of process models. The state space utilized in the model consists
of a set of variables which describe the current status of all elements on
the theater battlefield at any given instant during the course of a campaign.
In addition, the state space includes variables which contain sufficient
information to predict the immediate future of the campaign. As an illus-
tration of this concept, consicder a battalion task force on the FEBA involved
in direct fire combat with an enemy unit. State space variables used in
VECTOR-2 to describe such a task force include:

(1) the composition of the task force in terms of numbers of weapon

systems of up to 12 types;

(2) the deployment of the weapon systems including movement;

(3) the proportion of the weapon systems firing on specific

enemy weapon system types and groups (including the targets
of organic air defense weapons);

(4) the intenticn of the task force (i.e., assault on a defensive

position, hold on a defensive position, delay or withdraw);
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target acquisition and firing doctvrine employed by weapon system
type;
targets reported by the task force to the fire support coordi-
nation center;

(7) task force perception of enemy order of battle;

(8) commander to whom the task force commander reports,

(9) intensity of communications from task force to fire support

coordination center;
{(10) characteristics of and distance to task force objective;
(11) weather;
(12) mobility characteristics of terrain;
{13) intervisibility characteristics of terrain; and
(14) presence of attack helicopters in a fire support role.

The extent of the portion of the state space required to describe a
battalion task force in direct fire combat is a consequence of VRI's
philosophy of aggregating only in those processes in which significant
effects and outcomes are not masked by aggregation. Rather than aggre-
gate effects, VR1 chose to include and dynamically keep track of explicit
representations of force elements, environment and processes in terms of
measureble physical and behavioral variables. This choice in turn makes
possible the clear definition of data requirements and subsequent ease of
modification of weapon system types, capabilities, and employment doctrines.

The introduction of new processes, or elements, or the enrichment of
current processes or elements in the VECTOR series of models usually
results in the addition of states to the state space. The selection of

these states is based on the level of detail and aggregation selected for
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the process introduced or enriched and the need to maintain a consistent
level of detail throughout the model. Thus, for example, the addition of
command and control to VECTOR-1 as part of the development of VECTOR-2 led
to a different and finer representation of model time which in turn led

to a much more detailed description of close air support aircraft. States
were added to indicate airborne or airbase alert, specific erauance load,
ingress, egress, target area activity, and endurance. Delivery delcy times
were explicitly represented in the state space together with decision state
variables to represent the employment of CAS in those cases where the rumber
of sorties available did not meet missions demanded.

A1l interactions between elements of the combined arms ferces involved
on both Blue and Red sides in VECTOR-2 are reflected in changes of the
values of state space variables. These changes of values are determined
via process models which calculate the effects of current activities on
state variables. These process models range in complexity from a single
priority scheme to describe the order in which a field artillery battery
engages acquired targets to a comprehensive differential model of battalion
task force direct fire combat or a detailed model of the effects (attrition)
produced by the delivery of ordnance by a CAS aircraft on a maneuver unit
target.

Process models in VECTOR-2 were selected on the basis of a number of
factors. The first of these deals with the level of detail required to
adequately mode]l the effects of the process on state space variables.

The second deals with interaction between processes and may be thought of
as related to timing. Activities that are interacting instantaneously
must be treated simultaneously by appropriate models. Thus the evolution

of the VECTOR series of theater-level models can be characterized in one




respect as involving a continual decrease ir. the number of processes that
are decoupled from the combat viewed from the theater-wide perspective.
Subject to constraints imposed by computer storage and running time, 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.

The description of VECTOR-2 that fellows is intended to illustrate
the conceptual structure of state space and process models. The description
is organized as follows. Categories of state variables are discussed
first, including representation of

(1) battlefield, environment and time,

(2) forces,

(3) supplies, and

(4) plans and intentions.

Major process models incorporated in VECTOR-2 are then described, including:

(1) command, control, and communication;

(2) intelligence/target acquisition;

(3) firepower;

(4) 1logistics and supply; and

(5) movement.

Following the description of the model, some experience with VECTOR-0 and

VECTOR-1 is described.
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4.1 Categories of State Variables

4.1.1 Representation of Battlefield, Environment, and Time

The theater-level battlefield in VECTOR-2 is divided into ten sectors
roughly corresponding to areas in which one or more US Army corps might
be deployed. Within a sector a further division of the battlefield is
made on the basis of military characteristics, into areas referred to as
combat arenas. Each sector has a fixed (for a particular model execution)
number of ribbons of combat arenas. The arenas themselves vary in terms
of width and depth. The width of an arena corresponds approximately to
the defensive front ¢f a US Army battalion and is a function of terrain
characteristics. The depths of arenas are determined by the existence of
natural or manmade features which constitute objectives for combat forces;
the degree of correlation between objectives in adjacent arenas is speci-
fied as are the characteristics of the objectives, e.g., river, urban
area, or hill. Defensible positions are represented internal to a combat
arena. An arena may contain any number of defensible positions spaced
at equal distances in depth subject to the constraint that the positions
are separated by the maximum range of direct fire weapons.

Within an arena both trafficability characteristics and intervisibility
characteristics are assumed to be homogeneous. The state variables for
trafficability and intervisibility for an arena can each take on one of
five values. MWeather is represented in VECTOR-2 by a ctate variable for
each sector. This state variable may also take one of five values. Con-
sequently, 125 different environments which impact on combat are represented

in VECTOR-2.




ALY TR

The representation of time in VECTOR-2 reflects the need to calculate
simultaneously the effects of activities which interact instantareously,
and at the same time to calculate efficiently the effects of activities for
which exact timing is not critical. Within a sector of the theater, time
is essentially continuous over a model time period (a user-selected dura-
tion, usually 12 or 24 hours). This continuity is accomplished by combina-
tions of a time step procedure, for those activities in which major
changes can occur in intervals of approximately 15 to 30 seconds duration,
and an event scheduling procedure, which schedules the calculation of
effects which are subject to delay in reality (e.g., delivery of fire
support), and the calculation of effects of activities periodically when
the effects of those activities are not immediate {e.g., arrival and dis-

tribution of supplies or replacements at corps level).

4.1.2 Representation of Forces

For each side the model considers maneuver forces at the FEBA, maneuver
forces in reserve, artillery forces, attack helicopters, air defense artil-
lery forces, tactical fixed wing air forces and services support forces.
laneuver units, both at the FEBA and in reserve, can contain a user-selected
number of weapcn system types. (Demonstration runs at VRI will employ
two types of tank systems, three types of anti-tank systems, acmored per-
sonnel carriers, infantrv with heavy automatic weapons, mortars or similar
area fire weapons, infantry with basic rifle squad weapons, two types of
air defense weapons systems and attack helicopters.) Artillery forces will

contain up to four weapon system types together with associated personnel,
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attack helicopters will be of one type with personnel. Air defense
artillery forces can contain up to six different types and provision is
made for eight types of fixed wing aircraft with ten different ordnance
loads. Airbases of three different types are included in the model,
together with shelters and support personnel. Service support forces
consist of personnel oniy. The model continually keeps track of the number
of weapon systems and personnel for both Red and Blue by maneuver unit.
The number of weapon systems are separately retained by type for artillery
forces, attack helicopter forces, air defense artillery forces, tactical
air forces and service support forces and are maintained according to that
element of the command &nd control hierarchy to which they belong or are
attacked. Also retained in this fashion are target acquisition resources:
up to fourteen types ranging, for example, from forward observers to early

warning radars.

4.1.3 Supplies Represented

Supplies of the following kinds are represented separately in the
model: ammunition for each maneuver unit weapon system type, ordnance
(in user-specified categories) for fixed wing aircraft, avaiation gasoline
and associated POL (for fixed-wing aircraft and attack helicopters), °POL
for ground systems, mines and a user-specified category, other supplies.
Ammunition is assigned (and bookkept by type) to units such as individual
tactical air forces, to sector (corps) stores, and to theater stores.
POL is similarly assigned to individual battalion task forces, to air
bases, sector stores and theater stores. The user-specified "other

supplies” are assigned to sector stores and to theater stores.




4.1.4 Plans and Intentions

Among the most significant state variables within the YECTOR-2 state
space are those which describe the plans and intentions of the elements
of the ground forces command and control hierarchy, from theater to battalion
task force levei, and the air force command and control hierarchy at
theater and flight levels. Essentially, plans and intentions are set by
tactical decision rules which correspond to decisions made at various
levels in the command and control hierarchy. Thus the plans and intentions
of one unit (e.g., a division) are used to organize subordinate units for
combat, to assign missions to these subordinate units and then to coordinate
units. Plans and intentions in the air portion of the model are used as
input to those decision processes which deploy aircraft to air bases, select
missions and organize aircraft for those missions, and govern the tactical
behavior of fixed wing aircraft. It is as a consequence of the interaction
between the plans and intentions of Red and Blue that activities occur in
the VECTOR-2 model.

In the preceding section the significant elements of the state space
of VECTOR-2 were briefly described. Each of these states are variables
in the model which may change with the passage of time. At any instant
the values of the variables represent a picture or "snajshot" of the
battlefield and activities underway at that time. In addition to providing
this instantaneous picture, the state space is so structured as to provide

information which cause changes and the associated process models are now

described.
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4.2 Processes tn VECTOR-2

4.2.1 Command, Control and Communication

In VECTOR-2 a’command and control hierarcny is explicitly represented.
As a consequence, for any unit both superior and subordinates are identified,
together with the decisions which arélnade by the commander of the unit.
Both the command and control hierarchy and the above decisions may differ
between Red and Blue or within sectors on Red and Blue sides.

The conceptual basis selected for the C3 process model in VECTOR-2
is . that of a feedback control system. In such a system a desired state
of thre world, or reference input, is compared to an observed state of the
world, or feedb;ck signal. As a consequence of this comparison, control
elements are applied when necessary to produce, insofar as is possible, an
observed state of the world which conforms to the desired state. 1In a
broad sense control is necessary when the system is disturbed by undesired
iﬁput. Further complications arise because of time lags and/or inaccura-
cies and/or omissions in the feedback signal and because of time lags in
the application of control elements.

The analogy between the feedback control system and the C3 process
proceeds as follows. A commander is assigned a mission corresponding to
a reference input or desired state of the world, e.g., to hold a position,
to destroy an enemy formation or to assault and take a position. The com-
mander-examines the "system" in which he must function based on intelli-
gence estimates of the enemy, estimates of the capabilities of his own
forces and other factors which could be said to make up the commarder's

perceived state of the world, perceived because information, about the




- W» S e

e L L i

40

enemy in particular, may be incomplete and/or inaccurate. Based upon a
comparison of the mission and current situation, the commander allocates
resources to accomplish the mission or to bring the perceived state of
the world into agreement with the desired state of the world.

The structure described above is sufficiently broad to be applied

to 03 at all levels of the C3

hierarchy; that is, from squad to theater
level. The significant differences between leveis may be related primarily
to the size of the system considered by the military decision maker at any
specific level, the resources available to that decision maker, and the
time frame within which the decision maker can act to bring rescurces to

bear within the system. A further characteristic of the C3

process that
should be noted is that application of control elements at one level
results in the specification of a desired state of the world for C3 elements
subordinate to that level.

A diagram of the C3 process viewed in the context of a feedback con-
trol system is given in figure 4.1. Note that a similar but not
necessarily identical structure will exist for the enemy. For purposes
of illustration consider a specific level or echelon within the 03 hierarchy.
At that echelon missions are assigned via a communications system by a
higher echelon. The military decision maker compares the mission with
knowledge of the enemy (intelligence estimates), knowledge of the combat
environment (terrain, weather, etc.) and knowledge of his own forces and
then assigns missions to his subordinate elements. These assignments are
communicated via the communications system. Uthen and if combat begins,

the decision maker receives, again via the communications system, information

from his own forces as to thier progress toward completing the mission as
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well as intelligence estimates of enemy action which is stalljng or contri-
buting to that progress. Upon receipt of this information the decision
makeﬁ";an utilize his own resources or request other resources to.make.the
dynamics of the combat correspond to his desired goals, i.e., as a conse-
quence of feedback, control elements are applied.

In VECTOR-2 the desired state of the world, or reference input in
control theory terminology, will consist of an assigned mission or, in
the case of dynamic combat, of a set of parameter values which describe
that combat. The perceived state of the world will consist of three
elements. Knowledge of the enemy will be provided via an intelligen