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Heterogeneous Lanchester Attrition Theory -
Fire Allocation and Theory of Aggregation




Foreword

Warfare is as old as recorded human history. War has been especially prevalent in the last 500
years with the increasing conflict between large nation states. A great amount of analysis and thought
has been given to the “Art of War". Nine principles of War have been defined: Objective, Offensive,
Mass, Economy of Force, Maneuver, Unity of Command, Security, Surprise, and Simplicity. Despite
these accepted principles, the science of war has remained elusive. Since World War II, investigators
have searched for a theory on the physics of war--"De Physica Belli". Efforts have been more
successful with the prominent rise of Operations Research as an analysis tool to assist combat
operations. Dr. Bruce W. Fowler uses these modem analytical tools to seek the answer to the
following question in this report--"Is there any scientific basis to describe the physics of war?" This
report provides the answer to this question. His approach to a physics of war is the application of
Lanchestrian attrition mechanics which first appeared in theory in the early 1900's.

In Part IT, Dr. Fowler deals with the heterogeneous Lanchester attrition theory, which inherently
deals with forces comprised of ﬁlore that one type of unit each. The scope of this coverage is
fundamental aﬂd in keeping with the two previous parts of this work, educational in nature. He
introduces the formulation of the attrition differential equations as matrix differential equations, and
describes the basics of eigenvalues and eigenvectors. On this basis, Dr. Fowler then covers the basic
problem associated with mixed unit forces of fire allocation in the context both of mathematical
optimization and human nature. Next, he introduces the formal theory of aggregation and establishes
its role in modeling and simulation. Finally, Dr. Fowler reviews the formulation of stochastic

Lanchester theory and relates this to other models.
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"De Physica Belli" is intended to be a general reference and introduction to attrition theory
suitable for the combat soldier, the student-soldier, or the military analyst. The manuscript succeeds
in that respect and provides a good overall summary of the state-of-practice in attrition theory
through 1990. However, given the great advances in modeling, simulation and computational power
since 1990, it would not be surprising to see future updates to this work. The mathematical tools of
complexity theory, fractal dimensions, fuzzy logic, information theory and the power of scientific
visualization of data in interactive computer simulations may offer new and exciting insights into
the physics of war. These new developments will most certainly provide opportunities to conduct
experiments in the science of warfare that go beyond the limitations inherent in the analysis of

historical data.

iii




Table of Contents

Introductionto Part I .. ... ittt iiiiiiiiiieieeeeieeeecnanssssocesscscnosncns 3
XXXV Heterogeneous Force Attrition Differential Equations ...............cc00ee. 5
1 708 0o Y6 10 (o35 To o N 5

2 Homogeneous Lanchester Review . .......... ... ..o, 6

3 Heterogeneous Lanchester ADEST ............. ..., 7

4 Heterogeneous Lanchester ADEs I . ... ... ..ot 9

5 Mathematical Linearization . ........... .. 10

6 Heterogeneous Lanchester ADESTII .......... .. ..., 12

7 REfEIENCES ittt ittt e e e 14
XXXVI Fire Aocation «..coeeeeeeeeceeeessnsassosnasesaccesssosesosscssancnns 15
1 INtrodUCHON ..ottt ettt e e i e 15

2 Fire AlloCation . . ... vttt ettt et e i e 15

3 Example Format . ... ... 17

4 Maximum Kills . ... o e 18

5 MiInImUM 0SS © ottt i et 19

6 SO gUE . .ot 22

7 Natural Density ... ......cooniiiiiii i i i 23

8 ALTItION PrOCESSES . o ittt i i ettt it i e 24

9 CONCIUSION ittt ettt e et ettt e 29

10 R OIEICES .« oottt ettt et ettt ettt e 29
XXXVII BasicEigenmath .......cooveeeeniieeiraneeeecssssccessnssscsnacanns 31
1 03135076 10 (15 (¢ ¢ A P 31

2 We've Seen This Already . .. ... ooiini it 32

3 Eigenmath of Matrices ............ ... ... ...t e 33

4 Back to Differential Equations . ....... .. ... i 36

5 Solution FOrms . .. ..ot e e 38

6 The Basic Example . ...... ...t 41

7 ReINfOrCEMENES . oot ittt ettt e e e et et a e 43

8 Solution ReStriCtioNS . ..ot vt ettt it i e 44

9 | S (S (= 11+ =2 46
XXXVIII Formal Aggregation .........ccceeceveiceccsacccnns S eesscssasansses 48
1 INtrodUCHION .« vt vt it ittt et et et e 48

2 Proper AgEregation ... ..........uiiitiiiiiiiii e e 49

3 Formal Aggregation . .. ... ....uuuii i, 50

38.3.1 Intensive Aggregation ............uiiiiiiaaiaeniiaiiiias 50

38.3.2 TheRed Queen Problem . ........... .. ..o iiiiiiiiiiinnnn 54

38.3.3 Extensive AgEregation .. ......c.ouniiiinernieiniiiiiaaananes 56




Table of Contents

(continued)
4 EXampIES . . ..ottt e 58
38.4.1 Intensive Aggregation Example ........ ... ... . 58
38.4.2 Extensive Aggregation Example ....... ... ... ...l 59
38.4.2.1 Artificial Denseness . ... ....oiiiiiiiiiia s 60
384.2.2 Ad Hoc External Aggregation ...... [ 61
5 Aggregation and Disaggregation ..............oiiiiiiiiii 61
6 2 (=) 17 = A U I 66
XXXIX Aggregation for Simulation .........cociiiiiiiiiiiiiiiiiiiiiiiiiinenn 68
1 INtrodUCHION ..ttt et et i it e e 68
2 Process Models .. ..oviree e e i e 69
3 Platform Simulation Results . ........ ... i, 71
4 CONNECHIVILY .+ o o\ttt et 72
5 Back to MatriXx Attrition . . . ..ottt ittt 72
6 Algorithm .. ... 74
7 BXAMPIES . ..ottt ittt e 77
39.7.1 IXIEXample ......ounniiiiiii i 77
30.7.2 2X2EXample .. ... 78
8 @0 17e2 1113 o) ¢ S U I 79
9 S = (531 1 A 79
XL Heterogeneous Stochastic Lanchester and Other Aggregations .............. 82
1  [119 016 L1 o1 5 o) 1 W 82
2 Stochastic Heterogeneous Lanchester Theory ............. .. .ooiiinnt. 82
40.2.1 Review of Stochastic Homogeneous Lanchester Theory ............. 82
40.2.2 Extension to Heterogeneity ..............ccoiieieieniininn.n. 84
40.2.3 Back to Eigensolutions .............c.ceiiiiiiiiiiiiiiiiin 85
40.2.3.1 Eigensolution Randomness ....................... 87
40.2.3.1 Force Component Randomness . ................... 88
3 AntiPotential Potential . ......... .. . i 88
4 ATCAL Methodology . ...ttt 91
5 CONCIUSION & v vttt et ettt ettt ittt e 95
6 2 (53] 171 = g 95




Chapter 1
Introduction to Part 111

With this Part III of the work, we have now completed our consideration of both the basic fun-
damentals of classical Lanchester attrition theory, and the fundamental scientific underpinnings
of the conjugate theory of the attrition rate coefficients, Parts I and II, respectively. This does
not mean that we will be ignoring these results. Rather, we now move on to consideration of
more advanced topics that build on and reinforce what has been considered previously.

In Part I, we were primarily concerned with the mathematical properties and underlying
assumptions of the classical archetypes of the Lanchester attrition differential equations, the
Linear and Quadratic equations, and the extended variations including the generalized Osipov
differential equation. In Part II, we were primarily concerned with the conjugate theory of
attrition rate coefficients that provides the connection between the neatness of the rate based
attrition theory that draws its evolution from Lanchester and Osipov, and the fundamental physical
and psychological principles that describe the phenomenology of our human oriented but physical
world.

All of this consideration has essentially had a lumpen aspect that seems to harken back to
the simplistic view of basic Newtonian mechanics. Forces, which we know either from direct
experience with the Armed Forces, or study of history or doctrinal manuals, have structure both
of an organizational and a physical sense. Armored battalions occupy space and are not just
comprised of tanks firing their weapons against the same target in a consistently prescribed
fashion. Yet most of our consideration in Part I considered such units as the equivalent of being
comprised of identical elements which had fallen into some strange sort of black hole which
compressed their spatial and temporal behavior and character into a sort of two-space and time
geometrical point mass, while permitting their attritional process behavior to interact beyond the
horizon of the black hole.

In Part II, we considered the physical and psychological basis of the conjugate theory of attri-
tion rate coefficients, and nothing we obviously considered there was restricted to this geometric
point compression. Indeed, the overt relaxation of the range constancy restriction implicit in
the assumption structure of Part I has set the stage for consideration of further relaxation of the
geometric point consideration of forces and their attritional interactions.




Chapter 1 Introduction to Part III

This then is both the prescription and the intent of Part III of the work. We shall now consider a
succession of formalisms which relax the compression of force structure into a geometric point.
Our intent here is twofold. First, we want to describe bases for consideration of battlefield
attritional processes in a more generalized, more obviously realistic, in the sense of sensual
observation of the world and our mental models of the same, form than the geometric point
representation that we have described thus far. Second, we do not want to lose connection with
the vast body of consideration, formalism, and insight that is embodied in that geometric point
picture. .

This leads to an outline that is somewhat reminiscent of some stylized dance such as may
be performed about a May Pole. We shall move away from the centrality of the geometric
point picture by generalization. of the mathematical formalism and then move back to the
center whenever possible. In this manner, we shall weave a complex picture variation of greater
generality in the treatment of space, time, and organization as it applies to attritional processes.

The fundamental concept of this complex picture is one that we have briefly dealt with
previously, either overtly or covertly, either inherently or explicitly. This concept is Aggregation.
Our goal throughout in establishing the connection between more generalized formalisms and
the geometric point picture is to rest this connection on as firm a foundation of aggregation as
possible. In some cases, we shall be successful in varying degrees, while in others, aggregation
must proceed in a manner that can often be characterized as ad hoc at best.

In keeping with the custom established in previous Parts, I wish now to dedicate this Part IIl
to individuals who have contributed to my investigations. Sadly, I cannot acknowledge all of
those who have done so and so I present apologies to those many folk who have triggered my
mind and who have contributed to my understanding and insight. In particular, I must thank
Dr. James Taylor of the Naval Post Graduate School who triggered my interest in the subject
of spatially distributed Lanchester theory during a lecture he presented during the Modeling,
Simulation, and Gaming of Warfare course of Dr. Griff Callahan (COL, USA Ret.) at the
Georgia Institute of Technology, I believe about 1982, and Dr. Ben Wise, whose affiliation I am
now uncertain of, who through the kind offices of Griff Callahan, triggered my interest in the
area of State Solutions for Heterogeneous Force Attrition Differential Equations in about 1989.
Of course, I must acknowledge the information brokering and mentoring role of Griff, without
whom none of this work would have occurred.




Chapter 35

Heterogeneous Force Attrition Differential

Equations

35.1 Introduction

In this chapter, we begin our consideration of heterogeneous force attrition differential equations
(ADEs). In this case, we examine relaxation of the organization aggregation of the force structure
of units although we do retain the geometric point aggregation of their spatial extent. This is
an obvious generalization of the methodology and formalism established in Part I. Indeed, a
simplified variation of this formalism was considered by Osipov in his initial work.[1]

Osipov considered the addition of artillery and machine guns to an infantry force weaponed
with rifles. He gives a pair of attrition solutions,

cosh (\/;Bt) (1)

[Ai + £AAR + E‘AMG] (t) = [Ai + £AAR + EAMG]
a o a

a t=0
—\/—g [Bi + ”IZ‘BAR + %BMG} L Sinb (\/OT&) )
[B,- + %BAR + %BMG] () = [Bi 4 %BAR + %BMG] _cosh (Vast)
_\/% [Ai + gAAR + -EAMG] 3 sinh (\/a—ﬁt) .

We may note several things about these two equations. First, the roles of o and [ are reversed
from our normal convention. Second, it is assumed that although artillery (AR) and machine
guns (MG) add to the attrition of the overall force, they are attrited at a rate proportional to
their lethality. This is the first instance that I know of where force heterogeneity is taken into
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Chapter 35 Heterogeneous Force Attrition Differential Equations

account.

35.2 Homogeneous Lanchester Review

Before embarking on discussion of heterogeneity on the basis of force structure, we shall
pause briefly to review the basic form of homogeneous Lanchester ADE archetypes. The basic
archetype is the Quadratic Lanchester ADE which has the pair form,

dA

= - 2
dB
— = —fpA
dt Z
The Linear Lanchester ADE has the form,
dA ,
2= ' 3
7 o' AB, 3)
dB ,
— —G'BA.
dt pBA
While the Osipov 3/2 ADE has the form,
%—f = —o’VAB, “)
dB "
e -0’V BA.

The state and implicit solutions, and assumptions, of these ADEs are described in Part 1.

In their original interpretation, these ADEs represented different battlefield conditions (con-
stant versus variable density,) weapons mode of operation (point verses area attack), and doctrinal
restrictions (area versus line fire.) We have seen in Part II that these archetypes represent limiting
or asymptotic cases. Thus, we may write a general Lanchester ADE of the form

A

22 = —a(8B, ©
dB

il —B() A.

The Attrition Rate Coefficients (ARCs) « and 3 are indicated as being functions of some vari-
ables, but we have not specified these variables. In general, we know from Part II that these
variables include force strengths and ranges.



Heterogeneous Lanchester ADEs 1

35.3 Heterogeneous Lanchester ADEs I

We start our consideration of Heterogeneous Lanchester ADEs by considering a two forces,
Red and Blue, which are comprised of different types of elements. In common usage, these
elements may be characterized on the basis of different weapon systems, or different organiza-
tional elements. Care must be taken in both cases to conform to the restrictions and assumptions
associated with geometric point aggregation, but especially for the latter. Assume that each force
consists of N, Ng sets of elements and that we have aggregated these sets of elements together
individually. Thus, the Red force consists of N force strengths, A; (t), and similarly for the
blue force. :

Further assume that we may define or calculate an ARC for each Red force strength to attrit
each Blue force strength, and reciprocally for the Blue force strengths attriting the Red force
strengths. All of these ARCs are not necessarily nonzero.

In this case, we may write two sets of ADEs for the two total forces. The ADEs for the Blue

force are

dA; Np
el > a;;() By, (6)
j=1 )

while the ADEs for the Red force are

Na .
L = 520340 A 0
i=1
The quantities a; ; () and f;; () are the ARCs for the i** Red force being attrited by the j** Blue
force, and reciprocally for the Blue forces being attrited by the Red forces. There are thus a
total of N4 + N ADE:s in this characterization.

In general, solution of systems of ADEs such as this are possible only if the ADEs are
linear in a mathematical sense. We shall consider this restriction in detail later in this and other
chapters. This means that in general we may find analytical solutions under only very restricted
conditions. Of course, we still have the option of solving these equations numerically. As with
the homogeneous ADEs, these equations are generally highly stable, so long as all of the force
strengths are not too small (or negative), so that open integral approximations such as

A1) = AR =D a5 0B () At ®

By(k+1) ~ Bj(k)—Y B;:() 4 (t) AL,

=1

where At is the time increment indexed by k& = 0.. This class of approximation can be imple-
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100 ¢ . : : :
90 f----ooe- R szt poeneeeees RRRRREL
80 F-------- Froseeeees ERLRETEE Feooo

b . G —— Red1 oo Blue 1
70: AL . meeaRed2 «+=+Blue2

Force Strengths

0 S 10 15 20 25
Time (arbitrary units)

Figure 1: Two by Two Pure Quadratic Heterogeneous Attrition

mented using our usual spreadsheet simulation.

To illustrate this, we present two sample calculations. The first is a 2 X 2 engagement (that
is, 2 Red forces and 2 Blue forces) that are purely quadratic in attrition interaction. All Red
forces fire on all Blue forces, and visa versa. The results of these calculations, performed using
a simple spreadsheet simulation, are shown in Figure 1.

To contrast with this, we also present calculations where the first force on each side is
Quadratic but the second is Linear in their attrition interactions. To promote comparison, the
linear attrition ARCs have been scaled from the corresponding Quadratic ARCs of the preceding
example by dividing by the initial force strengths. These calculations are shown in Figure 2.

~ LThis Part witnesses a departure from our normal mode of simulation. Much of the formalism here and many
of the techniques cannot be easily nor readily simulated using a spreadsheet. Recourse to actual coding becomes
necessary with frequency. We shall try to be explicit in noting these cases. :

8
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Figure 2: Two by Two Mixed Quadratic-Linear Hetherogeneous Attrition

Heterogeneous Lanchester ADEs II
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35.4 Heterogeneous Lanchester ADEs II

It is sometimes useful to separate the two sets of force strengths into subsets based on the nature
of the attrition interaction. Suppose that the Red force consists of two subsets of IV 2 forces that
attrit by point attack (thus, Quadratic), and N, L forces that attrit by area attack. The Blue force
is similarly divided. In this case, the ADEs have the forms

dA? N3 Q p@ N ano
z -_— — —
= o agBl - ) e ATEy,
=1 =1
dAf v Q RQ o
z a—
o= a8 =) eisAYBs,
= =
dBJQ N Q AQ N L RnQ AL
dt = _;ﬁj,iAi "2 j,iBj Ai’
i= =

©)
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dBj N Q 4Q i L pL AL
_(#‘ = —;ﬂ',iAi - 2; j,iBj Ai .
1= 1=
We considered a much simplified version of this earlier in Part L
This divided notation helps numerical calculations by explicitly showing the forms of the
ADESs, but it also emphasizes the potential problems that we shall have in actually solving these

sets of ADEs.

35.5 Mathematical Linearization

We have already indicated that straightforward solution of heterogeneous ADEs is largely a matter
of having all of the differential equations linear in the mathematical sense. This presents some
problems since we know that some attrition interactions will be Linear (in a Lanchester sense),
and a few may be even more complex. In Chapter 33, however, we examined approximations
for the exact ARCs that first removed the dependence on the ADEs on the target force strengths
and then on range. Can we try the same approximation in the heterogeneous problem?

To examine this, we posit a set of calculations using the Quadratic, Linear, and 3/2 ADEs
described above. Basically, we want to replace target force strengths in the latter two type of
ADEs with the initial target force strengths. By doing this, approximate ADEs result which are
Quadratic in a Lanchester sense and linear in a mathematical sense. That is, we replace Linear
Lanchester ADEs of the form

dA

‘% = ——aAB, (10)
d

o - PB4

with approximate Quadratic Lanchester ADEs of the form,

dA

—d7 bl ‘—OAAoB = - B, (11)
dB ,

A similar approximation is made for Osipov 3/2 attrition order ADEs.

To examine this, we generated a set of attrition rates for each type of equation that was scaled
by the Quadratic ARCs divided by the target initial force strength raised to the power of two
minus the attrition order. Thus, e.g.,

CQuadrati
X Linear = QuA T . (12)
0

10
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Figure 3: Comparison of Quadratic, Linear, and Osipov 3/2 Exact Calculations

Example calculations of the three “exact” ADEs are shown in Figure 3. We call these exact
since they were solved numerically using a spreadsheet simulation.

Next, we made comparison calculations for the Linear Lanchester and Osipov 3/2 ADEs
approximated as Quadratic Lanchester ADEs. These are shown in Figures 4 and 5.

We note that (visually), this approximation seems to be reasonable to force strengths of about
80% of initial. This is wonderful! It offers us the hope that we may approximate all Lanchester
ADEs as Quadratic, and thus linear from a mathematical sense. The question is, can we live
with having calculations truncated at 20% loses?

To examine this, we return to our historical data bases. In this case, we calculated the remain-
ing force strength fraction for each side in each battle in our databases, and form an unbinned,
Kolomogorov-Shmirnov type of cumulative distribution from each database. These are shown
in Figure 6. From this, we may see that in 80-90% of the battles in each database, the remaining
force strength fraction is greater then or equal to 80%. Thus, we are on reasonably comfort-
able ground if we ”Quadraticize” all of our heterogeneous ADEs so that they are mathematically
linear. Even for those cases where we know that we shall have less than 80% force strength frac-
tion remaining, we may safely approximate attrition by dividing the calculation into successive

11
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£
E‘ ——= Red Lin
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Figure 4: Comparison of Linear Lanchester and approximate Linear as Quadratic Lanchester
Calculations

approximations of this extent.

35.6 Heterogeneous Lanchester ADEs I11

Before concluding this brief chapter introducing the notation of heterogeneous Lanchester ADEs,
it is useful to introduce one more set of notation. In this case, we reduce the two sets o_f_) Force
Strength ADEs into one set. In this case, the force strengths are represented by a vector F' with
components F;. By inspection, F; = A;,i = 1..Ny, and Fiyn, = B;,i = 1..Np. The vector
ADE has the form

«—>

— —
F=TeF, (13)

Sl.[g_

where the ARC array is of the form

12
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Figure 5: Comparison of Osipov 3/2 and approximate Osipov 3/2 as Quadratic -Lanchester
Calculations

7|0 @ 14)
7 v

where: ‘e’ = Blue ARC array on Red, and ‘B" = Red ARC array on Blue. We note that ‘a’

<«
has N4 rows and N columns while 3 has Np rows and N4 columns. Thus, the upper left -
hand zero subarray has N4 rows and columns, and the lower right hand zero subarray has Np
rows and columns. Equation 13 can also be written in component-summation notation as

dF, Ns+Np
J= .

This notation has the advantage of clearly reducing the perceived form of the ADEs to a single
set. We shall use this notation fairly extensively in considering solutions and aggregation in a
subsequent chapter. Note that the minus sign has been imbedded into the array itself.
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Chapter 36

Fire Allocation

36.1 Introduction

In this chapter, we take up a subject that is new to our view, fire allocation. This is not a subject
that occurs in considering geometric point Lanchester theory since there are only two forces:
one Red; and one Blue; both of which normally fire only on each other (neglecting fratricide, a
subject that we shall take up in Part IV.) Thus, in homogeneous Lanchester theory, the problem
is how to average different weapons or unit types. (This is a subject that we shall examine in the
next chapter.) In heterogeneous Lanchester theory, the problem is how force strength is aligned
against the target population.

The conjugate theory of attrition rate coefficients (ARCs) that we described in Part II provided
a physical and psychological basis for the calculation of the mean time for a given weapon system
to kill (acquire and engage) a given target system. From that mean time to kill, the rate at which
weapon systems kill target systems can be calculated directly. This is the fundamental success of
the conjugate theory. Unfortunately what that conjugate theory does not tell us is how weapon
systems are paired with target systems. That is the subject of this chapter.

36.2 Fire Allocation

As in the preceding chapter, we assume that there are two forces: one Red; one Blue; that are
engaged in combat. We designate these subforces as A; and Bj, respectively. Each force is
comprised of some number of subforces: N4 Red subforces; and Ng Blue subforces. We define
two ARC matrices: ¢ ;; and f;;; respectively, ¢ = 1.N,, j = 1..Np. If we combine these
subforce strengths in a force strength vector

= [ (A - R .
F = ( (B; ) = Aie,--I—B,-ej (1)
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Chapter 36 Fire Allocation

in matrix notation as an (N4 + Np) X 1 matrix, then a combined ARC matrix is definable as

- 0 - |
T = —> — = {k,lékél, (2)
—_ /3 0

which is (N4 + Ng) X (N + Np). The individual ARCs in this matrix are presumed to be
calculated using the formalism described in Part II, and linearized using techniques described
there and in the preceding chapter. The basis unit vectors ; are assumed to have a Kronecker
delta function orthogonality. We defined an evolution or rate equation for this notation as
SR _TeF
| T = s . 3)

We may now reveal that this picture is a lie, or at least only partly accurate. Since the &,
are presumed calculated as ARCs on a pure basis, this picture is in error because it overcounts
the attrition. Quite simply, the elements of each subforce can only engage a number of targets
(point or area) equal in number to that subforce strength at any instant of time. Thus, since this
picture applies all of a subforce to each ARC, the effect is to allow each subforce element to
simultaneously engage as many targets as there are ARCs in the corresponding row of the ARC
matrix.

To correct this overcounting, we introduce the concept of Fire Allocation which is simply
the assignment of the totality of each subforce’s elements among the potential targets. Since the
subforces are aggregated, the most common notation for designating this allocation is to assign
fractions of the total subforce strength against other subforces. These fractions are designated
as fr, where k indicates the target subforce and [ indicates the engaging subforce. Since these
are fractions, they must obey constitutive relations,

Na+Np

>, fra=1 4
k=1

These relations assure that only as many targets are engaged as there are subforce elements.
With these fractions and constitutive relations, the evolution or rate equation becomes

CF _TeF 5
dt - g ) ()

where:

H -~ A~
I' = friér, e ©)

The remainder of this chapter will be primarily concerned with the different approaches to
calculating the subforce fractions. These approaches basically fall into two categories:

e approaches based on optimization; and
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Example Format

e approaches based on physical and psychological processes.

The former category tends to be defined by optimization techniques that are the province
of classical Operations Research. The latter tends to be defined by accessible states and their

densities.

36.3 Example Format

As is our custom, we will be presenting examples wherever possible. Since we are dealing with
optimization for several of these approaches, it is difficult to present visualizations for problems
more complicated that 2 X 2. Thus, the examples that we shall present will be within a common
format. Specifically, we shall consider a combat where the two forces are each comprised of two
subforces. For clarity, we shall explicitly split the calculations into two separate sets of ADEzs,

d4;

it = —0;;B;, (7
dB;
_d? - —ﬁj,iAi'
The ARC matrices will always be the same, specifically,
0.01 0.02
Yid = ( 0.02 0.01 ) ’ ®
and
0.005 0.01
Pis= ( 0.01 0.005 ) ©)

We note in passing that these two matrices are symmetric in the sense that the ratios of elements
are constant. This will have special significance in optimization approaches to fire allocation.

The initial force strengths are (4; (0), A2 (0), B (0), Bz (0)) = (100,75,50,37). Note that
in a homogeneous draw sense, the Blue on Red ARCs are too small by half.

Because of the constitutive relations, we have to consider only two fractions for each force.
(Since for each subforce, the sum of fractions must be one. If we designate the fractions of the
two Blue subforces allocated to Red subforce 1 by fi and fa, and the fractions of the two Red
subforces allocated to Blue subforce 1 by g; and go, then the combined ARC matrix has the
form

0 0 flal,l fza1,2
T 0 0 (1-fi)ogn (1— fo)aoe
= ’ 2. 10
91P1,1 92012 0 0 (10)
(1-g1)Pax (1—g2)Pap 0 0
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Figure 1: Nominal Fire Allocation - All Fractions = 0.5

As an introductory example, we consider the nominal case where the subforce fire allocations
have a value of 0.5. This is shown in Figure 1.

36.4 Maximum Kills

The most common fire allocation approach found in the literature is based on maximizing kills.
Over any period of time, the loss to Red is given by the integral equations,

AA,,, = A, (0) - A,L (t) = i ‘/Ot f,-,jai,ij (t/) dt’,’l = 1NA (11)

=1

If t is small, then we may approximate the integrals as one point open integrations, so that these
equations reduce to :

Ngp
AA,' o~ Z f,;,jOti’ij (0) t,Z = 1NA (12)

=1
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Minimum Loss

If we assess Red loss as simply the sum of these subforce losses, and recognize that time t is
essentially arbitrary (if we stay away from any subforce strength becoming zero,) then we may
note that the quantity

N4 Np

LA = ZZ f,-,ja,-,ij (0) ‘ (13)

i=1j=1
essentially represents the kills per time by the Blue force subject to the constitutive relations.

This is the quantity that we want to maximize by the proper selection of values for f; ;.
For the example we want to present, which is 2 X 2, the integral equations take on the form

AA; = A1 (0)— A (2) =/0t [fraa,1B1 (') + facu,2Ba (¢)] d, (14)
Ady = Ay (0)— Ap(t) = /Ot (1= f1) an1Bi () + (1 — f2) as,2Bs (¢)]

which approximate as

AAl ~ [f1a1,1Bl (0) + f2a1,2B2 (0)] t, (15)
AA2 jacd [(1 - fl) a2’1B1 (0) + (1 - fz) Oﬁz,ng (0)] t.

The Red loss then becomes

Ly = [fic1,1B1(0) + foa1,2Be (0)] + (16)
(1 = f1) 02,1B1 (0) + (1 = f2) 0,2B2 (0)],

which can be graphed as a surface plot by varying f; and f; from 0 to 1. This is shown in
Figure 2. From this plot, it may easily be seen that f1 = 0and f, =1 maximize Red kills by
the Blue force. A plot of the force strength trajectories for these fractions is shown in Figure 3.

36.5 Minimum Loss

The minimum loss approach to Fire Allocation is an extension of the maximum loss approach.
In this approach, the assumption is made that the enemy has made some sort of fire allocation,
usually maximum kills. If we continue to examine the approach from the standpoint of the Blue
force, then the starting point is the Blue losses, given by the integral equations

Na ¢
AB; = B;(0) - B; (t) = Z/o 95:BisAi () dt’,j = 1..Np, (7
=
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Blue 2 Fraction 0.4

Figure 2: Maximum Kills 2 X 2 Example

which we write using the Red subforce equations as

Na Np ¢
AB, - ;/0 9348, dt [A1 (0) — ;/0 fixou B () d ”:l (18)

Na Na ¢ Np ¢
—_ Z‘[) gj,i,Bj,iAz’ (0) dt’ - Z/(; gj,i,@j,idt’ Z/O fi,koz,-,kBk (t”) dat”’.
=1 i=1 k=1

Since the first integral on the rhs is a given and thereby constant (we have assumed some values
for the g;;), the only quantity that contributes to the maximization is the second integral. If
we apply the same integral approximation as before, then we may write a loss function to be
minimized as

Np Na Np
B~ =3 95l ) furcinBe (0). (19)
i1 =1 =

Since this expression is negative only because of the leading minus sign, it is equally useful to
maximize the negative of the expression.

20




Minimum Loss

W~
80 --------- PR PR ——Red1 v Blue 1
Focanmaas ' . =<e««Red2 =:~+Blue2
_‘s‘n - : Rl SX T eean. :
| e e b ccaameecebaacanan st LR
g 60r : : : :
- - .
2 S, : . . .
© [ AL TTTE N HT. ' .
£ 40 U AR o L
A L I S :
S99 SOV SO B
0 i P P NP PSP SUP
0 5 10 15 20 25
Time (arbitrary units)

Figure 3: Heterogeneous Force Strength Trajectories - Maximum Kills Fire Allocation

In the context of our 2 X 2 example, if we assume that the Red force has allocated fire to
maximize Blue losses, then the Red fire allocation matrix is

*g":(? (1)) (20)

The Blue loss is then

Ly ~ —Bial(l — f1) e21B1(0) + (1 — f2) 228, (0)] (21)
—Ba.1 [f101,1B1 (0) + facu1,2B2 (0)]

This surface is plotted in figure 4. It may be seen that the fire allocation fractions are fi=0
and f, = 1, which is the same as we realized for the Maximum Kills example. Thus the force
trajectories for this example are the same as shown in figure 3.
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Figure 4: Minimum Losses 2 X 2 Example
36.6 Segue

This is not an exhaustive exposition of fire allocation schemes based on optimization. The astute
student will note that the complicated mechanics is not really needed in many cases. If the loss
functions are linear in the allocation fractions, then the optimized solution is usually to set to 1
the fraction in each column of the ARC matrix which corresponds to the maximum value ARC
with the rest of the fractions set to zero. This is essentially a pure or integer optimization.
There seem to be a number of similar schemes, based on optimization of some loss function
and implemented by some classical Operations Research technique such as Linear Programming,
SIMPLEX, or even game theory. An interesting example of the latter is the work of Sternberg.[1]
There are two difficulties arising from the use of optimization schemes such as these. First,
since there are other targets present on the battlefield, the calculation of the ARCs must be mod-
ified to account for the acquisition of targets of types that the fire allocation scheme effectively
dictates not be engaged. This effectively forces target recognition/identification into the target
acquisition process and adds a process of target rejection to decide not to pass these targets to the
engagement process. Both of these increase the mean time to kill and thereby decrease the value

22




Natural Density

of the ARC, an effect that the fire allocation scheme is intended to counter by optimizing the
killing process (e.g.) Despite this, the modified process is modelable and can thus be accounted
for.

The second difficulty is more troublesome. Fundamentally, the question arises "Is this alloca-
tion scheme realistic?” If a target is acquired, is perceived to be both a danger and is engagable,
then it seems reasonable that circumstances will arise not only naturally, but frequently, where
those targets will be engaged despite doctrinal dictates arising from an optimal fire allocation
scheme. The next two fire allocation schemes address this concemn.

36.7 Natural Density

The first fire allocation scheme that tries to reflect human psychological proclivities is the
“Natural” Density scheme. In this scheme, the assumption is made that the detectability of
enemy targets is essentially the same despite variations in targets, and that friendly false targets
can be instantly identified and rejected.! Thus, the fraction of fire allocated against an enemy
subforce is just the fraction of target elements of that subforce in the total enemy force. Put
mathematically, for the Blue force, this is simply

A;
fii= =m0 (22)
’ ZkN:I Ay
and the ADEs are thus just

dA; _ 2 AwiiB; 23)

dt parl DA |

‘Note that by assuming this type of fire allocation, we have forced the ADEs to be Lanchester’

linear which violates our goal of keeping the ADEs Lanchester quadratic.

This difficulty does not prevent us from making numerical calculations and can be done
simply using a spreadsheet simulation in our usual manner. The force strength trajectories are
shown in figure 5.

To recover from this, we want to examine the application of the initial force strength ap-
proximation that we have so successfully applied before. In this case, the evolution equations
become

ah; |52 Ao,
= Yt Ak(O)
The force strength trajectories are shown in figure 6. As we would expect, the losses in the

example are of order 20%, so there is little difference. Thus, the approximation seems to have the
same validity we have seen previously, and we thus recover the quadratic Lanchester behavior.

@49

1We address this assumption explicitly in consideration of fratricide and amicide in Part IV.
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Figure 5: Heterogeneous Force Strength Trajectories - Natural Density Fire Allocation
36.8 Attrition Processes

The preceding section addressed fire allocation as a natural process with the so-called Natural
Density approach. As we noted there, this approach assumes that fire is fractionally allocated
as the fraction of available targets. This technique ignores the acquisition and engagement
differences of targets and the problem of rejecting friendly (“false”) targets. While we defer
consideration of the latter effect for a later chapter in Part IV, we may further consider the
~ variation in targets.

One approach that improves on the situation is to use the probability of detection as a weighting
function. The idea here is that the product of probability of detection times subforce strength
is approximately the number of targets that are detectable. Fire is then allocated amongst these
detectable targets. If p, [, 7] is the probability of detection of the i™® target type by the j** firer
type, then for the Blue subforces, fire allocation fractions are

fi, j = R ’ (25)
T R4 palk, 5] A
which can be quadraticized using the initial force strength approximation. Since we have to
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Figure 6: Heterogeneous Force Strength Trajectories - Natural Density Fire Allocation with
Initial Force Strength Approximation

calculate ARCs anyway, and probability of detection is usually a factor in the calculation of the
ARGCs, this fire allocation scheme only adds marginal calculational burden.

Another approach is to consider not only the density of targets, but the amount of time it
takes to acquire (or kill) a target. Let 7;; be the time for a firer of the j** type to acquire (or kill)
a target of the it" type. If all of the targets had to be acquired (or killed) by the jt* subforce,
ignoring both attrition to the subforce and the presence of the other subforces, then the total time
to acquire (or kill) all of the targets is

Na
Tj=) 7 (26)

i=1

The idea here is that if there are B; elements in the j** subforce, then the fraction of these
elements engaged in acquiring (or killing) elements of the i?* Red subforce is

Ti,in

fij= T, 27
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At this point, it is useful to discuss the two schemes separately. For fire allocation on the
basis of acquisition, we recall from Part II that the rate of acquiring targets of a given type is
proportional to the number of targets of that type present. Thus,

1
Tid =~
KijAj

where &; ; is the rate of acquiring one target of the i** type by a searching element of the jth
subforce. This reduces the total time to acquire all targets to

(28)

Ty=) — 29

i=1 i
which is independent of the subforce strengths. Similarly, the fire allocation fractions reduce to

1

= B 30
f‘y.’l 7‘} ’ ( )

which is also independent of subforce strength.

The argument against this fire allocation approach is that it does not really account for how
the subforce elements spend their time. They are not exclusively engaged in acquisition, but
rather in killing (attrition). Thus an approach that is hailed as improving on the acquisition time
scheme is the engagement or attrition time scheme. This scheme looks exactly like the scheme
above except that the attrition times

T3 = ; (3 1)
O,
are used, making the allocation fractions
As ‘
o j
fii = =2 & (32)
Ek=1 g

This scheme is readily amenable to the initial subforce strength approximation to restore quadracitic-
ity. An example of this is shown in figure 7.

Before proceeding, two matters need to be examined, which are related. The first of these is
the situation where either due to weapon’s alethality, or the amount of time to acquire that type
of target, the time to kill is effectively infinite, or equivalently, the ARC is zero. This has the
effect of making the normalizing summation in equation 32 effectively infinite (since the ARC is
close to but not quite zero), and thereby, only the fraction corresponding to that ARC is nonzero
(effectively).? This has the rather startling effect of allocating all fire against the targets that fire

2We are limiting this discussion to the case where only one ARC in a column of an ARC matrix is effectively
zero. The extension to multiple zeros is straightforward and left as an exercise for the interested student.
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Figure 7: Heterogeneous Force Strength Trajectories - Attrition Time Fire Allocation with Initial
Force Strength Approximation

is least effective against, in contrast to the effect of the optimization schemes (e.g., minimum
loss and maximum kills).

Of course, the practical answer to these situations tactically is that the firing element will
know it has poor lethality (or poor detection performance) against these targets and therefore
reject them in most cases. (Infantry armed with rifles don’t directly attack tanks.) We may do
the same, leaving zero ARCs zero and excluding them from the scheme.

The second matter that we want to consider is what this type of fire allocation scheme does
to the ADEs. If we substitute equation 32 into the ADEs, the result (for Red attrition) is

A
dA; L
- N % ..B. (33)
Na Ap %iiDi
dt j=1 I P
Np B.
=AY =N A
j=1 Zk:] ag,;

which is Lanchester linear (but we can alter to Lanchester quadratic, mathematically linear by
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the initial force strength approximation) What is more important is that the denominator is
effectively only a function of j in this approximation. If we define

1
Cj = Na A",(O) ) (34)

k=1 oy ;

as a fire allocated ARC, then the ADEs become

Np
%{:’— o~ —A; (0) > ¢Bj. (35)
j=1

(We will assume that we have excluded all values a;; ~ 0 from the summation.) This has the
effect not only of leveling the ARCs across the targets for each firing subforce, but effectively
clouds the basis of the role of the conjugate theory of Part II.. Before leaping to the conclusion
that all of our effort has been wasted, some further consideration is appropriate.

First, it is useful to apply the initial force strength approximation slightly differently to equa-
tion 33. In this case, we selectively apply the approximation only to the terms remaining in the
summation, so that the ADEs become

dA; Ng
- = —AiX;Cij (0), (36)
i=

which, since the individual ADEs now only depend on the attritted subforce strength (in the
sense of the approximation,) they have solutions of the form

Ai(t) = 45 (0) & TR, 67

which at least indicates a handy approximate solution of a complexity that is still readily amenable
to spreadsheet simulation, indicates a form of aggregation, and indicates exponential solution
forms. The latter two presage the next chapter on aggregation.

Second, it is useful to examine the allocation scheme in the context of the forms of modern
ARCs. A common form for both serial and parallel attrition processes is

5,5 Advi
,r] »J U 23 , (3 8)
Mi,jAi + Vi j

Qi =

which we may substitute into the denominator summation of equation 33 as

2 Ae _ %‘5 M,j Ak + Uk,j (39)
k=1 %k,j k=1 Tk Uk.j

NA Ak NA 1

= > —=+> —.

k=1 Ukj k=1 Tk
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Conclusion

We see from this that the effect of this fire allocation scheme is indeed to spread attrition
across the attritability of the available targets, but the means by which this spread occurs is the
componentry of the ARCs as described in Part II. What this type of fire allocation does is to make
comparison of the conjugate theory with either historical data or detailed simulation extremely
difficult - which we already knew, but now have complicated mathematical confirmation.

Of course, we do not know that this, or any other fire allocation scheme is accurate. What
we can conclude, in the absence of other data, is that we have different techniques of modeling
fire allocation that can span the range from total concentration of fire against one target type
to complete averaging across all target types. This explains why considerable effort is spent in
tuning simulations to have reasonable fire allocations.

36.9 Conclusion

We have reviewed several simple fire allocation schemes. More elaborate schemes are possible
and are in use in different simulations. Of particular interest are combination schemes which
combine the forms and merits of the optimization and “natural” schemes. These schemes produce
allocations intermediary between the (often) single target allocations of the optimization schemes
and the bland allocations of the “natural” schemes. An important consideration that we have
only alluded to here is the necessity of considering target rejection in calculating ARCs when
target rejection is an important (i.e., time consuming) subprocess of the overall attrition process.
This can be accomplished using the same general modeling techniques detailed in Part II, so we
shall not dwell on this now.

Additionally, our consideration thus far has been primarily concerned with just calculating
force strength trajectories. Of course, attrition simulations have other applications. One particular
application that deserves mention here is force structuring; that is, of which and how many
weapons systems is a force comprised? If we know the structure of a potential enemy force,
know all of the ARCs and have assumed some fire allocation scheme, then we may readily
treat the initial subforce strengths as variables. Given some measures of merit for attrition
performance of the force as a whole, the heterogeneous Lanchester methodology provides a
basis for examining force structuring.

Finally, we must comment that the subject of fire allocation, for a variety of application
purposes, is a subject of on-going research.[2] This dynamic nature of the subject area has been
the primary motivation for the admittedly general approach that we have taken here. As we have
seen from the figure herein, there can be little difference among different schemes in terms of
force strength trajectories. (And there can be enormous differences!) The moral of this story is
that the decision of what type of fire allocation scheme to use is not a matter of mathematical
certainty, nor of compelling behavior. Rather the selection must be made within the context of
the investigation to be performed. N
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Chapter 37

Basic Eigenmath

37.1 Introduction

With this chapter, we begin our approach to the problem of formal aggregation. In this chapter,
we review the basic mathematics of eigenvalue and eigenvectors. This is a subject of academic
study for physicists and engineers, primarily in the area of Mechanics, albeit this study is
concentrated on matrices which have a high degree of symmetry. It is also an academic study
of Operations Researchers in such areas as Saaty’s Analytical Hierarchy Process where there is
concern with matrices which are still symmetric but of a vastly different sort and possessing
calculational problems akin to those we shall encounter in Lanchester Theory.! If not practiced,
this learning may have rusted somewhat, and may be totally new to the military student although
if they have served in Germany may have knowledge of the language. Resultingly, we are
going to bore you with a chapter of mathematical manipulations. It is not complete nor rigorous
and the student may wish to consult a real text on eigenmath at this point. A large number of
texts in common use are available for this purpose.[2][1][3] If the reader has had such academic
exposure, and still has the text (because most of us nerds keep ALL of our textbooks!), then
you have a ready reference for most of what we will say in this chapter. If not, you have two
choices: either take my word for things and suffer with the presentation; or go find a book at
the library or college bookstore.

Basically, I find that the whole idea of eigenvalues and vectors is easiest understood by con-
sidering the problem we have posed in the preceding chapters in terms of differential equations.
If we have a set of N first order differential equations, in principle, we can reduce this set to one
N order differential equation. We know this single differential equation must have N general
solutions and the specific solution (neglecting inhomogeneous terms in the differential equations)
must consist of some linear combination of these N solutions. Now, we know that the same

= 1Physicists and Mechanical Engineers study matrix systems which are either symmetric or complex conjugate
symmetric across the diagonal - that is Hermetian. The Analytical Heirarchy Process matrices tend to be inverse
symmetric across the diagonal.
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applies to the original N first order differential equations. The N specific solutions of these first
order differential equations are also linear combinations of these N general solutions. Now let
us turn this who situation inside out and ask the question - what linear combination of these N
specific solutions is each individual general solution? Put another way, what linear combinations
of first order differential equations give rise to a solution which is exactly one of the general
solutions of the N order differential equation? This sounds horribly nasty and possibly even
a very perverse thought, but this is exactly what the eigenmath problem is - turning the whole
system inside out to get to the solutions.

Before we proceed, I need to make a few more caveats on this whole exposition. As I have
said before this will not be a rigorous discussion. Search as you may, you won’t even find any
statement of Theorems, to say nothing of proofs. I am going to make the assumption that all
of the composition of the attrition problem has been done correctly. Since we are going to be
dealing with differential equations that have to be mathematically linear, I have to assume that all
of the attrition contributions of attrition order not exactly equal to two have been quadraticized
in a Lanchester sense. Initially, I am going to also require that the differential equations be
homogeneous. This means that consideration of reinforcement is going to be left till later in the
chapter. I am also going to defer any consideration of fratricide till the next part of the work.
Finally, I am going to require that the ARC coefficient matrix is constant, being neither range
nor time dependent, and come back to the matter later.

37.2 We’ve Seen This Already

Actually, we have already seen the basic ideas of this math, deriving simply and directly from the
differential equation mathematics of Lanchester Theory. As we recall, the basic homogeneous
Lanchester ADEs are: ‘

dA
'(E' = —aB ) (1)
and
dB
- = P4 )]
If we differentiate the first equation with respect to time,
az = Ya )
and substitute the second, we get
d’A
= afA. 4

If we now postulate that the solution is exponentiai,
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A
Ax e )
and substitute this into equation 4, and perform the differentiation, but retain the functional
notation, then

AA = afA. ©)

Since this equation contains A on both sides, we can remove the force strength from both sides,
reducing the equation to

X = ap. (7

This is a simple quadratic equation (no direct relation of Lanchester Quadratic) which has the
solution,

A= ti/af = 17, (®)

and is the definition of . This immediately gives the Red force strength solution as

A (t) = 0’16'\‘E + Cge_At, (9)

where C, and C, are constants which are determined from the initial conditions. We have seen
this before in Part I. The new information is that the two A are eigenvalues!

37.3 Eigenmath of Matrices

To proceed, we now consider square matrices, that is, matrices with as many rows as columns.
As a general case, we denote these as

my; .. Mg

M={. o (10)
mn,l . mn,n

where the convention we use is that the first subscript indicates row number and the second
subscript indicates column number. We shall be concerned with equations of the form

o 4

Me€=M)eo¢. (11)

The quantities (there are n of these) € and X are called eigenvectors, and eigenvalues. We may
also write matrices of eigenvalues and eigenvectors as

M O O

L 4

A=10 X 0], (12)
0 0 M\
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and

€1,1 €1,. €in
e=|e,l e, en]|- (13)
en,l en,.. en,n

Then we may write equation 11 as
Mee=Nee. (14)

Alternately, we may also write this as n equations,

M ee =NEi=1.n, (15)
where:
€1 ]
e = e (16)
€in

We may take advantage of the fact that the eigenvectors are defined on both sides to rewrite
equation 14 as

U—N)ew =17, (17)
(3 -7)

where: 0 is a null matrix (all entries are zero.) Since all of the entries of the result of this matrix
multiplication are zero, then we may require that the determinant of the quantity in parenthesis
to be zero,

«— >
lM — A ' =0. (18)
This determinant has the matrix form,
mp;— A .. M
. . (19)
my . Myp— /\n

It also has a polynomial form, (of order n,) called the Characteristic Polynomial ?, which is

S e =0. (20)
=0

2For the language buffs, the German name for the Characteristic Values (roots) of the Characteristic Polynomil
is Eigenwerte from which we get eigenvalues.
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The roots of this polynomial are the eigenvalues. From these individual values, the eigenvectors

can be calculated using equation 15.

The eigenvalues can be calculated fairly directly using a variety of techniques since this is
a scalar calculation. The eigenvector calculation is vector (matrix actually) so it is somewhat
more difficult. The most elegant approach is to use what is know as a Unitary Transformation.

In this method, the transform is a matrix U” which has the property that

R e 4

UeU =T, @1)

where 1 is the identity matrix and U ~! is the inverse of U . To show the application of this
method, let us start by assuming that a transformation can be found

«— — 2 &2y
M=UeMeU" ", (22)

<>
such that M’ is diagonal ® (that is all of the off diagonal elements are zero, but the diagonal
elements are neither necessarily zero nor identical.) That is,

- m; 0 O
M=|l0 m. 0 |. (23)
0 0 my,
This matrix has an eigenvalue equation,
“— — —
M e eé =m§e§, (24)

. .th . (_—} . _.) . .th . H .
where m, is the i*" diagonal value on the M’ matrix, and e_g_) is the i** eigenvector of M’. It is
a simple matter to show that all of the components of each ¢; are zero except for the i**, which

is uniquely one. We may now rewrite equation 24 using equation 22 as

> e b d

<>
UeMeUT lee =mpe. (25)

eI
If we now multiply this equation on both sides by U1 from the left, then we get
—

T1eTeMeT loé =(_UT)’lom§2. (26)

2

If we now take advantage of equation 21, and the fact that m; is a scalar, then we may reduce
this equation to

e d -

M .(—l—f)—l.—_l)_ 1577 -1 !
e, =m; U " eeg;. (X))

3In practice, it is difficult to find a Unitary Transform that reduces the ARC matrix to diagonal form. We can
find a Unitary Transform which reduces it to upper triangular fairly easily, however. This is sufficient to determine
both eigenvectors and eigenvalues. This does not compromise the math either.
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If we now define

@=T"ee, (28)
then equation 27 reduces to
M o @ =mie, 9)

which we recognize as identical to equation 15.
It follows then that if this Unitary Transformation can be found, then

)‘i = m: ) (3 O)

—
since the €] have only one nonzero element,

e =U, 31
and,
N =M. (32)

Calculationally, the problem of finding eigenvalues and eigenvectors is thus reduced to finding
this Unitary Transformation.
<«
Before proceeding, we want to make one more association. We note that since M’ contains
the eigenvalues, and we may rewrite equation 22 as

> «—> —r
M = UleMeU, (33)
= (—(7—1 U T ° (-17
From this and equation 31, we may write
W=?”10T0?, (34)

and infer that the original matrix may be reconstructed from the eigenvalue and eigenvector
matrices!

37.4 Backto Differential Equations

At this point, we want to return to consideration of differential equations. In particular, we want
to consider a set of n first order differential equations that are linear in a mathematical sense.
That is,
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d
58 =CiiF5 (1), (35)
where the F, are the functions which we seek as solutions, and the C; ; are (constant) coefficients
which define the functional relationship of the functions to their derivatives. In matrix notation,
these differential equations may be written as one matrix differential equation,

AR _CWF, | (36)
dt
where:
—_ Fl
F=|F |, 37
F,
and
Cia Ch,.. Cin
CT=|Cc. C, Cual- (38)
C'n,l Cn,.. Cn,n

Because C is an ARC matrix, it is not symmetric and we must make a distinction between the
eigenvectors calculated from the left or right sides of the matrix. In our case, we want the left
eigenvectors (the eigenvalues are the same!) since they correspond to the solutions that we are
interested in. Thus, the matrix differential equation that we want to calculate with is really

d—= — e
—FT=FTe (CT, (39)
dt ’

._—)
where the T superscript indicates the transpose. Thus F’ T is a row matrix. When we make this
transposition, we can now extract the right eigenvectors which are the ones that most calculation
algorithms and software compute. In other words, we are making this seeming meaningless

transposition so that the calculations will come out right.
If we now make the same assumption that we did earlier, namely that the solutions are

exponential,

Fi(t) o e, (40)
then we may calculate the time derivatives as
ZFT=[ MR AF. MF ] (“1)
The rhs side of this equation may readily be rewritten as
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A1 0 O
[ MR AF. MF | =[F F. F e 0 A 0 (42)
0 0 A

From our exposition of the previous section, we further recognize the rhs of this equation as

M 0O e
[A F. F,Je[0 A 0 | =FTeX, (43)
0 0 A
which allows us to rewrite equation 36 as
Fle T =FTaN, (44)

which is just an eigenvalue equation.

37.5 Solution Forms

We are now in a position to form solutions of our set of first order linear (in a mathematical
sense) differential equations. Assuming we may find the proper Unitary Transformation, we may
use our earlier definitions of the eigenvalue matrix as

«

XN=TeCTeaT, (45)
to simplify equation 36 by multiplying from the right by (_UT)“, and using the identity property
of the Unitary Transformation, equation 21, to write

—%_F—)TOW'I —FTeT e U eCTeU (46)
If we now make use of equation 45 and define the eigensolutions as

TT=Fre U™, @7

- . - 3 - H
Since the Unitary Transformation is constant (since C is constant!), then we may exchange the

order of transformation and differentiation to yield

d —
AFroFrey 9)

(since the eigenvalues are the same regardless of left or right!) which, if we rewrite in index
notation,
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d
Eifi = Xbi;fi ‘, (49)
- Aifi)
has the obvious solutions,
fi(t) = fi (0) . (50)

It now remains to accommodate initial conditions and get back to the solutions of the original
functions. It is useful in doing this to introduce two sets of notation. First, if we rewrite the rhs
of equation 50 in opposite order, and define the matrix

eMt 0 0
Tw={0 et o |, (51)
' 0 0 et

then we may rewrite the eigensolutions in matrix form as
— — >
Fr)y=f70)e T (). (52)
We may use equation 47 to further rewrite this as
FTT)y=TFT(0)e U e T (). (53)

Since the transformation of equation 47 is invertible by the properties of the Unitary Transfor-
mation,

Fr=7TeT, (59)

it follows immediately that we may write the solutions as

FT@) = FI()eT e T (t)eT, (55)
= FT(0)e T (1),
where:
T )=T e T ()eU. (56)

If we want to return to our familiar column matrix notation, we have only to take the transpose
of equation 55 which is

F@)=T7T({t)e F(t). (57)
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To develop the other notation, we first refer back to equation 47 which we may rewrite as

T =TU""TeF, (58)
and its inverse as
F=TTe7¥. (59)

This gives us a new definition of the eigenvector matrix,

«—> >
e =U iT

(60)

b

(.—.) . .
which we may contrast with equation 31. If the ARC matrix, C', were symmetric (or Hermitian),

then this definition would be the same as before since then T-T = (ff—), alternately, if we had
properly extracted the left eigenvectors from the untransposed differential equations rather than
the right eigenvectors of the transposed differential equations, we should not need this new
definition! Instead, we must update this definition because of the asymmetry of the ARC

matrix to get back to some semblance of our original notation. This equation indicates that

the eigenvectors are the rows of the transpose of the inverse transformation, which are just the
columns of the inverse transform, so we may write the components of the ith eigenvector €; as

ei]j = u"l . ‘ (61)

it
and similarly identify the inverse eigenvectors as the rows of the transpose of the transform or,
the columns of the transform, thus,

6:|Jl = Uj; (62)
Next, we rewrite equation 55 in index notation (with implied summation of repeated indices) as
Fi(t) =T,;(t) F1(0), (63)

and similarly rewrite equation 56
1 (t) = ul_]l Tjx () - (64)

Since the eigensolution matrix is diagonal, it can be written as

T (t) = €78, (65)
and used to simplify equation 64 as
Ty (8) = ;e Sixus, (66)
= ;€9
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By using equations 61 and 62, this may be rewritten as

Ty, (t) = ej € eq;, (67)

which reduces the solutions to

F (t) = egrete; Fi (0) . (68)

ilj
Similarly, we may rewrite the eigensolutions, equation 53, as

fi (£) = ¥*eq; F; (0). (69)
This equation will be of considerable importance in the formal theory of aggregation.

37.6 The Basic Example

The simplest case that we may consider is the homogeneous Lanchester problem. Written in
matrix notation, the attrition differential equations are:

4181 712

If we take the transpose of this, calculate the eigenvalues and the right eigenvectors, and then
transpose these again, we find the eigenvalues are

A = +y/ap, Y

= +v,
and the eigenvector matrix is
which has an inverse,

1 D W U

va TVJa
The eigensolutions are
o A
2] [ 5] o

N N
I+
9%
veiey)
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The attrition differential equations become

dlf]l_|=v 0|, N
dt[fz}_[o ’)’] [f2]’ ()
which have solutions
RO _[em o 1, [ A0
[20]-[5" ][50 7

We may combine equations 74 and 76 to form the explicit time eigensolutions,

[fl(t)}={e"'t 0 ],[ﬂ?A(O)w&B(O)] 7

1) e || VBA() - vaB(0) |’ |

and then use the inverse eigenvectors, equation 73, to write

4913 2[5 S [0 ER ) o

If we carry out the matrix multiplications, then the result will be

[s9] -2 B)-(memmn) o
Va Vo

= ;| X v
| <2 (VBA(0) +VaB (0) - % (VBA () - VaB (0)

[ A(0) (e +€") + B(0) \/g (e — €M) ]
| 4(0)y/E (e — ")+ B(0) (™ ~€")
3 [ A (0) cosh (yt) — \/% B(0) sinh (t) ]

" | B(0)cosh (yt) — /EA(0)sink (12) |’

which is what we expected.

IR

)
. VBA(0) — vaB (0)
[ < (VBA(0) +vaB (0) + < (VBA() - vaB (0)) }
) —

R

37.7 Reinforcements

We may now turn our attention to the question of solutions of the heterogeneous attrition dif-
ferential equations with reinforcement. In this case, we rewrite the matrix differential equation
as

«— —

F=CeF+F (). (80)

&=
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We note immediately that this _rgatrix differential equation is also non-homogeneous in the math-
ematical sense. The quantity F.. (t) is the reinforcement vector or column matrix. If we define

the eigenreinforcements as

frt) =@ F. (1), 81)

then this matrix differential equation can be reduced to
d— <& — —
ST =CeT+F ), (32)

«— .
where C' is the eigenvalue matrix. Since we are using the eigenvector solutions developed
above, we do not need to concern ourselves at this time about right and left.

L d
Since C' is diagonal, we may simply decompose equation 82 into individual differential
equations,

d
'Jifi = A\fi+ f- (2); - (83)
We may now posit solutions of the form
Fi (8) = lo: (8) + £: (O)] €, (34)
which has a derivative
d d
—fi(t) = —=g: ) M + M fi (1)
Shi) = 29 (O Xfi () (85)
If we compare equations 83 and 85, and eliminate common terms, then we find that
L g (1) = £, 1) (36)
dt™ T
which may be solved immediately as
t !
g () = / e f, (1), dt'. (87)
0
This allows us to write the particular eigensolutions as
t 7
50 = [[en e+ £0)] (89)
t
. — fi (0) eA,’,t + ekit/ e—Ait’fr (t,)i dt’.
0

If we now return to the vector/matrix notation, then we may write the eigensolutions as
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?’:‘T"(t).‘j’Jr‘T’(t)./O“T*-l(ﬂ).};(t')dt', (89)

where we understand the integration to be over every matrix element product and recognize that

‘-1 @) = T (—t) because of its diagonal nature. We may now apply the definition of both
the eigensolutions and the particular solutions to rewrite this in final form as

?(t)=‘?-1.*:F(t).*?.?’(opr?—l-?(t)./‘:‘T’—l(t').?.ﬁ;(t')dt'. (90)

As we noted earlier for the homogeneous problem, the reinforcement solutions do not posses -
state solutions until after all reinforcements have been applied because the solutions are not
stationary. The situation in the heterogeneous case is similar but in keeping with the greater
number of force strengths, more complicated.

37.8 Solution Restrictions

Before concluding this chapter, a few words on solutions are in order. The reader will have
already noted that the ARC matrix is inherently nonpositive. That is, all its entries are either
negative or zero. Despite the desire to extract the minus signs, they are necessary to assure the
proper eigensolutions. Since we have neglected fratricide, the diagonal entries are zero. This
has a special effect since it indicates that the sum of the eigenvalues is zero. We shall treat this
in more detail in the next chapter.

It is important that the ARC matrix be dense in a combat sense. In particular, it is necessary
that every force strength component in the combat attrit at least one other force strength com-
ponent, and be attrited by at least one other force strength component. If this is not the case,
then the solutions do not usually exist.

It is also desirable that the ARC matrix not be divisible or partitionable as we have described
previously. This does not effect the solution generation process, but will be important in the
next chapter.

Finally, we come to the question of time or range dependent ARCs. If all of the nonzero
ARCs vary only slightly from constants, then approximate solutions can be formed using series
expansions in a manner akin to that used in the section above for reinforcements. Let the matrix
attrition differential equation be

d— < —
aF—C(t)oF. 91

Now consider the expansion of the ARC matrix
d
T =T )+ Ca)e-1), (92)
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where the derivative of the matrix indicates the derivative of every element of the matrix. We
want to select the mean value t* which represents a time which minimizes the deviation in some
sense. One convenient way is to minimize the square deviation of the ARCs,

te
trace (/0 a(—g (t*) o %ﬁT () (¢ —t*)° dt’) = min tmum, (93)

where trace indicates the sum of the diagonal elements. Since the derivatives are constants, and
the time integration simplifies to the same for all elements, it is possible then to select t* so that
is minimizes
d < d <=
trace | — C (t*) e — C T (t")]. 94
(G757 @) o4

Given this, then we may rewrite equation 91 as

| =

R

-%"ﬁ [‘Z"’(t*)+ (E?(t*)(t~t*)]o_}7‘) (95)

Q.

t
o 7(t*)-?+(t—t*)%?(t*)-?.

If we form eigensolutions from the mean value ARC matrix T (t*), then we may reduce the
equation to the form,

d
(—iz-?z(a—?(t*)o—f)—{—(t-—t*)(”e_)o%?(t*)o?’lo?, (96)
which may be written in component form ast
di)\f +(t—t")e [dC(t*)] et f o7
—Ji & Aifi - ii | 77 1]
dt 7 | dt e
If we again assume a solution form,
Fi (t) = [£: (0) + hs (1)] €, (%8)
which has a derivative
d At @
Ezfi (t) =Nfi(t) +e '(Ehi ), %99)

and compare this equation with the approximate attrition differential equation, equation 97, then
we see that

4We adopt the convention in this section that repeated indices are summed quantities unless otherwise noted.
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d 4] |
2L )~ (E— Y e s | —C (2 -1 . 100
e dth, () = (t—t") e _ dtC(t )- N e fi (t) (100)

This equation may be integrated directly,

t ' [ d
h,; (t) ~ /0 C_Ait (t’ - t*) €i,j EC’ (t*) Bg}fz (t,) dt’, (101)
| Jik
and resubstituted to form the solution
L N d N - .
fi(t) =~ lfi (0) +/0 e N (' —t") ey, [Zi_tc(t )] e fi (t')dt'} e, (102)
gk

We see immediately that this is really an integral equation since it contains the solutions on
both sides of the equation and under the integral sign. This presents as knotty a problem as
the original eigenvector problem unless we introduce some approximation. A usual one is to
approximate the eigensolution under the integral as the constant ARC matrix eigensolution. That
is,

fi(t) =~

These integral are straightforward and it is a simple matter to reduce this equation back to force
strengths, albeit the algebra is a bit messy in notation. We leave this as an exercise for the
student to familiarize with these techniques.

As we have said before, these solutions can easily be computed numerically using spreadsheet
simulation or with the help of a symbolic algebra or array manipulation program. Regardless of
what method is used, care needs to be taken to avoid continued calculation past the point where
any one force strength component approaches zero. We have previously noted that the attrition
relationship changes when the density gets very low, so the minimum action should be to recast
and recalculate the eigensolution at the time when this occurs.

£ O+ [ ¢ - t)a| 00| aln0) e*ttdt'} (109

gk
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Chapter 38
Formal Aggregation

38.1 Introduction

With this chapter, we take up the formal theory of aggregation. My daughter’s school dictionary
[1] (mine wasn’t handy and hers was!) defines aggregate as: “a group of things gathered into
a total or whole”, and aggregation as: “a number of separate things brought together into a
single group.“ Both of these are nouns. As we would expect, the dictionary doesn’t define a
verb (to aggregate), but we might extrapolate a definition from the above:

“to gather or bring together a group of separate things into a single group®.

Aggregation is at once a matter of interest and practice both in the normal course of physics
and in attrition mechanics. In practical terms, it is the combination of separate things into a whole
for the purpose of simplifying the model of those things. In classical mechanics, a collection
of atoms in a solid may be aggregated as either a point mass (three degrees of freedom,) or
as an extended point mass (six degrees of freedom.) Since each atom is comprised of several
individual particles, an exact treatment would treat the solid as having six degrees of freedom
per particle. This is clearly a large number (of approximately the order of Avogadro’s Number
- 10%%) which would be exceeding cumbersome (if practicable) to do bookkeeping on much less
do computations with.

On the opposite hand, quantum theory indicates that each of these particles is individually
different even if they do obey common laws and have common general behavior. Just as a
common assumption of statistical physics is that some collection of particles is indistinguishable,
and thus alike, we commonly make the assumption in attrition mechanics that some collection
of things is effectively indistinguishable for the purposes of modeling. (Indeed, we make this
approximation in any type of modeling. Thus any modeling must incorporate some degree
of aggregation - assumption of indistinguishability or identicality.) As a general rule then,
aggregation is necessary for modeling and the degree of aggregation is dictated by the observable
aspects of the system that must be represented.
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38.2 Proper Aggregation

There are two basic concepts of aggregation that we need to capture before proceeding to discuss
the theory of aggregation as it applies to us here. These are Proper and Formal Aggregation.
We discuss Proper Aggregation here and defer discussion of Formal Aggregation to later in the
chapter.

Proper Aggregation is nothing more than a name for the process that we have alluded to
above. That an aggregation is proper means little more than that the collection of separate
things into a single thing has been done in keeping with the observable characteristics of the
resulting one. There are two sides to this, albeit they are opposite sides of the same coin. One
is recognizing what the observable characteristics of the aggregate are. The other is recognizing
that these observable characteristics are consistent with the observable characteristics desired of
the model. The second deals with the requirements for the model; the first with what the model
can represent.

In practice, the degree of aggregation of a model seldom matches the requirements. If the
model has greater characteristics than required, the model may be said to be underaggregated
in terms of these requirements. If the model has fewer characteristics, it may be said to be
overaggregated; and if they match, it may be said to be exactly aggregated.

Of course, exact aggregation is essentially an unattainable goal. In general, we want a model
to be underaggregated and we want the degree of underaggregation to be minimal.

We must note that there is an inherently subjective aspect to aggregation. Recognition of this
subjectivity is the genesis of Proper Aggregation as a consideration. As a case in point, we want
to model the combat performance of some tanks. If we ignore for the moment the individuality
of their positions and the individual performance characteristics of the tanks themselves and their
crews, then we may choose to represent these tanks as being identical. This may or may not be
proper.

Let us suppose that the group of tanks consists of equal numbers of M-1A1’s and M-1A2’s.
A primary difference between these two versions of the model is their primary armament. The
Al has a 105mm main gun while the A2 has a 120mm gun. (They also have different size basic
loads because of the constant storage volume in the tank.) These two guns (and their fire control
systems) have somewhat different lethality properties. If these differences are small compared to
either the variations within the performance of each subset, or (and more important) the degree
of resolution sought from use of the model, then the two sets may properly be aggregated. If
this is not the case, the two subsets cannot be properly be aggregated although they may still be
formally aggregated.

Often, we are confronted with little choice on the subject of aggregation. Model makers and
data collectors are not always either the same person or in close communication with each other.
In this case, the degree of aggregation is often decided by the data collector. We have already
noted this situation in Part I, in Chapters IX, XII, and XIV.
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38.3 Formal Aggregation

In the past, several attempts have been made to develop algorithms for the aggregation and
disaggregation of units. This effort has intensified with the advent of geographically distributed
but electronically connected simulation interconnectivity (e.g., Distributed Interactive Simulation
(DIS) on the Distributed Simulation Internet (DSI)). Often these connected simulations have
different resolutions so that connecting them with each other and the basic environmental support
software of the system necessitates some cross resolution mechanism.

Formal aggregation takes a somewhat different approach to the problem. It takes as a funda-
mental that the aggregation process must not only conserve some observables of the things being
aggregated, but it must conserve the mathematical symmetry properties of those observables. Put
in terms that we are used to dealing with in our discussions herein on Lanchester attrition theory,
this says that if we aggregate (as we are about to do,) from a heterogeneous Lanchester picture to
a homogeneous Lanchester picture, the mathematical process of that aggregation must conserve
the symmetry properties of homogeneous Lanchester. [2]

In mathematical terms, we define a (linear) formal aggregation as

\/'ﬂ_fi = nzabiAu (D
i=1

e
aB = ) B,
=1

and require that the aggregated force strengths satisfy the homogeneous Lanchester ADEs,

—A = -aB, @)
d— .
=B = P4,

where: A and B are aggregated force strengths, and @ and B are aggregate ARCs.

We distinguish two classes of Formal Aggregation: Intensive; and Extensive. Intensive
aggregation is completely self-consistent and does not depend on any external decision or de-
termination in the aggregation process. It is thus a consistent aggregation in that it contains
no arbitrary component. In particular, intensive aggregation is independent of the initial force
strengths. Extensive aggregation, on the other hand, does depend on an external decision in
the aggregation process. That is, extensive aggregation can depend on the force strength com-
ponents. This externality induces a degree of arbitrariness into the aggregation process which
compromises its consistency.

38.3.1 Intensive Aggregation

As before in Chapter XXXV, we adopt the force strength matrix notation of the attrition differ-
ential equations,
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R s

d— —
— F = 3
th T e F, 3)

where F is the force strength vector (column matrix), and Y is the Attrition Rate Coefficient
tensor (matrix) which by definition is nonpositive, and neglecting fratricide, is traceless. Thus,
we know from the start that the sum of the eigenvalues of this matrix is zero. The eigenvalues
of the system are \;, i = 1.ng + my, where n,, n, are the number of Red, Blue force strength
components. The eigenvectors of the system are represented in the tensor (matrix) el

The eigensolutions of this system are

—

foc‘_e"Of’: @

which since the eigensolutions have simple solutions,

fi(8) = ¥ £:(0), )
this gives Force Strength explicit solutions of the form,
Ft)= e T ()e e F(0), (6)
where:
et 0 0
T@=]0 et o0 |, . 7
0 O et’

is the propagator and ‘e’ ~! is the inverse of the eigenvector tensor.

To develop the aggregation methodology, we must first examine the spectrum of the eigen-
values. As we have already indicated, the sum of these eigenvalues is zero. This leads us to
speculate that the neatest way for the eigenvalues to uniquely have a zero sum is if the eigen-
values occur in pairs that are equal in magnitude but opposite in sign. Of course, if the number
of eigenvalues, n = n, + 1, is 0dd, then one of the eigenvalues would have to be zero.

If we examine the eigenvalues of a dense ARC tensor, that is, one for which all force strength
components are attrited by at least one other force strength element, and which attrit at least one
other force strength component,2 we indeed find that within the accuracy of the calculation, this

Harkening back to the last chapter, these are the left eigenvectors of this equation. Since most eigenvector
algorithms calculate right eigenvectors, it is usually necessary to calculate the right eigenvectors of the transposed

equation. :
2 Actually, we also want to require that the ARC matrix not be reducible. See discussion later in this chapter

under Extensive Aggregation.
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is exactly the case, and it is a wonderful resultt®[3] Why is this wonderful? Consider this in the
context of equation 5. For a pair of matched eigenvalues, the solutions are

fe(t) = ¥f(0), ®
f- @) = eMf-(0).

If we multiply these together,

fe@F- () = f(0)e™f-(0) ©
= f+ (O)f— (0)7
then we have a result which is independent of time! This is the counterpart of the state solution
in the homogeneous Lanchester problem, but where the state solution is used in homogeneous
Lanchester theory to effect a solution, in heterogeneous Lanchester theory it is the basis for
aggregation.
Of course, if the number of eigenvalues, n, is odd, then one eigenvalue is zero, and the
particular solution corresponding to that eigenvalue,

fo(t) = fo(0), (10)

is also a constant.
Since the general form of the eigensolutions is

f ) =€PF (), (1)

where €@ is the i®® eigenvector (note the change of notation here - it is intended to reduce
confusion. Also, we are using the repeated index summation convention.), and the general form

of the force strength solutions is
Fi(t) =€’ f; (¢) (12)
2 ‘7 J ( )
we may rewrite equation 9 as
@ f ) = PR F @) (13)
= MR 0)¢7F0),

which explicitly shows the state solution form.

31 cannot claim all of this result. Dr. Ben Wise, via the offices of Dr. Leslie G. Callahan (COL USA Ret.), piqued
my interest in state solutions (time invariant relationships) for the heterogeneous Lanchester problem. Investigations
following from that prod reesulted in the results given here.
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As it stands, this is not sufficient to provnde a basis for aggregation, but it is a beginning.
Let us further consider that if among these pairs of eigenvalues and eigenvectors, there is one
pair with some special properties. Specifically, these properties are that the magnitudes of the
eigenvector components are equal,

egﬂl = leg_)l ,i=1.nan (14)

and that either all of the first n, components of the two eigenvectors are of the same sign and
the remaining n, components are of opposite sign, or visa versa. That is,

& = ) imlim, (15)
(+) _ (

1 ) Z—na+1 na‘l’nb:

or the opposite. In practice, we find this is the case although we cannot present a rigorous proof.
Oh well, you can’t say we don’t offer challenges to the mathematicians.

Having said all this, it is useful before we proceed to make another shift of notation. Let us
split the eigenvector components into two sets of components, defined by

e i = 1..n,, (16)

— (+)
a] - J+na

b

j= 1nb

This change of notation allows us to write the two eigensolutions as

fr@) = € [beh (0) - Z%B (0} 7
f-(@t) = e™ ZbA (0)+ZaJB (0){,

where we have explicitly reintroduced the original Red, Blue force strength components. We
also know that these eigensolutions can be written as

£ = |S0A0 -3 080, as)

—i:l -

f-@) = ibiAi(t)+i‘aij(t) :

so that if we combine equations 17 and 18, and perform a bit of adding and subtracting, we may
form two new equations,
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ibiAi (t) = cosh()\t)nzab,-Ai (0)—sinh(,\t)§:a,-Bj (0), (19)
i=1 : i=1 j=1

f: a;B;(t) = cosh(At) i a;B; (0) —sinh (At) i b;A; (0) .

If we now select two new mean “attrition rate coefficients” @ and J, subject only to the
restriction that

af =\, (20)
then we may define aggregate force strengths A and B by

VBA(D)
VaB(t) = ia,-Bj (0).

5.4, (0), @1)
=1

If we now combine equations 19 and 21, and do a bit of algebra, we may find that

A(t) = cosh(\t)A(0)— sinh (At) \/%F (0), (22)

B(t) = cosh(At)B(0)— sinh (At) \/gz (0),

which is nothing more than the homogeneous Lanchester quadratic attrition solution. This lucky
(?) happenstance of the behavior of these two eigenvectors provides the basis for aggregation
of the heterogeneous Lanchester formalism to the homogeneous Lanchester formalism in a for-
mal sense. That is, the aggregation preserves the mathematical symmetry. In simple terms,
the mathematical form of the end result of the aggregation (from heterogeneous Lanchester to
homogeneous Lanchester) has the same mathematical properties as homogeneous Lanchester.

38.3.2 The Red Queen Problem

In the real world of crunching number and doing analyses, we have left a question unanswered.
Namely, how do we pick the mean attrition rate coefficients, @ and 7 The answer is that we
don’t, at least directly. Rather, we take advantage of the fact that there is additional information
in the original force strength components. In general, these components represent preexisting
aggregations (we shall treat the problem of that aggregation in this formalism in a later chapter.)
These components are:
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e An aggregate of a single type of weapon system (e.g., tanks or missiles,) or

e An aggregate of a single military unit (e.g., a tank company or an infantry battalion.)

It is natural from a comparison standpoint to want to compare to a base force strength
component. If one of the components is (e.g.,) tanks, then it is natural to compare the other
force strength components to that force strength component. (This is the basic idea of Weapon
Effectiveness Values (WEV’s) and Unit Effectiveness Values (UEV’s). [4] These values are
often based on either test range or training exercise data which does not always reflect actual
combat effectiveness. We do want to emphasize, and this is implicit in the development here,
that the aggregation is situationally dependent! There is no one aggregation.) If we select a
force strength component from each side, say A;+, and Bj«, as the base comparison force strength
components, then we may define the aggregation as

—_ 1 e
A = Ai* biAi 0 y 23
5, 2540 (23)

t#1*

—_ 1 X

B = Bj*+ EG,JBJ(O)
a/j* =1
J#I*

With this definition, the aggregate solutions, equation 22, become

A() = cosh(At)Z(0) - sinh (Xt) %’B’ 0), (24)

i

B(t) = cosh(Xt)B(0)—sinh(At) —A(0),

Q 5

and we may define the mean attrition rate coefficients from what we know from homogeneous
Lanchester theory,

a = ab’ A (25)
b
5= =

aj*

This provides a base of comparison for the aggregation (allows comparison of one weapon
type to another, or one military unit to another) without compromising the symmetry of the
aggregation. It does, however, introduce an aspect of arbitrariness to the aggregation since there
is no mandate from the methodology for the force strength components to be selected.
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38.3.3 Extensive Aggregation

As we have indicated, intensive aggregation works only for those situations where the ARC
tensor is dense. At this point, we must extend our definition of (or at least restrictions on)
denseness. Where before, we required only that all force strength components attrit and are
attrited, this is a requirement only on the existence of solutions. As we indicated in an earlier
chapter, an ARC tensor of the form,

0 0 -—o4 O
<= 0 0 0 —Cy
=180 o o | (26)
0 B 0 0
while it has an eigensolution, that solution is separate in two parts since this ARC matrix is

separable.
To again show this, if we transform the force strength vector,

Ay Ay

= | A By | _ &

F = B, — A | = F, 27)
B, B,

then the ARC tensor transforms to

which is obviously reducible.

Returning now to our problem, how do we aggregate (albeit approximately) heterogeneous
force strength components which are not densely connected? Two choices present themselves
to our fervid minds. The first is to make the ARC tensor dense by inserting small ARCs (as
compared to the other ARCs). This gives a new ARC tensor of the form,

0 0 —Q; —€1
v di 0 0 —~€y —Q :
B -b —€ O 0 (29)
—€y "',82 0 0
which we may aggregate using the method described above. The problem with this method
is that it tends to drastically reduce the value of one of the subcombats, so that in addition to

being arbitrarily dependent on the choice of the added ARCs, it may give a misleading picture
of the value of some of the force strength components. There is a simple (but mathematically

56




Extensive Aggregation

complex) way around this problem, but we will defer this to a later time since what we are really

interested in is extensive aggregation.
The second choice is to do something ad hoc. Let us assume that we have a situation where

ng = M, 50 that we have % separate combats that we want to aggregate. If we write the Red
force strength component solutlons (which we again assume to be Lanchester homogeneous
quadratic,) as

40 2L s () - B s (), (30

and similarly for the Blue components. We may postulate an aggregation based on the inverse
square roots of the ARCS as weighting or aggregation factors,

““Az()

- 340

i=1 o

osh (yt) — Z \/B_ smh (fyz )-

If we write an aggregate eigensolution of the form,

|

t

s

R:10 [A(t) LB@)] =
—= = (32)
T e
_ 3 [A, ©  B:(0 >}
=1 \/a: \/B;
this offers a definition of 7 if we choose a suitable definition of ¢,

i [48+ B0

na [m _u]

—_ :)'—t

(33)

One such selection would be a value of t = 1 which represents a unitary aggregate attrition.

It now remains to actually aggregate the force strengths. To do this, we proceed in the same
(arbitrary) manner as for Intensive Aggregation, selecting a base (or comparison) force strength
component,

A(0) = 4= 0+ 35,2 4:00), (34
=1 t
itix

and similarly for Blue. This gives us an aggregate 6 of the form
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F_ (o727 5
5 \/; (35)

which we may use to calculate aggregate ARCs as

wl R
|
>l =2 ~2||

38.4 Examples

At this point, it is useful to present a few sample calculations. As is usual, I have made the data
up and adjusted it so that the force strengths don’t go negative too soon. The calculations were
performed in two steps. I first calculated the eigenmath using MAPLE although any symbolic
algebra program would suffice, and then actually generated the numbers in a spreadsheet. Since
this eigenmath only depends on the values of the ARCs, this leaves considerable leeway.

Both of the examples are for 2 x 2 combats. That is, each side has two force strength
components. The initial force strengths are

75

Fo=|21 (36)

50

(If you go to repeat these calculations, note that I have done some judicious rounding, partly
because of laziness and partly to correct for some of the inaccuracy in the calculations.)

38.4.1 Intensive Aggregation Example

In this case, we use an ARC tensor of the form

0 0 -1 -27
s 0 0 -3 -35
T=1_15 .25 0 o @7
4 -3 0 0]

which has eigenvalues of £0.52 and +0.07. The eigenvector tensor is

59 56 -43 -60
e | -72 35 -46 30
©=1_.72 35 46 -30 |’ )
50 56 43 .60 |
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which has been arranged in order of descending value of eigenvalue. (I want to emphasize again
that I have rounded judiciously here. The symbolic algebra program gave me considerably more
decimal places not all of which were right.) Of course, I also got the inverse of the above, but it
isn’t really valuable for the discussion. It should be obvious from just looking at the eigenvector
tensor that the first and last eigenvectors (corresponding to the larger magnitude eigenvalue pair)
are the aggregation eigenvectors.

Next, we may generate a variety of calculations from these data. First, we may calculate the
force strengths by brute, numerical force in the manner that we have become used to. These
are shown in figure 1. We may also calculate the eigensolutions (the f; (t)) since we have the
eigenvalues and the eigenvectors. These are shown in figure 2. Once we have these, it is a
simple matter to calculate the force strength solutions using the inverse eigenvectors. We show
these in figures 3 and 4 for the Red and Blue force strengths respectively. For comparison we
have included the corresponding curves from figure 1. Finally, we can go ahead and perform the
aggregation. The calculations shown are from a fundamental formal aggregation (initial force
strengths and mean ARCS) applied to the analytical solution, and a pointwise aggregation of the
individual force strengths as shown in earlier figures.

The agreement of these curves is noteworthy; the differences being largely due to differences
in calculation and rounding. The reader may want to pay particular note to the agreement
between the ab initio and pointwise aggregations in figure 5.

38.4.2 Extensive Aggregation Example

We now turn to an example of extensive aggregation. Where the previous example demonstrated
the aggregation of a 2 x 2 dense or connected combat, this example demonstrates the aggregation
of a 2 x 2 unconnected combat. As we have earlier indicated, there are approximate ways of
performing the aggregation, both with drawbacks.

The ARC tensor for this problem is

0 0 -1 0
= 0 0 0 -35
1= -15 0 O U (39)

0 -3 0 0

As we noted earlier, this is a reducible ARC tensor which has eigenvalues +0.32 and $0.12.
The eigenvector tensor is

0 0.68 0 -0.73

> 0.78 0 -0.64 0
0.78 0 0.64 0

0 0.68 0 073

As before, we calculate the force strength trajectories for this example. These are presented in
figure 6. These are the result of two independent pairs of eigenvectors as indicated by equation

(40)
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Figure 1: Red and Blue Force Strengths calculated numerically.
30.

38.4.2.1 Artificial Denseness

We may approximately aggregate these in one of two ways. First, we may insert small connecting
ARG s in the ARC matrix,

0 0 -1 -02
— 0 0 -03 -35
T=|_15 .05 0o o] “1

-.04 -3 0 0

which results in connected eigenvectors. This is equivalent to making the problem artificially
dense, thereby reducing the problem to one of Intensive Aggregation which we may perform ex-
actly. This permits formation of an aggregate solution, but suffers inaccuracy due to the arbitrary
coupling of the force strength components via the inserted small ARCs. This is demonstrated
by comparison of the aggregation of the force strength components propagated by the single
pair of eigenvalues and comparable time by time aggregation of the individual force strength
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Figure 2: Eigensolutions for Intensive Aggregation Example.

trajectories. This is shown in figure 7. These curves should compare closely if the aggregation
were useful.

38.4.2.2 Ad Hoc External Aggregation

Alternately, we may externally aggregate using the ad hoc method previously described. If we
perform these calculations and perform the same time by time comparison, the result is shown
in figure 8. Close comparison shows this to be a better aggregation.

38.5 Aggregation and Disaggregation

We have demonstrated two aggregation methodologies in this chapter. The first, Intensive Ag-
gregation, which does not implicitly depend on the initial force strength components, is exact
when the combat is dense. That is, when all force strength components each attrit at least one
other force strength component and are attrited by at least one other force strength component.
The second methodology, Extensive Aggregation, which does depend on the initial force strength
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Figure 3: Comparison of numerically and eigensolution calculated Red force strengths - Intensive
Aggregation Example
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Figure 4: Comparison of numerically and eigensolution calculated Blue force strengths - Inten-
sive Aggregation Example

components, can provide a useful approximate aggregation for those problems where combat is
not dense by using the square roots of the ARCs as weight factors. In principle, these two
methodologies provide a basis for aggregation of the heterogeneous Lanchester problem to the
homogeneous Lanchester problem within the limits of the quadraticization of the attrition differ-
ential equations. This is sufficient to permit a collapse of resolution scale from a unit or weapon
system level of aggregation to a higher level of aggregation. In principle therefore, one may
start with a very complicated set of combats at the engagement level and aggregate up to battle
or campaign level.

Care must be taken in performing this aggregation. Unless the combats are close to identical, it
may be necessary to distinguish among variations in the ARCs. This may require the generation
of a time series of aggregate ARCs. Since this process is straightforward but situationally
dependent, we shall only allude to the process here.

Finally, some mention must be made of the process of disaggregation. It should be evi-
dent from the discussion above that aggregation discards information about the combat. This
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Figure 5: Comparison of Force Aggregate time solutions - Intensive Aggregation Example.

is blatantly obvious in the methodology of Intensive Aggregation where we retain only 2 of n
eigensolutions in the aggregation. Although less obvious, the same is true of Extensive Ag-
gregation. If we discard this information, then it is not available for disaggregation. Exact
disaggregation is possible only if, for Intensive Aggregation, we retain all of the eigensolu-
tions, not just the two selected ones. Exact disaggregation is not possible if, for the Intensive
Aggregation methodology, we discard these other n — 2 eigensolutions, or at all for Extensive
Aggregation.

It would be comforting to suggest that we might disaggregate by assuming proportional losses
of force strength components. Sadly, this is not the case. Proportionality calculations of this
type are fraught with error. (Indeed, we again note our caveat that Intensive Aggregation is valid
only so long as all force strength components are positive.) This is a sad story in our modemn
world of interfacing multi-resolution simulations where on-the-fly aggregation/disaggregation is
a desired capability. At best, we must recognize that disaggregation can only be accomplished
in a arbitrary and ad hoc manner.
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Figure 6: Red and Blue Force Strengths calculated numerically - Extensive Aggregation Example.
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Figure 7: Extensive Aggregation by Artificial Denseness - Comparison of initial aggregation
with time by time aggregation.
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Chapter 39

Aggregation for Simulation

39.1 Introduction

In the previous chapter, we developed two methodologies for aggregating the heterogeneous
Lanchester problem into a homogeneous Lanchester problem. These two methodologies were:

e Intensive Aggregation; and

o Extensive Aggregation.

Intensive Aggregation is an exact method of aggregation which is limited to dense combat.
That is, each of the force strength components must both attrit at least one other force strength
component and be attrited by another force strength component. This type of aggregation does
not depend on the initial force strengths, but only on the Attrition Rate Coefficient (ARC) matrix.
Extensive aggregation is an approximate method for aggregating non-dense combat and it does
depend on the initial force strengths and the ARCs.

Both of these aggregations may be performed either across or by weapons type. This is
depicted in figures 1 and 2 which are the same as shown in Chapter XV. In figure 1, aggregation
of three units is depicted. Two of these units are infantry units, while the third is an armored
unit. Alternately, these may be viewed as two collections (aggregates) of infantry weapons (e.g.,
assault rifles, etc.) and one collection of armored weapons (main tank gun). The aggregation
here is to a composite which has the properties of all three types of weapons (units). (This
division into three units is an artifact in terms of the methodology presented in the previous
chapter.)

In figure 2, aggregation of three units is also depicted. Again, two of these units are infantry
units, while the third is an armored unit. The aggregation here is to three units (aggregates), two
of which have infantry properties and a third which has armor properties.

68




Process Models

Figure 1: Aggregation across weapons types

The question arises, how do we arrive at the initial aggregation?

39.2 Process Models

In Chapter XV, we described the fundamental role of the process in the formulation of models
and simulations. At that juncture, we identified two ways in which models and simulations could
be constructed. These two ways are depicted in figure 3.

The left hand branch depicts the way in which process models are used to develop (and
utilize) simulations at the platform or weapons’ system level. The right hand branch depicts
the way that Lanchester-type models and simulations are developed and utilized. In platform
level simulations (nominally stochastic), the processes are randomly sampled to determine when
processes conclude (assuming they are time dependent processes - this serves to define events),
and to determine the outcome of random events (do shots hit and damage targets?)

Since these simulations are stochastic, they are executed several times for the same set of
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Figure 2: Aggregation by weapons types

input data, and the results are statistically analyzed. This provides information on attritional
losses (and more, but that’s what we are interested in here.) These results reflect a form of
aggregation.

In Lanchester-type models, aggregation is performed initially, usually in the form of proper
aggregation of the platforms into units and/or weapons’ types, and in the formulation of ARCs.
The attrition differential equations (e.g.,) are then coded into a simulation which is executed once
(assuming the formulation is not stochastic Lanchester in form.) The results of this execution is
then compared to the results coming from the platform level, stochastic simulation.

The question we want to address here is, how do we bootstrap these stochastic, platform level
simulation results into Lanchester aggregations. The answer to this question is of interest for
several reasons. It allows more direct comparison of the results of the two formalisms, and it
provides a hierarchial framework of models and simulations. In general, this latter is important
because of the limitations of computer size and available time to execute studies and analyses.
(Of which, the latter is today the more important.)

In general, the time to execute a combat simulation is of the order of N? where N is the
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number of individual degrees of freedom in the simulation and data. For stochastic, platform
level simulations, NN is related to the number of platforms while for Lanchester-type simulations,
N is the number of force strength components. As we successively consider higher levels of
combat (engagements — battles — campaigns — wars,) the number of platforms increases by
a factor of approximately 3, so that if the number of degrees of freedom stays constant, each
successive higher levels of combat increases its execution time by a factor of approximately 10.
Since we generally want to support more executions that this in a study, the most reasonable way
to reduce the time for execution is to successively reduce the number of degrees of freedom.
This requires aggregation.

39.3 Platform Simulation Results

The attrition output of stochastic, platform level simulations is commonly expressed in the form
of Killer-Victim Scoreboards (KVS.) These KVS are matrices whose columns represent attriting
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systems/platforms and whose rows represent attrited systems/platforms. The entries are the
losses. For a 3 (Red) by 3 (Blue), the one-sided KVS is:

Killer-Victim Scoreboard

Victims\Killers | Killer 1 Killer 2 Killer-3

Victim A Alosstol | Alossto2 | Alossto3
Victim B Blosstol | Blossto2 | Blossto3
Victim C Closstol |Clossto2 | Clossto3

If we combine the KVS for the two sides (again ignoring fratricide until a later chapter,) then
for a 2 x 2 combat (two Red, two Blue,) then they can be formed into a differential loss matrix,

Loss Matrix
Victims\Killers | Red 1 Red 2 Blue 1 Blue 2
Red 1 0 0 AA; |Bue1 | DA |Biue2
Red 2 0 0 AAs |e1 | AAs |Bue2
Blue 1 ABj |rea1 | ABq [Rea2 | O 0
Blue 2 AB; |rea1 | AB3 |rea2 | 0 0

In addition, if these results reflect several executions, then there can also be a standard deviation
(and correlation) matrix(s). Further, since these data can be collected at different times, a series
of them can be generated representing different snapshots of the combat.

39.4 Connectivity

If we adopt the notation that we have used previously where we combine the force strength
components into a single force strength vector (matrix), ‘

C A ]

F (1)

L

then we may represent the entries of the Loss Matrix as AF;;.

39.5 Back to Matrix Attrition

Recalling the form of the matrix attrition differential equation,
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d
aTﬁ(t)=ﬁf*.?(t), @)
which may be written in component (index) notation as
d na+ny .
a—tE (t) = Z 'Yi,jF}' (t) , 1= l.ng, +my (3)
7=1

where we recall that the ARC matrix is nonpositive by definition. If we integrate equation 3
with respect to time, then the left hand side is

td

[ SR )i = F0)-F0), @
= —AF (t) ’
and the right hand side is
t Natnyp Ng+np
/ Z v i Fy () dt' = > s / F;(t')dt'. (5)
j=1
From the eigenmath, we know that the eigensolutions have the form,
Fe)=c«F®, ©)
with specific solutions,
fi®) = fi(0)e, (7
Na+Np R
= X §'F0)e,
j=t

where we have designated the i eigenvector in component notation as'e§’). The inverse eigen-
solutions are given by

na+ng
2)—1
E@l) = Y 750, 8)
i=1
Na+np g+

- z e(’) 1 E e(J)F (0)e
This allows us to combine equations 5 and 8 to yield
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t tNatne | Na+Np . ,
/ F(t)dt = / T DS R (0) Mt 9)
° % j=1 k=1
ng+np

natny 1 [t , .
= Y ™ /e""t dt' eV, (0),
j=1 ° k=1

na+nyp t__ 1 Na+np

A.
. _16 J .
= Z 65-7") ————-)\ Z Cfcj)Fk (0)
j=1 i k=1
With this in place, we are now in a position to explicitly define the entries in the loss
matrix. This requires that we identify the losses to force component 2 caused by fire from force
component j to have an attrition differential equation,

& Fy; (t) = 2%:F5 (©). (10)

If we integrate this equation, we obtain, courtesy of the above equations,

t d
/o P () dt = —AFy; () (1)
Na+np - eAjt _ 1 na+np .
= ,YZ;] Z eg) IT“ Z efc])Fk (0) )
j=1 7 k=1

where we note there is no summation on 5! If we write this in matrix notation, it becomes

ﬁ|=~?o?—low(t)o?o?(0), (12)

where we note the addition of a symbol o which indicates a special multiplication as defined
in equation 11. The matrix product to the right of this symbol reduces to a column matrix.
This symbol indicates that each row entry of this column matrix is to be multiplied by the
corresponding column entry of the preceding matrix, buf the usual summation does not occur.

. (_) . - 3 . - . .
Thus, since Y in an N x N matrix, and the resulting matrix is an N x 1 matrix, the resulting
matrix of this special multiplication is also N x N. This effectively constitutes the mathematical
basis for extracting Lanchester information from stochastic, platform level simulation KVS.

. . . - 3 . . . H
Note the minus sign follows from the implicit nonpositivity of T .

39.6 Algorithm

I say effectively because the situation is not as completely defined as we should like. These

equations, 12, depend on explicit knowledge of Y1 We do not have that knowledge and indeed
need it to calculate both eigenvalues and eigenvectors. How do we get that knowledge?
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The answer is to revert to a simple numerical trick. We must iterate to a solution. To do

this, we must first guess what Y’ looks like. To do this, we make use of equation 10 and
an approximation. For clarity, we shall now label the entries of the loss matrix, the composxte

KVS’s, which are our original given as Ly, and the iterations of the calculations of 'I‘ and the
eigenmath with superscripts. If we integrate equation 10,

t d

[P (()dl = ~AFy () (13)

t
= % /0 F;(t')dt

then we may recognize the differential losses as the entries of the loss matrix, and define our

> .
zeroth order guess of the T matrix as

o Ly;

71,] — ﬁ) ( ) t,) : (14)
where the minus sign follows from the nonpositivity of the ARC matrix. It is now time to
introduce the approximation. Since we do not as yet know the form of the solution for the force
strength trajectories, we must approximately integrate the integral in the denominator of equation
14. If we define the total losses to force component 7 as

N
Li = Z Lilj, (15)
7=1
then we may apply the trapezoid rule [1]
¢ ! ! t
| Fi(e)dt =S 15 (0)+ F ). (16)
Since
F;(t) = F;(0) = Ly, 17
equation 16 reduces to
t t
[ F@®)a = ;pF0)-L] (18)

L:
= tF;(0) |1 - —=2~=]|.
10) [ 2F; (0)]
If '27[;%55 & 1, (the small loss limit,) then equation 18 can safely be reduced to

75




Chapter 39 Aggregation for Simulation

t
/ Fy (¢)) dt’ = tF; (0). (19)
0
This reduces equation 14 to
Lits
. __ i 20
== 20)

This introduces a potential ambiguity. As we indicated before, it is possible to execute the
stochastic, platform level simulation to produce a number of KVS (loss matrices) at different
times during the simulated combat. Presumably these are generated and averaged (to get the
KVS) at the same combat clock times. Indeed we must assume this. These loss matrices may be
viewed as a set &Lilj (kAt) ,k=0..K } where At is the combat clock time increment between
KVS samples. The ambiguity arises since we do not know explicitly when the combat begins
(i.e., when time is zero from a Lanchestrian sense.) In this case, we must proceed by calculating
the differential loss matrices

ALy; (kAt) = Ly; (kAt) — Ly; ((k — 1) At) k= 1..K, | @1)

and proceed to perform K separate analyses, generating Lanchester ARCs for each, and treating
the previous attrited force strength components as initial values. We may then further analyze
these calculations using the techniques described in Chapter XXI to determine either the “true”
combat start time (in a Lanchestrian sense) or be satisfied with time dependent ARCs.

The question is, what do we do with the time factor? The answer to this will become evident

as we continue. .
We may now use this calculated T [ to compute eigenvalues and eigenvectors. These give

computed differential losses given by a modified form of equation 12

AP = —TOo @01 K (1) e T F (0), @

which we may use to generate an error matrix,

€5 = Li|j — AE[E] (23)

If all of the entries in this error matrix are sufficiently small (and this must be determined in
context depending on the size of the losses and the accuracy desired,) then we may conclude

. . (_—-) - . . .
the calculation. Otherwise, we must generate a new Y ! and iterate again. This process is

repeated until the errors are sufficiently small to be satisfactory (after all, we are doing this with
a computer.) In this case, the new ARC matrix is defined from

(1) Ly;
Yij = T TRt . (24)
’ Yot ‘3}:0](]) lg—fvl Y, dol(k)Fl (0) RN
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This equation also resolves the time ambiguity we identified earlier and safely allows us to select
the time that we use somewhat arbitrarily for these calculations. We may fairly safely assume
a unitary value for that time knowing that it simply scales the ARCs linearly. Thus we may
perform the iterative calculations with a unitary time and then divide all of the ARCs by the
actual time afterwards.

39.7 Examples

It is useful at this point to present a couple of examples of calculations, first to demonstrate the
mechanism and then to show the scope of the results achieved.

39.7.1 1x1 Example

We begin by using our old friend (all right, at least admit acquaintance at this point in the
relationship,) the homogeneous Lanchester problem. That is, we have data from a very simple
simulation that has only two types of platforms. Nonetheless, the simulation may be much
more differentially richer than a Lanchester calculation because of more explicit consideration
of terrain, weather, process variations, etc. The KVS in this case are simple scalars, and the loss

matrix is

— 0 10
and the initial forces are
- 100
F(O)_[ 75]. (26)
We may now define an ARC matrix from equation 20 (since the losses are fairly small)) as
= [ —0.05 0 |’ @7
which has eigenvalues of A = £0.08164965809 and eigenvectors of
0l _ 0.5865023124  0.9565563235 (28)
~ | 0.5227083735 —0.8525115579

which we note are not quite symmetric. This is a result partly of the iteration and partly of the
calculation method. In practice, it may be necessary to perform some judicious averaging.
Application of these eigenvalues and vectors gives a differential loss matrix of

TR0 _ 0.33101405 9.9860870625
AF [5.005557425 0.249826053 |’ 29
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which gives us a maximum error of approximately 0.33, which is also approximately (time four-
thirds, the per centum error.) This is amazingly good convergence and clearly indicates that the
process may be continued to the desired degree of accuracy - assuming the computer will support
it. We shall not proceed further with this example but proceed to one of greater complexity.

39.7.2 2x2 Example

We now consider a more complicated example, that of two Red force strength components
in combat with two Blue force components. To perform this calculation, it was necessary to
develop a stand-alone piece of code to calculate the eigenvalues and vectors. There are numerous
methods available to perform these calculations. The only care that must be taken is to select an
algorithm which does not assume the matrix to be processed is Hermitian or otherwise symmetric
(or even nonnegative!) Accordingly, we shall not dwell on this aspect of the calculation beyond
this advisory of some care in selecting the appropriate algorithm and its coded implementation.
Such implementations are often available either as libraries or from an archive and thus do not
require coding by the analyst, merely some checking.
The Loss Matrix is given by

0.00000 0.00000 7.29355 0.37381

0.00000 0.00000 2.18807 2.80358 (30)
4.84435 0.22952 0.00000 0.00000 |’

1.45330 1.72143 0.00000 0.00000

which we note is fully dense and therefore should give us the type of result we desire, and the
initial force strengths are

N
L =

100.0
— 25.0
F (0) = 750 |- (31)

20.0

The margin of accuracy assigned to the calculation was a maximum error component of 1076,
which gives an ARC matrix of

0.0000000  0.0000000 —0.1007026 —0.0203477
T = 0.0000000  0.0000000 —0.0302109 —0.1526082 (32)
—0.0503998 —0.0102231  0.0000000  0.0000000 |-
—0.0151199 -—0.0766748  0.0000000  0.0000000

This ARC matrix has eigenvalues of A = +0.1151867, £0.0642273, and eigenvectors of

—0.2525987 —0.5200254  0.3572268 0.7335915
— _ 0.2525987  0.5200254  0.3572268 0.7335915 (33)
0.5487775 —0.1802358 —0.7756556 0.2543949 |’
—0.5487775  0.1802358 —0.7756556 0.2543949
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and inverse eigenvectors of

—0.2723373 0.2723373  0.7857610 —0.7857610

-1 —0.8292056 0.8292056 —0.3816779  0.3816779 " (34)
0.1927552 0.1927552 —0.5558429 ~0.5558429
0.5877149 0.5877149  0.2706710  0.2706710

From these we may see that the first two eigenvectors (and thus first two eigenvalues) are the
aggregation eigenvectors.

Because we had a Loss Matrix which was fully dense (all Blue/Red components attriting and
being attrited by all Red/Blue components,) this calculation has demonstrated the aggregation
of output from stochastic, platform level simulations into a Lanchester context. Of course, this
problem was specified. All we really cared was that the Loss Matrix was not reducible. This
could as easily have been satisfied by other loss configurations.

It is now possible to calculate the Lanchester force strength component trajectories which
correspond to this simulation’s results. These are shown in figure 4. The time corresponding to
the KVS (Loss Matrix) in these scaled units is t = 5. This permits direct integration and compar-
ison between the stochastic, platform level simulation and a simulation based on heterogeneous
Lanchester.

It is also possible to aggregate these results using the techniques described in Chapter
XXXVIIIL Of course, this discards exactly half of the force strength information (since we
are effectively throwing away two components,) but it does allow the use of these KVS results
in a higher level simulation based on homogeneous Lanchester. These trajectories are shown in
figure 5.

39.8 Conclusion

This concludes our exposition of applying the formal aggregation methodologies in the aggrega-
tion of results from higher resolution simulations such as stochastic, platform level simulations.
These methods permit us to calculate both the heterogeneous Lanchester equivalent ARCs and to
aggregate to heterogeneous Lanchester (if the combat is dense.) As such, they provide a valuable
tool in not only comparing the results of simulations of similar level but different resolutions,

but also in maintaining a hierarchy of simulations.

39.9 References
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Chapter 40

Heterogeneous Stochastic Lanchester and Other

Aggregations

40.1 Introduction

With this chapter, we come to the conclusion of Part III of the work. There are yet a few
remaining topics to be treated, so the composition of this chapter will be a bit varied. In
particular, we are going to deal with three topics:

e Stochastic Heterogeneous Lanchester;
e The Anti-Potential Potential Aggregation methodology; and

e the ATCAL methodology.

40.2 Stochastic Heterogeneous Lanchester Theory

Thus far, our consideration of heterogeneous Lanchester theory has been limited to the determin-
istic theory. From this, we have developed the theory of formal aggregation. Before concluding
our consideration of heterogeneous Lanchester theory, it is fitting that we spend a few moments
considering a stochastic formalism.

40.2.1 Review of Stochastic Homogeneous Lanchester Theory

We have earlier covered (again briefly,) stochastic homogeneous Lanchester theory in Chapter
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X in Part I of this work. At this time, we review the quadratic homogeneous stochastic attrition
differential equations. For the expected force strengths, these are

d
— - 1
= (4) = —a(B), M
and
2 (B)=-p4) ©)
de ' ’
where (X) indicates the expected value of X. The variance equations are
d
ZIEU%A = —2005 +a(B), 3)
and
d A
EU?BB = 20055 + B (A), ©)
and the covariance equation is
d o a2 2 : 5
dtUAB = —foy4 — @0gp; (5)

where: %y = (XY) — (X)(Y). The explicit solutions of these equations is given in Chapter

XX.
In that chapter, we also introduced the Fokker-Planck-Kolmogorov (FPK) equation for the

joint probability distribution function, [1]

0 LN, 12 o?

—‘P 3 ,t _~ iP— - ——'-"‘b,P :0, . 6

P 0+ 5P~ 5 2 ggmts ©)
where there are assumed to be n random variables z;, and the functions a; and b;; are known
as the drift and diffusion coefficients. It is possible to show that the approximate FPK equation

for homogeneous quadratic Lanchester attrition as

0 0 0
~P(A B,t)~ |—aB+ z5PA| P
ol (A B.1) {aAa +8Bﬂ} *
If we accept that P (A, B,t) — 0 sufficient fast as ¢ — oo, then this equation becomes an exact
representation of equations 1-5. Of course, this set of equations is based on the assumption that
the attrition rate coefficients (ARCs) are constants. Consideration of the case where the ARCs

are themselves random variables (as we might expect) is deferred until Part IV.

> |zmeB A P (7

1[& 9
9A2"" " 5B
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40.2.2 Extension to Heterogeneity

If we again adopt our favorite heterogeneous Lanchester notation where the force strength com-
ponents (now considered to be random variables) are represented by the components of the vector
F and the ARC matrix (still constant and nonpositive, and now non-random,) is represented

<« . e .
by Y, then the FPK equation for heterogeneous stochastic Lanchester attrition can be readily
extrapolated from equation 7 as

Io} L, 1 ™ 02
—P{F}t)=— >, ﬁ’Yi,ijP({Fi},t) -3 > gﬁ“%JFjP({E},t)- (®)

8t i,5=1 4,7=1

Since we are only interested in deriving the ADEs at this point, an explicit solution of this
equation is unnecessary. We again require the pdf to go to zero as t goes to infinity.
We may derive the ADEs for the expected force strength components in a direct manner. If

we form the average,

d b3}
T (Fy) = /dFFk'a—tP({E}:t) ; ©)

where dT" = [, dF; is the state space differential, then we may use the FPK equation to write

n

iny o a3 ZaumP (R0 - 3 S (R
dt k - k BFiryl’J J ) 21-’]-:1 81:;27%:] J )

i,7=1

(10)

S [RSn (R0~ § 3 [T BP (R,
3 aF‘Z 2 ij=1 aFt

,5=1

So that formation of the ADEs is only a matter of calculating the expectation integrals. The
algorithm that we shall use is to successively integrate by parts. To see this, we first examine
an integral of the form given in the first right hand side sum of equation 10,

7,
I = /drFkgﬁ%,ijP. an
Integration by parts with respect to F; gives
F
I = [ dr, {Fm,-,jff}P i — [ dﬂ%vi,ijP} , (12)

where dI”, is missing the dF; differential. If we assume the first right hand side term is zero (I
am not going to show this, you just have to take my word for it,) then the integral reduces to

or;
Iy = */fir'éftWi,jl?jP (13)
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= _/drfsi,k')'i,ijP
=~ (F3)-

In a similar manner, the integrals of the second summation are all identically zero (derivative of
a constant is zero!), so that equation 10 reduces to

% (F) = j};%,j (F3), (14)

which are identical to the deterministic equations.
The ADEs for the variances are calculated in a similar manner, except that we start by

calculating the second moment equations,

d 0
S (RF) = / dTFeFy=P. 15
dt< xF1) LantP (15)
If we proceed as before, this gives
d n n
5 k) = S e (P 4 5 (B F)) = D by () - (16)
_ j=1 j=1
It is a simple matter then to form the variance ADEs from the definition of the variances,
d n n
7T = 2; 5% + %50 — 21 6,5 (F5) (17)
Jj= i=

where: £F , = (I F) — (F) (F;). Because we are going to be referring to our eigensolutions,
we introduce a notation here where the capital sigma indicates the force strength component

variances and the lower case sigmas indicate the eigensolution variances.
At this point, it is appropriate to note that based on the form of the variances, we would

expect transformation between the eigenvariances and the force strength component variances of

O'Zj = Z ei,kej,iZ',%l. (18)

k=1

40.2.3 Back to Eigensolutions

At this point, it is convenient to return to consideration of the eigensolutions of the deterministic
ADEs. The reader may recall that we defined the eigensolutions as

|

= T F (19)
=1

-,

e:,; Fj

)

.
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and that the transformation of the ARC matrix was

e TeT ! = T, (20)
Z ei,k’)’k,tef,j] = Xbij-
k=1

We now want to make use of these equations to transform the FPK equation into the coordinate
system of the eigensolutions. To do this, we must first convert the two derivative terms.
We start with the first order term, changing the variables of differentiation to eigenfunctions,

dfs 0
BF’Y‘L,] 7 Zap 8]{ ,Yl,] 7 (21)

and substitute eigenvector expansions for the first and last terms in the right hand side sum,

3 -~ r 821 1elel

8E7i,Jﬁj - ; BF, :JZ (22)
n 61‘\[
> 7§,k TedCim o fm-

Lkl m=1

Since by definition, g—f—.‘ = §;,, this equation may be rewritten as

o}
575_%',;'1?:‘ = Z 5:1 7, Gl € fm (23)
: k,l,m_
= Z ex AYL,5€5m fm;

k,m=1

which we may reduce further using equation 20 to

0
E_PTi’Yi,ij = k%;lgf_;/\kékmfm (24)
- ———/\

The second order term is somewhat more complicated, reducing after somewhat more algebra
(but via the same approach,) to

32
8F2 r}’l,] j— Z 3fz 8f a7 Cl leJy‘lez kAhfk (25)
J

Lk=1
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With these in hand, we may write the FPK equation (where P is now a function of the eigen-

solutions,) as

8P zn:a)\fP—Fli 68eee”l)\fP (26)
L= ar Mk 5 7 a7 CLiCsiCik MeJ kL

ot = 0fx 2, =1 af0f;

This is a disappointing result since it indicates a highly complicated form for the diffusion
components. It is this very complexity that points up an important distinction. Even though there
are eigensolutions for the deterministic (expected value) ADEs, these eigensolutions correspond
to the expected values, not to the variances. Therefore, we may draw a distinction between
randomness that is natural to the force strength components and randomness that is natural to
the eigensolutions. To explore the consequences of this, we shall address the solutions of each

in turn.
40.2.3.1 Eigensolution Randomness
If the randomness (stochastic quality) of the attrition was natural to the coordinate frame of the

eigensolutions (which we may argue would be the case of randomness due only to interaction
among the force strength components rather than inherent to them,) then the FPK equation would

have the form

8P Xn:a)\fP—i—liaz)\fP 27)
=P ==) Z7MJk = 2 A kel
ot k=1 Ofe 20 of¢
This FPK gives rise to ADEs of the form:
d
5 i) =2 (f3), (28)
for the expectation values; and
d 2
510k = (A + M) o2, + 65005 (f5) - (29)

This is a wonderful result! Since it is common to assume that the variances have zero value
at the initiation of combat, all of the covariances are zero. Only the variances are nonzero and

they have the form,

2,1 = (S50 [~ e, (30)
= () [ 1]

Two things are noteworthy about this: first, the variances in this representation do indeed scale
as we would have expected, and they are indeed intensively formally aggregable in the sense
that we have developed this methodology.
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40.2.3.2 Force Component Randomness

If the randomness of the attrition is natural to the force component coordinate frame, then
equation 26 is the appropriate FPK equation. In this case, we may again form ADEs and we
find that the expected value ADEs are the same as equation 28 so that we at least have the joy
of simple solution. The variance ADEs however, have a somewhat more complicated form,

d - 1 n
—02’,}; = ()\] + /\k) 0'2k + = (1 + (53";;) , ej,lek,,el—;/\m (fm) . (31)
dt 9 :

{,m=1

In this case, the covariances are not zero. If we again assume the variances are zero initially,
these equations may be solved as

< - Am .
(L+6x) D Cj,lek,le[,;l"———————)\. ISV (fm (0)) [e(AJ+Ak)z _ eAmt] . (32)
5 m

I,m=1

DO |

ng',k (t) =

While these variances may be transformed into the force strength component coordinate system
using the transformation described above, we note (sadly) that they cannot be aggregated in an
intensive form because they exhibit time dependence of all of the eigenvalues.

40.3 AntiPotential Potential

The AntiPotential Potential (APP) is an aggregation methodology used in a variety of combat
simulations to “value” weapon systems. [2] In this methodology, each weapons type (which
corresponds directly to the force strength components) has a “value”. In matrix notation, the

Blue values are

— —
ﬂBVB — (_C_Y_)T . ‘(VXR, (33)
and the Red values are
— —
prvi =G e V", (34)

— —
where: 35 and B% are Blue, Red proportionality constants; and V& and V' are "value” vectors.
If we combine these two equations, eliminating the respective “value” vectors, we may easily

find,

B aR1 B T T B
BEBRVE = “a’t e BT e V7, (35)
ﬁBﬂRWZ _ “E’T e @7 e ;7%’)

which we may clearly see are clearly eigenvector equations.
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Anderson notes a theorem, due to Frobenius, which states that if a matrix is “irreducible”

and nonnegative, then there exists at least one eigenvalue which is positive, and the maximum
value eigenvalue has corresponding eigenvector components which are all nonnegative. This
provides a basis for aggregation and the eigenvector components provide a weighting of the
force strength components in a manner analogous to what we have already seen in Intensive

Formal Aggregation.
If we start with the basic heterogeneous matrix ADEs,

(36)

Wl »]
!

— & B,
—
A

= — [ e

b

d
dt
d
dt
differentiate these with respect to time, and back substitute equations 36, then the resulting
second order matrix heterogeneous ADEs are

d? — —r —
EA = ‘ae B eA, (37)
d? — — L, =
‘(—iﬁB = ﬂ'OtOB.

. . — — —>
If we now define the left eigenvector matrices of ‘@’ o § and [ e ‘@ as e and €,
respectively, and further denote the eigensolutions as

T = CeA, (38)
— <—I—> —
b = € o B,
then the matrix heterogeneous ADEs, equations 36, become

d’_, =

.(R—é a = AN ea ) (39)

LT = N.T

a’ -t

> L d
where A% and )\ are diagonal matrices whose components are the squares of the eigenvalues.!

The eigensolution components are simply

1 Actually, the components are the eigenvalues of the calculation which are the squares of the eigenvalues of the
second order ADEs.
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a; (t) = a+le’\it+a et i = 1ung, (40)

bi(t) = by +bse” Nt § = 1.1,

since the ADEs are second order. If the two maximum eigenvalues are the same, then we may
designate these two solutions with the subscript m, and note that these solutions then have the

form of homogeneous Lanchester solutions

() = S emids (0) cosh (Ant) SR e B (0)sinh (), (41)
> me 2 2 o

np Na

by (t) = 3 e, ;B: (0) cosh (Amt) — emz,@IJA 0) sinh (Amt),
i=1 V n

m ;=]

which satisfy the homogeneous Lanchester ADEs

d
’(-i—tam = —Ebm, (42)
d _
"_bm = - m)
dt pa
where:
a = ZZemla,]emJ, (43)

If also follows that

.
vE = en, (44)
oz

and
prpE = A2, (45)
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40.4 ATCAL Methodology

The ATCAL (an acronym for ATtrition CALibration) is an aggregation methodology which in-
corporates (among other parameters) fire allocation. It is a methodology for taking the results
of high resolution (platform Ievel) simulations and aggregating them for use in lower resolution
simulations. It is noteworthy in our context here that the methodology is essentially not Lanches-
trian although it does bear similarities.[3] Since this is an exceedingly complex methodology, we
shall niot provide a complete description here but will limit ourselves to an overview of certain
aspects of the methodology to make associations with Lanchester theory. We do note that the
methodology is iterative because of the non-linearity of some of the equations.

Like the example chapter on stochastic, platform level simulation connectivity to intensive
aggregation, the ATCAL methodology is a bootstrap in that it uses the Killer Victim Scoreboards
and also Rounds Fired Scoreboards from higher resolution simulations. The methodology dis-
tinguishes among platforms, weapons, and target types which are designated by the indices 1, J,
k. A key quantity is the exponential mean number of systems (platforms, weapons, and targets)
during the combat. This is a key, non-Lanchestrian assumption, that the number of systems of
a given type has a trajectory during the combat which is exponential. That is, if the number of
systems (we suppress type indication for simplicity at this point,) is S (t) then this number has

trajectory,

S(t) =~ S (0)e™, (46)

where: S (0) is the number of systems at the beginning of the combat (which we recall is taken

from a high resolution simulation execution,) and & is an 7attrition” rate.
We may make a simple comparison of this approximation with homogeneous Lanchester

theory. If we designate the number of enemy (firing) systems by T (t), then the homogeneous
Lanchester solution for S (t) is just

S (t) = S (0) sinh (yt) — 67" (G) sinh (7t), 47

which we are familiar with from Part I of this work. In the short time or small attrition limit,
this equation may be expanded to first order in time as

S(t) ~ S(0)— T (0)¢, (48)
which we may rewrite as
N _ ol (0)t
S (t) ~ S (0) [1 50) } . (49)

Since the quantity in brackets is just an exponential to the same order of expansion, we may
approximately replace this with
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_ aT(0)t
S(t)~S(0)e 5O, (50)

which is exponential as is the ATCAL approximation.

The exponential average, which is used to account for large changes in system strength 2, is
defined as

. :

S(t")dt'

If we use equation 46 then this equation can be exactly integrated as

‘—Sv‘ — S (0) [1 - e—nt] (52)

Kt ’

S =

and if we make use of the change in system strength,

AS=85(0)[1- e, (53)
then this may be solved for the argument of the exponential,
AS
t=—In{l— 5= 54
w=-n(1-55). (54)

and the two equations substituted into equation 52 to yield

T ___éé___’ (55)
In (1 — 3%%)
which can be calculated entirely from the output of a high resolution simulation.

A key concept in the ATCAL methodology is the idea that during the duration of a combat,
targets are available for engagement only during some fraction of this time. This is represented
by quantities A;; which are the Availability of target type k to engagement by a weapon/platform
of type i. If there are a mean number of weapons/platforms of type ¢ of S;, then the fraction
of time that none of these targets are available (assuming they are completely uncorrelated,) is
(1- Ag)%. It is convenient to define the fraction of time that at least one target of type &k is
available for engagement by weapons/platforms of type 7 as

fa=1-(0- Aik)Si . (56)

2

A second key concept of the ATCAL Methodology is an absolute prioritization of target type
for each weapon/platform type. That is, if a weapon/platform of type ¢ is presented with the
simultaneous opportunity to engage two targets of different type and one type target has a higher

S(0)
2

2]f the system is essentially completely attrited, then a linear average of system strength would approach
which is potentially misleading.
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priority, that target is engaged completely preferentially to the other target. This allows a rigid
system of determining the fraction of time that each target type is available for engagement. If,
for convenience of notation, we assume that the targets are numerically ordered in decreasing
priority, then we may define actual fractions of time targets are available for engagement as

fio= fa (57)

fi* = fi (1—fi1),
2 = fis(l'fia)(lffil),

and so forth. In general terms, which do not assume ordering, these fractions may be written as

= fikH(l — fur), | (58)

where the product ranges over all targets of higher priority than target type k.
If the rate of fire by weapon/platform of type @ is 73, then the firing at targets of type k by

weapons/platforms of type i is simply
Fi = Sirifi (59)

from which the point fire attrition equation is defined as

(ASy)y; = Fi P ‘ (60)
= Srifu H (1- farr) Pijis

where: P, is a kills per round figure which is calculated by dividing the Killer Victim Score-
board value by the Rounds Fired Scoreboard value. It thus represents a “probability of kill per

shot” value.
If we designate the product of the rate of fire, the kills per round figure, and the actual fraction

of available engagement time,

KT = 7 Pijr [k, (61)
to be the product of an ”Attrition Rate Coefficient” k;;; times the duration of the combat 7, then

we may rewrite equation 60 as

(ASk)ij = :STiliijkT, (62)
then we have a simple attrition equation. If we now substitute equation 51 into equation 62,
then we get

(ASk)ij = A Si (t,) dt’Kijk, (63)
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which we méy differentiate with respect to time to get

d
Zi—tsklij = —f:iiji. (64)
If we now sum this equation,
d d
—S = =) 9%k 65
Tt ; g 63)

= - Z KijkOi,
i)j

which we recognize as nothing more than a heterogeneous »Lanchester” ADE written in com-
ponent form. This association is meant to be descriptive only and is meant to indicate that the
ATCAL methodology is Lanchestrian only within the limits of the approximations and assump-

tions outlined above.
For area fire, the ATCAL attrition equation is given as

AS = 5(0) [1 - e_ﬁ] , (66)

where: A; = the area of lethality of a single round, R = the number of rounds fired, and As =
the area occupied by the targets S (0). In a Lanchester context, we may make an assumption that
the latter area is a constant although this is not necessary, but is helpful for comparison purposes.
An implicit assumption of the ATCAL methodology is that all rounds fall within this area. We
recognize the exponential character of this equation as arising from the possibility of the lethal
area of successive rounds overlapping (see Part I). Recognizing this, we may differentiate this

equation with respect to time,

d d
ZizS(t) = —Ejai . (67)
L
T [ As ] ®),
since
St =S(0)e . (68)

We may now designate the Rounds fired as
R~ TS, (69)

which is just the product of the rate of area fire (rounds per time) per firer, the duration of the
engagement, and the exponential mean of the number of firers. Further, we designate the area

fire “attrition rate” as
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Aus (70)

which is comparable to what we have done carlier. The combination of equations 69 and 70
reduce equation 67 to

d d —
S oy = — LS WS _ 71
" S (t) o {Z KTS } S (¢) (71)
If we now again use equation 51, this equation reduces to
ii—S t) = _4 > K /T S; (t)dt'| S(t) (72)
dt dt |57t '
We may now differentiate this equation to obtain
L5 =-LrS@SW, (73

» ‘
which is just a heterogeneous linear Lanchester ADE (in component notation). We emphasize
that this comparison has been made simply for that purpose and does not constitute any claim
that ATCAL is Lanchestrian.

40.5 Conclusion

This chapter concludes Part III of the work. This concludes our discussion of heterogeneous
Lanchester attrition theory. It also concludes our discussion of basic Lanchester attrition theory
and sets the stage for Part IV which is a collection of chapters dealing with advanced Lanchester

theory in some sense.
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