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DEFINITION OF TERMS 

For the purposes of this study the authors have 

defined the following termsi 

Critical Time of Escalation (Tc)--The last possible time at 

which Blue can escalate and still win the war. 

(From RAND study.) 

Game--A mathematical model used to represent a particular 

situation of conflict between two or more opponents 

in which the outcome or payoff of the conflict 

depends upon the strategies independently selected 

by the players. 

Game Theory--The use of mathematical models to study con¬ 

flict situations. 

Effectiveness Coefficients--The rate at which a specific type 

of force can destroy a given type of enemy force. 

Force Utility--A single integrated measure of force capa¬ 

bility, the will to use that capability, and the 

anticipated effectiveness of that capability. 

Lanchester Equations--Differential equations formulated to 

calculate force levels as a function of time for 

given initial force levels and attrition rates. 

Minimax Principle--The choice of a strategy designed to 

minimize one’s own losses regardless of the partic¬ 

ular strategy selected by the opposition. 

viii 
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Payoff--The outcome of a conflict for a specific combina¬ 

tion of opposing strategies measured In terms of 

force utility. 

Payoff Matrix--The complete set of payoff values for all 

possible combinations of opposing strategies. 

Sensitivity--A change in Blue*s critical time of escala¬ 

tion greater than or equal to (3.1 day per a change 

of 100 units of the force level. 

Strategy--A set of decisions or decision formulation guide¬ 

lines outlining specific courses-of-action for all 

possible situations to be faced in the play of the 

game. 

Warfare» 

Conventional--Warfare limited to non-nuclear forces. 

Nuclear (All-out)--Warfare including nuclear weapons with 

no restrictions on weapon size or type of target. 

Nuclear (Limited)--Warfare limited to the use of nuclear 

weapons of less than 20 kilotons against a limited 

number of military targets. 



CHAPTER I 

INTRODUCTION 

Problem Statement 

Mathematical modeling is the primary means for study¬ 

ing the escalation of tactical nuclear warfare. The strength 

of the findings using such models is directly related to the 

integrity of the model and the values of the parameters used 

therein. The sensitivity of the model to changes in initial 

parameters provides some measure of the criticality of the 

parameters selected. 

In early 1973 the RAND Corporation submitted a draft 

study (3) to the United States Air Force concerning some 

methods of examining the effects of escalation of nuclear 

warfa.e using such a model. However, little thought was 

given to the selection of the original parameters. Knowl¬ 

edge of the sensitivity of the model to changes in original 

parameters would provide a measure of the usefulness of the 

results. Prior to this report no such sensitivity analysis 

had been performed on the RAND model. 

Background 

National Goals 

As the United States moves toward detente with the 

Union of Soviet Socialist Republics (USSR), national strategy 

should be formulated carefully. Although detente with the 

1 
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Communist world might be a reality, hopes for a lasting peace 

should be tempered with caution. Recent publicity given to 

detente does not mean that it has become more important than 

the fundamental goal of security through strength (8i2l), 

Americans should not think that the Soviets have abandoned 

their previous national objectives and goals. The Soviets' 

recent capability (since first-stage agreement on the Strate¬ 

gic Arms Limitation Talks--SALT) of deploying multiple, inde¬ 

pendently targetable re-entry vehicles should leave no doubt 

as to their objective of ", . . establishing clear military 

superiority . . . [8»3]." Those who advocate reduction of 

United States' armed forces and abandonment of the North 

Atlantic Treaty Organization (NATO), simply because the USSR 

has agreed to sit down and talk with the United States, have 

oversimplified fhe problem. The United States should remain 

militarily strong--consistent with national goals and objec¬ 

tives. President Nixon's strategy of realistic deterrence 

is applicablei military strength should be an intrinsic 

ingredient of any scheme for detente of world peace (8»155), 

Detente, as an approach to protect a nation's interests with¬ 

out resort to force, might not achieve its purpose uniess it 

is supported by military strength. 

It is precisely this strength which safeguards a 
nation's interests and enables it to head off crises, 
instead of having to pay the terrible costs cf war 
involved in actually applying this force once its 
threat has become clear. Power can be employed in 
administering pressure upon an opponent, forcing him to 
be conciliatory if he wishes to avoid a clash. Mili¬ 
tary strength, in short, can act as an incentive for 
an adversary to compromisei for if he is unwilling to 
be conciliatory, he is faced with the prospect of 
defeat in battle [25il2J. 
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Military Strength 

America's military strength performs a dual role in 

the balance of International power (2li868). During periods 

of peace a force's value la the weight It adds to negotia¬ 

tions as a potential threat. During war a force's value is 

Its ability to defeat the enemy. Military power of any 

nation Is a function of several factors. Nuclear capability 

has become an Increasingly Important factor In the military 

power of both the United States and the USSR (8tl). The 

Importance of nuclear capability to the NATO alliance should 

not be underrated (20*10). United States' participation In 

NATO Is important since the military strength of the Soviet 

Union and Its Warsaw Pact allies Is Inconsistent with a 

relaxation of tensions (8*3). 

The essence of NATO Is a pledge by 15 nations for a 

mutual defensive alliance--". . . NATO has neither offensive 

nor aggressive Intentions [29*459]." The alliance Is built 

around three components* conventional forces, tactical 

nuclear forces, and strategic nuclear forces (29*460). The 

conventional forces represent the commitment to the alliance 

(29*460). 

The tactical nuclear forces provide the firepower 
flexibility so urgent to the NATO strategy. . . . The 
option for controlled and selective use of tactical 
nuclear weapons Is a powerful deterrent. It is also a 
necessity, if we are to defeat any major aggression in 
Europe [29*460], 

Strategic nuclear capability represents the "... ultimate 

deterrent and, If necessary, the ultimate defense [29*460]." 

As recently as 1972 U.S. officials have stressed the need 
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to strengthen two of the cowponents In order to Increase the 

credibility of NATO to deter war--specifically conventional 

forces and tactical nuclear weapons (2»17). Reliance on 

nuclear weapons as a basis for NATO strategy was firmly 

established by the time the Kennedy administration took 

office (I2t6). The Nixon Doctrine, which includes a national 

strategy of flexible response, depends on maintaining NATO 

force levels which, in turn, depend uoon the level of United 

States forces in Europe (8i52). If the United States numer¬ 

ical force level is reduced there should be some off-setting 

factor--namely, an increase in nuclear capability, an 

increase in troop force levels from other NATO countries, an 

increase in troop efficiency (per capita productivity), or 

some combination of the three (5i27). 

For example, within the context of Mutual and Bal¬ 
anced Force Reduction, a reduction in the number of U.S. 
troops in Europe, carefully worked out and counter¬ 
balanced by technology, might not be a bad thing. In¬ 
creases in firepower and mobility and accuracy of weap¬ 
ons is a logical American substitute for sheer numbers 
. . . [15.51J. 

Nuclear capability, and the will to use that capability, has 

become an intrinsic part of the USSR-United States balance 

of power. 

The fear of mutual destruction through nuclear war 
has imposed effective restraints upon the foreign poli¬ 
cies of the superpowers in two respectsi the avoidance 
of direct military confrontation and, when it inadver¬ 
tently occurs, its speedy liquidation [18»430], 

Nuclear Capability 

"At the center of the swirling controversies involv¬ 

ing national security in 1974 will be the little-noticed 
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Issue of tactical nuclear weapons . . . [iQiló]," This issue 

will surface during talks on mutual force reduction, SALT II, 

and during debate over the U.S. defense budget (19tl6). Al¬ 

though SALT I was an attempt to limit the proliferation of 

nuclear weapons (lil5), there is no assurance that the 

Soviets have limited the production or development of nuclear 

capability (8i9). Subsequently, the mutual respect for 

deterrence is based on a perceived balance of power and rep¬ 

resents what can be described as an unstable equilibrium 

(I3i437), "Tactical nuclear weapons are clearly needed so 

long as the enemy has them at his disposal [28i48]." There 

is no absolute, objective, or quantitative method for actu¬ 

ally determining whether a balance actually exists. "It is 

this psychological conviction that a nuclear war is a geno- 

cidal and suicidal absurdity which has preserved the peace 

and at least a modicum of order in the relations of the 

superpowers [I8i437]." 

At the present time the U.S. nuclear forces support¬ 

ing NATO consist of abouti 190,000 ground forces, 7,000 

nuclear warheads, 2,100 tanks, and 400 tactical aircraft 

(27,17). 

The major argument for relying on tactical nuclear 
weapons has always been and continues to be based on 
the assumption that NATO cannot defend conventionally 
against vastly superior Warsaw Pact forces [l2t6]. 

Tactical nuclear war takes on importance because "... under 

alliance counterforce, and strategic parity, the true problem 

of defense lies on the tactical battlefield [10,7]." Current 

NATO policy also seens to Indicate a willingness to use 
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tactical nuclear weapons in response to non-nuclear attack 

(12.3). 

Although tests have been made on the effectiveness 

of nuclear weapons, the relative importance of nuclear capa¬ 

bility, as it relates to foreign policy and national power, 

is abstract and subject to conjecture (3ivii,l), A per¬ 

ceived potential for destruction is the key to the present 

unstable equilibrium mentioned previously. "Tactical nuclear 

warfare is a deterrent to tactical war as powerful as stra¬ 

tegic nuclear warfare has been , . , to strategic war £l0. 

8]." Any knowledge acquired pertaining to the specific value 

of tactical nuclear capabilities should contribute toward 

stabilizing the current political situation. More reliance 

on concrete knowledge and less reliance on perceptions should 

lead toward better foundations for world peace, even though 

that world peace may essentially be based on military strength. 

In order to gain additional knowledge of the values 

associated with military strengths, nuclear capabilities, and 

nuclear exchanges as they relate to foreign policy and inter¬ 

national alliances, various theories should be tested. It is 

not feasible to actually test these theories under circum¬ 

stances of armed conflict leading to nuclear war. Therefore, 

in order to derive some meaningful conclusions from any 

theory concerning the value of military forces, nuclear capa¬ 

bility, and nuclear exchanges some alternative method should 

be employed that can simulate a conflict environment. A 

feasible alternative is mathematical modeling. 
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Game Theory 

Mathematical modeling becomes appropriate in those 

cases involving decisions based upon some formal or system¬ 

atic approach to decision making. 

Proponents of greater reliance on . . . tactical 
nuclear weapons tend to look upon the problem of esca¬ 
lation as one that can be scientifically calculated 
through the use of certain analytical tools, including, 
for example, systems analysis, game theory, and simu¬ 
lation [12.9]. 

The solution of a problem requiring the analysis of a situa¬ 

tion involving two or more opposing sides, normally referred 

to as conflict situations, is aptly addressed through a 

mathematical technique known as game theory. "Game theory 

is a collection of mathematical models formulated to study 

decision making in situations involving conflict and cooper¬ 

ation [l4.3]," A detailed description of game theory was 

contributed by John Von Neumann. Although his ideas were 

first published in 1928, the most extensive account appeared 

in 1944 titled "Theory of Games and Economic Behavior," co¬ 

authored by Askar Morgenstern. The theory is based on intri¬ 

cate laws of strategy, how to adopt the best course of action 

to avoid defeat by the opponent» how to obtain the most favor¬ 

able outcome in a poor situation» and how to avoid the least 

favorable outcome in a good situation. In a situation that 

offers no clear-cut approach, game theory attempts to show 

how to find the strategy that will come closest to minimizing 

maximum possible losses--the principle of miniraax. 

A game occurs when each participant in a situation 
has an objective which may not coincide with the objec¬ 
tives of other participants, and when each of the 
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participants controls some, but not all, of the control¬ 
lable variables of the action and the outputs. . . . 
Conflict between opposing railitary forces is the out¬ 
standing instance of a game [l9il0-lj. 

Payoffs 

Conflict arises when adversaries have different pref¬ 

erences. If military confrontations can be quantified, in 

terms of opposing force levels or force values, game theory 

can be used to study possible effects of relative military 

strengths and strategy choices. Game theory "... describes 

in detail the potential payoffs . . . and points out how one 

should act in order to arrive at the best possible outcome 

in light of the options open to one's opponents [l4i3]." The 

objective of this approach is to estimate optimum force lev¬ 

els, force compositions, and strategies. In the case of a 

military conflict, a payoff represents a perceived value to 

the commander. This value, stated as a single number, fur¬ 

ther represents a merging together of a set of possible out¬ 

comes in terms of the forces involved, the environment sur¬ 

rounding the conflict, and the options available to the com¬ 

mander, Therefore, force utility may be defined as a single 

integrated measure of force capability, the will to use that 

capability, and the anticipated effectiveness of that capa¬ 

bility. Certain assumptions must be made when designing the 

model, albeit the number and type of assumptions may limit 

the relevance of the findings. Therefore, the usefulness of 

the findings depends upon the integrity of the* model and the 

assumptions necessary for its creation. 
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Lanchester's Equations 

The results of each side's strategy selection should 

be translated into a payoff in order to establish a game 

matrix. . . A critical point in Game Theory so far as 

its application to real-life conflict situations is con¬ 

cerned, is reached when we try to fill in the boxes with the 

values of the payoff [31»21]." In 1916 F. W. Lanchester pub¬ 

lished his Aircraft In Warfare. In this book Lanchester 

applied differential calculus to the problem of force attri¬ 

tion as a result of military contact. "Lanchester's work 

and extensions of his results have been nominated for use as 

attrition models in studies of conventional land, naval, and 

aerial battles and guerrilla warfare [l3i5]." If military 

capability can be equated to a rate at which one force can 

destroy another, Lanchester's differential equations can be 

used to represent this capability. Although Lanchester 

assumed an average combat effectiveness for the force as a 

whole, he ", . . pointed out that force-size itself is an 

exceedingly popular and much used measure to explain why the 

outcome of battle goes the way it does, and upon which to 

base expectancy of its future outcome [9»15-9]." Mathemat¬ 

ically these attrition rates are expressed as a function of 

forces committed against a particular target and the degree 

of effectiveness against the target at various levels of 

escalation. For example, Blue air forces may have effective¬ 

ness coefficients (the number of Reds that one Blue can kill 

per unit time) of 1.3 against Red ground forces and 1.0 
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against Red air forces in a conventional war and effective¬ 

ness coefficients of 17.8 against Red ground forces and 0.6 

against Red air forces in a nuclear war. Once the opposing 

force capabilities are represented mathematically a computer 

can be used to simulate the conflict. An elementary discus¬ 

sion of Lanchester's theory and the derivation of the dif¬ 

ferential equations can be found in Appendix A. 

RAND Study 

To make an adequate and practical determination of 

the relative value of military forces and nuclear capability 

", . . it is desirable to have quantitative estimates of 

the marginal values of competing force types [211868]." 

Thomas A. Brown, Selmer Johnson, and Mel Dresher of the 

RAND Corporation used such a model (hereafter referred to as 

the BJD model) for determining optimum strategies and con¬ 

flict outcomes in a study for the United States Air Force. 

The specific purpose of the study was 

. . . to develop an analytic means for obtaining in¬ 
sights into the relative capabilities of theater nuclear 
forces, some of the interactions with conventional 
forces, and an ability to assess aspects of theater 
deterrence and military stability [7»lj. 

In creating the model, the opposing forces were 

divided into ground, air, and missile capabilities. No sub¬ 

divisions of these capabilities were considered, and the 

force structure was assumed to be fixed once conflict began. 

Ground and air forces were assumed to possess both conven¬ 

tional and nuclear capability. Missile forces, however, were 

configured strictly as nuclear weapons. The model itself was 
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a highly aggregated Lanchester model and consequently had 

. , the disadvantage that every effectiveness factor [was] 

a study in itself [3.2]." Effectiveness coefficients were 

critical to the play of the game. Their arbitrary selection 

negated the value of the game theory approach to the problem. 

Furthermore, the RAND model did not provide for force rein¬ 

forcement nor did the model allow for reconfiguration of 

forces (converting a conventional capability to a nuclear 

capability) after conflict began (3.6-8), Each force had 

the option of four different strategies (Figure 1). 

Simulation of military conflict using Lanchester's 

theory involves the use of the average quantitative effects 

that determine the outcome of the battle because of the 

importance of sheer force size and an average attrition 

rate (9.2-12). The use of analytical models to represent 

something as dynamic as warfare can be unreliable unless the 

results are considered tentative and analyzed qualitatively 

as well as quantitatively. Therefore, the validity of any 

model depends, in large part, upon the proper selection of 

assumptions and the proper relationships between components 

of the model. One method for testing the validity of con¬ 

flict simulation models is to vary one or more of the prin¬ 

ciple parameters of the model and then analyze the outcome to 

see if the results are consistent and plausible. In other 

words, a sensitivity analysis is required if the model is to 

be accepted as a reliable representation of the situation 

under study. If the outcome is highly dependent upon 
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CHAPTER II 

AN ESCALATION MODEL 

A nation’s military capability is directly related 

to the overall amount of national resources allocated to it. 

In effect, once this figure is established, an upper bound 

has been placed upon the effectiveness of a nation's forces. 

Additional factors include the specific types of forces to 

be employed and the percentage of available resources allo¬ 

cated to each. In the RAND Study, force composition was 

limited to mixtures of ground, air, and missile forces 

(3tvii). This assumption agreed with the intended purpose 

of the BJD model» the study of escalation in a tactical 

nuclear environment. Given this classification of forces, 

the arount of national resources expended on any one of 

these types of forces (air, ground, missile) restricts the 

amount available for the other two types of forces. Once a 

determination has been made as to how available resources 

will be divided amcng the three force types, a force mix has 

been defined. Thus each specific force mix can te identified 

with specific percentage figures. The total set of all pos¬ 

sible force mixes available to either side, subject to the 

overall resource allocation constraint, is represented in 

Figure 2. 

14 
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total set 

Figure 2 

Set of Possible Force Mixes 
Available to Either Side 

The selection of a particular force .nix by each of 

the opponents establishes a preconflict posture unique to 

that particular set of forces chosen. For an established set 

of force mixes the outcome or payoif will depend upon the 

strategies selected, the effectiveness coefficients of the 

two sides, and the times at which the opponents choose to 

escalate. 

The RAND study initially assumed a force mix (air, 

ground, and missile) for Blue forces and Red forces as shown 

in Table 1 (3ill). The effectiveness coefficients used in 

the study are shown in Table 2 (3ill). 

The particular values chosen "... enable Blue to 

win a nuclear war if T(B) [time of escalation for Blue] = 

T(R) [time of escalation for Red] " 0. Red will win a con¬ 

ventional war where neither side goes nuclear [3i20]." As a 

result, the study suggests that in order to win, Blue must 
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Table 1 

Initial Force Values (Utility)--RAND Study 

Ground Forces B(2) - 3006 

Missiles B(3) “ 180 

R(2) = 6618 

RO) = 300 

Table 2 

Effective Coefficients for Weapon Type 
vot*«.is Weanon Tvx>e--RAND Study 

Nuclear War 

Target 

Weapon 

Air 

Ground 

Missiles 

u 
•r4 
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Î 
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<D 

0) 
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30.0 13.2 1.6 

0 0.8 0 

15.0 15.0 1.0 
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•r4 
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15.0 

0 

15.0 

’S 

l 
o 

13.2 0 

0.1 0 
15.0 1 

Conventional War 

Target 

Weapon 

u 
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o 

(0 
0 
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0) 
(0 

X 
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•W 
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Air 
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0.4 1.32 0.2 

0 0.08 0 

0 0 0 

0.7 1,32 0.2 

0 0.02 0 
0 0 0 
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escalate to the nuclear level prior to some specific point In 

the conflict. A question specifically addressed by RAND 

dealt with the determination of this critical time of esca¬ 

lation, defined as >. . . the last moment that Blue can esca- 

late from conventional to nuclear war and still win the war 

. [3i20j." It 1= at this critical rime of escalation 

that Blue loses his nuclear supremacy. Thus, It serves as 

-. . . a measure of stability because it measures the secu¬ 

rity, or ruggedatss, of Blue's nuclear deterrent [3.vUi].” 

To test the sensitivity of this critical time of escalation 

an initial force value was arbitrarily (3,22) Increased by 

100 units, e.g., B(l) = U00 + 100 = 1200. while the 

remainder. Bd). B(3). Rd). Rd). Rd>' r"d 

This represented a second conflict situation. For the third 

case 3(2) was increased by 100 while the remainder were kept 

at their original values (B(l) reset to 1100). The resulting 

total sample of force mixes used by RAND for the study was 

limited to the seven force mixes shown In Table 3. The 

results of the original RAND study are listed In Table 4. 

The study, limited to the seven cases listed In Table 3, 

seemed to indicate that, for the values chosen, a critical 

time of escalation did exist and was Indeed sensitive (l.e., 

caused a change in critical time of escalation greater than 

or equal to .1 days or 2.4 hours) to changes In certain force 

values (air and missile forces) and was not sensitive to 

changes in other force values (ground forces). 
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‘indicates the force value that was increased 
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Table A 

1 

2 
ó 

4 

5 
6 

7 

1.19662 
1.67052 
1.26585 
1.73303 

.95377 
1.17273 

.48238 

+.47390 
+.07923 
+.53641 
-.23785 
-.02389 
-.71424 

It was out intent to expand upon the orlBinal sensx- 

clvlty analysis. To do so a separate set of foree values 

were to he selected as a base case study and the force values 

allowed to vary as in the oriGinal study. 

instruments 

The RAND study dealing with the sensitivity of the 

critical time of escalation included Lanchester equations to 

calculate the outcome of the conflicts (Appendix A). The 

RAND analysts varied the force levels while holding the 

effectiveness coefficients and the strategy set constant. 

„ omoucor facilities available to us. the Air Force 
Since the computer lacm-t 

Xnstitute of Technology. School of Systems and Logistics. 

CREATE system (Computer Resources for Engineering and Simu- 

. .,., 11SC the JOSS (Johnniac 
lation Training and Education) dxd not use the 

Open Shop System) computer language, we translated the BJD 

program into FORTRAN in order to expand upon the study 

(Appendix B). The FORTRAN program was then used to replica 



the values obtained in the RAND study in order to verify the 

integrity of the translation. This translated program was 

the instrument used to test for the existence of a critical 

time of escalation and its sensitivity to changes in the 

force values chosen. 

Once the findings obtained in the RAND study with the 

original force values and effectiveness coefficients were 

replicated, the original force values were replaced with the 

values furnished us by Mr. R. F. Robinson, AF/SAG, sponsor 

of the RAND study (24). 

The strategy sets, missile depletion rate, effective¬ 

ness coefficients, and delay in time of escalation for Rod 

were to be identical to the RAND study. As in the original 

study Blue's target priorities were air, then missile, and 

then ground. Red's target priorities were air, and then 

ground. Poth missile utilization rates were set equal to the 

number of missiles on hand at the outset. That is, all mis¬ 

sile forces were to be consumed in one day of conflict 

regardless of the number on hand at the start of the battle. 

Finally, the delay in the time of escalation for Red was kept 

at .1 days or 2.4 hours. 

Study Design 

In testing the sensitivity of the BJD model we used 

the force values shown in Table 5 as a base case. These 

values were chosen to replace the original values used in the 

RAND study on the recommendation of Mr. Robinson. As pre¬ 

viously mentioned, the effectiveness coefficients, conflict 
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scenario, and delay in time of escalation for Red were to be 

identical to that of the original study. 

Table 5 

Force Values (Utility)--Current Study 

Blue Red 
Base Base 
Value Range Value Range 

Aircraft 3,200 2,800-4,000 2,400 1,900-3,200 

Ground Forces 12,000 6,000-18,000 19,000 9,000-30,000 

Missiles 180 0-1,100 300 0-3,000 

The RAND study limited its investigation of the sen¬ 

sitivity of the BJD model to single excursions of 100 units 

added separately to each of the force values. We intended to 

investigate a much wider range as indicated in Table 5. For 

those cases where a critical time of escalation did exist the 

values were to be incremented in steps of 100 units at a time. 

As in the original study only one force value was allowed to 

vary at a time. When the results of a specific force value's 

excursions over its particular range were determined, the 

force value was again fixed at its original base case value 

for the excursions of other values. The data for cases under 

study was collected and presented in a format similar to 

Table 6. 



Table 6 

Data Collection Format for Sensitivity Analysis 

22 

Value of 
Force Change Critical 
Value in Time of 
Modified Value New Value Escalation 

Change From 
Critical Time 
of Escalation 
at Base Case 

-r 

B(l) 

• • 
-200 
-100 
+100 
+200 • • • 

— 

B(2) 

• 

-200 
-100 
+100 
+200 • • • 

B(3) 

• • 
-200 
-100 
+100 
+200 • • • 

K(l) 

• • 
-200 
-100 
+100 
+200 • • • 

R(2) 

• • 
-200 
-100 
+100 
+200 • • • 

R(3) 

• • 
-200 
-100 
+100 
+200 t 

9 • 
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Assumptions 

1. A critical time of escalation does exist for the 

force values and effectiveness coefficients chosen. 

2. Payoffs for conflict simulation can be measured 

numerically. 

3. Both sides selected their strategies in a rational 

manner so as to optimize their resulting payoffs. 

4. Forces could be divided into only three separate 

categories--ground, air, and missile. 

5. Ground and air forces could be used at all levels 

of conflict. 

6. Missile forces could be used only at the limited 

nuclear and nuclear conflict level. 

7. Missile forces were neither used nor attacked in 

conventional war. 

8. Ground and air forces were attrited only by enemy 

action and not by use. 

9. Ground forces were used only against ground 

forces. 

10. There was a delay time of .1 days (held constant 

for all situations) before changes in strategy could be 

effected. 

11. Once conflict was initiated forces could not be 

reinforced or reconfigured. 

12. Once conflict was initiated only the possibility 

of further escalation was considered. Therefore, no provision 

was made for unilateral de-escalation. 



24 

Limitations 

As in the RAND study the sensitivity analysis on the 

force values was conducted with a specified battle scenario, 

set effectiveness coefficients, and a fixed delay in time of 

escalation for Red. 



CHAPTER III 

RESULTS 

Program Translation 

The translation of the BJD computer program from JOSS 

(4,11) into GE FORTRAN IV (26) was the first step required in 

our thesis effort. (A computer listing of the FORTRAN ver¬ 

sion appears in Appendix B.) As previously mentioned this 

was necessary since the facilities available to us did not 

include the JOSS computer language. 

In the process of translating, several changes were 

made to the original BJD program. For example, a number of 

modifications were made to adapt the BJD program to FORTRAN 

logic. These modifications consisted mainly of restructuring 

the order in which operations were carried out. The numbers 

used within the program to identify the various sections of 

the translated version correspond to the numbered sections of 

the original program. While this practice resulted in a 

nonsequential numbering of the sections, it did facilitate 

cross-referencing the translated program with the original 

JOSS version. Additionally, variable names used within the 

program were changed to make them more meaningful and thereby 

make the program logic easier to follow. For example, the 

expression B(l), used in the original version to stand for 

Blue's air strength was changed to BLUEFOR (l)i the letter N, 

25 
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used in the BJD model to represent the rate at which Red's 

missile forces are depleted was changed to REDMSLR. Addi¬ 

tionally, we added a number of comment statements throughout 

to explain the internal logic of the program and the calcu¬ 

lations carried out in the various sections. It should be 

emphasized that the changes made in no way compromised the 

integrity of the original program. The formulas used within 

the translated version and the results obtained with it for 

the original force values and effectiveness coefficients were 

identical to those used in the original study. 

Verification 

In order to verify the integrity of the translation 

the two examples discussed in the original study were dupli¬ 

cated using the translated program and the results compared 

to those of the original study. In doing so, the force 

values and effectiveness coefficients used were identical to 

those used in the original study. 

In part one of the verification process the program 

was used in the standard fashion. Times of escalation for 

both Blue and Red along with the respective strategies were 

inserted in the same order as in the original example. The 

intermediate findings and the final results (shown in Appen¬ 

dix C) were identical to the original example. 

In the second portion of the verification process 

the example dealing with the calculation of the critical time 

of escalation for Blue was duplicated. Here again the 

results were identical to those obtained in the original 



27 

study (Appendix D). 

Once the program had been validated, the computer pro¬ 

gram was modified to include a subroutine which automatically 

computed the critical time of escalation. This was in con¬ 

trast to the original 5JD model where the user was required 

to input different times, using trial and error, until the 

critical time of escalation was found. The subroutine used 

in the modified version of the computer program is in 

Appendix E. 

Sensitivity 

Original Variables 

Since the sensitivity of Blue*s critical time of 

escalation to the force values used was our primary interest, 

the sensitivity analysis of the original study was expanded 

upon in conjunction with the verification process. This was 

done simply by expanding the range over which the force 

values were allowed to change. 

The limits of the expanded range, established in 

accordance with guidance furnished by Mr. R. F. Robinson, 

AF/SAG (24), were one-half the base case value and twice the 

base case value or that point beyond which a critical time of 

escalation did not exist, whichever came first. The results 

of this expanded analysis on the original force values and 

effectiveness coefficients are presented in Table 7. As in 

the original study changes in air rnd missile force levels 

produced a change in the critical time of escalation of 

greater than .1 days per 100 units of change in the force 
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Table 7 

Expanded Sensitivity Analysis on the Original 
Force Values and Effectiveness Coefficients 

Force Change 
Value in New 
Modified* Value Value 

Value of 
Critical 
Time of 
Escalation 

Change From 
Critical Time 
of Escalation 
at Base Case 

B(l) 
(1100) 

- 500 
- 200 
- 100 
+ 100 
+ 150 

600 
900 

1000 
1200 
1250 

0.059 
0.632 
0.881 
1.670 
2.100 

-1.138 
-0.565 
-0.316 
+0.473 
+0.903 

-1506 1500 
- 200 2806 

B(2) - 100 2906 
(3006) + 100 3106 

+ 200 3206 
+2994 6000 

0.553 
1.068 
1.130 
1.266 
1.338 
5.156 

-0.644 
-0.129 
-0.067 
+0.069 
+0.141 
+3.959 

B(3) 
(180) 

- 90 
+ 100 
+ 180 

90 0.840 
280 1.733 
360 2.311 

-0.357 
+0.536 
+1.114 

R(l) 
(900) 

R(2) 
(6bl8) 

- 125 
- 100 
+ 100 
+ 200 
+ 900 

-3318 
- 200 
- 100 
+ 100 
+ 300 
+6382 

825 
800 
1000 
1100 
1800 

3300 
6418 
6518 
6718 
6918 

13000 

1.505 
1.672 
0.959 
C .802 
0.341 

2.405 
1.245 
1.220 
1.173 
1.126 
0.550 

+0.308 
+0.475 
-0.238 
-0.395 
-0.856 

+1.208 
+0.048 
+0.023 
-0.024 
-0.071 
-0.64 7 

- 150 
R(3) - 100 
(300) + 100 

+ 190 

150 2.927 
200 2.232 
400 0.482 
490 0.001 

•>1.730 
+1.035 
-0.715 
-1.196 

Critical time of escalation in the original base case = 1.19662 

'all other values are unchanged from those shown 
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level. Changes in the ground forces produced a change in the 

critical time of escalation of less than .1 days per 100 

units of change in the force level. According to the defi¬ 

nition of sensitivity we used (a change in critical time of 

escalation greater than or equal to .1 days per a change in 

the force level of 100 units), the BJD model was found to be 

sensitive to changes of air and missile forces and not sen¬ 

sitive to changes in ground forces. This finding confirmed 

the results of the RAND study. 

New Variables 

Having translated the BJD program, verified the 

integrity of the translation, and replicated and expanded 

upon the sensitivity analysis of the original force values, 

we were ready to conduct our study, a sensitivity analysis 

on a different set of force values. The new force values 

(Table 5, p. 21 ) which formed the basis of our study were 

furnished by Mr. Robinson, AF/SAG (24). While it was our 

original intent as outlined in the study design of Chapter 

II to change only the force values, Mr. Robinson requested 

that the effectiveness coefficients used in the program also 

be changed. The new effectiveness coefficients are listed 

in Table 8. At his request both the force values and effec¬ 

tiveness coefficients were changed simultaneously. Having 

done so, an attempt was then made to determine the critical 

time of escalation for the base case. In the process, times 

of escalations for Blue ranging from 0 to 999 were used. In 

all cases the Cateóme was the sarae--Blue won (Table 9). In 

(¾¾ !»(.! 



E
f
f
e
c
t
i
v
e
n
e
s
s
 
C
o
e
f
f
i
c
i
e
n
t
s
 
f
o
r
 
W
e
a
p
o
n
 

V
e
r
s
u
s
 
W
e
a
p
o
n
 
T
y
p
e
-
-
C
u
r
r
e
n
t
 
S
t
u
d
y
 

»Mi ‘'•Viívt.i ipKIÍHfWí ! 



R
e
s
u

lt
s
 
o
f
 
th

e
 
S

e
n
s
it

iv
it

y
 
A

n
a
ly

s
is
 

U
s
in

g
 

th
e
 

N
ew

 
F

o
rc

e
 
V

a
lu

e
s

 
a
n

d
 
E

f
f
e
c
ti

v
e
n

e
s
s
 
C

o
e
f
f
ic

ie
n
ts

 

31 

(0 

«0 
E 
ÿ. cc 

o 
H 
4-1 O 
O 2 

fl) 
O 
c 
0 
4-> (0 
(0 o> 

•1-4 
X 
w 

o 

(0 
(0 

W .^4 

r-4 

tfl 
> 

’S 
o ß 
U 3 
k 0 
o u 

t*. Ü 

•o 
0) 
Cá 

u 
-r* 
< 

o 
P-4 
•r4 

co w 
O n 
3 >p4 

2: 
« 
> 
0) -o 
U 3 
U 3 
O 0 
tu t4 

O 
0) 
3 

P-4 
CC u 

•r4 
c 

0) 
co 
cd 
u 

^-nO O vT 
re ro m 

1-4 1-4 0 0* 
00 00 • *CM 

• * f—* r-4 t—I 
-}C -:c ^ -{t m -i* ^ in n -ÎC ro r-4 

$ Í Î 

•5C -jc ^ ■}< -}c -ÍC it it it it it it it it 

O 
O 
co 

O 
o 
0 
CO 

00 
00 
00 

00 
00 
0 0 

co co co co 

O 
o 
0 

•k 
ON 

0 
0 
<r 

«• 
rM 

O 
00 
r-4 

o 
0 
0 

0 
0 
0 
• 

0 
CO 

00 
00 
00 

« •» 
00 coco 

0 
0 
CM 
• 

CO 

0 
0 
CM 

O 
O 
CM 

OO 
OO 
OO 

a* m 
OO 
COCO 

OO 
OO 
CM CM 

CO CO CO CO 

OO 

0 
0 
0 

CM NO 

OO 
0 0 
CMC0 
» ah 

CO CM 

0) 

OO 
OO 
OO 

ah ah 
VO VO 

o 
0 
0 

0 
0 
0 

vO vO 

O 
o 
00 

0 
0 
00 

0 
0 
00 

0 
0 
00 

CM CM CM CM 

«p-4cMcosj-invor>.ooovoHcMco<rin 
CÖ 
P3 

to 
c 

Xf 
Q) 
4-) 
tfl 
0 
•r4 

c 

0) 
E 

0 

■5 
"H 
0 

0) 
Xi 

0 
u 

c 
0 

•iM 
4-) 
td 
r-l 
cd 
Ü 
CO 
0) 

4-4 
0 

<y 
E 

4-) 
r-4 

(0 
•pi 
j: 
to td 

cd o 
r-4 4-> 
(1) cd 

•O P-4 
td 
o 
CO 
O 

cd 

CO 
>» 
cd 
* 

P-4 
cd 

d) 
3 

<D 
•C 
cm 

4-) 
O 
G 

•f-4 CO 
^ 0 

0 
0) TO 
3 

03 03 
it 

Í 

ti 
O 



32 

no case, regardless of the time selected for Blue to escalate, 

could Red win the conflict. Since the final outcome (i.e., 

whether or not Blue would win) was found to be independent of 

Blue's time of escalation, no critical time of escalation 

could be established for the set of force values and effec¬ 

tiveness coefficients under study. 

This clearly violated one of the assumptions made at 

the outset of the study, i.e., a critical time of escalation 

does exist for the force values and effectiveness coefficients 

chosen. This being the case there was little value in test¬ 

ing for the existence of a critical time of escalation for 

force values for Blue greater than the base case or for force 

values for Red less than the base case. Clearly, any such 

changes to the force values made in these directions would 

only strengthen Blue's position. Indeed our primary objec¬ 

tive now became one of locating a case that would admit to 

the existence of a critical time of escalation for Blue. To 

do so required that we either weaken Blue's position or 

strengthen Red's position or some combination of the two 

changes. 

In an attempt to do so. Blue's force values were 

decreased to the lower limits as shown in Table 5 (p. 21 

Blue's force values were varied singularly, in pairs, and 

finally all three at a time. Blue’s force values were then 

returned to their base case values and Red's force values 

raised to the upper limits shown in Table 5 (p. 21). Again 

Red's force values were varied singularly, in pairs, and 
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three at a time. In a final attempt to locate a critical 

time of escalation all of Blue's force values were dropped 

to the lower limits and all of Red's force values were 

raised to the upper limit of the range. The results of the 

various trial cases is depicted in Table 9. As indicated in 

Table 9 no case could be found that would admit to the exist¬ 

ence of a critical time of escalation. This being the case, 

no analysis on the sensitivity of Blue's critical time of 

escalation to the force values used was possible. 

É 



CHAPTER IV 

DISCUSSION AND CONCLUSIONS 

Discussion 

The outcome of the conflict simulation was signifi¬ 

cantly affected by the changes to the variables, as requested 

by Mr. Robinson (24), and an underlying nuclear superiority 

enjoyed by the Blue forces. The contrast between the results 

of our thesis and the study conducted by RAND can be attribu¬ 

ted to three factors« (1) the changes made to the force 

values, (2) the changes made to the effectiveness coeffi¬ 

cients, and (3) Blue's nuclear superiority. 

Force Values 

As previously discussed, there were significant 

changes made in the force values used for this study as con¬ 

trasted to those force values used in the RAND study. As 

shown in Table 10 the ratios of Blue air to Red air and 

Blue ground to Red ground were increased, and, in addition, 

the ground forces for both sides became a larger proportion 

of each total force. These changes, coupled with the changes 

in the effectiveness coefficients (to be discussed next), 

resulted in the conflict outcome as explained in the previous 

chapter. Furthermore, the increase in the overall force 

ratio--from 0.55«1 to 0.?l«l--and the change in effectiveness 

coefficients resulted in a situation where Blue could never 

34 
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lose a conflict at the base case regardless of the time of 

escalation. 

Effectiveness Coefficients 

The changes made to the effectiveness coefficients 

have been discussed several times previously but, for the 

sake of clarity, the changes are summarized and shown in 

Table 11. The important thing to note is not the absolute 

changes for any particular force but the change in the rela¬ 

tionship that now exists between two opposing forces. For 

example, Table 11 shows that the Blue effectiveness coeffi¬ 

cient for air versus air in nuclear conflict was changed from 

30,0 to 1.1. However, it is more important to note in Table 

12 that the previous effectiveness coefficient for Blue air 

versus Red air was twice the coefficient for Red air versus 

Blue air (30,0 compared to 15.0) but the new coefficients are 

1.1 for Blue and 0.8 for Red--a Blue to Red ratio of 1.375, 

This indicates the two air forces, in a nuclear conflict, are 

much closer in effectiveness than previously. 

Another significant change is the difference in effec¬ 

tiveness for ground versus ground--nuclear conflict--with the 

new effectiveness coefficients. The new values now indicate 

that Blue ground forces are ten times as effective as Red 

ground forces in a nuclear conflict. 

In case of a conventional conflict, the new values 

indicate another significant change in the case of air versus 

air. Before the change, Red was more effective (Blue--0.4, 

Red--0.71 a ratio of 0.57lil), but after the change Blue has 

à « 
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become more effective (Blue--0.12, Red--0.08t a ratio of 

1.5,1). Also the effectiveness of Blue's air against Red's 

ground, instead of being the same, is now 35 cimes more 

effective than Red's air against Blue's ground. 

The results of the changes for nuclear conflict are 

shown in Figures 3 and 4. These figures show the comparative 

loss rates for the two forces using the original variables 

(Figure 3) and the new variables (Figure 4). Since the crit¬ 

ical time of escalation in the RAND study was 1.2 days (3,22), 

the conflict is simulated and losses shown for the first day 

of conflict. This was done to provide a uniform time inter¬ 

val for the sake of comparing the situation shown in Figures 

3, 4, and 5, At the nuclear level of conflict we found that 

Blue encounters a higher rate of loss than before, but still 

had an overwhelming nuclear advantage. At a conventional 

level of conflict the biggest change occurs in the area of 

air effectiveness. This is depicted in Figure 5. As can be 

seen in this figure, there is a complete turnaround in the 

air against air battle. Furthermore we found (Table 13) that 

at a conventional level of conflict with the new effective¬ 

ness coefficients, Red's air forces attrite to zero at time 

7.27 days leaving Blue with a force value of 2530 for air. 

At time 9.6 days Blue's ground forces have been reduced to 

zero by Red's ground forces leaving each side with its mis¬ 

siles, which do not engage in a conventional conflict. 

Therefore, Blue ultimately wins by using his remaining air 

against Red's ground units which can not attack air in this 
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Figure 3 

Cumulative Losses for Nuclear Conflict 
With Original Variables 
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Figure 4 

Cumulative Losses for Nuclear Conflict 
With New Variables 
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Time (days) 

Figure 5 

Comparison of Original and New Variables 
for Air Losses for Conventional Conflict 
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Conclusions

We conclude that the outcome of simulated conflict 

using the BJD model is sensitive to changes in the force 

values and the effectiveness coefficients. Because of the 

nature of the changes requested by Mr. Robinson, force values 

and effectiveness coefficients concurrently, it is not pos

sible to determine the effects ec.ch of the changes might have 

made individually. As mentioned in Chapter III, our original 

intent was to vary only the force values since we felt that a 

sensitivity analysis on the effectiveness coefficients was a 

study In and of itself.

In one important respect our findings were contrary 

to RAND's findings. Specifically, a critical time of escala

tion, in the sense defined by the RAND study, does not neces

sarily exist. As explained before, various changes to the 

force values and to the effectiveness coefficients can mate

rially change the relationship betv^n the Blue and Red 

forces. The changes requested by Mr. Robinson resulted in a 

situation vdiere Blue can always win with proper timing of his 

escalation. Furthermore, if Blue delayed his escalation to 

the nuclear level until he had exhausted most of Red's nuclear 

potential. Blue could then escalate to the nuclear level and 

minimize his losses for that conflict. We defined this "time'' 

as the critical time of delay in contrast to RAND's "critical 

time of escalation."

Nevertheless, when validating the translated computer 

program, trial runs wore made on various force compositions



uslne the original variables. As discussed In Chapter III, 

the outcome of these excursions shov'ed that the conflict out

come of the original model was sensitive to changes In force 

values for air, somewhat sensitive to changes In force val

ues for missiles, and not sensitive to changes In ground 

force values.

Recommendations

As a result of the findings of this study we recom

mend the following arenas for additional research on the 

original RAND project.

1. Conduct a sensitivity analysis on the effective

ness coefficients holding the force values constant. We sug

gest that this be done using two base casesi (1) with tlie 

original force values used In the RAND study, and (2) with 

the new force values described In Mr. Robinson's memorandum 

(24).

2. Conduct a sensitivity analysis on the missile 

exchange rate. As explained In Chapter II, the present 

missile exchange rate Is set to exhaust the missile forces 

In exactly one day regardless of the number on hand at the 

outset. This could be varied to allow for a greater exchange 

ratei e.g, all expended In one-half of a day, or reduced by 

allowing for expenditure over two or more days.

3. Conduct a sensitivity analysis on the one-tenth 

of a day delay time used for counter escalation. We believe 

that a response within less than two and one-half hours Is 

not realistic. In the case of nuclear weapons, communications
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alono could lake considerably lon6er, e.E. six hours or more. 

The model should be analyzed with respect to what difference 

in outcome would result if the delay time were increased from 

.1 to .25 (or longer). 

A. Conduct a study of chances in outcomes based on 

varying the scenario. The RAND study and our thesis assumed 

a one step escalation from conventional to nuclear conflict. 

The model is designed to handle a phased escalation 

(conventional-limited-nuclear) and the results of this 

should be analyzed accordingly. 
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APPENDIX A 

LANCHESTER THEORY 

As an explanation of the derivation of Lanchester s 

Equations we extracted the following material from "A Lan¬ 

chester Model for Air Battles," an unpublished Master's 

thesis by John H. Latchaw (13). This particular discussion 

was used because it represented the most concise, clear, and 

logical explanation of Lanchester's equations of all the 

references studied by us. We quoted verbatim except for 

changes to symbology on notation. These changes were made, 

where possible, so that the discussion would conform to the 

symbology and notation used in the RAND study. 

Lanchester Equations 

Lanchester (Aircraft In Warfare-1916) expresses his 

theory in mathematical statements by considering how force 

size varies during the course of battle. To accomplish this 

he represents force size as a function of time and assumes 

that the battle is continuous and terminates with the anni¬ 

hilation of one force. 

The equations include a number of inherent assump¬ 

tions« 

(1) Forces on either side are within range of all 

opposing forces. 
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(2) Each force type is internally homogeneous, being 

equally vulnerable and having equivalent effectiveness co¬ 

efficients (though the vulnerability and/or effectiveness 

coefficients of one side can differ from that of the other), 

(3) Both sides possess perfect information (i.e. are 

at all times aware of the location and condition [dead or 

alive] of all enemy forces). 

(A) Fire is uniformly distributed over surviving 

units, 

(5) No replacements are made after the conflict 

starts. 

(6) Effectiveness coefficients remain constant 

throughout the conflict. 

Let B represent the Blue force size at time t and R 

represent the opposing Red force size at time t. Let k be a 

parameter representing force B's combat loss rate per oppos¬ 

ing combatant. That is, k expresses the number of B's 

fighting units which a member of the R force is capable of 

destroying per unit of time. 

The parameter k is most frequently interpreted as 

the product of the rate of fire of a single R force fight¬ 

ing element and the probability of destroying a B force 

element with a single round of fire. Let 1 similarly rep¬ 

resent force R's combat loss rate. The dot notation shall 

be used here , . . to denote differentiation with respect 

to time. Using the preceding conventions, a battle conform¬ 

ing to the Square Law conditions may be represented by the 
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following set of differential equations. 

B = -kR (1) 

R = -IB (2) 

A solution for this set of equations can be obtained 

in the following manner. Differentiate and rearrange equa¬ 

tion (1) . 

B + kR = 0 (3) 

Substitute -IB from equation (2) for R in equation (3). 

B - klB = 0 (4) 

V 
Solve equation (4) and let y represent (kl)2. 

B = c,eyt + c0e (5) 

Similarly 

R = k1eyt + k2e‘yt (6) 

Let the initial force sizes at time zero be denoted by B0 

for the Blue force and by R0 for the Red force. Substitute 

zero for t in equations (5) and (6). 

Bo = ci + C2 

Rq “ Kl + k2 

(7) 

(8) 

Differentiate equation (5) and substitute the resulting 

expression for B in equation (1). Also substitute the 
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right hand portion of equation (6) for R in equation (1). 

c1yeyt - c2ye ^ s -R(K^e + K2c (9) 

When t equals zero( equation (9) becomes 

y(c1 - c2) = -k(ki + k2^ ^ 

Similar substitutions from the derivative of equation (6) 

and equation (5) in (2) produce 

y(K1 - k2) =-l(c1 + c2) ( 

Using equations (10) and (8), one obtains 

Ro “ kl + k2 “ ^(cl ' C2) ( 

Solving equations (7) and (12) simultaneously results in 

expressions for and c2f 

B0 - R0(k/y) 

C1-2- 

Bq + R0(k/y) 
c2 " -"2- 

Using equations (11) and (7), one obtains 

(15) 

Solving equations (8) and (15) simultaneously results in 

expressions for and k2i 

k 1 
Rq - Bo(l/y) 
-2- 

(16) 
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(B02 - B2) = E(R02 - R2) (24) 

When the opposing forces are quite similar in fight¬ 

ing elements and skills, then the corresponding loss rates 

may be considered equal. This is the case when two armies 

equipped with comparable weapons systems engage in con¬ 

flict. Suppose that each force's loss rate is one tenth 

per unit of time (k = .10, 1 = .10). Then, the exchange 

rate equals one and the outcome is determined by the size 

of the forces which participate. For example, suppose the 

Blue force enters the battle with 1,400 armed men and the 

Red force begins with 1,000. Then the Red force will be 

annihilated and the Blue force will have approximately 980 

survivors. These results may be obtained by setting R equal 

to zero and solving equation (24) for the correct value of 

B. The duration of the battle may be determined by setting 

equation (23) equal to zero and solving for t or, similarly, 

by setting equation (22) equal to 980 and solving for t. In 

the example, t is approximately 8.959 units of time. Equa¬ 

tions (22) and (23) might also be used to predict respective 

force sizes for a given value of time. 

If either force possesses an advantage in skill or 

equipment, then the exchange rate may be such that a numer¬ 

ically inferior force can achieve victory. Suppose, in the 

example above, that the combat loss rate for the Blue force 

is one tenth and that the Red force combat loss rate is one 
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twentieth (k = .10} 1 = .05). Under these conditions, the 

Red force can achieve victory and count approximately 140 

survivors. 

A battle which conforms to the Linear Law conditions 

may be represented as shown by equations (25), (26), and (27). 

Here the combat loss rite k, may be interpreted as the Square 

Law parameter times the ratio of the average area presented 

by a B force element and the total area over which the fire 

of the R force is directed. 

B = -kBR (25) 

R = -1BR (26) 

(B0 - B) = E(R0 - R) (27) 

When fire is directed toward an area, there is no destruc¬ 

tive effect unless a vulnerable portion of the area is 

struck. During a siege in which the fighting elements are 

infantrymen, a member of the entrenched force will barri¬ 

cade himself to minimize his exposure to fire. The area a 

man presents as a vulnerable target could be approximately 

one square foot. Let B denote the size of the enurenchcd 

force and R denote the size of the attacking force. Let 

rR be the rate of fire of an R force, PR be the single shot 

kill probability for an R force element, kß be the average 

area presented by a B force element and k_u be the total 
LD 

area that is occupied by the R force. Equation (25) may be 

rewritten to display these factors which determine the value 
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of the parameter, k. 

B = (rRPRR)iVl (28 

AtB 

The change in size for the B force in this, the Linear Law 

application, is equal to the change which would be experi¬ 

enced in a Square Law engagement times the proportion of 

the occupied area which is vulnerable. As one would 

expect, the Linear Law losses occur less rapidly than do 

losses for a Square Law battle involving the same forces. 

It should be noted that it is assumed that B force 

elements are evenly distributed about their fortified area. 

If they are clustered and this is known to the R force, 

the attackers' fire will be concentrated toward this 

cluster. The effect of such an action will be a reduction 

of ktg and an increase in the B force loss rate. 
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APPENDIX C 

BJD MODEL--STANDARD PROGRAM VERIFICATION 

ENTER OPTION CODE i 0 NORMAL, 1 CRIT TI» 3 STOP 

ENTER TIME OF ESCALATION FOR BLUE 

ENTER TIME OF ESCALATION FOR RED 

«1.1 

ENTER BLUE STRATEGY 
= 3 
ENTER RED STRATEGY 
«3 

TNOW 

0. 
BLUE AIR 

1100. 
RED AIR 

900. 

BLUE GROUND 
3006. 

RED GROUND 
6618. 

blue missiles 
180. 

RED MISSILES 
300. 

ENTER FORCE ALLOCATIONS FOR BLUE 

=1,1,1 
rsQQ . 0 g 

ENTER FORCE ALLOCATIONS FOR RED 

=1,1,1 
=99,0. 

TNOW 
1.00000 

BLUE AIR 
598. 

RED AIR 
568. 

BLUE GROUND 
2876. 

RED GROUND 
6383. 

BLUE MISSILES 
180. 

RED MISSILES 
300. 

ENTER BLUE STRATEGY 

ENTER FORCE ALLOCATIONS FOR BLUE 

=3,1,1 
=99.0, 
ENTER FORCE ALIOCATIONS FOR 

=99,0 
TNOW 

1,02768 
BLUE AIR 

592. 
RED AIR 

0. 

RED 

BLUE GROUND 
2872. 

RED GROUND 
6319. 

BLUE MISSILES 
175. 

RED MISSILES 
300. 

ENTER BLUE STRATEGY 
= 1 
ENTER FORCE 
=1,3,1 
=3,3,1 
=99,0, 

ALLOCATIONS FOR BLUE 
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ENTER FORCE ALLOCATIONS FOR RED 

=99,0, 
TNOW 
1.10000 

BLUE AIR 
592. 

RED AIR 
0. 

BLUE GROUND 
2863. 

RED GROUND 
6153. 

ENTER BLUE STRATEGY 

= 1 
ENTER RED STRAT 

ENTER FORCE ALLOCATIONS FOR BLUE 

=1,3,1 
=3,3,1 

ENTER*FORCE ALLOCATIONS FOR RED 
=3,1,1 
=99,0, 

TNOW 
1.23163 

BLUE AIR 
0. 

RED AIR 
0. 

BLUE GROUND 
2784. 

RED GROUND 
5856. 

ENTER BLUE STRATEGY 
= 1 
ENTER RED STRAT 

ENTER FORCE ALLOCATIONS FOR BLUE 

=3,3,1 
-sQQ 

ENTER*FORCE ALLOCATIONS FOR RED 

= 3,2,1 
=99 0 

* 'tNOW BLUE AIR 
1.42516 0. 

RED AIR 
d 

BLUE GROUND 
1804. 

RED GROUND 

ENTER BLUE STRATEGY 
= 1 
ENTER RED STRAT 

ENTER FORCE ALLOCATIONS FOR BLUE 

=3,4,1 

ENTER* FORCE ALLOCATIONS FOR RED 

BLUE GROUND 
1555. 

RED GROUND 
3181. 

==99,0, 
TNOW 
2.00000 

BLUE AIR 
0. 
RED AIR 
0. 

BLUE MISSILES 
162. 

RED MISSILES 
218. 

BLUE MISSILES 
138. 

RED MISSILES 
93. 

BLUE MISSILES 
103. 

RED MISSILES 
0. 

BLUE MISSILES 

0. 
RED MISSILES 

0. 
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ENTER BLUE STRATEGY 
“1 
ENTER RED STRAT 

ENTER FORCE ALLOCATIONS FOR BLUE 
=99,0, 
ENTER FORCE ALLOCATIONS FOR RED 

5.23401 
BLUE AIR 

0. 
RED AIR 

0. 

BLUE GROUND 
1074. 

RED GROUND 
0. 

BLUE TOT DAMAGE 
3032. 

RED TOT DAMAGE 
7720. 

BLUE NUC DAMAGE 
2382. 

RED NUC DAMAGE 
7153. 

BLUE MISSILES 
0. 

RED MISSILES 
0. 

blue surv 
1074. 

RED SURV 
0. 
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APPENDIX D 

BJD MODEL--CRITICAL IIME OF ESCALATION VERIFICATION 

ENTER OPTION CODEi 0 NORMAL, 1 CRIT TI, 3 STOP 

ENTER TIME OF ESCALATION FOR BLUE 
= 1 

TIME OF ESCALATION FOR BLUE 
TOTAL BLUE FORCES 1074. 

1.00000000 
TOTAL RED FORCES 

ENTER OPTION CODE« 0 NORMAL, 1 CRIT TI, 3 STOP 

ENTER TIME OF ESCALATION FOR BLUE 

TIME OF ESCALATION FOR BLUE 2.00000000 
TOTAL BLUE FORCES 0. TOTAL RED FORCES 

ENTER OPTION CODE« 
= 1 

0 NORMAL, 1 CRIT TI, 3 STOP 

ENTER TIME OF ESCALATION FOR BLUE 
“1.2 

TIME OF ESCALATION FOR BLUE 1.20000000 
TOTAL BLUE FORCES 0. TOTAL RED FORCES 

ENTER OPTION CODEi 0 NORMAL, 1 CRIT TI, 3 STOP 
“ 1 
ENTER TIME OF ESCALATION FOR BLUE 
= 1,19 

TIME OF ESCALATION FOR BLUE 1.19000000 
TOTAL BLUE FORCES 182. TOTAL RED FORCES 

ENTER OPTION CODE« 0 NORMAL, 1 CRIT TI, 3 STOP 

ENTER TIME OF ESCALATION FOR BLUE 
=1.196 

TIME OF ESCALATION FOR BLUE 1.19600000 
TOTAL BLUE FORCES 56, TOTAL RED FORCES 

ENTER OPTION CODE« 0 NORMAL, 1 CRIT TI, 3 STOP 
“1 
ENTER TIME OF ESCALATION FOR BLUE 
=1.197 

TIME OF ESCALATION FOR BLUE 1.19700000 
TOTAL BLUE FORCES 0. TOTAL RED FORCES 

0. 

4105. 

365. 

0. 

0. 

122. 
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ENTER OPTION CODE« 0 NORMAL, 1 CRIT TI, 3 STOP 

ENTER TIME OF ESCALATION FOR BLUE 

1'tIME OF ESCALATION FOR BLUE 1.19660000 
TOTAL BLUE FORCES 10. TOTAL RED FORCES 

ENTER OPTION CODE« 0 NORMAL, 1 CRIT TI, 3 STOP 

ENTER TIME OF ESCALATION FOR BLUE 

_1'tIME2OF ESCALATION FOR BLUE 1.19662000 
TOTAL BLUE FORCES 3. TOTAL RED FORCES 

ENTER OPTION CODEi 0 NORMAL, 1 CRIT TI, 3 STOP 

ENTER TIME OF ESCALATION FOR BLUE 

"1*TIME2OF ESCALATION FOR BLUE 1.19662200 
TOTAL BLUE FORCES 0. TOTAL RED 1ORCES 

ENTER OPTION CODE« 0 NORMAL, 1 CRIT TI, 3 STOP 
=1 
ENTER TIME OF ESCALATION FOR BLUE 

= 1,1966219 -,0/-/-0100 
TIME OF ESCALATION FOR BLUE 1.W662189 
TOTAL BLUE FORCES 1. TOTAL RED 1-ORCES 

ENTER OPTION CODE» 0 NORMAL, 1 CRIT TI, 3 STOP 

=3 

0. 

0. 

2. 

0. 
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APPENDIX E 

SUBROUTINE FOR COMPUTATION OF CRITICAL TIME 
OF ESCALATION 

SUBROUTINE SEARCH (TIME,BLUE,RED,STARTI.DELTATI,- ,*) 
BLUE = AINT(BLUE) 
RED = AINT(RED) 
IF (TIME.NE,STARTI) GO TO 1 
1 IF (BLUE-RED) 2,3,4 
2 TIME = TIME-DELIATI 
GO TO 5 
4 TIME = TIME+DELTATI 
5 DELTATI = DELTATI/2.0 
RETURN1 
3 RETURN2 
END 
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