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1 
FOREWORD 

This final report documents the results of research and analysis 
performed during the period 1 February 1970 to 30 September 1970 by 
a project team comprised of eight faculty members and six graduate 
students from Louisiana State University, College of Engineering, 
Baton Rouge, Louisiana under contract F08635- 70-C-0053 with the Air 
Force Armament Laboratory, Eglin Air Force Base, Florida. 1'ajor 
Frank A. Roescher (DLYD) was program monitor for the Armament Labora- 
tory.  Dr. Adrain E. Johnson, Jr., Department of Chemical Engineering, 
was project director for Louisiana State University. 

The work undertaken by the project team consisted of several 
major and minor tasks dealing with the analysis of weapons systems, 
each of which was assigned to a small group, typically consisting of 
ore  faculty member and one graduate student. Seven of the major tasks 
were completed during tr*^ phase of the program and ere  included in 
th:.s report as Volumes I through VII. Five additional major tasks 
are currently underway, and the results will be included in a separate 
technical report upon completion of Phase II of the contract. 

Thic technical report has been reviewed and is approved. 

" llu- mcwJ / '.A V*Zui- 
THOMAS P. CHRISTIE 
Chief, Analysis Division 
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1 
ABSTRACT 

A cost-effectiveness analysis was performed on the problem of 
resource allocation for supply network interdiction. Subject to 
availability constraints, Air Force weapon systems are allocated to 
targets within a supply network. The measures of system performance 
are cost in dollars and effectiveness in pounds of supplies inter- 
dicted. By means of a limited enumerative approach, solutions may 
be found such that no other alternative assignments of aircrafts 
to targets exhibit simultaneously a higher effectiveness but lower 
cost than the solutions. Data elements describing the network ; ..i 
weapon system characteristics and weapon system availabilities are 
processed by a computer model in such a manner as to provide in- 
formation which will aid a field commander's decision processes. 

Distribution limited to U. S. Government agencies only; 
this report documents test and evaluation; distribution 
limitation applied February H>71. tther requests fer 
this document must be referred te the Air Force Armament 
Laboratory (i^LYU), Eglin Air Force Base, Florida 32S42. 
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LIST OF SYMBOLS 

A.     is the expected percent of a target destroyed by the i 
1    weapon system which attacks it. 

A.     is the percent damage expected to be inflicted on a target 
*J   during the i  attack by weapon system type "j", when all 

weapon systems are attacking the same target. 

A^     is the probability of target "r" being killed by weapon i,r system "1" after the target has already been attacked 
"j - 1" times. 

B.     is the probability of kill of the i  weapon system by a 
target if that weapon system were to attack first. 

is the percent damage expected to be inflicted on weapon 
system type "j" during the i  attack when all weapon systems 
are attacking the same target. 

B. is the probability of weapon system type "1" being killed by 
1,r   target "rn after the target has been attacked "J - 1" time*.. 

C     is the total cost, in dollars, incurred in performing some 
set of attacks. This includes ordnance, fuel, routine 
maintenance, and attrition costs. 

C. is the. cost in dollars, of the plane type and pilot used by 
J     the i n weapon system which attacks the same target. 
u 

C.     is the number of unique combinations which may be obtained 
by choosing M elements at a time from a set of N elements. 

D     is the number of type "i" weapon systems, less than or 
* equal ro the total availability of weapon system type "i", 

which have been deleted from consideration with regard to 
an attack on target V. 

E     is the total effectiveness, in pounds, of some set of utacki. 

Ej     it the effectiveness*, in pounds, of an attack by weapon 
*r   system type MJ" *>n target "rM after it has been attacked 

Mj - I" times. 

} is the i  element of some set of elements. 

H it a set of elements. 

H^ is tha kth iubMt of H. 

H. is the p  element of the subset H. . 
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pi 
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i     is used as a subscript. It may be any natural number. 

j     is used as a subscript.  It may be any natural number. 

k     is used as a subscript.  It may be any natural number. 

M     is the number of elements to be chosen at a time from some 
set. 

N     is the total number of elements in some set. 

N     is the number of the i  type of weapon system which is 
available. 

0     is the ordnance, fuel, and routine maintenance cost, in 
dollars, for weapon system type "i" when only one.  target 
is being attacked. 

is used as a subscript,  it may be any natural number. 

is the probability that the i  weapon system which attacks 
the same target will be destroyed. 

is used as a subscript. It may be any natural number. 

is the state of a target immediately before it has been 
attacked for the i  time. 

is the attrition, fuel, ordnance, and routine maintenance- 
cost, in dollars, of an attack on target "r" by weapon 
system type "i" alter that target has been previously 
attacked "j - 1" tiroes. 

x     is any number greater than or equal to 0 and less than or 
equal to 1. 

y     is used as a subscript. It may be any natural number. 

% is used as a subscript. It may be any natural number. 

/ /    is used to define a vector function which is given in 
Equation (7). 

->- it used in the ranking of vectors; r«*er to Equation (9). 

> means "Is greater than." 

-- »cans "is greater than or equal to." 

< means "is less then." 

means "is lets than or equal to." 

* means "Is equal  to." 
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SECTION I 

INTRODUCTION 

Background 

The objective of this work is to provide a tactical field Air 
Force commander who has limited resources with a decision-making tool. 
The decision to which this research Is directed involves the problem 
of determining which aircraft to dispatch against targets in a si >~>ly 
network* His decision uses as inputs types of weapon systems, number 
of types operational (availability), and network and target parameters. 
As selection criteria, the mission cost (expected dollar cos*: of a 
mission) and effectiveness will be used. Effectiveness is the exnected 
pounds of supplies interdicted for a short period of time. For the 
purposes of this study, a short period of time is that time period in 
which enemy supplies may not be effectively rerouted.  It is assumed 
during this time period that those who have control over the target 
cannot respond by replacing lost or damaged components of the target. 

it should be emphasized that, under the system developed, the 
field commander still retains actual command. This is in contrast to 
other work done in this field of endeavor which optimizes decisions 
but removes the field commander from the decision process. That is, 
in using the algorithm developed here, the printout provides the 
commander with a series of best alternatives.  If these alternatives 
do not coincide with the commander's judgment as to what resources 
should be allocated to the mission, then the cost and effectivness 
of other alternatives is displayed to him to aid in his decision- 
making process. 

Early attempts at the problem involved the search for a criterion 
which considered cost and effectiveness together.  Various ratios and 
relationships were tried without success.  In the program developed, 
both cost and effectiveness have been built into the printout displays 
so that those using this information for decisions may evaluate the 
two together in light of the exigencies of the situation. When all 
possible combinations of weapon typ«*, quality of types, and target 
parameters are considered, one or more of the possible alternative 
system configurations may exceed or may be below acceptable cost and/ 
or effectiveness levels. In these cases it appears prudent to search 
for these abnormalities as soon as possible, thereby minimizing the 
number of systems for further consideration. Such a preliminary search 
is performed. 

When this type of problem is considered, it appears wise to ap- 
proach the solution in a two-step fashion, The first step involves 
the establishment of feasible criteria and limits so that the search 
algorithm may not be active over the entire range of possible com- 
binations with regard to the number of aircraft to be sent on a 
mission. 

-■ ■■■ at - ^g TS*B5Mi iTTlglg 



From the above discussion, the problem then resolves itself into 
the consideration of two separate concepts. The first concept involves 
a discussion of the problem and the relation of cost and effectiveness 
to it. The second concept involves the use and adaption of the prin- 
ciples of combinatorial numbering systems to ascertain the feasible 
alternatives. 

One of the missions of an Air Force is to interdict enemy supplies 
or to stop them from reaching their destination. Another is to provide 
close air support for combat troops. This research is concerned with 
the interdiction problem. 

An essential problem in the interdiction mission is that of 
allocation, i.e., determining which weapon systems attack which tar- 
gets. Further, the order in which the planes attack is to be con- 
sidered. 

In the interdiction role, the availabilities of planes and weapon 
systems are a constraint on the problem.  Second, the effectiveness 
of a proposed attack must be determined. Third, the cost of a proposed 
attack must be evaluated. 

The terminology of the problem will now be established. 

Terminology 

A system may be defined as some combination of components which 
convert input into output. Any system may, in turn, be comprised of 
smaller subsystems. 

The research problem may be viewed as a system. The data base 
describing the weapon system availabilities and enemy supply network 
constitute input. The method by which this data is converted into 
usable information is the system. The output is the configuration 
of attacks and their resultant costs and effectivenesses. 

This system may be viewed as a subsystem wherein the larger en- 
compassing system is that of an Air Force «acticai Command. Achieving 
the best resultants from a subsystem must not hinder total system 
performance. 

Optimisation is attaining that level of performance of » system 
which best satisfies the prescribed measures of performance. 

Svstem analysis includes she following casks» listed in th? 
order of performance: 

1. The desired output or thai which is needed must be determined. 
Preferably, ehe outputs are measurable.  If not» they must be 
quantified. 
2. The desired inputs or that which is to be converted intu the 
output must next be determined. 
3. The relationship of system components which optimally convert* 

gy^gg i. 



input into outputs must thev  be oYcermined. 

Cost-effectiveness analysis refers to a particular type of sys- 
tems analysis in which the measures of performance of a system are 
cost and effectiveness. This is also referred to as cost-benefit 
analysis. 

A supply source is an origin from which supplies are sent. 

^ suPPly sink is a destination to which supplies are sent. 

A trans-shipment point is a point which acts both as a source 
and as a sink. An example of this is a dock at which supplies arc- 
transferred from incoming rail cars to outgoing ships. 

A storage location is a place where supplies are stored. There 
is a maximum of one supply location per branch. 

A branch is a homogeneous route containing either no storage 
locations or one storage location. The term "homogeneo is" indicates 
that a branch has the same defense characteristics and tue same 
vehicle capacity along its entire length.  If the uefense character- 
istics or vehicle capacity change or if there is more than one 
storage location, the branch must be segmented into new, smaller 
branches. The term "route" refers to roadways, railways, canals, 
paths, or similar entities which can support vehicular traffic. 

A vehicle is any supply earrier. 

A supply network is a s\stem composed of supply sources, 
branches, trans-shipment points, vehicles, storage locations, and 
supply sinks. 

A plan« is an aircraft of a basic body type, for example, a 
B-58 or a E-52. 

A SSLJE2S *y*tem i* » plane having a particular set of attack 
characteristics and capabilities. For example, a B-58 with 10,000- 
pound boobs is a different weapon system from a B-^S with I,000- 
pound bombs. 

An attack is the act of a specified wtanon system engaging a 
particular target. 

Attack combinations are acts of more than onr weapon system en- 
gaging one or more targets. The attacks do not occur in any speci- 
fied order, 

*° &L£i£lE permutation *• a» attack combination in which the 
attacks occur in a specified order. 

Tercet state it defined ts the pounds of supplies which can be 
interdicted by completely destroying that target. For example, if 

jUPJk« 
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a storage location contains seventy pounds of supplies, then the 
state of that target is seventy. 

Weighting refers to multiplying a target state by some dimension- 
less number so that the target states have, as their common measure, 
their utility to the enemy. For example, if rifles were worth fifty 
times what bread is worth, then the target state of the target con- 
taining rifles would be multiplied by fifty. 

Short run refers to an interdiction problem in which the time 
period is so short as not to allow the supplies to be rerouted to 
another location closer in time to a supply sink from the original 
location at which the attack was made, 

A long run is any time period longer than that of the short run. 

Statement of the Problem 

It is the purpose of this research to design a system to perform 
a cost-effectiveness analysis on the problem of short-run enemy supply 
network interdiction by some friendly Air Force weapon systems. 

The result of the analysis was the development of a computer model 
capable of converting data describing the problem into information 
which is designed to aid a field commander in his decision processes. 

Mgjg^ji 
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SECTION II 

LITERATURE BACKGROUND 

In the literature survey, the methodologies of cost-effectiveness 
analysis and various optimization techniques were researched. Addi- 
tionally, other research bearing on the problem was investigated and 
the relevant literature is abstracted. 

The basic premise of a cost-effectiveness (C-E) analysis is that 
resources are a real constraint in relation to all of their posri <le 
uses*1 '. With unlimited resources, it would not be necessary to op- 
timally allocate them. C-E's basic purpose is to indicate, usually 
in dollars, the cost associated with different alternatives and con- 
ditions whose effectiveiess is determined by some method. Thus, it 
is a decision aid. 

C-E analysis may be described by the following procedures. These 
procedures reflect a combination of the work of six authors (l)i(^), 
(6),(7),(8) 

• 

1. Define the problem, in doing so, define the measures of cost and 
effectiveness and the parameters which affect these measures. 
2. Determine the alternatives which will satisfy the problem. Delete 
from consideration those alternatives which are infeasible due to avail- 
ability constraints. 
3. Develop a model which relates the problem parameters to effective- 
ness and cost in terms of available data. List the nonquantifiable 
decision parameters. 
4. Develop an efficient information storage and retrieval system for 
effective use of the necessary data. 
5. Present the information obtained by the models as a decision aid 
and implement the desired decision. 

The cost-effectiveness criterion may not be stated. For any 
specified upper level of cost, it is desirable to obtain a maximum 
of effectiveness. Conversely, for any specified lower level of effec- 
tiveness, it is desirable to obtain minimal cost. For example, if 
alternative A has an equal or higher effectiveness but lower cost than 
alternative B, then by the cost«effectiveness criterion, alternative 
B may be deleted from consideration. 

This criterion indicates that the ratio of cost to effectiveness 
(C/E) is not to be used to delete one alternative in deference to 
another. For example, assume that alternative X has an effectiveness 
of 5 (pounds of supplies interdicted) and a cost of 3 (dollars), and 
alternative Y has an effectiveness of 4 (pounds) and cost of 2 (dol- 
lars). Using the cost-effectivencsj criterion, neither alternative 
may be deleted from consideration although the C/E ratios of X and Y 
are 0,6 and 0.5, respectively. Alternative Y has a lower duliar-per- 
pound ratio than does alternative X, but its effectiveness is one pound 
lass. In using some other alternative, Z, to obtain this unit of 
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effectiveness, the total cost of alternatives Y and Z may exceed the 
cost of alternative X. Thus, the C/E ratio is not used as a method 
for deleting alternative courses of action from consideration. 

As the cost and effectiveness value3 are very often statistically 
expected values, it is desirable to describe the distribution of 
values about the expected values, (A statistically expected value is 
the sum of the products of all possible values multiplied by their 
respective probabilities of occurrence.) 

Hatry ' reports three ways of doing this: 

1. Qualitative descriptions. 
2. A graph of cost versus probability that cost will not be 
exceeded. 
3. A graph of cost versus effectiveness in which, instead of a line 
portraying the relationship, a confidence band is used. 

These techniques may be used only when there is knowledge concerning 
the input distributions describing the system. 

For studies such as those described here, there are three types 
of cost-effectiveness models^5' which may be classified into categories. 

The first type is the system configuration studies or system de- 
sign studies. Here the optimal design of one system and its component 
characteristics are desired. 

The second type is the system comparison study* This is used 
often, or concurrently with, system design studies to compare two or 
more systems for the same mission. 

In the third type, force structure studies, the blend of systems- 
over- time and cost-and-effectiveness-levels-over-time are 

examined. 

There are two categories: those which differ in degree and those 
which differ in kind. A comparison of two defense systems, both em- 
ploying antiaircraft artillery, would differ in degree. However, these 
two defense systems would differ in kind from one which employs a 
sweeping laser beam, 

Methods are available for finding the optimal performance level cf 
a system which has a scalar measure of performance and can be described 
mathematically. A scalar measure may be used when the quality of a 
system Is to be judged only on one measure of performance. For example, 
in industry, dollars profit is often used as a scalar measure of per- 
formance. The problem statement has an objective function expressing 
system performance as a function of system parameters and has constraint 
equations or inequalities which specify the range over which the values 
of the parameters, or combinations thereof, may vary. In most mathe- 
matical programming, the parameters are continuous within their speci- 
fied ranges. For problems which are linear in nature, some algorithms 
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find integer solutions (inti'tftvr JM ogramming, assignment problems, 
ami transportation problems).  Dynamic programming is capable <>] 
dealing with discrete nonlinear problem». 

For a specified maximal level of cost or for a specified minimal 
level of effectiveness, the cost-effee civeness problem may sometimes 
be treated as a mathematical programming problem. However, when 
neither is specified, mathematical programming may not be used 
because there is no longer a scalar objective which is required for 
mathematical programming algorithms. 

Mathematical programming also fails for non-linear problems in- 
volving discrete alternatives. The interdiction problem studied in 
this research is such a problem, i.e., either a B-52 or a B-58 may 
be sent to attack a target, not 0.7 of one and 0..? of another. 

If an upper level of cost were specified for an interdiction 
problem, then the scalar measure of pounds of supplies interdicted 
for this cost or less may be used. The interdiction problem would 
have a scalar measure of performance but discrete courses of action. 

Either dynamic programming or a limited enumerative technique 
may be used to solve this type of problem. Depending upon the 
particular interdiction problem, either method may be the more 
efficient with regard to either the time required to obtain a solu- 
tion or the computer memory storage requirements. 

The limited enumerative procedure offers an advantage in that 
it is not necessary to specify a maximum level of cost. If dynamic 
programming were used, the solution having the highest level of 
effectiveness without violating the cost constraint would be ob- 
tained, However, there may be another alternative which, although 
it slightly exceeds the minimal cost, would have a much higher 
effectiveness. Also, an alternative which has a slightly lower level 
of effectiveness than the dynamic programming solution but a vastly 
lower level of cost may be ignored. 

If dynamic programming were used, it would be possible to find 
an optimal interdiction policy. By failing to list the other 
alternatives, it is possible to ignore alternatives which for a 
slight increase in cost would have a large increase in effectiveness. 
This incremental level of effectiveness may reduce battlefield costs 
tremendously. By using dynamic programming for this problem, it 
would be possible to optimise Che interdiction costs but to sub- 
optimise the entire battle costs. 

The Halted enumerative approach would yield not only the dynamic 
programming solution but also the other alternatives. The limited 
enumerative procedure was the approach used for this research. 

:-'^rP:- i§&$  ' 
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SECTION III 

PROBLEM CONFIGURATION 

The model for the problem of aerial enemy supply network 
interdiction will now be described. This includes a statement of 
system inputs which are the data base, the system, and system out- 
puts which are the costs and effectivenesses of the possible attac . 
combinations. The alternative methods of interdiction will be 
discussed first. 

Enemy supplies may be interdicted by several methods, of which 
the first three are: 

1. Destruction of the supplies by aerial weapon systems. 
2. Destruction of the vehicles by aerial weapon systems. 
3. Destruction of the network branches by aerial weapon systems. 

These first three alternatives may also be accomplished by 
artillery. This is a fourth alternative. 

The fifth alternative is to accomplish interdiction by the use 
of ground troops. 

A sixth alternative is an approach to the more general case 
within which the particular problem studies is imbedded -- that of 
nullifying the effect of enemy supplies insofar as combat capability 
is concerned. In this alternative, the supplies are permitted to 
flow through the network. Then the utility of supplies may be 
negated by close air support of combat troops. 

The scope of this investigation included the first three al- 
ternatives and, since they differ in degree, the determination of 
the results of different mixes of these alternatives. The modeling of 
the use of artillery could be done in a manner similar to that which 
is used for the first three alternatives. The fifth and sixth al- 
ternatives, which both incorporate grouu** troop.« Into their models, 
differ in kind from the first three alternatives and require a differ- 
ent modeling technique. 

The first three alternatives are to be examined. 
are recommended for future research. 

The last three 

System Inputs 

The system inputs are the data describing the network and the 
weapon systems. These are: 

I.  The network data: 
a. Vehicular flow rates per hour on each branch. 
b. The vehicular loading on each branch» expected pounds per 

vehicle. 

8 
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c. The pounds of supplies stored on each branch. 
d. The distance in hours from each branch to a supply sink. 
e. A weight factor for each target (supplies or vehicles on a 

specified branch or the branch itself) which reflects the 
relative importance of the supplies at the target, 

2. The attack data: 
a. Probability of a specified target being killed by a specified 

type of attacking weapon system (the percent damage expected). 
b. Probability of a specified attacking weapon system being 

killed by the defenses around a specified target. 

3. The cost data: 
a. Variable cost (fuel, ordnance, and routine maintenance) for 

each attack in dollars. 
b. Fixed cost (plane, pilot) for each attack in dollars. 

4. Availability data: 
a. Plane and weapon system availabilities by type. 
b. Minimum and maximum number of weapon systems to be sent. 

1 

The System 

The system -uich converts the input into output is an algorithm 
which is executed on any computer which uses Fortran language. 

Once the necessary data has been read in, the model performs a 
search to determine which attack permutations have measures of cost 
and effectiveness which cannot be deleted using the limits estab- 
lished for the cost"effectiveness criterion. 

System Output 

After the permutations have been found, they and their costs and 
effectiveness are printed out. The measure of effectiveness is 
pounds of supplies interdicted. The cost is the dollar value required 
to perform the attack permutation. 

System Comparisons 

It is noteworthy that, if system comparisons were to be made be* 
tween the first three alternatives and the fourth and the fifth, a 
common measure of effectiveness and cost is desirable. 

AH Alternatives except the last (which uses close air support) 
may use the measures of pounds and dollars.  If the following were 
done, then the lest Alternative» in which ground troops are used, 
might alto use the AAme measures. 

Consider the result of not interdicting XX pounds of supplies. 
Use this AS the measure of effectiveness. As A cost, use the in- 
cremental dollars coat required to accomplish one's bettle objectives 
with the eld of the Additional close air support required due to the 
presence of additional enemy supplies* 
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SECTION IV 

METHOD OF SOLUTION 

To obtain attack permutations which satisfy the cost-effective- 
ness criterion, all attack combinations not known to be infeasible 
by preliminary investigation over the range of the number of air- 
craft to be sent are determined. Each combination is ordered into 
permutations which satisfy the cost-effectiveness criterion. For 
any permutation of attacks, the supply network characteristics 
(flow rates, pounds of supplies stored, etc.) are updated in 
accordance with each succeeding attack. After the calculation of 
that permutation's effectiveness and cost, then the network character- 
istics are restored to their original values. The values of effective- 
ness and cost for the permutation are then compared with those of 
previously evaluared permutations to see if any prior values would 
cause the new permutation to be deleted using the cost effectiveness 
criterion. Those values previously calculated are tested to determine 
if they could be deleteo by the new values. Upon deletion, an attack 
permutation is erased frop computer memory storage. Figure 1 is a 
pictorial representation ot this process. 

In this section, the following algorithms will be developed: 

1. The algorithm by which the combinations are generated. 
2. The calculation of effectiveness and cost values. 
3. The optimal permutations of a combination. 
4. The procedure by which a permutation is deleted. 

In order to facilitate understanding of these algorithms, the 
main program and subroutines of the computer model will be explained; 
then the derivations of the algorithms will be given. 

Computer Program 

The main program is used to coordinate the subroutines. No 
actual computations are performed in the main program; rather, it is 
used to calx the subroutines. The macro-logic flowchart of the com- 
puter program is given as Figure 2. 

READIN is the first subroutine called. It reads in the problem 
data and sets up the information storage and retrieval system. The 
system inputs are the data items read into the computer. 

First» the minimum and maximum number of weapon systems to be 
sent are read in, followed by various information designed for the 
user's convenience. Then the availabilities of each t/pe of aircraft 
and weapon system are read in, followed by data describing the 
branches. The data for each of the contemplated attacks Is then put 
in the computer. This will be shown more precisely in the example 
given in Section V. 
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READ IN AND STORE 
DATA IN RETRIEVAL 

SYSTEM 

PERFORM PRELIMINARY 
DELETIONS 

GENERATE AN 
ATTACK COMBINATION 

CALCULATE COST AND 
EFFECTIVENESS OF OPTIMAL 

PERMUTATIONS 

SEE IF DELETION 
IS POSSIBLE 

ARRANGE PERMUTATIONS 
IN RETRIEVAL SYSTEM 

1 {») 
OUTPUT 

Figur« 1. Macro-Logic Flowchart: of Combination Algorithm 
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c READ IN DATA 

ASCERTAIN HOW MANY PLANES ARE TO BE SENT 

1 

PERFORM IMMEDIATE DELETIONS 

C GENERATE A COMBINATION 

OPTIMALLY PERMUTE IT AND FIND 
ITS COST AND EFFECTIVENESS 

I 
SEE IF A DELETION CAN BE PERFORMED 

figure 2. :t*cro-Logic Flowchart of Computer 'todel 
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Any type of numeric idtutilli.ition system may he used to identity 
the branches and plane and weapon system ,'ypcs.  The model converts 
the user's identification system lo its owe and then outputs the in- 
formation in terms of the user's system. As an example, each possible 
attack for ^u~h the data is read into the computer is given a unique 
attack nun.b€ r. In the printout, this attack number is converted into 
the weapon system, branch, and target numbers read into the computer 
by the user. 

IMDIJLT is the immediate deletion subroutine. After the main 
program has called RBADIN, then IHODLT is called. By scanning the 
input data, this subroutine immediately deletes from consideration 
those attacks which are infeasible by using the cost-effectiveness 
criterion. This is explained later in this section. 

COMBO is the next subroutine called. In COMBO, all possible 
attack combinations are generated by an algorithm presented in Figure 
1. After each combination the subroutine EFFEC is called. 

EFFEC orders the attack combination into one or more optimal 
attack permutations by an ordering method. After optimal ordering, 
the total expected cost and total expected effectiveness of the attack 
are calculated. 

Tn€ DELETE subroutine checks to see if either the new attack 
permutation or any of the old attack permutations may be rendered 
infeasible by the cost-effectiveness criterion. 

Once the feasibility of an attack permutation has been determined, 
the subroutine ORDER follows. This subroutine arranges either the 
total effectiveness values in descending order or the total cost values 
in descending order , or both, as the user desires. 

All attack permutations are generated, evaluated, and, it 
necessary, deleted from that set of permutations generated by sending 
some fixed number of weapon systems. For example, all permutations 
obtained by sending two weapon systems are examined, and the in- 
formation in output and the memory banks of the computer are re- 
initialized before attack permutations of three attacks are examined. 

OUTPUT it used after all permutations of some fixed number of 
attacks are examined in the manner described above. The resultant 
information Is then output in terms of the user's identification system. 
This information includes the attack permutations (with each specific 
attack listed) and the cost and effectiveness values. Summary tables 
are provided which provide the field commander with total cost and 
total effectiveness values for the previously listed attack permuta- 
tions. 

V 
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Figure 2 shows the Macro-logic of the computer node I. A computer 
listing and the micro-logic flowchart of the example problem are shown 
as Appendices XX and III. respectively« 
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Now that a general explanation of the computer program has been 
made, the derivations of the computational procedures will be given. 

Combination Algorithm 

The most fundamental algorithm to the computer model is that which 
generates the alternative attack combinations. The method of genera- 
tion will be illustrated prior to giving its proof. The proof that 
the algorithm generates all possible combinations is somewhat complex. 

An illustration of the algorithm is given below. Given the 
following set of six elements, which may be considered as attacks, all 
combinations of three elements will be generated. This is the same 
as choosing all combinations of three weapon systems to be sent at a 
time at a target when there are six weapon systems available. Call 
the set UH'\ its elements "F ", and the combinations "H^"- 

H " «V F2' F3, 

Hl 
s <v F2' F3> 

H2 at 

<*!' F2> F4> 

H3 a <TV V F5> 

\ 
■ <Fr F2. F6> 

H5 
s <Fr F3. V 

H6 
a <Fr V F5> 

H7 
s <FV V F6> 

H8 
■ <*v V F5> 

H9 
• <fv F4- V 

H10 
m 

«V V V 
»u m <F,, rr V 
M12 

m <r2, F3> F5> 

H13 
m <F2. V F6> 

M14 
»# -F2. V F5> 

hi VI <F2. h> V 
H16 

Ei <r2. «V V 
"./ 

4 •>,. F, . 
t V 
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H18 
■ <F3, F4, V 

H19 - <F3,  F5. F6> 

H20 - <V F5, F6> 

From combinational analysis, it is known that the following is an 
expression for the number of different combinations, C*j, which may be 
formed by taking M items at a time from a set of N items. 

U) <$ 
N! 

M!   (N-M)! 

J> 6  •  5  •  4  .  3! 
C3 3  •  2  •   (3)! 

4 -    20 

This confirms that the example gives the correct number of combina- 
tions . 

The proof consists of the following: 

Let the set "HM consist of the integers "1" through "NM. These 
integers may be thought to represent the subscripts of the "F " in 
the example. 

the k  combination of H items taken from the 

H    «    <i.  2, 3 (N-l), N> (2) 

Let "H." represent 
set "H" where 

H z\\ > 1. (3) 

Represent "H. " at follows: 

where the first subscript of H.      designates that it is a ruembcr of 
combination IL, and the second ilbtcript designates its location within 
what is now considered the vector H. •    For example, H    . is the second 
element of the vectoi 8.«    For purplse of the proof, R* will consist 
of ordered elements,   Al the algorithm is sequential in nature, this 
it necessary*    It It to b« proven that no two combinations are identi- 
cal and that all combinations are generated. 

For all natural numbers "JH such that 

U]<M (5) 

require that 

15 
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"k.J < "k.j+l. (6> 

Induce the following ordering onto the vectors of combinations. 
,-« ,-ider the two vectors H 
rank than H if and only if 
Consider the two vectors H4 and H.. The vector H is to be of higher 

/hy > /H / 

where the following is defined: 

(10M-1)N+H^(iOM-2)N + 
J t *• i'    *il 

This is written symbolically 

H. II. 
i    J 

which indicates that 

(7) 

+H. M(10
M'M)N (8) 

i,M 

IMJ > IYL I. 

Theorem A: Given a H. such that H. . < N-M, then there may be 
constructed an H. such thai: ' 

I. Hj   -Hi 

2. there exists no H    such that 

(a) H   -*   H. x         i 
(b) and H, .*  K . 

Proof of Theorem A: 

1. Let                                 H1H<« 

(«)   Then                    «j[M"Hl.H 

-*                      MJ.P"H1.P 

»bar«                  M>pil. 

2. 

(b) It U  saen thai 

fcJ  - /H^ » 1 

and the theorem is true for the case where 

How let 

(a) than 

wt**re 

ti. 

HltM < *. 

i,H 

K  k * i. 
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This is true from Equation (6). 

(b) Starting at 

k - 1 

increment k by one until the follow!ig occurs: 

Hi.M-k-l<N-k- <9> 

This may always be done because, if necessary, let 

k - M + 1 

then 
H. , < N-M-l 

which is true from the theorem statement. 

(c) At that value of k for which Equation (9) is first true* 
stop incrementing k. 

(d) Let 
J.P           i,P 

for K    «    i; p > 1. 

(t) Let HJ.r   -   »J.r.!*1 

(f) w.iere Ir^k. 

i (g) Fro« Equations (6) and (8), it is true, by construction, 
r that no 
I H  i    H. 

*     J 
'" can be constructed such that 

(1) H      *   H. 
X                  l 

(2)    and 
J            * 

because 
/H^  -  IVIJ 

is as small as possible by construction. Corollary 
▲•I. If 

and 

\   - <i. 2, 3 (H-l), H> 

Mg • <*-N+l) (H-l), *> 

th*n by successive application of Theorem A» $2 through $   may be 
found sucli that s 

*«"*«-*- «2 *h 
and tnere exists no »   »**ch that 

17 
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H 
i+1 H.. 

l 

Theorem B. The set of H through H. described in Corollary A-l 
is an exhaustive enumeration of the possible combinations of M 
elements taken at a time from the set S. 

Proof: 

Realize that the process of forming the H. may be viewed as first 
forming a combination and then ordered its elements according to 
Equation (6).  There is no restriction placed on forming the com- 
bination but rather on its ordering.  Starting with H. there is no 
combination, H , which satisfies 

y 

H, H . 
y 

This may be seen to be true using Equations (6) and (8). Similarly, 
there is no S such that 

y 

H \> 

and by Theorem A there is only one combination which may be formed 
such that 

H. H. 

In general, there is only one S . such that 

H H, 

where 

i+1 " "i 

z > i a. 

Thus, all combinations may be formed and then ordered as in 
steps (1) and (2) of Theorem A which satisfy Corollary A-l with 
none being omitted. This completes the proof of the combination 
algorithm. 

Cost- and Effectiveness Calculation 

The expected effectiveness, in pounds, of an attack may be cal- 
culated by m«1 :if lying the current state of the target times the 
percent d-^ge expected on the target, remembering that state Is 
measured as the pounds of supplies interdicted by complete destruc- 
tion of the target. 

The expected cost, in dollars, is equal to the ordnance, fuel, 
and routine jpaintenance costs added to the cost of the aircraft and 

of the pilot multiplied by the percent damage expected on the attacker. 

* According to informarioi obtained from Eglin, Air Force accounting 
procedures listed the cost of training a pilot as $100,000.00. This is 
used as the cost of a pilot's IIU« unless a higher value is desired In 
li^ltl oi  utility theory. 
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If different targets are to be attacked, the total effectiveness 
is the sum of the effectivenesses of the individual attacks; the same 
is true for costs.     ,• 

All of the above follow immediately from cert'-in algebra of ex- 
pectations theorems. Notably, the expected value or an event is equal 
to the event's value multiplied by its probability of occurrence. 
Further, the attacks on different targets are assumed to be indepen- 
dent events; thus, the expected values are additive. 

It is now necessary to examine the case in which the same to-get 
is being attacked by more than one weapon system. The only other 
case is the one presented above» in which different targets were being 
attacked. Assume M planes are attacking. Establish the following 
notation: 

S, is the state of the target prior to the i  attack. 

A .is the percent damage expected to be inflicted during the 
tn -1x1 

i  attack by weapon system type "j". 

B. . is the percent damage expected to be inflicted on weapon 
JLÜ. tn 

system type "j" during the i  attack. 
E   is the total effectiveness of all the attacks on the target. 

C, is the cost of the plane type (e.g., B-58) and pilot used 
for weapon system "jn. 

0   is the cost of fuel, routine maintenance, and ordnance of 

weapon system type "J". 
C   is the total cost for all attacks on the target. 

The two basic assumptions of this algorithm are given below: 

Assume that the A. . does not change after the first attack. 
*» J 

where 
i > 1. 

i.J 

Assume that the target1& defensive ability changes in the 
following manner:  g 

for all »J» and all "i". 

(10) 

These assumptions indicate that the ability of the weapon systems 
to attack a target does not increase after a target has been attacked 
once» but that the ability of the enemy to defend the target decreases 
after the first attack. It is assumed that a target remains as 
difficult to destroy after the first attack as before. This assump- 
tion la made to take Into account sich things as terrain factors and 
weather conditions« In assuming that the enemy's defensive capability 
decreases, It Is assumed that the percent of target defenses destroyed 
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is equal to the percent of supplies destroyed. The assumptions are 
but a fiut order modeling of reality. 

■  Let A. be the percent damage expected on the target from the 
i  attacking weapon system. 

Since A. is the expected percent of the target destroyed, then 
(1-A.) is the amount of the target surviving. Thus, the following 
is true: . . 

S  « S  7T (1-A ). (11) 
j«l 

If M attacks were to be made,   then 

E  =  srs
M 1    M    M 

°r E    -    S1-S1    It    (1-A  ). (12) 
j»l 

The total cost of an atcack is dependent on the attack order. 
This is because the defensive ability of the target is assumed to 
decrease as the number of attacks increase. The expression for C 
may be writ-ten 

M  S 
C - Z    fc±) (B.  ) C. + 0 (13) 

i«l Sl   1,j  j   j 

th 
where the subscript "j" assumes its appropriate value for the i 
attack. 

The optimal ordering of weapon systems attacking the same target 
will now be considered. 

Optimal Ordering of an Attack Permutation 

There appears, in general, to be no method for ordering an 
attack combination into an optimal attack permutation using the C-E 
criterion other than trial and error. However, if different targets 
are being attacked, there need be no reordering as the expectation of 
a sum is equal to the sum of the expectations for independent events. 

The following example will illustrate an instance In which an op- 
timal permutation cannot be found by other than trial-and-error 
methods. 

Consider an attack made on one target by three weapon systems: 
"l", "2",  and "3". Let C. be the cost of the aircraft type and pilot 
used by the 1  weapon syitem; let A. be the probability of kill of 
the target by the 1  weapon; and let B b* the probability of kill 
of th« 1  weapon system by the target if that weapon system were 
to attack first. Neglect ordnance, fuel, and routine maintenance 
cost as they are always expended and do not affect optimal ordering. 
This may be seen from Equation (14). Let the initial state of the 
target be 100 pounds. Let the following data represent *;he system. 
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WEAPON SYSTEM Ci Ai E. 
l 

1 
2 
3 

10 
9 
8 

0.5 
0.6 
0.7 

0.4 
0.3 
0.6 

Using the Equation (12), it is found that regardless of attack 
order, the total effectiveness is 94. The costs for each of the 
following ordered attacks are: 

ATTACK PERMUTATION COST 

<1. 2, 3> 6.310 
<1, 3, 2> 6.805 
<2, 1, 3> 5.260 
<2, 3, 1> 5.100 
<3, 1, 2> 6.405 
<3, 2, 1> 6.090 

Thus, <2,3,1> is the optimal attacV order found by forming all 
permutations. In the event of a tie, only the first least cost 
ordering is stored by the computer to save space. 

In cases wherein aircraft can be ordered in ascending cost and 
their respective probabilities of being killed when attacking in 
that order are monotonicaily non-increasing, then the solution would 
be to send in the aircraft in that least cost ordering. 

For example, for some target and some set of weapon systems, let 

. « «  ■* V C, s c i C,$ 
12   3 n 

For the attack order <1,2,3,...,N>, assume that th* probabilities of 
the weapon systers 'jeing killed when attacking in that order may be 
represented by 

P. iPjiPji.,., a P, N 

whera P represents the probability of the j 
system Being killed. 

The following is true: 

th 
attacking weapon 

cx<2 * 0 

Vpi * ° 
(e1-c2)(P2>F1) * o 

ClP2 + Vl * Cl?l + C2P2 

Fro« Equation (14), it costs less to send in the lower cost 
weapon systes first. Using pair-wise comparisons, it nay be seen 

(14) 



L-.,-*^:^.« : .^.»<£i»S5*:*.>*■*.-.■ «■;.*«,(« 

that the least cost attack order is 

<1, 2, 3, ...,N>. (15) 

Unfortunately, as the prior numerical example has shown, the 
conditions used in obtaining the above ordering may not always be 
true. For lower cost aircraft may be expected to have less a*J*i- 
defection devices and less maneuverability and speed for evasion pur- 
poses. 

In the computer model, the following is done in cases where more 
than one aircraft attacks the same target: 

1. Arrange the aircraft in order of ascending cost. 
2. Calculate the P. for this ordering. 
3. If the P. are monotonically non-decreasing, then the above 
ordering is optimal. 
4. If not, then all permutations are generated. 

Deletion of a Combination 

It will be shown how certain attacks can be immediately deleted 
from consideration using the cost-effectiveness criterion. This re- 
sults in a limited search rather than an exhaustive search by re- 
ducing the initial set of attacks not known to be infeasible. The 
limited search aspect is a major advantage of the proposed system. 

Establish the following terminology: 

i, j» k, r   are arbitrary positive integers. 

Ai* r is the probability of target "r" being killed by 
weapon system "i" after the target has already been attacked 
"j-i" times by weapon system "i". 

Bi' r is the corresponding probability of the weapon 
system being killed by the target. 

is the total cost incurred in the above attack, 

is the effectiveness obtained by the above attack, 

x|. r 

E|, r 

is the cost of the aircraft and pilot neglecting 
ordinance, fuel, and routine maintenance. 

is the availability of vzz^u  ay«Um "i!!. 

is the total number of aircraft to be sent. 

ui,r    U the number of type r,iM weapon systems known to be 
infeasible for an attack on target "r". 

The defense capability of target "r" is assumed to be linearly 

_- 



proportional to the percent damage already inflicted on it. By this 
assumption it may be inferred that 

m,r (A m,r)y 

where y is a positive constant of proportionality. It follows that 

AJ m,r m,r 

Let A1 

ra,r n,r 

then 
AJ m,r > AJ . n,r 

It is recognized that the assumption used n%y be but a first order 
approximation to reality. Its use enables -i. significant saving in 
computation time by reducing the feasible set of solutions to be 
considered with regard to the cost effectiveness criterion. 

Effectiveness is equal to the state of the target multiplied by 
the probability of its being killed. Thus, by the same operations as 
above,    .      . 

EJ   > EJ , 
m»r    n,r* 

weapon system !,m" causes a higher percent damage in every attack than 
does weapon system "n". 

It is seen that letting weapon system "m" attack target "r" at 
any time is preferable from effectiveness considerations to the target 
being attacked by weapon system "n", because it will increase the 
total effectiveness of an attack permutation. 

true: 

and 

Now let cost considerations be examined. Let the following be 

0  < 0 
m    n 

T1  < T1 
m»r   n,r 

then the following is true 

and 

0+BlC<0+B1C m       m,r m       n       n,r n 

0    - 0   < B1   C    - Bl    C . m       n       n,r n       m,r ra 

Let "x" be tone number less than or equal to one, and let it represent 
the percent of target MrM surviving after "J-lM attacks. Then assume 

that tbe following: 

This defines the defensive ability of a target as equal to its origi- 
nal defensive ability tines the amount of destruction the target 
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has absorbed. 

It is true that 

(0--0J < (x) (B* S-  '  B.1 C ) m n n,r n ra.r m 

because the left member of the inequality is less than zero and the 
right member, if negative, is increased and, if positive, is still 
positive. Rearranging terms: 

°m + (X) (B! r)Cm < °n 4 ^^Bl   rK m       m,r m   n      n,r n 

or J 
m.r < T 

j 
n,r 

From cost consideration, A   is preferable to AJ  as it will 
ra,r 

reduce the cost of an attack permutation. 
n,r 

Using the cost-effectiveness criterion, an attack on target "r" 
by weapon system "m" is preferable to an attack on target "r" by wea- 
pon system "n" since it has lower cost but higher effectiveness if 
the following are true: 

(16) 

(17) 

AJ 
m,r 

>AJ 
n, r 

0 m < 0 n 

T1 

m,r 
<T1 

n, r (18) 

The immediate deletion algorithm shown in Figure 3 finds attacks 
preferable from a cost-effectiveness viewpoint. 

The number of attacks that can be deleted from consideration is 
shown by the following example. 

For target "r", let there be types of weapon systems i, j, and 
k with availabilities 3, 3, and 1, respectively. Assume five planes 
are scheduled to be sent* For target "r", let weapon systems "i" 
be superior to both "j" and "k" with respect to the cost effectiveness 
criterion, and let "j" be superior to 'V. Then it may be seen that: 

'J.» 
N ,-(S-Nl) 

if NJ 
*   M-Ni 

and DJ.r 
-    0 

if BJ * *-v 

(19) 

(20) 

Similarly, it nay be seen that 

\r   •   V(M-VMJ> (21) 

IIHj|>. 



Figur« 3. XM»4i*et Dt let loo Algorithm 
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1 

if N, s M-N ~N. 

and 

if 

"*c,r 

D, 

- 0 

£ M-N,-N,. 
i J 

(22) 

The above analysis is restricted to weapon systems attacking 
the same target.  If different targets were to be attacked, it is 
not possible here to predict, from initial conditions, what the 
defensive and vulnerability characteristics of two different targets 
will be if more than one plane is to be sent. For after the first 
attacks, the characteristics of the attacked targets change relative 
to one another if the same target is not being attacked. 

i 
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SECTION V 

EXAMPLE OF COMPUTER ALGORITHM 

A complete example of the computer algorithm will be presented 
here. This will include assuming the tactical situation, input data, 
and the solution« 

Consider that the network shown in Figure 4 is to be interdicted: 

1 

Figure 4. Hypothetical Supply Network 

Let there be two different types of aircraft available to attack 
the network: aircraft type 1 and aircraft type 2. Further, assume 
that there are two aircraft of type 1 and two of type 2 available. 
Let it be possible that each type of aircraft may be armed in two 
different ways. For the purposes of the algorithm, there are six 
weapon systems subject to aircraft availabilities which may be used. 
Trtere are three different types of weapon systems. This may be seen 
in Table I, Call the two weapon systems which use aircraft type 1, 
weapon systems 11 and 12, weapon system 18. 

Assume that the commander, rather than wishing to examine all 
possible attacks against the network, chooses to attack the storage 
depot on branch 1 or to attack either branch 2 itself or the ve- 
hicles thereon. Assume that all necessary data is known and that the 
commander wishes to send three aircraft. The algorithm will, in this 
case, show the cost and effectiveness of all possible permutations 
of three attacks which are not deleted using the cost-effectiveness 
criterion. The data is presented in Tables 1, IX, and IV. 

Tables I and II give the weapon system data and the network data 
necessary for this problem. For purposes of this example, ordnance, 
fuel, and routine maintenance costs are assumed not to differ for the 
various targets. This is not always the case. 

TABLE  I.    WEAPON SYSTEM DATA 

kf/S TYPE AVAILABILITY PLANE TYPE PLANE TYPE COST 
(DOLLARS) 

ORDNANCE, 
FUEL, AND 
ROUTINE MAIN- 
TENANCE COST 

(DOLLARS) 

11 

i   u 

1     18 

2 

2 

2 

1 

1 

2 

800,000.00 

800,000.00 

900,000.00 

90,000.00 

100,000.00        j 

120,000.00         1 
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TABLE I. WEAPON SYSTEM DATA (Concl'd) 

W/S TYPE AVAILABILITY PLANE TYPE PLANE TYPE COST 
(DOLLARS) 

ORDNANCE, 
IFUEL. AND 
JROUTINE MAIN- 
TENANCE COST 

(DOLLARS) 

PUNE TYPE AVAIIABILITY 

1 

2 

2 

2 

TABLE II. NETWORK DATA 

j BRANCH VEHICUBS 
EXPECTED 

AVERAGE 
VEHICLE 
CAPACITY 
(POUNDS) 

AVERAGE 
VEHICLE 
FLOW RATE 
(VEH./HR.) 

TI*C TO 
REBUILD 
(HOURS) 

SUPPLIES 
STORED 
(POUNDS) 

1 

2 

i   2 ! 

!   3 

i 

100 

70 

10 

8 

30 

20 

50 

70 

1      

The state of a storage depot is equal to the pounds of supplies 
stored there multiplied by the relative weighting factor assigned to 
those supplies. 

The state of the vehicles (when considered as targets) Is equal 
to the number of vehicles expected to be on the route at the time 
of attack multiplied by the average vehicle capacity (in pounds), 
multiplied by the relative weighting factor assigned to those supplies. 

The state of a branch (when considered as a target) is equal to 
the product of average vehicle capacity (in pounds), the average 
veh<:le flow rate (in vehicles per hour), and the time to rebuild the 
branch (in hours) if it were completely destroyed.  This product is 
multiplied by the relative weighting factor to obtain the final value 
for the state of the branch. 

Using the above relationships, the various states are calculated 
and are presented in Table III. For the example problem, the targets 
are assumed to contain supplies of equal combat utility to the enemy 
and are all assigned a weighting factor of 1.0. 
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TABLE III. TARGET STATES 

BRANCH TARGET STATE 

X SUPPLIES 50. 
1 VEHICLES 200. 
1 BRANCH 30,000. 
2 SUPPLIES 70. 
2 VEHICLES 210. 
2 BRANCH 12,000. 

In Table IV Che attack data is given. This data is given only 
for those attacks which are under consideration. The atcack number 
shown in Table IV is not data which would be read into the computer. 
It is presented here for illustrative purposes and is a number 
internally generated by the computer. The number to the right of the 
targets is used to identify the target by a number, which is used only 
for the purpose of this example. 

TABLE IV. ATTACK DATA 

ATTACK W/S BRANCH TARGET PROBABILITY PROBABILITY WEIGHT ! 
NUMBER % OF BEING 

KILLED 
OF KILLING 

1 11 1 SUPPLIES .40 .30 l.o ; 
2 12 1 SUPPLIES(l) .35 .15 l.o ! 
3 18 1 SUPPLIES(l) .30 .18 1.0   j 
4 11 2 BRANCH(2) .20 .05 1.0   1 
5 12 2 BRANCH(2) .15 .10 1.0   ! 
6 18 2 BRANCH(2) .12 .15 1.0   ! 
7 U 2 VEHICLES(3) .15 .20 i.C 
8 12 2 VEHICLES(3) .20 .15 1.0 
9 18 2 VEHICLES(3) .18 .10 1.0 

1 

The information In the Tables I, II, and IV (weapon system» net- 
work» and attack data) it the complete set of data (excluding the 
attack numbers) which it needed for the computer model. In Appendix 
I the system by which this data la put onto data cards for input into 
a computer la described. 

Hem all weights are equal to 1,0. If any weights were not equal 
to this value, the computer model would internally adjust the state 
of a target with a weighting factor differing fro» unity to its ap- 
propriate value, This weighting factor any be determined subjectively 
or by some othtr methods. For example» assume that a storage location 
contains 100 pounds of supplies with a weighting factor of 2.0. The 
model would compute the state of the target Co be 200. 
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The first step of the algorithm is to determine if it is possible 
to delete immediately any attacks from consideration. The flowchart 
for this process is shown in Figure 3.  In order to do this, the cost 
of each attack must be calculated as though it were the first attack. 
The cost of a first attack would be the ordnance, fuel, and routine 
maintenance cost of the weapon system added to the cost for aircraft 
and for pilot multiplied by the probability of their being killed. 
This may be seen from Equation (13). Table V gives these costs for 
the example under consideracion. 

TABLE V.  MISSION COSTS 

i 

ATTACK NUMBER 
i 

MISSION COST 
(DOLLARS)                i 

1 
2 
3 
4 
5 
6 
7 
8 

!           9 

410,000.00 
380,000.00 
390,000.00 
250,000.00 
220,000.00 
228,000.00 
210,000.00 
260,000.00 
282,000.00 

The first three attacks involve the ssr* target, the second three 
another, and the third three another. Thus, there are three groups 
of comparisons which must be made to ascertain if any attacks may be 
immediately deleted from consideration. Referring to Equations (16), 
(17), and (18). a deletion is possible if any of the following are 
true: 

A»,r 
> 
< r 

°. < 0 
n 

'i. «V 

< r 
The attack indicated on the right-hand side of the inequalities 

would be deleted. 

For the first set of coaparsions: 

A1   > A1   > A1 
*ilfl  *l2,i  *i$,l 

°U  <0I2  <018 

T    < T    < T 

(23) 



Using Equation (20) it is setn that: 

D18,1 ■ 2-(3"2> 

Ü 
18,1 

i. 

From Table X, it is known that there were originally two weapon 
systems capable of performing attack number 3. From the above analy- 
sis, it is seen chat one may be deleted from consideration by us;*ig 
the immediate deletion algorithm. This is the only deletion wtUca 
may be performed using the first set of comparisons. 

The following is true for the second set of comparisons: 

1       >    1        v    1 
A12,2     A18,2 ' All,2 

°ll  <012  <018 

Tl   . -1   < Tl 
12,2 ^ T18,2  TU,2* 

There are no deletions that may be performed. 

The following is true for the third set of comparisons: 

A1   > A1   > A1 Ali,3  *12,3  A18,3 

°li  <012  <018 

Tli,3 < T12,3 < T18,3* 

Originally two aircraft were capable of performing attack number 
8» It it shown below that one of these may be deleted from con- 
sideration by using Equation (19). Similarly, two aircraft were 
originally capable of performing attack number 7. It is shown that 
both of these may be deleted from consideration by using Equation 
(22). For attack number 8 

Di2,3 •  >i2-w-"ia) 

12,3 
2-0-2) 

°12,3    "    *' 
For attack number 7: 

Since *il H"I,12",IW 

2 £ -i 
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then 
'11,3 

= N 
11 

D 
11,3 

= 2. 

Now the complete list of attacks not known to be infeasible 
may be given in Table VI. 

TABLE VI. ATTACK NUMBERS AFTER DELETION 

ATTACK NUMBER BRANCH 

1 

TARGET W/S TYPE   J 

. .... —  _J 

1 1 SUPPLIES (1) 11      1 
2 1 SUPPLIES (1) ii      ! 
3 1 SUPPLIES (1) 12     i 
4 1 SUPPLIES (1) 12 
5 I SUPPLIES (1) 18 
6 2 BRANCH (2) 11 
7 2 BRANCH (2) 11 
8 0 BRANCH (2) 12 
9 2 BRANCH (2) 12 
10 2 BRANCH (2) 18 
11 2 BRANCH (2) 18 
12 2 VEHICLES (3) 12 
13 2 VEHICLES (3) 18 
14 2 

1 
VEHICLES (3) 

  
18 

Temporarily neglect availability constraints. From the above 
set of fourteen attack numbers, all combinations of three elements 
taken at a time must be obtained. For each of these combinations, 
the optimal attack permutation must be obtained: 

Referring to Equation (2), it is seen that there are 364 
combinations, since three elements at a time are being taken from the 
reduced set of 14 attacks. 

,14 14! 
31(14-3)! 

.14 
364 

For each of these combinations which involve attacks on the same 
target, permutations must be considered. 

Before the preliminary deletions presented above, there were 544 
combinations since there were originally 18 possible attacks before 
deletion. 

.18      18! 
*3 
,18 
"3 
c! 

31(18-3)! 

544 
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For eich of the 544 combinations which involve attacks on the 
same target, permutations must also be considered. Because the 
preliminary deletion eliminated only attacks on the same target, 
then there are less permutations to be considered after deletion than 
before. As an upper bound on the reduction of total number of attack 
permutations to be investigated as a result of preliminary deletion 
which reduced the original 544 combinations to 364, the following is 
true: 

544-364 
REDUCTION - 

544 

REDUCTION - 35%. 

This is a significant reduction in the work necessary to investigate 
completely this particular problem. 

Using uiie attack numbers given in Table VI, the following 
attack combinations may be developed: 

TABLE VII. ATTACK COMBINATIONS 

i 

COMBINATION NUMBER 

12 
13 
14 

23 
24 

34 

40 

48 

COMBINATION 

1,   2,  3 
1,   2,  4 

1,  2,   14 
1,  3, 4 
1,  3,  5 

1, 
1. 

,   14 
i  3 

1,  5,  6 

1.  5,  12 

i, 6,  12 
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TABLE VII. ATTACK COMBINATIONS (Concl'd) 

COMBINATION NUMBER COMBINATION 

78 
79 
80 

i                                                        * 

362 
363 
364 

1, 13, 14 
2, 3, 4       ! 
2, 3, 5 

• 
• 

11, 12, 13 
11, 12, 14 
12, 13, 14 

Now consider the availability constraints. Examine combination 
numbers 1 and 2. Both of these require that three aircraft of type 1 
be used. Both of these combinations would be infeasible with regard 
to aircraft availability considerations. Before the cost and effec- 
tiveness values for any combination are evalu* ted, the feasibility 
of that combination, with regard to aircraft type and to weapon sys- 
tem type availabilities, is checked.  If a combination violates 
availability constraints, it is deleted from consideration. 

Further, it is seen that combinations number 1 and 2 constitute 
an identical attack combination, i.e., the same weapon systems 
attack the same target. Due to the manner in which the information 
storage and retrieval subsystem of the computer model is constructed, 
one or more identical combinations immediately follow the first. 
The computer model is designed so that, immediately after investi- 
gating the first of an identical set of combinations, it skips to a 
new combination and examines it in order to avoid duplication of 
work. 

To complete this example problem, only three attack combinations 
will be examined, evaluated, and compared. This will be sufficient 
to illustrate the method. The actual computer model would examine 
all combinations. The computer solution to this problem is given 
in Appendix II. The input data has been changed such that the pro- 
gram examines the possibility of sending one through four planes 
(inclusive) instead of only examining the possibility of sending 
three. Appendix I shows how to introduce the input data onto computer 
cards for the problem of Appendix II. 

The following attack numbers are investigated below: 
tion numbers 34, 40, and 48. 

combina- 

For attack combination number 34, two permutations must be con- 
sidered because attack numbers 1 and 5 involve the same target. 
Referring to Table VI, it is seen that attack numbers 1 and 5 both 

Ä 
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involve attacks on the supplies oi branch number 1. Attack number h 
involves an attack on branch number 2.  Equation (13) is used for 
efleetiveness calculations, and Equation (14) is used for cost cal- 
culations when the attacks involve the same target. 

The effectiveness of attack number 6 is equal to the probability 
of killing the target multiplied by the state of the target. This 
value is 600.0. The cost is equal to the mission cost as calculated 
for Table V. Attack number 6, as read from Table VI, corresponds to 
attack number 4 as read from Table V. (Table V lists only unique 
attacks whereas Table VI lists all feasible attacks.) This value is 
250,000.0. 

Now consider the effectiveness that would result from letting 
attack number l(as read from Table VI) occur first, followed by 
attack number 5. The effectiveness and cost values for attack number 
1 would be found in the same manner as those of attack number 6. 
These values are 15.0 and 410,000.0, respectively. The attack per- 
formed in attack number 1 would lower both the state of the target 
and its defensive ability by 30%. Thus, immediately before attack 
number 5 is performed, the state of the target is 35.0. The pro- 
bability of weapon system 18 being killed in the attack is 70% of 
the original probability or 0.21.  Using these values of state and 
defensive ability, the effectiveness and cost values obtained from 
attack number 5 are 6.3 and 302,000.0, respectively. These values 
are relative and must be seen in combination with other choices. 

The total effectiveness and cost values for this permutation 
are obtained by summing the abova values for each attack. Total 
effectiveness is 621.3, and total cost is 962,000.0 for this 
permutation of attack combination number 34. 

The total effectiveness and total cost values for the other 
permutation of attack combination number 34 are 621.3 and 992,400.0, 
respectively. Thus, using the cost effectiveness criterion, the 
first combination is preferable to the second and is the only one 
stored in the computer's memory. 

By proceeding in a similar manner, all other attack permutations 
may be evaluated. The results are presented in Table VIII. 

TABLE VIII.  COST AND EFFECTIVENESS VALUES 

ATTACK PERMUTATION EFFECTIVENESS COST 

<1. 5, 6> 
<5, 1, 6> 
<1, 5, 12> 
<5, 1, 12> 
<lt 6, 12> 

621.3 
621.3 
52.8 
52.8 

646.5 

962,000.0 
992,400.0 
972,000.0 
1002,400.0 
920,000.0 
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Using the cost-effectiveness criterion with an effectiveness 
tolerance of 0.0 pound and a cost tolerance of 0.0 dollars, it may 
be seen from Table VIII that the attack permutation <1, 6, 12> 
is the only attack combination of the original three which was con- 
sidered. The attacks of the attack combination <1, 6, 12> may be 
permuted in any order because three separate targets are attacked, 
and the cost and effectiveness calculations for each one are in- 
dependent . 

In this example a tolerance level of 0.0 dollars and 0.0 pound 
is used. This, in facu, indicates absolute certainty regarding 
the probabilities of kill used to find expected values and regarding 
other data.  If uncertainty is present, it is advisable to increase 
the tolerance levels. 

i 



SECTION VI 

CONCLUSIONS AND RECOMMENDATIONS 

The computer model is capable of converting a large amount oi 
data to assist a field commander in his decision processes. The 
results of potential attack combinations and attack permutations are 
evaluated and compared so that interdiction can be accomplished 
efficiently. 

Up-to-date and accurate data are necessary inputs into the model 
in order to have meaningful results. After a series of attacks has 
been completed, the data for any affected part of the supply network 
must be updated. This is due to the short run nature of the al- 
gorithm. 

It is recommended that the long run problem in which network 
characteristics may vary over time be investigated. By means of 
such an investigation, information relevant to strategic planning 
vould be made available. 
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APPENDIX III 

MICRO-LOGIC FLOW CHART OF COMPUTER MODEL 

MAIN PROGRAM 

COMMON  ISOL(IOO), KSOL(IOO),ITEST(10), IC(1000,10), KTAK(500), 
ISKIP(500), JSOL(IOO), CP(50), PKL(IOO), C(999), S(999), PRCNT(IOO), 
KPTYPE(50), KOUT(30G0), KWSPL(50)> KASGN,KUT, KWSAVL(50), KPLAVL(30), 
Jl, NBRAN(50), SIATE(50,3), MAPST(500), CM(50), HOLDST(50), HLDMAP(50X 
NASGN, J1HOLD, J2HOLD, MODE, KSTOP, KSLHLD(IO), NWEAP, I6END, TOLE, 
TOLC, KWSPL(30), TRB(50), KWSASN(30), KPLASN(30), KWTYPE(50), JIOLD, 
CORD(IOO), IORDER(20), CPTEST(20), KAVL(IOO), IHDOR(20), IHDORI(20), 
EPER(20), WGT(IOO), IG(20), KBTR(100,20), I4END, IMDL, NASGN1 

IMDL=0 

CALL 
IMMDEL 
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M0DE1=M0D£ 

CALL ORDER  (MODE1, 
J1H0LD,NASGN,C,E,IC) 
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CALL ORDER  (MODE1, 
J1H0LD,NASGN,C,E,IC) 
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READ IN 

COMMON 
SAME AS 

MAIN 

READ 
NASGN, 
KASGN 

WRITE 
NASGN, 
KASGN 

READ MODE, 
KSTOP,  TOLE, 
TOLC,  KUT  

WRITE MODE, 
KSTOP, TOLE, 
TOLC,  KUT 

NWEAP,N PL- 
ANE,NBRNCH 

I    WRITE 
NWEAP,NPLA- 
NE.NBRANCH 

WRIVE 
HEADING 

77 



11=1 

Il-Il+l 

/READ KWTY-PlJ 
KWSAVL(-U), 
KWSPL(-Il), 
CP(I1) 

WRITE KWTY-PlJ 
:WSAVL(-I1), 

KWSPL(-T.l), 
|CP(I1) 

WRITE 
HEADING 

I3H 120-120+1 

KWSPU(I20)-KWSPL(120) 

/H 



'READ 
KPT \T1, 

KPLAVL(T2) 

WRITK 
KPTYPl, 

KPLAVL(I2) 

KPTYPK(.I2)«KPTYP1 

120-0 

*/YES\ 

KWSPL(l2i)-I2 
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12 

13-0 

13« 134-1 

READ    NBRN.VCHEX.AVCAP, 

AVfR.AVSP,TRB(l3>, 

STATE(I3,1) 

NBRAN(l3)-NBRN 

STATE(13,2)-VCHEX*AVCAP 
T—  

r STATE(X3,2)«TRB<l3)*AVFR*AVCAP 

80 
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WRITE NBRN,VCHEX,AVCAP, 
AVS1\TRB(I3),STATE(T3,1), 
STATE(I3,2),STATE(I3,3) 

14=0 

W 14-14+1 

/   READ     ISOLl,JSOL(i4), 
PKL(I*),r>ReNT(l4)l 

C0RD(I4),WFT(L4) 

81 
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MAPST(i4)«l41 

1 

WRITE 
JS0L(14) 
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ö- 

IS0L(I4)-142 

IS0L1=1S0L<14) 

CM(I4)»CORD(l4)-fCP(ISOU)*PRCNT(l4) 

WRITE        KWTYPE(ISOLi), 
JSOL(I4) ,KSOL(U) ,PKL(I4), 
C0RD(I4)>CP(IS0L1),CM(I4)> 

WGT(14) 

j 

© 
I4END-14-1 

5 
83 
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IV'MDEL 

^H 

COMMON 
SAME AS 

MAIN 

145=0 

145-145+1 

KBTi(I45)«0 

15»0 

0 

85 
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221 

1451=0 

1451=1451+1 

IS0L1*IS0L(I451) 

KAVL(I451)»KWSAVL(IS0L1) 

CHH 15»15+1 

IE 
xe«i5 

*> 

HP—H-'^-wm 
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KBT1(I6)»KBTI(I6)+1 

KBT-KBT1(I6) 

KBTR(I6,KBT)«I5 

31 KBTl(I5)«KBTl(I5)+i 

KBT-KBTKI5) 

KBTR(I5,KBT)-I6 

as 



1 

KBT1(I6)*KBT1(I6)+1 

KBT>KBT1(I6) 

KBTR(I6,KBT)-I5 

4 
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mr 

KBT1(I5>KBT1(I5)+1 

KBT=KBT1(I5 

KBTR(I5,KBT)«I6 

90 
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KBTi(I6)=KBTl(16)+l 

KBT=KBT1(I6) 

KBTR(I6,KBT)=I5 H0 

KBTl(I5)«KBTl(I5)+l 

KBT-KBTI(IS) hO 
91 
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f360 

<3H 

W 

KBTR(I5,KBT)=I6 

155-0 

uz 
155-155+1 

"T~ 
156-0 

KB-0 

I56-I56+1 
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0 

<3H 

KVAL(I55)*0 

38 } » 

151-0 

161-0 

nz 
I51+I51+1 

171-0 zn 
ISKIPl-ttl+HKAVLClSi) 

i 
<3M 171-171+1 

5 
94 
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161*161+1 

I 
KATK(I61)-I51 

I 

9S 
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COMBO 

™ 

COMMON 
SAME AS 

MAIN 

NASCN!=NASGN-1 

<3H 

10*0 

zr 
18-18+1 

zu 
KWSASN(I8)«0 

1 
KPUSN(I8)«0 

X9-0 

i$«i*+i 

ö 
% 

SE ■y- ' Mpgwiwi^lpiiiiMWHI 12 



<3H 

ITEST(I9)«I9 

J1*0 

J2-0 

m 
J2-J2+1 

i 

^ 

IS0LI»IS0L(KATK1) 

KWSPLl«KWSPL(ISOLi) 

©" 

ITEST1-ITBST(J2) 

1 
KATKl-KATK(lTESTl) h© 

KWSASNC XSOLl )-KWSASH( ISOLl HI rv487 

KPUSKCKWSPLl )»KPUSN(KWSPU )+i 

3? 

_r^3l Si^i y^:W-^'-iW itww ; ' 
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r 

J2HOUD-J2 

KWSASN(ISOLD»   iSASN(ZSOLl)-l 

KPLASN(KWSPL1 )-KPUSN(KWSPLl) -1 

KHECK»I6END-(NASGN«J2) 

n 

**c*?g»j»-w»i mni—iOWi 



1 

ITEST1-ITEST(J2) 

I 
KATK1«KATK(ITEST1) 

tS0Ll«ISOL(KATKl) 

I    — 
KWSPU»KWSPt( ISOLD 

ITCSTCKMSKIFUTESTI) 

r 
*4 J2-J2+1 

l?E$XQ2)»IT£SnJ2-n*l 

W 
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iä&Sr«*«ä»*R- L>.V^-i?-^^* lr~Ä*zM A^J^^^- >t^k'i*>i:-^»mmA. iarttll   : 

J2=J2HOLD 

^ 

JW1+1 

J1H0LD«J1 

JIOLD-Ji 

J3-0 

ZE 
J3-J3+1 

uz 
IC(Jl,J3)-lTEST(J3) 

mmwmmptwmmm&msm 





W.-^ä^MiaMiif.A^ 

<SH 

J£ZE£ 

COMMON 
SAME AS 
MAIN 

I!R=0 

MP=0 

K40=0 

K40»K40+1 

IC1-IC(J1HOLD,K40) 

IORDER(K40)-ICl 

K43-0 

(5 



(EH 

K41=K43 

MPER=0 

MP=0 

MPER1=0 

K41=K41+1 

K43-K41 

ICWORDEWHC41) 

~5 
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MPER=1 

MPER1*1 

K43=K43+1 

IORDERl=IORDER(K43) 

IORDER(K43)-IORDER(K42) 

IORDER(K42)»IODERl 

K4-K41-1 

(5 
105 
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67 K4=K4+1 

IÜDER1=I0RDER(K4) 

KATKl-KATK(IODERl) 

ISOLi*ISOL(KATKl) 

CPTEST(K4)*CP(IS0L1) 

106 
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£u 

CPTST1-CPTEST(K5) 

CPTEST(K5)=CPTEST(K6) 

CPTEST(K6)«CPTST1 

10DER1»I0RDER(K5) 

IORDER(K5)-IORDER(K6) 

I0RDER(K6)«I0DERi 

€H CPX«l. 

i 
I0DER2-I0DKR(KM) 

(5 
107 

L~ E^i'I^HiiP^Mill 
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I ... - 

74 

KATK2=KATK(IODER2) 

PRCNT2*PRCNT(KATK2) 

K61-K41-1 

kol-K6i+l 

10DER1*I0DER2 

PRCNT1-PRCNT2 

IODER2-IORDER(K6l) 

KATK2-KATKUODER2) 

X 
CPX*CfX*( l. -PKUKATK1)) 

PRCHT2*PRCHT(KÄTK2)*CPX 

\m 
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©■ 

^- 

MPER»0 

CPERI-O. 

ZE 
ErER 1*0. 

Kl«K41-i 

K11*0 

Kll'KLl+1 

lODERl-lODEMKl) 

KAtfU-JCATKUODOU) 

KSOLl-lCSOt(lCATKl) 
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MAPSTl-MAPST(KATKl) 

H0LDST(K11)»STATE(MAPST1,KS0L1) 

78 

[ 

K2*K41-1 

K20-0 

i 
K2»K2+l 

I 
K2ü«K2(Hl 

—I— 
IüDE?U«iCmDER(K2) 

KÄTKl»KATK(lOOERt) 

KSOLl«KSOL(tCATKl) 

MAP$Ti»MAPST(KATIU) 

~<5 
uo 

_*aL. 
mmtimmmim^» 



IS0L1*IS0L(KATK1) 

I 
HIT-STATE(MAPSTl,KS0L1)*PKL(KATKl) 

EPER1-EPER1+HIT*WGT(KATKI) 

CPERl«CPFJU4C0RD(IS0Ll)+eP(IS0Ll)* 
PRCNT(KATKl)*(STATE(MAPSTl,KSOLl)/ 
HOLDST(K20)) 

ST\TE(MAPSTl,KSOLl)«STATE(MAPSTl,KSOLl)-HlT 

[ 
>3H 

r 

K3-K41-1 

K30*O 

£ 
K3-K3+1 

—T~ 
K30-K30+1 

—r 
lODEfU-IÖRDSÄCIÜ) 

H5 
111 
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UM."   •iWWtiMl**'.:. :-«ämiv«miM4Bim-:ifn,m**,i,mTf,A.*i   -I}*M... ..-■.■■ 

1 r.v  . 

ICATHl-KATKt. IODER   ) 

riAPüT^-MAHSTCKATKl) 

KSOLl«KSOL(KATKl) 

STATE(riAPSTl,K:;OLl)-HOLDSl(K30) 

m-^i+i 

H?ER(HH)*EPOll 

I 
crOUND-CFERl 

1 
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*zn 
K3l*lt4l- i 

ttl-ttl+l 

Q 
IU 
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IHDOR(K31)=IORDER(K31) 

114 



90 

CPER(MR)=COLD 

K32=K41-1 

I 
K32=K32+1 

I 
IHDOR(K32)=IODER(K32) 

Q*H 

K44KND*K43-K4H1 

K44-0 

K44*K44+l 

IG(K44)-K44 

115 
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116 
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(CM 
K47=K47+1 

1G(K45)»K46 

I 

117 
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A. Kiritil'lMftin,' Mt~nMiltfim«i»:fe«Ma»jaii«.~«. 

102 

K45=K45+1 

I 
IG(K45)=K48 

K49-K4Z-1 

I 
K49-K49+1 

~T~ 
IHDORi(K49)«IORDER(K49) 

118 
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104 * 

^ 

K491«0 

K492=K41-1 

K491-K491+1. 

\ 

K4')2»K492+1 

K493*K41+IG(K491)-1 

IORDER(K492)-IHDORl(K493) 

104 i        ( YESU—<K492<K43? 

^l 

K494-K4*-l 

 T" 
K494-K404fi 

 T— 
IORDER(K494)«IHDOR(K494) 

(106V^s\--^494<K43 

119 
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ämtBJMhüwMi mst^m*t*mü 

GH C(J1H0LD)»0. 

1 
E(JlHOLD)-0. 

©~* 
I 

K5O0 

107 K50=K50+1 

1 
C(J1HOU))-C(J1HOU>)+CPER(K50) 

E(J1HOLD)»E(J1HOLD)+EPER(K50) 

] 



r 

121 



DELETE 

QjH 

COMMON 
SAME AS 

MAIN 

K4=0 

K5=0 

ETEST-E(JIHOLD) 

CTEST-C(JIHOID) 

JIHLDWIHOLD-i 

K4-K4+1 

122 
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K5-K5+1 

ZEZ 
K0UT(K5)«J1H0LD 

(™h 

K5*K5+l 

ZEZ 
K0UT<K5)*K4 

111 
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^H 

^H 

K6=0 

K6STOP=K5 

—r 
K6-K6+1 

zrz 
K7<:OUT(K6)-K6 

K7ST0P=*J1H0LD-K6 

K7-K7+1 

K8-K7+1 

zrz 
g(K7)-E(K8) 

C(K7)-C(K8) 

124 
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118 

K9«0 

K9=K9+1 

IC(K?,K9)»IC(K8,K9) 

JlKHJMtfStO? 

0 

] 
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J 

1 
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ORrER(MODE,JlHOL!),NASGN,X,Y,IC) 

120 

121 

DIMENSION 
X(500),Y(500),IC(1000,10) 

JlHLDi*JlHOLD-l 

1  
K4»0 

K4-K4+1 

K3«K4 

zu 
K5*K5+1 

127 



r 

r 

X1=X(K4) 

X(K4)=X(K5) 

X(K5)»X1 

Y1-Y(K5) 

Y(K4)=Y(K5) 

I 
Y(K5)«Y1 

K6*K6+1 

~T~ 
IC1«IC(K4,K5) 

IC(K4,K6)-IC(K4,K5) 

K6«0 

128 

mfmrmit< i.xeuj*u^.- ■, w , ;..4N,:%£&?•: Qj-'W-?* «; 

ff  ggpgwgggpw^ygNgig 



• 

129 

llaj^^#jii>aP«Sj* mmmm 
wjt-iiiiiipiiiiiii,ij|iipiipiiii ■HPfH miippjij *»» 

aad^isJEJUBS^sagS: 



OUTPUT 

COMMON 
SAME AS 

MAIN 

J1HOLD-KSTOP 

WRITE 

NASGN 

1^-WiSte, -  , . 



127 

^H 
L2=0 

L2-L2+1 

L3=0 

L3-L3+1 

ICl-IC(L^,U) 

KATKi*lvATK;iCl) 

ISOLI-ISOL, 1ATK1) 

JS0L1*JS0L(KATKI) 

HAPSTl-MAPST(KATKl) 

KS0U*KS0L(KATK1) 

131 
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WRITE L2,KWTYPE(IS0L1), 
JS0L1,KS0L1,STATE(MAPST1, 
KSOL1) S 

132 



132 

L4=0 

L4=L4+1 

zzz 
RATIO«C(L4)/E(L4) 

WRITE    L4, 
C(L4), 
E(L4), 

RATIC 

1 

133 
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A cost-effectiveness analysis was performed on the problem of resource 
it ion for supply network interdiction. Subject to availability constraints 

ar Force weapon systems are allocated to targets within a supply network. The 
measures * system performance are cost in dollars and effectiveness in pounds 
of suppU.  interdicted. By means of a limited enumeratevc approach, solutions 
may be found such that no other alternative assignments oi'  aircraft to targets 
exhibit simultaneously a higher effectiveness but lower cost than the solutions. 
Data elements describing the network and weapon system characteristics and 
weapon system availabilities are processed by a computer model in such a 
manner as to provide information which will aid a field commander's decision 
processes 
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