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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
i Force Armament Laboratory, Eglin Air Force Base, Florida. lajor ) !
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
ma jor 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 th‘~ phase of the program and cre 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
tecinical report upon completion of Phase II of the contract.

This technical report has been reviewed and is approved.
T ’)/7 445;
/{1,:'- mtw)j [ #¢ (

THOMAS P. CHRISTIE
Chief, Analysis Division
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ABSTRACT J

A cost-effectiveness analysis was performed on the probiem 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- g
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 lowcr
cost than the solutions, Data elements describing the network « ..
weapon system characteristics and weapon system availabilities are
processed by a computer model in such a manner as to provide in-
formacion which will aid a field commander's decision processes,
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LIST OF SYMBOLS

is the expected percent of a target destroyed by the ith
weapon system which attacks it,

is the percent damage expected to be inflicted on a target
during the it ateack by weapon system type "j', when all
weanon systems are attacking the same target.

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

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

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

is the probability of weapon system type 'i'" being killed by
target 'r" after the target has been attacked "j - 1" timec,

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

is thghcost in dollars, of the plane type and pilot used by
the i~ weapon system which attacks the same target.

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

is the number of type '"i'" weapon systems, less than or
equal o the total availability of wcapon system type "i",
which have been deleted from consideration with regard to
an attack on target 'r'.

is the total effectivenuss, in pounds, of some set of attacks.
is the effectiveness, in pounds, of an attack by weapon
system type "j" on target 'r" after it has been attacked

"j - 1" times.

is the ith elenent of some set of eclements.

is & set of clements.

{s the kth subset of H.

is the pth element of the subset Hk‘




i is used as a subscript. It may be any natural numbear.
j is used as a subscript. 1t 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. . s
N is the total number of clements in some set,
p
) Ni is the number of the ith type of weapon system which is
available.

ro—
o

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

P is used as a subscript. It may be any natural number.
pi is the probability that the ith weapon 3ystem which attacks
the same target will be destroyed.
’ r is used as a subscript. It may be any natural number.
S1 is the stzte of a Egrge: immediately before it has been
attacked for the i time,.
Tg 2 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" times. f
X is any number greater than or equal to 0 and less than or
equal to 1.
b is uscd as a subscript. It may be any natural number.
p z is used as a subscript. It may be any natural number.
) !/ is used to define a vector function which is given in T

Equation (7).

-3~ is used in the renking of vectors: re‘er to Equation (9).
> means "is greater tham." ﬂ
< means "is greater than or equal to."

means "is less then."”

[

means “"is less than or equal to.”

= means “{s cqual to."
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which enemy supplies may not be cffectively rerouted. It is assumed
during this time pericd that those who have control over the target
cannot respond by replacing lost or damaged compcnents of the target.

It should be emphasized that, under the system developed, the

field commander still retains actual command. This is in contrast to

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 s »ly
network., His decision uses as inputs types of weapon systems, nuuber
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. Uffectiveness i{s the exvected
pounds of supplies interdicted for 2 short period of time. For the
purposes of this study, a short period of time is that time period in
other work done in this field of ¢ndeavor which optimizes decisions
but removes the field conmander from the decision process. That is,
in using the algorithm developed here, the printout provides the
ccmmander with a series of best alternatives. 1f 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 und effectiveness together. Various ratios and
relationships were tried without =uccess. In the program developed,
both cost and effectiveness have been built into the printout displays
so that those using this informarion for decisions may evaluate the
two together in light of the exigencies of che situation, When all
possible combinations of weapon tvpe, quality of types, and target
pactameters are considered, one or more of the possible aiternative
system configurations may exceed or may be below acceptable cost and/
or effectiveness levels. In thesc 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 appzars wise to ap-
proach the solution in a two-step fashion, The first step i{nvolves
the establishment of feasible criteria and limits so that the search
algorithm may not be active over the entire vange of possible com-
binations with regard to the number of aircraft to be sent on 2
mission,




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 cffectiveness
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 3 L
close air support for combat twcops. This research is concerncd with
the interdiction problem,

An essential pgoblem 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 ecffectiveness
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. 1

The research problem may be viewed as a system. The data basc
describing the weapon system availabilities and enemy supply network '
constitute input. The method by which this data is converted into 1
usable information is the system. The output is the configurarion
of attacks and their zesultant costs and effectivenesses,

This systam may be viewed as a subsyste: vherein the larger en- J
compassing system is that of an Air Force %actica]l Command. Achieving |
the best resultants ifrom a subsystem mus’ not hinder total sysiem |
) performance,

Optimizatinn is attaining that level of performance of 3 system :
vhich best satiufies the prescribed measures of performance.

Svetem arijysis includes Zhe following tasks, listed in th: i
order of performance:

1. The desired output or that which {3 needed must be determincd.
] Preferably, the outputs are measurable. 1f not, they must be
quantified.

2. The desired inputs or rhat which is to be converted inte the |
output must next ba determined. i
3. The relationship ¢f system corponents waich optimally coaverts




input into outputs must ther be determined.

Cost-effectiveness analysis rcefers to a particular type of sys-
tems analysis in which the measurcs 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.
A 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 arw
transferred from incoming raii 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 rou%e containing either no storage
locations or one storage location, The term "homogeneois' indicates
that a branch has the same defense cliaracteristics and tue same
vehicle capacity along its entire lenpth., 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, r:ilways, canals,
paths, or similar entities which can suppert vehicuiar traffic.

A vehicle is any supply carrier.

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

A plane is an aircraft of a basic dody type, for example, a
B-58 or a B-52.

A weapon system is 3 plane having a particular set of attack
characteristics and capabilities. For example, a 5-58 with 10,000-

pound bombs is a different weapon system from a 5-58 with _,000-
pound bombs.

An attack is the act of a specified wearon system engaging a
particular targect.

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

An attack permutation is an attack combination in which the
attacks occur in a specified order.

Target state is defined as the pounds of supplics which can be
interdicted by completely destroying that target. For example, if
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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
tiices 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.




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
reso?gses are a real constraint in relation to all of their posrc. .le
uses‘*~/, 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 effectiveress is determined by some method., Thus, it
is a decision aid.,

C-E analysis may be described by the following procedures. These

rocedures reflect a combination of the work of six authors (1),(4),
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 & cost of 3 (dollars), and
alternative Y has an effectiveness of 4 (pounds) and cost of 2 (dol-
lars). Using the cost-effectivencss criterion, neither alternative
may be deleted from consideration although the C/E ratios of X and Y
are 0.6 and 0.5, respectively. Altermative Y has a lower dollar-per-
pound ratio than does alternative X, but its effactivenecss is one pound
l1ess. In using some other alternative, Z, to obtain this unit of

g et e 2 r————
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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 values 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.)

»w
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L Hatry(s) reports three ways of doing this:

b 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
b the input distributi ons describing the system.

For studies such as thoig described here, there are three types
of cost-effectiveness models{?) which may be classified into categories.

i 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 desirced.

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
) tvo defense systems would differ in kind from one which employs a

: sweeping laser beam,

: Methods are available for finding the optimal parformance level £
£ a system which has a scalar measure of performance and can be described
mathematically. A scalar measure may be used vhen the quality of a
system is to be judged only cn one measure of performance. For example,
in industry, dollars profit is often used as a scalar measure of per-
formance. The problem statemcnt 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 paraneters are continuous within their speci-
fied ranges. For problems which are linear in nature, some algorithms
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find integer solutions (inteper programming, assignment problems,
and transportation problems). Dynamic programming is capable of
dealing with discrete nonlinear nroblems,

For a specified maximal level of cost or for a specified minimal
level of effectiveness, the cost-effecciveness problem may sometimes
be treated as a4 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 0.1 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,

1f dynamic programming were used, it would be possible to find
an optimal interdiction policy. By failing te list the other
alterns_ives, 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
tiremendously., By using dynamic programming for this problem, it
would be possible to optimize ihe interdiction costs but to sub-
optimize the entire battle costs.,

The limited enumerative approach would yieid nct only the dynamic
programming solution but also the other alternatives. The limited
enumerative procedure was the approach used for this research,
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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. Des truction of the vehicles by aerial weapon systems. 1
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 thix 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 artilliery c¢ould 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 grou.d trcops into their models,
differ in kind from the first three alternatives and -equire a differ-
ent modeling technique,

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

System Inputs

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

1. The network data:
a. Vehicular flow rates per hour on each branch.
b, The vehicular loading on each branch, expected pounds per
vehicle.
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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 e=ach target (supplies or vehicles on a
specified branch or the branch itself) which reflects the
relative importa.ice 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 defemses 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. Plone and weapon system availabilities by type.
b. Minimum and maximum number of weapon systems to be sent.

The System

The system .aich 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 alrernatives and the fourth and the fifth, a
comnon measure of effectiveness and cost is desirable.

All alternatives except the last (which uses close air support)
may use the measures of pounds and dollars, If the following were
done, then the last alternative, in which ground troops are used,
might also use the same 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 cost required to accomplish one's battle cbjectives
with the aid of the additional clese air support required due to the
presance of additional enemy supplies.

!
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SECTION 1V

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 ace 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, 2tc.) 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 evaluated permutations to see if any prior values would
cause the new permu.ation to be deieted using the cost etfectiveness
criterion. Those valucs previously calculated are tested to determine
if they could be deletea by the new values. Upon deletion, an attack
permutation is erased frow computer memory storage. Figure 1 is a
pictorial represercation ot this process.

In this section, the following algorithms will be developed:

The algorithm by which the combinations are generated.
The calculation of effectiveness and cost values,

The optimal permutations of a combination.

The procedure by which a permutation is deleted.

S~ O -

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 algorithmz will bz given.

Computer Program

The main program is used to coordinate the subroutines. No
actuval computations are performed in tiie main program; rather, it is
used to call 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 retricval 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 type 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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