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AFIT/GST/ENS/94M-5

ABSTRACT

This thesis describes the development of an air mission planning algorithm for the
Joint Staff's Future Theater Level Model (FTLM). The overall nroblem scope was to
develop an algonthm to handle major factors bearing on the combat mission planning
probiem while providing hook-ups for the FTLM architecture. Other aspects of the
problem included finding the appropriate level of deiail, deveioping a fast solving
technique, and attempting to use existing data. The problem was handled by using
some ideas from existing aircraft allocation algorithms and by adding some new
technigues.

The proposed air mission planning algorithm supplics the optimum degree of
force for campaign objectives by using a linear program (LP) to allocate the optimum
number and type of aircraft and munitions against each target. The LP takes advantage
of the force multiplying effects of mass and mutual support through its use of strike
packages with SEAD and air-to-air escort. Additionally, a decision tree algorithm
determines the best plan in iight of the uncertainties nf weather and weather forecasts.

This air mission planning s!gorithm omits many of the details in the actual aircraft
tasking process, but provides fast, nearly optimal solutions which should approximate

real world tasking results.

vii




AN AIR MISSION PLANNING ALGORITHM FOR A
THEATER LEVEL COMBAT MODEL

L INTRODUCTION

L1 Purpose and Background

The purpose of this thesis i1s to develop an algorithm for generating air strike
packages in the Future Theater Level Model (FTLM).

The Joint Staff at the Pentagon is developing the FTLM to analyze the results of
force structuring decistons in a theater level campaign (21:1). FTLM is a computer
simulation model which will handle uncertainty and varniability in factors influencing
operational decisions. The model will help examine what forces to deploy, how many,
and when to deploy them. The FTLM wrchitecture includes ground and air forces
which operate on linked arc-node networks. Tactics for each side are based on
intelligence percepticns of targets and enemy defenses. One area that is still
undeveloped in this model is an algonthm for Jetermining the composition of air strike
packages (21:1).

An air stnike package is a group of fighter and bomber aircraft that have teen
combined to provide mutual support against enemy threats while they achieve a
common goal of destroying a set of targets. The basic principle of the strike package

ts to locally overwhelm an enemy's defenses through the use of surprise, mass, and

mutual support. Tacticians achieve surprise by cheosing a time and place to attack at




which the enemy is ill-prepared or unsuspecting. Mass means obtaining a large
enough concentration of attackers to saturate enemy defenses. Mutual suppoit is
zchieved by combining aircratt with complimentary capabilities so the package can
protect itself and do the mission. For instance, F-15Cs have the ability to use radar
missiies to shoot down opposing aircraft. EF-111s can disrupt eniemy surface defense
radars on a large scale, and F-111Fs can drop laser guided bombs with pinpoint
accuracy. A package consisting of only one of these types of aircrant might be
ineffective, but when all three types are combined properly in a strike package, they
can protect each other and des'roy the target.

Strike packages are rormally constructed in seveial phases. First, the mission
planner must select the right type and number of aircraft and munitions to efficiently
destroy each target. Much data exists which can aid the planner in this selection
process. For coordination purposes all of the aircraft chosen to attack a particular
target form a flight or flights. Next, all flights attacking targets in the same vicinity
are grouped into packages if aircraft speed restrictions and tactics are compatible.
Last, the mission planner must add suppression of enemy air defense (SEAD) aircraft
and air-to-air fighter escort or sweep aircraft to protect the groups of attackers. The
addition of SEAD and escort aircraft depends on their availability, the enroute threais,
the mission, and the type of aircraft in the package. Some aircraft types, such as the
F-117, require little additional support. Likewise, for other missions, SEAD or escort
might be incffective against the particular threats, so they should not be used. In any
event, each group of flights attacking targeis in the same vicinity together with their

SEAD and escort aircraft comprise a typical air strike package.




1.2 Scope of Research
1.2.1 Rescarch Topics. Research subjects included decision analysis techniques,

computer combat models, and AF doctrine conceming mussion planning. Research
began with an examination of current decision analysis techniques used in making
decisions which involve uncertainties. The first problem during strike package
construction is making air~raft allocation decisions when faced with uncertanties.
These uncertainties include factors such as weather, target data, and the capabilities of
enemy defenses. Incorrect assumptions about any of these factors could lead to
disastrous results. Decision analysis provided tools to deal with these factors.

Examples of aircraft allccation algorithms in other models also proved helpful.
The algorithms in these models provided useful concepts for dealing with large
numbers of vanables, for optimizing weapon loadouts, and for capturing some of the
uncertainties mentioned above. in addition, the models gave a representative sample
of the required level of detail for gir campaign planning analysis.

Finally, some research was devoted to current unclassified rules accepted by Air
Force planners. Although combat models need not adhere to doctrine, Air Force
decision makers might not accept a model which produced results contrary to doctrine.

1.2.2 Probilem Definition, After the ir.\itial research, accurate problem definition
required severai more steps. The first step was to capture all major factors influencing
the air strike package development problem. Major factors include the enemy's intent,
the number and types of his defenses, and the weather. These uncertainties must be

hanidled effectively to hedge against unwanted outcores and capitalize on desirable

outcomes. The influence diagram developed in Section 2.1.1 helped shed light on the




interaction of factors influencing the problem.

Another part ot problem definition was determining if an 2xisting computer air

planning model was suitable for use in the FTLM. By comparing the capabilities of
existing computer models against the influence diagram, it became clear which models
had the best algonthms. It aiso became clear that further development was needed on
existing algorithms for FTLM use.

From this initial work in problem definition, the overall scope of the air strike
packaging problem for the FTLM could be stated as follows: take ideas from existing
aircraft allocation techniques, add modifications to address all factors captured by the
influence diagram, and provide hook-ups for use in the FTLM architecture. Other
parts of the problem included finding an appropriate ievel of detail, developing a
reasonably fast solving technique, and attempting to use existing data.

L3 Qverview

The following chapters contain the research, a proposed algorithm, results, and
recommendations. Chapter 2 contans findings from current literature on decision
analysis, information on computer combat models, and a review of Air Force doctrine
pertaining to air strike packages. Chapter 3 focuses on building the strike package
algorithm for the FTLM. This chapter is divided into two phases. "The first phase
explains the development of strike packages for a given weather state. The second
phese demonstrates how to choose the pian best suited for the weather forecast.

Chapter 4 contains rcsults and analysis from application of the algorithm to a small

scale case, and Chapter § gives recommendaiions.




IL DISCUSSION OF LITERA1URE

Influence diagrams and decision trees are effective tools for making decisions
under uncertainty. They helped define the interrelationship of factors bearing on the
air mission planning problem.

2.1.1 Influence Diaggrams, An influence diagram is a decision analysis tool used
to depict and solve a decision problem.' Figure 2-1 is an influence diagram
representing the problem of allocating aircraft to targets during combat. This influence
diag -aa depicts the theater commander's perspective of the problem. “he time frame
is for one asking period, approximately six hours. (If the time frame was longer, then
aircraft and munitions availability would show up as decision nodes instead of
deterministic nodes.) The three basic decision nodes in this depiction include
determination of a prioritized target list, air strike package development, and
attack route selection. Iterations between these decisions may occur, but this is not
shown. The influence of the Joint Force Air and Lend Component Commanders
(JFACC, JFLCC) is represented by deterministic nodes which affect target selection.

The diagram shows how the uncertainties in the tactical situation relate to the

"The influence diagram is designed to capture the msjor factors which bear on a
problem without so much detail that it confuses the issue. Robert Clemen, in Making
Hard Decisions, describes how influence diagrams are censtructed for decisions
invelving upcertaintics. Clemen uses ellipses for chance events, rectangles for
decisions, and double bordered shapes for decision outcomes or deterministic nodes.
Artrows represent relevance of events to one another (4:34).
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Figure 2-1. Influence Disgram for Air Strike Package Development

targeting, packacing, and routing decisions. Uncertainties, such as the weather and the
enemy's def .. capability, are represented by elliptical chance nodes. Locations of
targets and threats are shown as urcertainties which reflect the enemy's intent. Chance
nodes are also used to represent the weather forecast and the intelligence/
reconnaissance update since these planning tools also have uncertainties. Five of the

given chance nodes and the aircraft allocation decisions directly affect the amount of

target destruction. The outcome or value node in the influence diagram is designed to
capture the results of various decisions in light of the amount of target destruction and
friendly attrition. This diagram is designed to concisely display the factors which are

relevant to the aircraft allocation probiem. Decision makers can quickly identify




relationships among the factors in the problem and can also readily determine if any
pertinent factors have been omitted.

2.1.2 Decision Trees. Another decision analysis tool that Clemen identifies is
the decision tree. Clemen says that decision trees show more detail than influence
diagrams and that they also show chronclogy, from left tc right (4:49). Uncertain
events and decisions are reprezented by circles and squares respectively, similar to

influence diagrams. Resuits are to the right of each branch.

Yalas = TVD - W*EA

Gend
Actmal 7 GW ATO/Gend Weathar
Westher
Good Wi
ATO BMiarginal
GW ATO/Margixal Weather
(CWA 2
GW ATO/Bad Woather

Figure 2-2. Decision Tree for Weather

Figure 2-2 depicts only part of the previous decision problem in a decision tree.
The fact that all of the problem could not be concisely represented demonstrates a

fault with decision trees: they get very cumbersome for complex decisions. This




decision tree shows an air tasking order (ATQ) selection process based on the weather
forecast, expected target value destroyed (TVD), and expected attrition (EA). The e
ATO with the maximum expected vaiue for the forecast would be chosen.

Both the decision tree and influence diagram are powerful analytical tools. The
decision tree shows sequence and much detail, but could get cumbersome. The
influence diagram omits some detail, but focuses the viawer on the major aspects of
the problem. These tools were useful in developing the air mission planning algorithm

for the FTLM.

2.2 Combat Models

Several combat models offer excellent examples of aircraft allocation algorithms.
The models do not all use strike packages as previously defined, but their algorithms
provided imporiani concepts for use in the FTLM, Models examined include the
Theater Attack Model, TAC Thunder, the Conventional Targeting Effectiveness
Model, the Theater Level Combat Model, the Optimal Marginal Evaluator, TACWAR,
and the RAND Strategy Assessment System.

2.2.1 Theater Astack Model (TAM). In his thesis, Jackson describes TAM as "a

large scale linear program (LP) used to aid senior decision makers in making tough

budget procureinent decisions for the United States Air Force™ (12:X). TAM can also

determine munitions requirements, costs of vartous force structures, and expected
attrition (12:A-3).

TAM is formulated as a linear program (LP). The objective function of this
model maximizes the total target value destroyed by the aircraft and munitions in its

scenario. The user can input campaign objectives through constraints. The model




uses decision variables which represent each sortie. Each sortie is aefined by 2
particular aircraft and ordnance combination to maximize target value destroyed for a
given target, weather, time period, and distance to the target (12:A-1).

For use in the FTLM, TAM's aircraft allocation algorithm has several advantages
and disadvantages. One advantage is that the LP is a fairly simple algorithm for
which many solvers exist. Another advantage of the model is that it addresses many
of the major factors that will impaci the mission: weather, distance, aircraft type,
munitions, and attrition. In addition, the ability to add campaign objectives through
constraints and target values provides iauch flexibility. A disadvantage is that the
decision variables are very detailed. The problem with this level of detzil is that to
capture all possible decision variables as they are defined above, the model must
handle 875 million variahles (12:A-1). Solving 2 problem with this many variables
requires & powerful and expensive computer and software set up. Another problem
with the formulation is that the aircraft sorties are not grouped into st.ke packages
(12:3-9). As a result, the advantages of mutual support and mass are not represented
in the model.

2.2.2 TAC Thunder, TAC Thuander is ¢ combat model which simulates air war,
ground war, and resupply (1:2-1). According to the TAC Thunder manual, "The air
war models the mission planning sequence of explicit air missions and the execution
of those missions” (1:2-1). Target lists are developed from simulated intelligence
sources, and aircraft are allocated to missions based on an overall set of objectives,
These objectives are input by the user. The form of this input is in percentages of

total aircraft which will perform given missions. The manual calls these percentages

9




| the "mission allocation™ (1:11-1). For example, at the beginning of the simulated war,
the user would want to gain air svpenority. To meet this objective, he would allocate
lurge percentages of aircraft to perform air-to-air and SEAD missions. Within each
mission aliocation catcgory, the ‘nodel automatically prioritizes targets (except certain
strategic targets) based on factors such as distanvc from the FLOT, weights for target
subcategories, and amount of previous target destruction (1:11-5). Thunder then uses
heuristics to determine the number of aircraft to send to each target (1:11-11).

TAC Thunder's LP and heuristics are designed to optimize sortie allocation in
terms of mission effectiveness against a target list (1:11-3). This target list is derived
from intelligence and reconnaissance reperts that occur throughout the campaign (1:11-

26). Constraints in the LP include sortie availability, munitions availability, and the

miccion allocation. The manual summarizes the aircraft allocation algorithm as

The model tries to assign the avaiiable sorties to missions in percentages
exactly matching the mission allocation. Since the effectiveness is different
for each type of aircrafi, the allocation is treated as a transportation problem.

The mission allocation is the goal, the available sorties are the resources,

and the cost of assigning sorties to a mission 1s set to one hundred minus

the mission effectiveness. The Network-Simplex method is used to solve

the problem. (1:11-4)

After deciding ot: aircraft and munitions combinations for the various targets,
TAC Thunder looks at perceived enemy air defense threats along the routes. Based on
these perceived thraats, it then assigns SEAD to flight groups as required (1:11-31).
Bascd on routing distance in enemy territory, Thunder also assigns air-to-air fighter
escort (1:11-32).

The TAC Thunder model has features which were useful in the FTLM aircraft

10




packaging algorithm. Thunder's allocation techniques for SEAL and escort provided
insight for SEAD and escort allocation in the FTLM.

One of TAC Thunder's weaknesses appears to be the user defined mission
allocation. Using this mission allocation, the model then attempts to meet the defined
mission percentages with its aircraft allocation algorithm. It seems like a more logical
method would employ user defined target priorities or objectives and have the
algorithm dete;mine the optimal number of aircraft for each mission category.

2.2.3 Conventional Targeting Effectiveness Model (CTEM). CTEM is an
optimization model designed to answer force structuring questions for air campaign
planners (5). Like TAM, the model does not involve stochastic simulations, and it
does not have a ground force scenario. Also, both models use the same data base,
Saber Selector. Unlike TAM, CTEM uses a goal programming LF to meet user input
campaign objectives (5). The goal programming ensures that targets are hit in an
order appropriate to satisfy the user’s objectives (6). The LP allocates the optimal
aircraft and weapon load out to each target, while providing a fractional amount of
SEAD support based on the threat. Air strike packages can then be created by post-
processing. No air-to-air fighter escort is used (5).

CTEM has many of the same strengths and weaknesses as TAM, but CTEM was
designed for air campaign planners, whereas TAM was designed for budget planners.
As a result, CTEM has a few advantages over TAM when considered for use in the
FTLM. For one, CTEM creates strike packages which incorporate SEAD. In
addition, CTEM has no budget factors which might cloud the issue.

CTEM also has a few weaknesses. The first is the fractional use of SEAD

11




aircraft. This is most likely the result of attempting to avoid integer vaiables and may
be an unavoidable problem. The second problem is the lack of fighter escort aircraft

for strike packages. MCM 3-3, Fighter Fundamentals, says fighter escort is normally
a required part of the package (8:3-46).

2.2.4 Qther Models. Several other models werz exzmined for possible use in the
FTLM. These models included RAND's Theater Level Combat Model (TLC), the
Optimal Marginal Evaluator (OME III/1V), TACWAR, and the RAND Strategy
Assessment System (RSAS).

RAND is developing TLC to analyze the results of force structuring and weapon
system procurement decisions in a joint theater level campaign (18). The model uses
a deterministic air planning approach involving game theory, while mission execution
is represented with a high resolution simulation on an arc-node neiwork (17). While
this model appears very promising, its aircraft allocation algorithm was not considered
for use in the FTLM because TLC is still under development.

OME IV also looked like a promising model, but it is still under development by
STR Corporation. OME III in now in use. Like TLC, OME uses game theory for air
planning; however, OME III handles only three aggregated aircraft types per side (10).
OME IV will handle most existing aircraft types when complete (13). Again, since
OME 1V is still under development by STR, it was not considered further.

Next, TACWAR was examined. TACWAR is used for “analyzing comparative
significance of altemnative force sizes, mixes, or courses of action” (2:11-2). It does
not "represent the outcome for a particular situation” or conflict (2:11-2). The

TACWARK user accomplishes most of the aircraft allocation and campaign planning

12




through his own inputs to the model. TACWAR then uses heuristics and a
desrministic approach to calculate results. TACWAR was not considered for use in
the FTLM because it primarily relied on the user's air planning.

Last, RSAS was reviewed. RSAS is designed "to support balance assessment,
contingency analysis, and military training" (3:xiii). Like TACWAR, it is not
designed to predict conflict outcomes, and much of the air planning is accomplished
manually through user input (3:182) Therefore, RSAS was not considered further.

2.2.5 Model Summary. TAM, TAC Thunder, and CTEM offer the best concepts
for use in the air strike package algorithm for the FTLM. Table 2-1 shows a
summary of these three models. TAM provides a fairly simple (although large) LP
formuiation which addresses most of the major planning factors, such as weather,
target data, and expected adnition. It ulso provides the flexibility for adding campaign
objectives through target values and constraints. TAC Thunder offers logical sircraft
packaging ideas, some useful target prioritization concepts, and an extensive data base.
CTEM also creates strike packages and proides many of TAM's strengths.

2.3 Air Force Doctring

Warden provides an important concept for consideration during this research. He
says "A successful campaign .clearly was contingent on 2 good pian, and construction
of a good pian required a good understanding of the forthcoming action” (20:141).
‘Therefore, no matter how good the aircraft packaging algorithm for the FTLM is, the
user must still provide the model with a reasonable overall pian through the objectives
that he inputs. The algorithm cannot even win a simulated war without a well thought

out plan of action.




Objective
Function

Campeign
Objectives

Target
Prioritization

Aircraft
Packaging

SEAD and
Ajr-to-Aar
Escort Use

Planning
Horizon

Weather
Pleening

Table 2-1. A Comparisou of Aircraft Allocation Techniques

IaM

An LP maximizes TVD
while allocating the
optimum aircraft and
munition agamst each
target.

Input through target
values and constraints.

Based on target value,.

No suike packages used.

No SEAD or escort used.

User input, dut normally
the entire campaign

Aircrsft and munitions
allocation is based on the
expected percent of each
weather state,

TAC THUNDER

A transportation LP
fnects user input mission
percentages with the
most effeciive aircrefl
for each mission.

Input through mission
percentages and target
priorities.

Input tnanually or
priontized antomatically
by heunistics.

Creates strike packages.

SEAD privaties are based

s mleo £ amelma R H
on sircrall vulserability.

Escort prioritics are
based or distance flown
in enemy territory.

User input, but normally

12 hours to take

advantage of changing
intelligence and
reconna;ssance informaticn.

PKs arc the weighted
average of the PKs for
cach weather state.

CIEM

A geal-programming
LP meets the user's
campaign goals while
alocating the optimum
aircraft and munition
apainst each target.

Input through
prioritized targeting
goals.

Targets are prioritized
based on the campaign
goal they support.
Campaign goals are
fulfilled sequentially.

Creates strike packages
through post-processing.

The LP assigns fracticnal
SEAD sircraft as required.
No escost aircraft are
used.

User inpy!, but normelly
the entire campaign.

PKs are the weighted
average of the PKs Tcr
each wenther state.

Unclassified sources on campaign planning offer fairly general discussions about

strika nackage construction. AFM 1-1, Basic Aerespace Doctrine, gives an overview

of the subject. MCM 3.3, Mission Employment Taclics, Fighter Fundamentals, F-111,

provides more snecific information. Last, an article from the dirpower Journal, called

"Air Campsaign Planning” offers additional guidance.
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2.3.1 Basic Doctnne. AFM 1-1 discusses basic rules of doctrine which govern
tactics in air warfare. Several statements in this manual apply in a general manner to
strike package construction:

1. "There is no universal formula for thc proper employment of aerospace power
in & campaign"(7:125).

2. "The nature of the enemy should be a primary ccnsideration in campaign
decisions"(7:125).

3. "Planners should examine the fuli range of available air and space assets when
selecting the systems required to achieve the objective of the campaign”(7:125).

In other words, this manual confirms that campaign planning is an art governed by few
rules, and it implies that in constructing strike packages, the nature of the enemy's
defenses and the target must be major considerations,

2.3.2 Fighter Fundamentals. MCM 3-3 offers some important tactical concepts
that bezar on the problem. Strike packages are used to "take advantage of threat
weaknesses, concentrated firepower, and dedicated EC (electronic combat) assets”
(8:3-45). To take advantage of threat weaknesses, planners should route the package
through the weakest defenses. To benefit from dedicated EC, increasing package size
allows more aircraft to receive jamming protection from the limited numbers of EC
aircraft. Conceming size constraints, MCM 3-3 says that the package could contain up
to ninety aircraft plus SEAD support, but coordination time and effort is the limiting
factor (8:3-45,47). One final consideration in package development is stated in this
manual: "A large force employment packag  has to be protected by a dedicated CAP

[combat air patrol} with the uitimate goal of having a large number of aircraft

penetrate a hole in the forward area in a short period of tirne” (8:3-46). All of these




considerations apply to the strike package algorithm.

2.3.3 Casmpaign Planning. McCrabb provides a view of how mission planners
should distill air campaiga objectives into sortie aliocations. He begins by explaining
that air objectives should focus on hitting the enemy's centers of power, such as
leadership, key production, population, or forces in the field (14:20). He furthar states
that these objectives must be clear and concise, attainable, and measurable so that
planners can readily grasp them (14:19). Based on these objectives, he provides the
following procedure for putting the campuign together (14:21):

1. Identify targets and assign prionties. Specify desired damage.

2. Identify the appropniate wespon system for each target.

3. Allocate and apportion aircraft.

The second two steps should apply directly to the siiike package algonithm. It
must identify the appropriate aircraft for a given prioritized target list. Then it must
allocate and apportion sircraft into strike packages. Conceming this last step McCrabb
says:

Let me emphasize that this is a bottom-up aoproach. You don't just pull figures

from thin air (e.g., 30 percent for counterair, 30 percent for strategic attack,

20 percent for interdiction, and the rest for close air support). You

first decide what has to be done and in what priority, and then you

deiermine how those sortie figures translate into percentages (or priorities)

by mission. (14:21)

McCrabb's “bottom-up approach” appears to conflict with the methodology of TAC
Thunder, TACWAR, and RSAS, but not TAM, CTEM, TLC and OME. The FTLM

algorithm in this thesis incorporates McCrabb's approach.
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2.4 Summary of Literature

Both influence diagrams and decision trees offer excellent capabilities for solving
the strike package construction problem. These tools were used along with basic rules 4
of air doctrine from AFM 1-1 and MCM 3-3 to build an algorithm for the FTLM.
The Theater Attack Model illustrates 2w many variables infiuence the sortie
allocation problem. It also demonstrates how optimizing with all of these vanables
can create an enormous problem. On the other hand, TAC Thunder and CTEM offer A
excellent examples of strike packaging concepts using air-to-air escort and SEAD. |
Finally, McCrabb offers an air campaign planning procedure which conflicts with
some models but supports others. Nevertheless, the algorithm for FTLM was based on

McCrabb's approach. All of these references were useful in building the FTLM's air

strike package algorithm.




10 _BUILDING THE STRIKE PACKAGE ALGORITHM

3.1 Approach
The top down design approach was used as much &s possible. Top down design

requires the analyst to model only the most important factors, to use the lowest level
of resolution feasible, to keep it as simple as possible, and to state assumptions clearly
(15:4).

In addition, concepts from TAM and TAC Thunder were incorporated into the
algorithm. Parts of TAM's LP structure and ideas from Thunder's SEAD and escort
allocation techniques were used.

3.1.1 Assumptions. here are the assumptions the algorithm uses in the mission
planning process:

1. A day in the campaign is divided into four periods. During each period, all
available assets are tasked at once. It is assumed that the scheduling of TOTs,
staggered takeoffs, refuelling times, and alert aircraft is done later in the planning
phase, not duning the strike package building phase.

2. In the prioritization phase, targets are priontized by target type (bridge,
hardened aircraft shelter, column of vehicles, etc) and location. This procedure eases
the target prioritization process and reduces the number of variables in the aircraft
allocation problem.

3. The target prioritization phase resolves perceptions of target data and

operating capacity into target values. ,




4. The probability of damage to a target increases exponentially as a function of
the numbe- of attacking aircraft.

5. Perceptions of surface threats determine the probability of survival for each
aircraft enroute to esch target location.

6. The probability of survival of each aircraft of a single type remains the same
in all flights assigned to the same location unless the flight receives escort or SEAD
support.

7. SEAD improves aircraft survivability against ground threats only. SEAD can
also heip somewhst sgainst air threats by targeting ground contro! intercept (GCI) and
early warnirg (EW) radars, but this benefit is assumed negligible.

8. Tne probability of survival against interceptors decreases with distance flown

in enemy territory.

9. Weather phenomena are assumed to be uniform across the entire target array.

10. The change in the probsbility of target kill and vulnerability to surface
threats is negligible throughout different weather states for the same aircraft flying the
same route to the same target with the same crdnance.

3.1.2 Methodology Overv.ew, The strike package planning process incorporates
the above assumptions. Planning involves two phases. In the first phase, a mixed
integer program (MIP) assigns flights of zircraft to targets and picks the best munition
for cach flight. As the program selects aircraft for targets, it optimizes the use of
limited air-to-air escort fighters and SEAD aircraft to support the strike packages. An
alternative continuous variable LP will also be discussed in Phase 1. In the second

phase, a decision tree algorithm chooses the best weather plan for a given forecast.
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3.2 Phase I, Building Air Stnke Packages

3.2.1 The Congept. To plan effective strike packages and weapon load-outs, a
MIP or optional LP maximizes expected target value destroyed (TVD) while being
penalized for expected attrition. The algorithm uses target values in order to expend
most effort destroying the targets with the most weight. Decision variables reflect the
number and type of aircraft and munitions needed for each sarget. They also indicate
whether or not flights assigned to a given target and location will receive SEAD or
escort support. The program allocates aircraft for one six hour tasking period and a
given weather state.

3.2.2 Mixed Integer Programming Option, Given data on the survival and target
killing capabilities of each aircraft, the MIP option maximizes TVD minus the attrition
penalty. The MIP uses contnuous decision vanables for aiicraft flights and binary
(zero or one) decision variables for SEAD and air-to-air escort allocation to the flights.

The calculation of expected TVD for each aircraft type, requires the aircraft's
probability of survival againsi the air threat (PSA) and probability of survival against
the ground threat (PSG). These probabilities are based on numerous factors including
radar cross section, on-board electronic countermeasures, aircraft speed,
maneuverability, air-to-air radar effectiveness, self defense weapons, radar homing and
warning receivers, and crew training. (For demonstration purposes, Chapter 4 employs
notional values for these probabilities and for changes in these probabilities caused by
SEAD and escort support.) The probability of destroying a target is a function of

PSA, PSG, and the probability of an individuai aircraft destroying a target (PKI) given

that it has survived to the weapon delivery. The formula for computing the total
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probability of target destruction (PKT) for N aircraft is PKT =i-{I-(PSA)(PSG)(PKi)}".
This formula was adapted from a formula in Introduction io Operations Research by \
Ye. S. Ventisel (19:191). Use of this formula requires several assumptions. The first
is that individual aircraft are hit by ground or air threats independently of each other.
The second is that PKI increases exponentially as a function of the number of
attacking aircraft. The third is that all N aircraft are of the same type, using the same
delivery and munition against the same target (19:191). The expected target value
destroyed for each formation cf aircraft ts the product of PKT (as computed above)
and target value (Tv AL). TVAL is reccived from the target prioritization phase.
Decision variables represent the number of formations of a single type of aircraft
against a single target typs with the same munition for the given weather.
In addition to maximizing TVD, the objective function 15 simuitaneoasiy
penalized for expected attrition. The expected value of attrition (EA) for N aircraft is: U -.'f:""
EA = N{I - (PSA)(PSG)}. The addition of SEAD support increases PSG, and the i
addition of air-to-air escort increases PSA. The penalty value for a single aircratt lost e
is represented by W. Combining expected TVD and the attrition penalty, the MIP is

presented below.

X pupeee. The decision variable x represents the nuraber of flights of aircraft type
a sssigned munition m to acheive PK p agsinst target type r at sector rc, with
or without air-to-air escort e or SEAD s.

a: aircraft type (F-15, F-16, eic)

m: munitions type (laser guided, general purpose, cluster, etc.)
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p: desired PK of flight (.6, .8)

1. target type (column of vehicles, hardened shelter, runway, etc.)
r. target distance in enemy territory (row 1, 2, or 3)

c: target column location in enemy territory (columns 0-9)

e: air-to-air escort (with, without)

5. SEAD (with,without)

N oy number of aircraft using munition m reguired v achieve desired PK p

PKT,.,,... total PK for a flight of aircraft-against a target. This value
represents the fractional kill for an area ta. et or probability of damage
for a point target.

PKi_.; PK of an individual aircraft given that 1.e aircraft has survived to the
weapon delivery

TVAL,,: target value assigned to target type ¢ st sector rc
W. user defined attrition penalty
EA e expected attrition for a flight of aircraft

PSA,,,: probability of survival against air threats for aircraft a when assigned to
row » with or without escort e

PSG,,.,: probability of survival against ground threats for aircraft @ when
assigned to sector rc with or without SEAD s

Objective function (to be maximized):

(3-1)

Vaiue= ; }; ; }; 5;’ ; 2 X anproad (PKT o JAVAL, ) ~(EA o (W)




where

EA =(N 1 -(PSA, )(PSG,,.)) (3-2)

(-3)
PET o oq=1-[1-(PSA, NPSG, XPKI )T
Constraints:

The constraints include aircraft and munitions availability as well as aircraft rarge
restrictions. The constraints are as follows:

Available aircraft by type:

EPEE P Dramtoitiic,

(34)
NUMAC,. number of aircraft type a available in period
Escort package assignments:
}; ):.‘: ; g': §.: Fomgres SNTOTNEE D (3-5)

NIGT,: number of targets in each sector rc

EP,: This decision va isble will equal one for a sector if an air-to-air escort
package is assigned to flights with targets at that location; otherwise it will equal
zero,

Availsble air-to-air escort packages:

X’: g EP, =NUMEP 3-6)

NUMEP: total number of escort packages available in period
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SEAD package assignments;

Y Y YT Y 5 SNTGT XSP,) G-7)
P b €

SP,.: This decision variable will equal one for a sector if 2 SEAD package is
assigned to flights with targets at that location; otherwise it will equal zero.

Available SEAD packages:

erg.w;)vuusr (3-8)

NUMSP: total numbe. of SEAD packages available in period

Hit each target only once per penod:
L XXX X FemproaNTIPE,, (3-9)
»n p €

NTYPE,: number of targets of type 7 in each sector

Available munitions:

Y Y Y Y Y3 Y Fpevn N e X B SNMUNS,, (3-10)
4 D [ 4 r ¢ [ |

NMUNS,: number of munitions of ¢pe m available in period
B, number of bombs per aircraft

Range restrictions:

EZ;;;Z‘:&W& (3-11)

= p
Aircraft type 1 cannot fly long range missions to row 3.

Non-negativity:

e (3-12)
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The product of the numbers for each summation index indicates the number of
decision vari'ables. In turn, the numbers for each index depend on the desired level of
detail for the entire model. For instance, for each period assuming no more than 10
aircraft types were used, 20 munition types, 2 different PKs, 40 target types, and 30
sectors, the problem would have 1,920,000 decision variabies. In addition, sixty of
these vaniables would be binary. Increasing or decreasing any of these index levels
wouid result in a change to the overall problem size and solution time. Since a MIP
of this magnitude would probably take quite awhile to solve, a fast continous variable
LP which uses heuristics for SEAD and escort allocation might prove more useful.

3.2.3 Linear Programming Qption, A combination of linear programmiug and
heuristics can efficicntly colve the previously described MTP. First, if the sixty integer
SEAD and escort assignment constraints are relaxed to allow continous solutions
between zero and one, the program will no longer contain any integer restrictions. It
could then be solved ss ar LP; however, the solution would contain fractional SEAD
and escort packages which would overstate the number of strike packages that could
be covered. Toc fir. this problem, a simple algorithm could make a reasonable
allocation of SEAD and escort packages to strike packages. The steps of the
algerithm are as foliows:

' 1. Run the MIP with its integer restrictions relaxed to continous.

2. Using the relaxed integer solution, assign the availeshle SEAD packages to the
sectors with the highest values for SP,.. Assign the available air-to-air escort packages
to the sectors with the highest values for EP,,.

3. With thie SEAD and escort package assignments fixed, the program is now a
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continuous variahle LP. The only decision variables are x,,,.,,. This LP vill now
optimally allocate all aircraft around the SEAD and escort packages and provide the
final solution.

As a final note, this LP might not provide the optimum overall solution because
of the heristics, but it should be much faster than the previous MIP. Furthermore, the
solution will be only slightly suboptimal because running the final LP with SEAD and
escort fixed will optimally reallocate the aircraft to their targets.

3.3 Phase Il Eandling the Weather Problem

To obtain the best plan for weather, the MIP or LP in Phase I is solved once
with each of three different data bases: one solution provides a good weather ATO,
one provides a bud weather ATO; and the third yields a marginal weather ATO. Each
provides a different objective function value. Next, a set of heuristics determines the
value (Value = TVD - W*EA) for each ATO given the three different weather states.
(See Tuble 3-1.) Finally, a decision tree is used to solve the problem of maximizing
expecied value for the given forecast using probability data. (See Figure 3-1.)

The desired level of detail for the FTLM will determine the number of weather
states to use and their corresponding definitions. For irstance, for the given decisiop
trec "good weather” could be defined as at least 5 miles visibility and a 5000 foot
ceiling, "marginal weather”; at least 3 miles visibdity and a 1000 foot ceiling, "bad
weather”: anything worse than marginal. For each definred weather state the
appropriate munitions and dclivery tactics would be put into the data base. Phase I
couid then solve for the optimal aircraft, munition, and value for each weather state.

Last, the decision tree would then maximize expected value against the weather.
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Iype ATO
Good weather

Marginal weather

Bad weather

Table 3-1. Heuristics for Multiple Weather States.

Actual Wenther
Good

Marginal

Bed

Good & Marginal

Bad

Any type

Results for given weather
Value swuys the same

Value decreases by the TVD for munitions
which cannot be dropped in marginal weather

Value decreases by the TVD for munitions which
cannot be dropped in marginal or bad weather

Value stays the same

Value decreases by the TVD for munitions which
cannot be dropped in bad weather

Value stays the same

Yaho »TVD. WEA

GW ATO/Gond Weuther

GW ATO/Marginal Weather

GW ATO/Bad Weather

Figure 3-1. Weather Decision Tree




3.4 A Compariscn of Aircraft Allocation Techniques

The proposed FTLM aircraft allocation method has many similarities to existing
combat modsls. In particular, since the Phase I algorithm is similar to TAM, a
comparison might be useful. Similarities include the decision vari¢ble indices and the
use of target values in the objective functions. The differences stem from the fact that
TAM was designed for budget and procurement planning, not for mission planning,
As a result, TAM does not build strike packages or allocate dedicated SEAD and
escort aircraft as Phase I does. Attrition affects TAM's objective function mainly by
decreasing an aircraft's probability of hitting the target. In Phase I attrition decreases
PK, but unlike TAM, expected attrition is treated as a penalty to be subtracted from
TVD. Next, decision variables in Phase I do not reflect time period because the
program must be re-solved four times a day for each dey of the war to reflect
changing target values and intelligence perceptions. TAM is solved once for the entire ,;
war. Also, decision varisbles in Phase I do not refiect weather bands. Instead, it '
selies on a data base for each weather state. Phase II selects the appropriate good,
marginal, or bad weather ATO with the decision tree.

Phase I also uses some ideas from TAC Thunder for SEAD and escort allocation.
Thunder prioritizes SEAD support based on aircraft vulnerability and enr.oute threats;
Phase I does essentially the same thing. Thunder prioritizes escort based on distance
flown in enemy territory. Phase I uses distance flown and aircraft vulnerability. Table

3-2 shows a comparison of FTLM's proposed strike package planner (including Phase I

and II) and the aircraft allocation techniques from the models in Table 2-1.
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IV, RESULTS

4,1 Phase I: Buildiny Strike Packages,

411 Smail Scale Exgmple. This section shows the model's strike package plan
fus a single period in a small scale air campaign. The example includes fifty F-15Es,
fifty F-111Fs, fifty A-6s, twenty EF-111s, twenty EA-6Bs, twenty F-4Gs, and forty
F-15Cs. For this demonstration, a SEAD package consists of four EF-111s or EA-6Bs
and two F-4Gs. An air-to-air escort package consists of four F-15Cs. The example
also includes 196 targets of 6 different types: hardened aircraft sheiters, runways,
hardened command centers, factories, bridges, ind tanks. An unlimited supply o
MK-82 General Purpose bombs, Durandal runway munitions, AGM-65 Maverick aii-
lﬁ-Si;lfiC& missiles, and GBU-10 Laser Guided Bombs is avaiiabie. The weaiher is
good.

All targets lay in a gnd which represents the targets' relative depth and latecal
position in enemy territory. (See Figure 4-1 for the grid and 4-2 for its legend.) The
maximum depth of each row corresponds to the maximum combat radius of various
fighters. For instance, the F-15Es and F-111Fs can penetrate to row three while A-6s
can only make it to row two. (If F-16s were in the scenario, their limit would be row
one.) Columns divide the rows into sectors. A sector is defined by its row and
column numbers. Although the columns indicate relative lateral displacement, they do
not necessarily need to be adjacent. In other words, when overlaid on a map, the grid
will be spread out, and areas with few or no targets will be excluded from the grid.

Target values reflect the campaign objectives. Figure 4-1 shows the value
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Figure 4-1. Targeting Grid

assigned to each target. For instance, since the objective in this case is to reduce
the enemy's otfensive air capability, runways have high values. Likewise, some of the
command centers which direct the enemy’s air campaign also have high values. Since
the enemy ground forces are not advancing, most tanks have low values. On the other
hand, the tanks in sector 14 have higher values since their destruction would help
friendly forces capture the airfield.

Notional probabilities refiact each aircraft's probability of survival against the
perceived surface and air threats. These probabilities are in Tables 4-1 and 4-2.
Basically, the F-15E is the least vulnerable to air and surface threats, while the A-6 is

the most vulnerable. Each sector on the grid has, in the upper right hand comer, the
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Ne SEAD
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SEAD cnly

Escart only
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SYMBOLS
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Target Values
Factery et (For a single target
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(R} .
L -
Comnumd / it g'\\ ~Runway
Post - \
. Hardened Aircraft
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Tank Comepsny / £ Grid location
(10 Tenks) (Row, Column)

Figure 4-2. Grid Legend

perceived surface threat enroute to that sector (L, M, H). PSG ducreases for each

aircraft as the surface threst increases. In addition, support fror a SEAD package

decreases an aircraft's vulnerability to the surface-to-air threat by a notional amount of

50 percent. The perceived air interceptor threat increases with the depth of each sector

in enemy territory. So, as depth increases, PSA decreases. Support from an air-to-air

escort package decreases an aircraft's vulnerability to the interceptor threat by a

notional am« unt of 50 percent.

Last, PKs for munitions are also notional, but are reasonable in a relative sense;

for example, smart weapons have the highest PKs. These probabilities are in the

GAMS program in Appendix A.




Table 4-1. Probsbility of Survival Against Air Threats (PSA)

Row 1 Row 2 Row 3
F-15E with escort 9980 9960 9940
without escort 9960 9920 9880
F-111F  with escort 9965 9930 .9895
without escort 9930 9860 9790
AS with escort 9955 9910
without escort 9910 9820

Table 4-2. Probability of Survival Against Ground Threats (PSG)

High threat Medium Threat Low Threat
F-15E  with SEAD 995 998 999
without SEAD 990 .995 .998
F-111F  with SEAD 992 996 998
without SEAD 985 992 996
A-6 with SEAD .989 .994 997
without SEAD 978 989 994

The MIP model for this scenario was implemented in the GAMS/ZOOM (11)(22)
software package with a VMS operating system on a Digital Equipmen: Corporation
minicomputer. This example produced 17,280 decision variables, including 60 binary
variabies. The solution time to optimality was about twenty-one minutes. The
solution is shown in Figure 4-3. The GAMS program and a complete breakdown of
this solution are in Appendix A.

The model produced reasonable air strike packages. Figure 4-3 shows that the
model put most aircraft into packages which had SEAD and air-to-air escort support.
Most likely, the model allocated SEAD and escort to the same packages to provide the
most benefit to the greatest number of aircraft. (In a Desert Storm type scenario, the

ratio of SEAD and escort packages to total attacking aircraft would be smaller, and
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Figure 4.3. Strike Package and Targeting Pian

therefore, unsupported packages weuld contain more aircraft) The aircraft that did not
receive escort or SEAD either had high PSA and PSG values or were sent to low
threat target locstions. In all cases the mode! chose the weapons with the highest PK
for each aircraft and target combination. It also used every availabie aircraft, and it
assigned attackers to most of the high vaiue targets. The model made some tradeoffs
where lower value targets with a reduced threat could be attacked instead of high

value targets with an associated high threst level. An example of this tradeoff
occurred in sectors 21 and 22. All of the 3-point HASs were targeted in 22 where

SEAD and escort zeduced the threat level, while none of the S-point factories in 21

were targeted. Anothier type of tradeoff occurred in sector 37, where the 5-point




command center was targeted instead of the 8-point runway because the latter required
many more aircraft to destroy.
4.1.2 Sensitivity to Attrition Weighting. The MIP for this last example had an
attriticn penalty (W) of fifty, which is five times the maximum target value. This
section discusses the results of changing W from 0 to 100 using the same example.
When W i3 zero the model strictly maximizes expected target vaiue destroyed.
SEAD and air-to-air escort aircraft cnly serve to decrease PSA and PSG in such a
manner that expected TVD is higher, not necessarily minimizing expected attrition.
As W increases, the model attempts to allocate SEAD and escort more
effectively, giving more vuinerable aircraft protection, and avoiding higher threat
sectors without SEAD and escort coverage. The expected TVD decreases gradually as
W increases. TVD decreases a total of 10.6 percent from its value at i equal 1o 0.
Expected attrition also goes down as W increases. With ¥ equal to 0, expected
aitrition for & 6 hour period is 2.2 aircraft. At W equal to 100 the expected attrition is
1.5, 2 decrease of about 30 percent. This change may seem small, but when | ,\-"
considered over the course of the entire war, such a change becomes significant. The o
solutions are summarized in Figure 4-4 ?
The last point on the right side of Figure 4-4 is the result of restructuring the

algorithm to minimize EA without regard to TVD. For this soluticn the model was .

? The MIP solutions in Figure 4-4 were all within 3 percent of the reiaxed MIP
optimum, but variations occurred within this 3 pércent. As a result the smoothness of
the curve for E£4 was affected somewhat by the degree of optimality for each solution,
For instance, at ¥ equal to forty the solution was not as close to fully optimal as the
previous solution, 50 £4 appears to level off.
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constrained to use all availabie aircraft. The result was that EA decreased at the
expense of much TVD. Furthermore, the model allocated aircraft tc only the lowest
threat sectors and chose munitions with low PKs to allow more aircraft into packages
with SEAD and escort.

The MIP in Section 4.1.1 used W set at fifty. This value was chosen because
TVD wsas fairly high (1 percent less thai the TVD at W equal to 0) and because
attrition was significantly lower (14 percent less than the attrition at ¥ equal to 0).
Increasing W even more is feasible, but left to the user's discration. For example, with
W at 100 the model determined that expected attrition was nc* worth the expected

TVD in some cases, and as a resuls, it did not use 20 of u.c 50 A-6s,
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Figwre 4-4. Target Value Destroyed (TVD) and Expected Atirition (EA)
vs Attrition Penalty (W)
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413 Sensitivity to Soiution Methods. Section 3.2.3 showed a rule set (Method 2 \

below) which allowed a non-integer solution for the model requiring a simpler solver
and resulting in quicker solution times. This section discusses the results of applying
various rules sets while using a continuous variable LP solver, the GAMS/MINCS
(11)(16) package.

The following list shows the various solution methods tested:

Method 1.  Use the MIP from Section 4.1.1 and run it to optimality as /
a reference.

Method 2. & Use the relaxed MIP (with 0 or 1 constraints relaxed to 0 < Y < 1) to
obtain a continuous variable solution for SEAD and air-tc-air
escort allocation.

b. Take the highest fractional solutions for SEAD and escort

PR (PR .
allocation and ingcrazss them to ane,

¢. Run the model as an LP with SEAD and escort assigned as per
step b. (See Appendix B for notes on this LP.) s

Method 3. & Assign SEAD and escort to sectors with the highest target values,
b. Run the model as an LP with SEAD and escort assigned as per step a.

Method 4. a Use the relaxed MIP to obtain a continuous vanable solution for
SEAD and air-to-air escort allocation,

~ b. Assign SEAD and escort to the sectors chosen in step a with the
highest target value.

c. Run the model as an LP with SEAD and escort assigned as per step b.

Method 5. a. Use the relaxed MIP continuous vaniable solution for SEAD and .
air-to-air escort allocation. : .

b. Assign SEAD and escort to the sectors chosen in step a with the
highest target values. Assign based on high threat first, medium
threat next, and low threat last. —

¢. Run the model as an LP with SEAD and escort assigned as per step b.
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The results of the tests indicate that the objective value, expected attrition, and
target value destroyed are relatively insensitive to the solution method, but the time to
solve decreases dramatically for the non-integer methods. See Figure 4-5.

Of all the non-integer methods, Method 2 obtained the best objective value,
while solvirg the program in less than half the time of the MIP solver. Method 3 was
the fastest because it did not use the relaxed MIP solution. The drawback to Method
3 is that its objective value was the lowest of all three methods.

4.2 Phase 1L Handling the Weather

Effective weather planning is essential for flying operations. Failing to account
for uncertainty in weather phenomena can result in wasted missions, unnecessary
exposure to enemy defenses, and unfulfilled campaign objectives. Since empioyment
of some munitichs reguires cernain miranium csilings and vigibilities, adverse weather
can force sorties using these munitions to either drop smart wezpons in their "dumb”
mode or to bring their weapons back after needless exposure to enemy threats. On the
other hand, using all-weather munitions when precision munitions will work can delay
sccomplishment of campaign objectives because of the reduced accuracy of most all-
weather munitiens. The following sections illustrate the effectiveness of using
decision wrees to handle the uncertainty of weather and forecasts.

4.2.1 A Decision Tree Without a Forecast, Mission planners could make tasking

decisions without the use of a westher forecast. Figure 4-6 shows a tree using only

prior probabilites about the weather and no forecast. By solving Phase I for each

weather state, the mission planner can solve the decision tree using the weather

algorithm from Section 3.3. For the munitions in this example, it was assumed that
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the GBU-10s require good weather, Mavericks require marginal or good weather, and
Durandals and MK-82s can be dropped in any weather. Using the example from
Section 4.1, the weather algorithm provided values for each branch of the decision
tree. If the planner sent out a good weather ATO on this day, he could expect to
obtain a value of 108.8. If he used the marginal weather ATO, his expected value
would be 119.4, and so on. To maximize expected value in this case, the planner

would use the marginal weather ATO.
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Figure 4-6. Decision Tree Without 8 Weather Forecast
422 A Decision Tree With 3 Forecast, The decision tree in Figure 4-7 provides

a means of handling the uncertainty of weather and weather forecasts during the

mission planning process. The concept of the expected value of sample




Figurc 4-7. Decision Tree With a8 Weather Forecasi (4:350)
information (EVSI) can demonstrate the value of using this decision tree (4:350).
Using the same prior probabilities as Figure 4-6, and the conditional probabilities
given in Table 4-3, Figure 4-7 shows the resulting decision tree. If the mission

planner maximized expected value for each forecast, his expected value would be

139.7. Thus, the EVSI would be 139.7 - 119.4 = 20.3. In other words, the mission \
planner would gain about 20 value points over the previous tree, an improvement of \
17 percent.

Although Figure 4-7 indicates that the mission planner should simply choose the
ATO that matches the forecast, this is not always the case. Different probabiliiies and

different ATO values can change the decision. The planner must sclve the weather




decision tree for each six hour periad of the war in order to maximize expected value.

Table 4-3. Frobability of Forecast Given Actual Weather (4:345).

Astual Westher
Forecsst Good  Marginal Bad
"Good" 8 15 2
*Marginal* A N 2
“Bag” A 15 6

4.2.3 A Decision Tree With Perfect Information. If mission planners had access

to perfect weather information, they would know with certainty when the weather
would be in each state. As a result, they could pick the correct ATO each time. The
expected value for the previous case with perfect information would be 160.7. The
expected value of this perfect weather information would be
160.7 - 119.4 = 41.3. So, if planners had perfect weather information, they could gain
about 41 value points more than if they had only prior probabilities, an improvement
of 34 perceit.

4.2.4 Summary of the Weather Algorithm, Data will most likely be available for
the decision tree in Figure 4-7. This decision tree maximizes expected value for the
given forecast. For each tasking period the user must run three Phase I programs and

apply the heuristics from Table 3-1 to solve the decision tree for the given weather

forecast.




V. RECOMMENDATIONS

The foillowing sections provide recommendations for implementing the strike
package algorithms into the FTLM. Suggestions are made for adjusting the attrition
penalty, selecting the solver, and sizing the target grid. Use of the algorithms will also
require some follow-on work which is listed in Section 5.4. Last, an interface control
diagram shows how the strike package planner will link into the FTLM.

3.1 Adrition Penalty

Different theaters will require different attrition penalties (W). Each theater,
having various enemy SAMs, AAA, and interceptors, will have a unique set of
prababilitics of survi &l against the air and ground threais {FSA aad PSG). If these
probabilities are very cloge to one, such as in Iraq, the attriticn penalty will have very
little effect at low valuas. The situation will reflect the curve in Figure 4-4, where W
ranges from zero to about twenty; ie, neither TVD nor EA will change much. On the
other hand, with lower PSA and PSG probabilities, lower attrition penalties will have a
greater effect because EA will be greater. For this reason each theater will require an
adjusted value oi W,

Additionally, the user might want to change # for political reasons. For
instance, in WWII American air forces had a maximum acceptable attrition rate of 10
percent (20:60). In cor‘rast, attrition was much less acceptable in the Gulf War. This

led to an attrition rate in the Gulf of only .00047 aircraft losses per sortie (9:34). For

the political climate of the Guif War the user might want attrition penalties ori the




higher end of the scale. For a global war, planners might want penalties near zero.

As an upper bound for W, the user should consider the point at which the model
starts to leave aircraft on the ground instead of flying all of them. At this noint the
attrition penalty is so high that more vulnerable aircraft cannot gain enough TVD to
justify their expected level of attrition. Again, this situcticn might still “e acceptaole
given some political scenanos.

In summary, the user must choose an attrition penalty that is appropriate for the
enemy's defensive capabilities and reflects the current political climaie.

Figure 4-5 shows that the objective value for each method was almost the same.

Therefore, no matter what solution method the user prefers, the results for EA and

TVD should be close.

The biggest difference between methods was solution tmes: the MIP solution
was slowest while Method 3 took about one-fifth as much time. As a result, the user
should consider his available solving time when deciding on the method.

Another major difference between solution methods was that Method 1 used an
integer solver, and the others used continuous variable LP solvers. Integer solvers
generally become slower and less reliable with an incicase in the numcer of integer
decision vanigbles. So if the user increases the number of sectors beyond thirty, the
number used in Figure 4-5, then even longer solving imes will occur. Of course,
more powerful computers and specialized algonithms can mitigate this problem, but the
FTLM user should carefully consider solver cost and computing power available when

choosing the solution method.
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The user shovia consider using Method 2. It provided excellent solutiuns in a
relatively short ime. Of all the LP metheds it had the highest objective value and
lowest expected apmition. Given that the mode! had a total of about 17,000 decision
variables and & full-scalc scenario might have 1 to 2 miflion decision variables, the full
scale scenano might magnify smail iffcrences in EA and TVD from the smaller case.
Method 2 offers the speed and simplicity from the LP solver, and yet it provides
solutions nearly as good as the MIP solution.

3.3 Target Gud

The FTLM user must design a target gnid for each theater. Aspecis to consider
for the grid include sector size, location, and nuber of sectors.

The number of targeis enclosed by 2 sector in the grid will determine the
maximum rumber of aircraft that the model can assign to anr air sinke packsge geing
to that sector. Sectors with many targets can receive very large packages while sectors
‘with few targeis will receive small packages. For this reason, the user should carefully
cousider the size und geographic location of each secior to avoid excessively farge or
smali sirike packages. In actual opeiations, coordination problems and SEAD duration

keep package sizes down, while the desire for mass and mutual support pushes

packega sizes vy, MCM 3.3 suggests « maxinmum of sbout ninety sircraft per
package.

The namber of seciors siso determines strike package size. For instance, as in
Figure 4-3, & lazge number of scctors for a relatively small aumber of aircraft will |
allow smalt strike packages. In conirast, using few suctors with many targets and

many aircrafl will preduce large strike packages. Again, the maximum size of
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packages shonid be kept to the limits set by MCM 3-3.

Sectors can cover any location in the theater as long as they are within range of
one of the types of attacking aircraft. Also, sectors do not need to be adjacent to one
another. For simplicity of aircraft range constraints, sector depths should reflect
aircraf; combat radii. For instance, the first row should contain targets accessible to
short range fighters, and the lasi row should ~ontain targets accessible to long range
fighters. The row or rows in between should reflect medium range fightes capabilities.
Column borders can be adjusied to enclose the appropriate number of targets.

3.4 Follow-On Work

Several topics lend themselves to follow om study. These areas include a means
of prioritizing and placing values on targe:s to reflect campaign objectives, a means of
choosing PSA and PSG data for each ai crafi type against perceived threat arrays, and
a mission scheduling program. in addition, the model requires research on weather
datn and expansion to full-scale.

The target prionitization phase shown in Figure 2-1 should transform campaign
objectives into values for the set of targets perceived by intelligence and
reconnaissance sources. These target values should also reflect uncertainties in the
intelligenice and reconnaissance perceptions. For instance, if’ the identity of a target is
uncertain, then an expected target value might be used reflecting the probabilities and
values of each possible target type for the ambiguous target. The current model reliss
on valucs set betwezen one snd ten. The user can change this ronge, but hs must alsn
change ﬂ:lc attrition penalty correspondingly. In any eveut, the FTLM requives a target

value list from a rule set or algorithm which provides reasonable target values.
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The model also requires a procsssor to select PSA and PSG data appropriate for
the perceived air and surface threats in the theater. The processor which chooses PSA
and PSG must account for uncertainties in the perceptions of threats in order to
properly interface with the FTLM architecture. Each zircraft type will require values
for PSA and PSG for the proposed routes to each sector. PSA and PSG must also
reflect benefits when SEAD or air-to-air escort packages protect the aircraft.

The FILM also needs a mission scheduling program to coordinate takeoffs,
refuelling times and TO'{s. Coordination should prevent back-ups on tankers, allow
deconfliction in the target area, and provide time for all aircraft assigned to a package
to get together before penetrating enemy airspace.

Next, the model requires weather data for each theater of interest. Specifically,
the air mission planner necds conditional probabiiities for actual weaihier siaies given
the forecasts.

Last, expanding the model to full-scale will bring to light problems associated
with the addition of new aircraft, inunitions, and targets. So far, attacking aircraft
have been allocated to only one target per sortie. Assigning a single mircraft with
many high PK weapons to multiple targets is a subject worth exploring. Likewise,
eraployment of stand-off munitions might also require some changes. For instaace,
adding 8 munitions index (m) to PSG,,, should allow tor increased survivability
benefits from stand-off munitions. While many concepts are worth exploring, the

researcher niust remember that the top down design approach requires keeping the

fevel of detail to tlie lowest level compatible with the purpose of the model.




3.3 Interface Control

The target evaluation phase, strike package planner, route selector, and
scheduling program must interface effectively to complets the air plarning portion of
the FTLM. Figure 5-1 depicts a proposed arrangement of these planning functions.
Previous sections have already descnibed the functions of many of the blocks in the
figure, except for the route planner, munitions counter, and aircraft counter.

The route planner must determine the best route to each sector, minimizing the
perceived threat and staying within the range constraints of attackers. In addition, it
must also determine the best flight altitudes for threat minimization. Finally, the
routing program must supply its routes and enroute times to the scheduling program.

The aircraft counter must feed data to the strike package builder. The counter
should decrement for attrition and incremeni fof new squadrons in theater, It muct
aiso parcel nut aircraft capable of night operations during the two night tasking periods
and airzraft t2stricted to day operions during the two day periods.

The muniticns counter must track all munitions in the theater. The counter

‘should be initialized for cll munitions existing in the theater at the start of the conflict.

¥t should dnen increment for incowing munitions and decrement for outgoing

munidons. It thould also increment for aircraft retuming with unexpended munitions.

Fiadlly, since wirczaft squadrons will only kave access 1o munitions at their own bases,

the ¢ornter must also dstesmine which munitions are available for which aircraft types.
N i)

[ g

i “fha muiitions cowty, the aircraft counter, and the threat processor, along with

the other functiuns in Figure $-1, should handle the magority of tactical air planning in

- theeter. OFf course, the FITM crentors must still add the entire logistics mechanism.

\

4%




Aicraft | | Manitivas | | Weather
Cwaater| | Counter Fu-scaster

Target Striks Packags Route
Fval Plasmer R 4Schdulor!
Imtal & Reece 0w
Thusat Frecassor - .
PKIDatal— {Cheeses PSA & PSC) R
Intel & Recce Weather
Target Data Dats [PSADatal [PSC Data]

Figure 5-1. Interface Control Diagram

3.6 Conglusion

The proposed air strike package planner will provide realistic aircraft packages
for the FTLM. Phase I supplies the optimum degree of force for each campaign
objective by allocating the optimum number and ty, ¢ of aircraft and munition against
cach target. In addition, Phase I takes advantage of the force multiplying effects of
mass and mutual support through its use of strike packages with SEAD and air-to-air
escort. Finally, Phase II effectively handles the uncertainties of weather and weather
forecasts. The algorithms in Phase I and II omit many of the details in the actual

aircraft tasking process, but provide fast, nearly optimal sclutions which should

approximate real world tasking results.




APPENDIX A, GAMS MIXED INTEGER PROGRAM BRX

Al GAMS Index Definitions
Each decision variable x includes the following indices. The GAMS solution |
on the next page shows the level of each variable defined by these indices.

Al: F-15E
A2; F-111F
A3: A-6

M1: Mark 82 Genera. Purpose Bomb

M2: Durandal Runway Cratering Munition
M3: AGM-65 Maverick Air-to-Surface Missile
M4: GBU-10 Laser Guided Bomb

T1: Hardened Aircraft Shelter
T2: Runway

T3: Command Center

T4: Factory

T5: Bndge

T6: Tank

P6:; Desired PK of
P8: Desired FK 67 .8

RI1-R3: rows
C0-C9: columas

El: with air-to-air escort
EO: without air-to-air escort

$1: with SEAD
S0: without SEAD




A2 GAMS Solution
,decision Variable Indices

AlLM1.P6T4.R3.C3.ELS]
A1L.M1 P6T4.R3.C4ELS]
A1.M1 P6.T4.R3.C8.E0.S0
A1.M2.P6.T2.R3.C1.E1.Sl
Al M2.P6.T2.R3.C3 E1.S]
Al M2.P6.T2.R3.C9.E1.S]
Al. M4 P6.T1.R3.C1ELSI]
A1.M4 P6.T1.R3.C3.ELSI]
A1.M4.P6.T1.R3.C9.EL.S]
A1.M4.P6.T3.R2.C4E0.S0
A1.M4.P6.T3.R2.C8.E0.S50
A1.M4.P6.T3.R3.C7.E0.80
Al1.M4 P6.T3.R3.C9.E1.S]
Al.M4. P8 T3.R3.C1ELSI
A1.M4.P8.T3.R3.C3 ELSI]
Al M4.P8.T3.R3.C4ELSI
A2 M1 PAT4RIC4ELS]
A2.M4 P6.T1.R1.C4ELSI]
A2.M4P6.T1.R2.COELSI
A2M4P6TILR2.C2EI 51
A2M4P6.TI.R2.C6.EL1 S]
A2.M4 P6.T3.R1.C4E1.S]
A2.M4 P6.T3 R2.C2.E1.S1
A2.M4.P6.T5.R1.C0.EC.SO
A2.M4.P6.TS.R1.C2.E0.S0
A2.M4.P5.T5.R1.C6 E0.SO
A2M4.P6.TS.R1.C7E0.S0
A2.M4.P6.T5.R1.C9.ELSI]
A2.M4.P8.T3.R2.CO.EL.S]
A2.M4.P8.T3.R2.C6.E1.51
A3.Mi.P6.TARI.CLELSI]
A3.M1.P6.T4.R1.C5E0.8S0
A3.M1.P6.T4R1.C7.E0.50
A3.M2.P6.T2R1.C4EL S!
A3.M2.P6.T2.R2.C0.E1 .51
A3.M2 P6.T2.R2.C2.E1.S]
A3.M2.P6.T2.R2.C6.E1.S]
A3M3 P8.T6.R1.C1ELSI
A3.M3 P8.T6.R1.C4ELSI
A3.M3.P8.T6.R1.C6.EC.SO
A3.M3.P8.T6.R1.C9.EL1.5]
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Objective Value = 203.5191
Relaxed LP Value = 203.89918
Expected Attrition = 1.846
Expected TVD = 295.837
Total Time = 20:54




A3 GAMS Mixed Integer Program
SOFFSYMXREF OFFSYMLIST

SETS
A aircraft types / Al * A3/
M munitions / M1 * M4/
P desired PK / P6, P8/
T target types / TI1 * Té/
R row or distance / Rl, R2, RY/

C column / CO* (C9/
3 escort / El, EO/
S sead / 81, S0/,

SCALAR W weight of penalty for loss of one aircraft /50/,
TABLE PKI(AM,T) probability of kill for individual aircraft
T1 T2 T3 T4 TS T6

AlM1 4 2 3 4 3
AlM2 2 3 1 2 2

AlLM3

AlM4 6 2 6 4 6 4
AZMl 3 2 2 4 3

A2M2 2 3 1 2 2

A2.M3

A2M4 6 pA .6 4 6 4
A3Ml 3 2 2 4 3

A3M2 2 3 1 2 2

A3.M3 9
A3 M4 ;

TABLE N(A,M,P,T) aircraft required to achievc desired destruction

Tl T2 13 T4 TS5 T6

AlLMlP6 2 5 3 2 3 60
AlLMl1P8 4 8 5 4 5 60
AlLM2P6 § 3 9 5 5 60
Al M2 Ppr 8 5 16 g 8 60
AIM3P5s 60 60 60 60 60 60
AlidlP8 60 60 60 50 60 60
ALM4P6 1 5 1 2 I 2
AlM4PE8 2 8 2 4 2 4
A2MiP6 3 5 5 2 3 60
A2M1IP8 S 8 8 4 5 60

n
~




A2.M2.P6
A2.M2.P8
AZM3.P6
A2M3.P8
A2 MAP6
A2.MAPE
AIMLY6
A3IMI1P8
AIM2P6
A3.M2.P8
A3IM3.P6
A3.M3P8
A3 M4.P6
A3.M4.PE

wnawn =38 0w

60
60
60
60

A D, w

AW RN DO

60
60
60
60

16
60
60
60
60

[+ 3N

LN HENAENS O ®V

60
60
60
60

wrnnw =3B oow

60
60
60
60
2
4
60
60
60
60
60
1
60
60 ;

TABLE PSA(ARE) probability of sgwival due to air threat

AlR1
Al.R2

A1 D12

TER RV o d

A2R1
A2R2
A2R3
A3 Rl
A3R2
AlR3

AlR1LCO
AlR1.C!
A1LRLC2
AlR1C2
AlR1LC4
ALR1LCS
ALR1.C6
ALRLCT
AlRI.CR
ALRLCY
AlR2.CC
AlR2C1
A1R2CZ
AlLR2C3

El

9980
9960
.9940
9965
9930
9895
9955
9910

51
999
599
999
998
995
999
999
999
999
598
595
9935
995
999

EO
9960
.9920
9880
9930
9860
9790
9910
9820

S0

998
998
998
995
.990
998
998
998
598
9935
990
990
990
998
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TABLE PSG(AR.C,S) probability of survival due to ground threat




Al.R2.C4
A1R2.CS
Al1R2.C6
A1 R2.C7
AlR2.C8
Al.R2.C9
Al1.R3.CO
AlR3.Cl
AlR3.C2
Al R3.C3
AlR3.C4
AlR3.CS
A1R3.C6
Al1R3.C7
Al1R3.C8
A1 R3.C9
A2R1.CO
A2R1.Cl
A2R1.C2
A2R1.C3
A2R1.C4
A2R1.C5
A2R1.C6
A2R1.C7
A2R1.C8
A2R1.C9
A2R2.C0
A2R2.Cl
A2R2.C2
A2R2C3
A2R2.C4
A2R2.C5
A2R2.C6
A2R2C7
A2R2.C8
A2R2.C9
A2R3.C0
A2R3.Cl
A2R3.C2
A2R3.C3
A2R .C4
A2R3.C5
AZR3.C6
A2R3.C7
A2R3.C8

998
999
998
.999
998
999
.999
.995
.998
.995
998
998
999
995
999
995
998
938
998
996
992
998
998
.998
998
.996
992
992
.992
.998
.996
.998
996
998
996
998
998
992
996
992
.996
996
998
992
.998

995
.998
995
.598
995
.998
.998
.990
995
990
995
995
998
.990
998
999
996
996
996
992
985
.996
.996
996
996
992
985
.985
985
996
99%2
996
992
996
992
996
996
.985
992
985
992
992
996
985
996
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A2.K3.C9
A3R1.CO
A3RI1Cl
A3 R1.C2
A3R1.C3
A3 R1.C4
A3R1.C5
A3 R1.C6
A3R1C?
A3R1.C8
A3R1.C9
AIR2.CO
A3R2C1
A3R2C2
A3R2C3
A3R2.C4
A3 R2.C5
A3 R2.C6
A3 R2.C7
A3.R2.C8
A3R2.09
A3.R3.C0
A3R3.Cl
A3R3.C2
A3R3.C3
A3R3.C4
A3R3.C5
A3R3.C6
A3R3.C7
A3 R3C8
A3.R3.C9

992
997
997
997
994
.989

997
997

997
997
994
.989
989

989
997

994
997
994
997
994
997

TABLE TVAL(T,R,C) target values

Cco
T1.R1
TI.R2 3
TI.R3
T2.R1
T2 RZ 9
T2.R3
T3.R1
T3.R2 6
T3.R3
T4 R1 2

Cl

10

w

C2

3

o

C3

10

~3

985
994
994
994
.989
978
994
994
.9%4
994
.989
978
978
978

.994

.989
.994
.989
.994
989
994

C4
2

5
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Cs

Cé

10

c17 C8 C9

2 3
8 9
4
5 6

7 2




T4R2 s 3 33 |

T4 R3 2 4 5 6 2 8

T5.R1 3 4 3 4 s
T5.R2 ' 1 2 1 2

TS5.R3 2 1 ]

T6.R1 i 3 1 1 2

T6.R2 1 |

T6.R3 ;

TABLE NTGT(R,C) targets per sector total 196

Co Cl C2 C3 C4& €5 C6 C7 C8 O9

Rl 2 11 2 3 20 1 12 2 11 11
R2 10 4 10 11 4 10 10 H 4 3
R} 2 10 1 12 b 1 2 10 1 10;

TABLE NTYPE(T,R,C) number of targets by type in each sector

Cco Ci cC2 € C4 Cs €6 €7 €8 (9

T1R1 8
TILR2 8 3 8
T1R3 g 8 8 s
T2.R1 1
T2R2 1 1 1
T2.R3 1 1 1 1
T3.R! 1
T3R2 1 1 1 1 1
T3.R3 1 1 1 1 1
T4R1 1 1 1 1 1
T4 R2 4 2 2
T4R3 1 1 1 4 2 1
T5.R1 1 2 2 1 1
T5.R2 1 1 1 |
TS.R3 1 i 1
Té.R1 10 10 10 2 d 10
T6.R2 10 10
T6.R3 ;
PARAMETER NUMAC(A) number of aircraft of each type

/Al 50

A2 50

Al 50/,
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PARAMETER PKT(AMP,TR,CE,S) total probability of kill for a formation;
PKT(AM,PTR,CES) =
1-(1-PSA(A R E)*PSG(A R,C,S)*PKI(AM,T))**N(AM,P,T),

PARAMETER EA(AMP,T,R,CES) expected attrition for a formation;
EA(AMP,T,R,CE,S) = (1 - PSA(A,RE)*PSG(AR,C,S))*N(AM,P,T);

VARIABLES
X{AMJP,TR,CE,S) number of flights
VAL target value destroyed less attrition penalty
SP(R,C) scad packages
EP(R,C) escort packages
ATTR expected attrition
TVD target value destroyed,

POSITIVE VARIABLE X;
BINARY VARIABLE SP;
BINARY VARIABLE EP,

EQUATIONS
VALUE define objective function
AIRCRAFT(A) available aircraft by type
ESCPACK(R,C) available escort packages
SEADPACK(R,C) available sead packages
TARGETS(T,R,C) hit each target only once
ESCTOT total escort packages
SEADTOT total sead packages
ATTOT tota! expected attrition
TVDTOT total tvd;

VALUE.VAL =E= SUM((AM,P,T,R,CE.S), X(AMP,TR,CES)*
(PKT(AM,P,TR,CES)* TVAL(T,R,C) - EA(AMP TR CES)*W)),

AIRCRAFT(A).. SUM((M,P,T.R.C.E.S), X(AMP,TR.CES’*N(AMPT)) =L=
NUMAC(A);

- ESCPACK(R,C).SUM ((A,MPTS), X(AMP.T,RC EI'S)) =L=
NTGT(R,C)*EP(R.C);

SEADPACK(R,C)..SUM ((AM,P.T.E), X(AM,P, TR C.E 'SI') =L=
NTGT(R,C)*SP(R.C);

TARGETS(T,R,C)..SUM {(A,M.P,E,S), X(A,M,P,TR,C,E,S)) =L= NTYPE(T,R,C);

ESCTOT .. SUM ((R.C), EP(R.C)) =E= 10;
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SEADTOT .. SUM ((R,C), SP(R,C)) =E= 10,

ATTOT. ATTR=E=SUM((AM,P.T.R,CE.S)X(AMPTRCES)"
EA(AMP,T.RCES)).

TVDTOT..TVD=E=SUM((AM,F.TR,CE,S), X(AMP,TRC.ES)*
(PKT(AMP.TR CES)* TVAL(TRC))).

MODEL NEW17IWS5 /ALLY,

OPTION OPTCR=.002, LIMROW=0, LIMCOL=0, ITERLIM=1000000,
WORK=1000000, RESLIM=100000,

SOLVE NEWI7TIWS USING MIP MAXIMIZING VAL,

DISPLAY XL, EPL, SPL,
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APPENDIX B, GAMS LINEAR PROGRAM

To change the integer program in Appendix A into a continuous variable LP, the

user must eliminate EP and SP as decision vaniabies. To accomplish this, the user

must assign SEAD and escort packages using one of the heuristic methods from
Section 4.1.3. Next, the GAMS MIP can be modified to run as a continuous variable
program with the following steps:
1. Add two tabies for SEAD and escort assignments, one for £P,. and the other
for SP,. The tables will look like this:
TABLE EP(R,C) escort package assignments
ce C1 €2 €3 C4& C5 €6 C7 C8 ©9

|

1 1 1 1
1 i 1 1 1

ol ol

2. Delete "EP(R,C)" and "SP(R,C)" under "VARIABLES".

3. Delete the statements "BINARY VARIABLE SP" and "BINARY VARIABLE
EP".

4. Delete "ESCTOT" and "SEADTOT" under "EQUATIONS". Then delete
the corresponding equations.

5. In the solve statement replace “MIP™ with "LP".

6. 1In the dispiay statzment delete "EP.L" and "SP.L".

The resulting program is a continuous variable LP.
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