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ABSTRACT

FUZZY FUZING LOGIC FOR UNMANNED AIR COMBAT VEHICLES
by
© Terrence L. Munsinger 2007
Master of Science in Computer Science
California State University, Chico

Fall 2007

This project studies the incorporation of a fuzzgit controller into a
fuze data processing system, to control the fuzergy and safing functions. The
fuzzy logic controller determines the rate at whactuze firing train interrupter,
or rotor, is rotated from a safe condition to amed condition. The fuzzy logic
controller can also rotate a rotor, which is in éinened condition, back to the safe
condition, if a fuzed munition re-enters the lawerth safe separation envelope.

The purpose of this project is to develop and destrate graphically
that a fuze, if fed the appropriate positional data determine if a safe-
separation from a launcher has been achievedtpribe fuze reaching an armed
condition and can return the fuze to a safe camdifithe fuzed munition has re-

entered the launcher’s safe separation envelopefui#zy logic controller also



controls the rate of arming to assure the safeti@fauncher and the reliability of

the munition.



CHAPTER |

INTRODUCTION

This chapter introduces the reader to the problatemment, purpose,
definitions and limitations applicable to the taskmplementing a Fuzzy Logic

Controller (FLC) into the decision making proceta fuze.

Problem Statement

Throughout the history of mankind, the advancenséntunition
technologies by a political entity has usually beeantered with an advancement of
similar technologies by an opposing political gntiRecent engagements have
demonstrated that Unmanned Air Vehicles (UAV) carve as launch platforms for
munitions; in effect UAVs have become Unmanned Catdbr Vehicles (UCAV).

Eventually UCAV technologies will advance to themiahat both sides in a
conflict will have a UCAV munition launching capéty. These advancements will
make air-to-air UCAV defensive capabilities necegs@®ecause UCAV maneuverability
is not limited by the gravitational units (“g”s)ata human pilot can endure, future
UCAV versus UCAV engagements will involve high “gfaneuvering to avoid each
other’s air intercept missiles (AIM). The AIM caed by future UCAV must be capable

of higher “g” level maneuvers in order to be aluléntercept the target.
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During a high “g” maneuvering engagement (dogfidgfgween UCAVS, it is
possible for a launched AIM to leave the safe spar envelop of the launch UCAV
(hereafter referred to as the “launcher”), reaehaimed condition, and then while
pursuing the target UCAV (hereafter referred tohas target”), the AIM could re-enter
the launcher’s safe separation envelop in an asted. This is an unacceptable
situation, which affects the launcher’s safety.

To assure mission safety for the launcher, the timmmust incorporate a
fuze controller that assures 1) the munition isarated until a safe separation distance
from the launcher is achieved, and 2) that if thanition re-enters the safe-separation

envelope of the launcher, the fuze will returnhte safe condition.

Purpose of the Project

This project establishes a need for and graphicediponstrates a FLC, which
determines if safe separation distance from thedaer has been achieved by the AIM
prior to the fuze reaching the armed condition gtdrns the fuze to the safe condition if
the munition has re-entered the safe separatioael@pe of the launcher. The FLC is also
used to control the rate of arming to assure thetysaf the launcher and the reliability of
the mission.

The FLC processes three inputs concerning the daste between the AIM
and the launcher, the distance of the AIM to thumé&her, and the distance of the AIM to
the target. The FLC’s output is an arming rate,clvhs defined as a positive number
when the fuze is progressing towards the armediton&nd a negative number when

the fuze is progressing towards the safe condition.



Limitations of the Project

This project is only designed with a level of compty that is required to
demonstrate the control of a fuze safe and armtifume An electronic version of this
concept is included in the pending patent, butfarity, the mechanical version is used
for this project.

There are many different pursuit or intercept cesrthat AIMs can use (e.g.,
deviated, constant bearing, beam rider, and prigpaitnavigation) but for this project
the pure pursuit course is used. A pure pursuitseis one where the pursuer constantly
turns to head directly towards the target.

The graphic demonstrator called “Fuzzy Fuzinginsted to 2 axes (X and
Z) for simplicity. Even though transformational tnha equations are known to the
author, simplified trigonometry equations were usethe graphic demonstrator to
provide realistic animation to the launcher, AlMdeahe target.

Chapter Il, Literature Review, presents more infation concerning fuzing
and guidance theory and an introduction to Fuzayic.orhe methodology of
demonstrating the concept in discussed in Chaptéhapter IV presents the summary
and conclusions, which consist of a presentatiah@findings, research questions,
conclusions relevant to the research questiongalions of study design and

procedures, and future research and recommendations



CHAPTER II

LITERATURE REVIEW

Introduction
This chapter contains introductory information cemming fuzing theory,
guidance theory, an introduction to fuzzy logicd gmmoposes a hypotheses that is used by

the project.

Fuzing Theory

The Weapons Systems Fundamentals-Analysis of Weapons, NAVWEPS OP
3000 Volume 2 [1] defines a fuze as the component of a munisievéarhead section or
payload, which causes the detonation of the paydbalde precise moment in time to
cause the maximum amount of lethality againsttitenided target. It also introduces the
concept of Safety and Arming in fuze design. Theutioent establishes most of the basic
fuze safety design criteria used in today’s fuzecdjrations.

A fuze has three distinct functions: 1) assurestgadf the launcher and
munition until the it has left the safe separagorelop of the launcher and reaches the
target, 2) aligns the fuze explosive firing tralareents, which enables the munition to be
initiated upon receipt of a firing command from tHeD, and 3) initiates the explosive

firing train elements and thusly the munition [1].
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Another way of defining a fuze, is to group thedtions of numbers 1) and 2)
above into a Safe and Arm (S&A) device with thediion of number 3) into a Target
Detection Device (TDD) [1]. Basically the combiraatiof an S&A device with a TDD
produces what is commonly known as a fuze. Thpgp#ocuses primarily on the S&A
device portion of a fuze.

Safety and Arming

The first function of the S&A device is to prevenadvertant arming of the
fuze until a pre-programmed or designed sequeneevfonmental events have been
sensed and compared. Once this sequence of édaxgmnbeen sensed, the S&A'’s second
function is to remove the safety features and msgymto the armed condition by
aligning the elements of the firing train [2]. Tkd#ing train elements consist of the
primary explosive (detonator) and the secondaryosxge (lead).

Upon receipt of a firing command from the TDD, thee’s firing train will
initiate the warhead causing maximum lethality agaihe intended target.

The S&A must also be able to preclude arming dration of the fuze firing
train, while withstanding other external forceslutting vibration, acceleration, electro-
magnetic radiation, heat, and impact shock [1].

Safe Separation

To assure maximum safety for the user of today’deno munition systems,
the S&A must also implement a method that assinesitmed condition is not attained
until a safe separation is established betweetathreher and the munition.

The safe separation between the launcher anduheHad munition,

precludes inadvertent blast and/or fragmentationatge to the launcher. This
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requirement is usually met by controlling the tithat arming is started and by the time it
takes for the S&A to progress from the safe coaditb the armed condition.

Due to the probable high “g” maneuvering abilityfwfure munitions, it is
possible that an armed munition could re-entetabacher’s safe separation envelope
due to the combined vectors of the launcher, titgetaand the AIM.

By using an FLC to calculate the arming rate o5&A the integrity of the
launcher’s safe separation envelope can be maximvbée at the same time ensuring
that maximum lethality is delivered to the target.

Description of Simulated S&A Device

The graphic demonstration uses a generic electiramécal S&A device

design, which meets the requirements of MIL-STD4GEB12] (see Figure 1).

(a) INTERRUPTER GEAR (e) OUTPUT
SHOWN IN SAFE POSITION LEADS
ROTATES 90 ° TO ARM POSITION (EXPLOSIVE)

(d) STEPPER
MOTOR

(c) WORM GEAR

(f) INERTIAL
GUIDANCE

Fig. 1. Safety and arming device.

The interrupter gear (a), which is shown in thesafndition, is rotated by a

stepper motor (d) via a worm gear (c). When thermpter gear is rotated 90 degrees,



the detonators (b) are aligned with the explosivipuat leads (e). If the fuzes inertial
guidance (f) determines that the munition has tered the launch platform’s safe
separation envelope, it will command the steppetiom@l) to re-safe the interrupter (a)

until safe separation is once again achieved wheillire-arm the interrupter.

Guidance Theory

The Weapons Systems Fundamentals-Analysis of Weapons, NAVWEPS OP
3000 Volume 2 discusses variable flight paths for pursuit coswr€n page 187 this
reference definethe criterion fora pure pursuit course as “The criterion for therseus
that the missile always heads directly toward tfes@nt target position. One important
aspect of the pure pursuit course is best demaedthy studying the flight path as seen
from the target” [1].

The pure pursuit course concept is used by theadViGut+, “Fuzzy Fuzing”
program developed for this project. The pure puiawrse is calculated by determining
the yaw angle between the AIM and the target attthgehe AIM on a course that heads

directly towards the target. This provides a stalianimation of an intercept.

Fuzzy Logic
Fuzzy Logic was founded by Lotfi Zadeh, who wasathematician and
professor at UC Berkeley, during the 1960s [3].Zyuzogic allows the user to determine
the relative importance in a sysyem between p@tiand significance. Mr. Zadeh was
guoted as saying, “As complexity rises, preciseestants lose meaning and meaniful
statements lose precision” [3]. Fuzzy Logic tendayfrom the hard lines of classical

logic which demand either a true or false answex goiestion, when in reality any



guestion actually has an answer that has a mempeaae that is partially true and
partially false. Mr. Zadeh developed the method=ius incorporate fuzzy logic into any
control system. These methods allow the contrddl@etermine just how much precision
in a system is necessary and when a rough answérave enough significance to
assure proper operation of the system. A briefrj@san of these methods follows along
with how they have been implemented into the Flazze Arming Rate Controller.
Equations and methods from the Fuzzy Logic [3]derk will be used to
develop a FLC used to obtain data from the memlrestions and to determine what the
arming rate of the fuze should be during targedrcept maneuvers to assure safe

separation distances are maintained.

Hypotheses
The hypotheses for this project is that Fuzzy Lagic be incorporated into
the design of a fuze S&A device to achieve a satkraliable fuzing system for a highly

maneuverable munition system.



CHAPTER IlI

METHODOLOGY

Introduction

This project focuses primarily on the fuzzy logantrol of the arming and
safing functions of an AIM fuze S&A device. Thixtien describes a simulated
engagement scenario and the Fuzzy Fuzing Safe/Ate Gontroller (FFSARC), whose
purpose is to adjust the arming rate of the AIM S&king target interception.

The FFSARC primarily perform two functions: 1) Tatate the S&A
interrupter to the armed condition when the AIM bagen launched and is moving away
from the launcher, thereby reaching a safe separdistance, and 2) To rotate the S&A
interrupter to the safe condition when it is moviagiards the launcher and no longer
maintains a safe separation distance from the fermc

This concept can be implemented into any muntiamfysystem, but for
clarity, this paper will examine fuzzy logic’s caibiution to the air-to-air engagement
scenatrio.

The FFSARC system is simulated using Mathwork's NNJAB® Fuzzy
Logic Toolbox and a simulated engagement scenagoaphically presented using a

Visual C++ based OpenGL program named “Fuzzy Fuzing
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Simulated Engagement Scenario
The “Fuzzy Fuzing” program simulates the safing anding functions of an
electro-mechanical S&A during a two dimensionakel@uarters dogfight engagement
scenario between two UCAVs (see Figure 2). Theetdd§CAV is on a perpendicular
vector to the launch UCAV. After the AIM is launahet achieves safe separation from
the launch UCAV while the S&A has progressed ihi armed condition.

Due to the approaching vector of the target UCAM, AIM re-enters the launch
UCAV'’s safe separation envelope. The AIM’s S&A’'samal guidance determines its
impending re-entery into the safe separation epesénd begins to re-safe the S&A
device. Once the AIM leaves the safe separatiorlepe for the second time and
determines it is no longer on a course that witidpit back into the launcher’s safe
separation envelope, the S&A will be re-armednmetifor interception of the target
UCAV.

In Figure 2 the launch platform (r2) and safe satian envelope (a) is shown
at AIM (m1) launch @. The AIM is launched with the fuze S&A in the safondition
(b). The AIM (m2) turns toward the target aircrafftgl, using constant bearing
navigation and leaves the safe separation envelghearmed fuze (c). Due to the
launcher’s and target trajectories, the AIM turaslbtowards the launch platform’s safe
separation envelope (d). The AIM (m3) re-entere saparation envelope and re-safes
fuze (e). While re-safing the S&A, the AIM contirsu® track the target (q2), safely
passes the launcher at r2, leaves safe separatiefope, re-arms fuze at (g) and sends a

firing command to the S&A destroying the targefigt
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Fig. 2. Simulated engagement scenatrio.

Fuzzy Fuzing Safe/Arm Rate Controller
This section describes in detail the Fuzzy Fuziafg&rm Rate Controller
(FFSARC), which was developed for this project.séated earlier, the purpose of this

fuzzy logic controller is to adjust the arming r@pesitive rate is toward the arm state,

negative rate is toward the safe state) of a flire.FFSARC primarily performs two
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functions: 1) To have the fuze progress to the drstate when the AIM is launched and
is moving away from the launcher and towards thgeta(thereby reaching a safe
separation distance), and 2) To have the fuze pssgo the safe state when it is moving
towards the launcher and no longer maintains assgfaration distance from the

launcher.

Fuzzy Inference System

A fuzzy inference system (FIS) provides the proc#ssapping inputs into an
output using fuzzy logic [4]. The MATLAB® Fuzzy LogToolbox’s [4] is utilized as
the preliminary development tool to verify the F$Sworking as intended.

There are two types of fuzzy inference systemsMamdani [5] type and the
Takagi-Sugeno-Kang type. For this simulation, thenMani type is used. The five steps
[4] used to develop the Mamdani model include til®ing:

1) Fuzzification of the input variables. The fissép is to determine which inputs
are necessary to perform the function and themgmdisiguistic terms to the values. For
instance, the first input used in this study isdigtance from the launcher to the AIM.
Three triangular member sets are assigned the ftedmgs, “Close,” “SafeSep,” and
“Far.” These values range from O feet to 2,000auriihe input variables are discussed in
greater detail in Section 3.

2) Application of the fuzzy operators (AND or OR¥ter the input variables
have been assigned fuzzy values or are “fuzzifitg"antecedents (if there are more
than one) of the rules are assigned an operatbrasitAND” or “OR.” The operator

uses the fuzzified antecedant and its output isiegpo the output function. The Fuzzy
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Logic Toolbox supports two AND functions and two @Rictions. For AND the toolbox
provides: “minimum” and “product” operations, ara the OR function, it provides:
“maximum” and “probablistic or.” The minimum funoti was used for the AND
operator and the maximum function was used fotReoperator in this project.

3) Implications from the antecedent to the consegeieThe fuzzy operator is
now applied to the membership function graphs aedesult, if there is an intersection,
is a truncated shape of the intersected chartififhe is a single number and the result is
a portion of the original fuzzy set.

4)  Aggragation of the consequences across the. rllesf the truncated fuzzy
set output from the last step are now aggregatedoime final fuzzy set for all of the
input variables.

5) Defuzzification. The final step, in the Mamdamethod, is to use the Standard
Additive Model (SAM). The “defuzzification” step salts in a final output expressed as a
single number.

The FFSARC FIS is shown in Figure 3. This figureswlaveloped with the
MATLAB® Fuzzy Logic Toolbox’s Fuzzy Inference SysteEditor.

The FFSARC's FIS is composed of three (3) inputsctvare titled: 1)
Launcher to AIM distance (LAD), 2) Launcher to Aldlbsure rate (LACR), and 3)
Target to AIM distance (TAD). The Mamdani Arm R&entroller fuzzifies the inputs
and outputs the defuzzified Arm Rate as a numbivden -1 and 1. Negative one (-1)
signifies “FastSafe” and positive one (+1) sigrsfi€astArm.”

The FFSARC has three membersip functions, whickespond to the three

inputs mentioned above. Figures 4 through 8 dest¢hbse membership functions.
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o - [ofx]

L&l
; ; ;, FuzzyFuzing
(marndani)
LACR /

TAl

Fig. 3. FFSARC FIS.

The LAD membership function (Figure 4) is composéthree (3) fuzzy sets

titled: “Close,” “Safe Sep,” and “Far.” The horizahaxis, which represents distance

FIS “ariahles hembership function plots plat paints: 181
cloze safesep far

XX 1

LaD ArmRate
LACE
TAD 0 - -

n 200 400 GO0 S00 1000 1200 1400 1600 1800 2000
input watisble "LAD"

Fig. 4. Launcher to AIM distance (LAD) membershimd¢tion.

from the launcher, ranges from 0O to 2,000 unitse VFértical axis, which represents
membership of any particular distance, ranges fddm1. For example a distance of 200

feet is estimated to have a membership value ait8%6 (or 0.85) in the “Close” fuzzy
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set and about 15% (or 0.15) in the “SafeSep” mestiyevalue. The three fuzzy sets are
represented by trapezoids.

The LACR membership function (Figure 5) is composgtivo (2) fuzzy sets

titled: “Recede,” and “Approach.” The horizontaligxwhich represents closure rate

FIS “Yariahles hember zhip function plots plat paints: | 1
fecede apprnacrh
XX 1
225 ArmRate
05
LACE
TAD

1]

1 1 1
0 0.1 0z 0.3 0.4 0.3 06 0.7 0.5 nA4 1

input wariable "LACRE"

Fig. 5. Launcher to AIM closure rate (LACR) memitpsfunction.

from the launcher, ranges from 0 to 1. The vertgoas, which represents membership of
any particular distance, ranges from 0 to 1. Fangxe a closure rate of 0.95 indicates
the AIM is approaching the launcher with a membigrghthe approach set of 1.0 and a
membership in the recede set of 0.0.

The TAD membership function (Figure 6) is composgtivo (2) fuzzy sets
titled: “Close” and “Far.” The horizontal axis, vehi represents distance from the
launcher, ranges from 0 to 2,000 units. The vdréiges, which represents membership of
any particular distance, ranges from 0 to 1. Fange a distance of 400 units can be
estimated to have a membership value of about 86%.85) in the “Close” fuzzy set

and about 15% (or 0.15) in the “Far” membershipegal
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FIS Variables Member ship function plats  Plot points: 18

close far

L&D ArmRate
TAD 0

0 200 400  BOO SO0 000 1200 1400 1600 1800 2000
input variable "TAD"

Fig. 6. Target to AIM distance (TAD) membership dtian.

The Arm Rate output membership function (Figures®©omposed of seven

(7) trapezoidal membership functions titled: “Fadt§’ “Safe,” “SlowSafe,”

FIS Variables Wember ship function plats  Plot paints: 18
m fastzafe zafe slowsafe noChange  slowarm arm fastarm
1

L&D ArmRate

XX ol _
LACR
TAD i %

1 1
-1 08 0B -04 02 0 nz 04 0E na 1
output wariakle "ArmBste"

Fig. 7. Arm rate output membership function.

“noChange,” “SlowArm,” “Arm,” and “FastArm.” The hizontal axis represents
decreasing to increasing angular rotation of thenwgear that drives the interrupter gear
of the S&A mechanism (see Figure 1). The horizoaxés ranges from negative one (-1)

to positive one (+1) and represents rotational dpé¢he rotor. A negative value
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represents rotation toward the safe condition aposétive value represents rotation of
the interrupter toward the armed condition. Theigakaxis, which represents
membership of any particular arming rate, rangesfd to 1.

Fuzzy Fuzing Safe/Arm Rate Controller
Rules

The next step in the development of the FFSARCIi$1I8 use the assigned
membership functions to establish the fuzzy opessaad compose rules using the
MATLAB® Fuzzy Logic Toolbox’s Fuzzy Inference SysteEditor. Figure 8 shows the

FIS Rule Editor.

; and and Then
LAl iz LACH iz Tal iz ArmA ate 1z
recede cloge
zafezep far
far none
nome
[ ot [ ot [ ot [ ot
Connection Weight:
oo
i+ and 1 Delete mile Add rle Change rule I e | B |
Ready Help I Cloze I

Fig. 8. FIS rule editor.
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The FIS Rule Editor allows the user to quickly a&fiiciently establishes the set
of rules by using the convenient pull down menust@ming the variables from all of the
fuzzy membership sets constructed earlier.

The following rules were established using the Radéor, for
implementation into the FIS:

1) If LADis Close, and LACR is Approach, then Araie is FastSafe.

2) If LAD is Safesep, and LACR is Approach, themRate is Safe.

3) IfLAD is Far, and LACR is Approach, then ArmRas SlowSafe.

4) If LAD is Safesep, and LACR is Recede and théTis Close, then
ArmRate is FastArm.

5) If LAD is Safesep, and LACR is Recede, and tA®1Ts Far, then
ArmRate is Arm.

6) If LAD is Far, and LACR is Recede, and the TATHar, then
ArmRate is SlowArm.

Upon close inspection of the six rules above #@pgparent that the safety of
the launcher takes precedence over the relialifitiie mission. The first three rules only
consider the approach and distance of the AIM éddlincher. Rule numbers four
through six are concerned with arming while the AfMeceding from the launcher. It
adjusts the arming rate depending on the distanoe the target. Also the order of the
rules does not affect the final output solution.

FIS Surface Plot Feature

After the rules have been established, a surfameopthe FFSARC FIS can

be viewed, via the FIS GUI.
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The FFSARC Surface Plot (Figure 9) allows the tsetew a three-

dimensional plot of the fuzzy logic controller. $tplot shows the two inputs: launcher to

b AEE|

ArmBate

2000

LACR 10 LAD

‘X[input]: LAD o | T [inpLt]: LACE - | £ [output]: AP ate - ‘

Fig. 9. FFSARC surface plot LAD and LACR.

AIM distance (LAD), and the closure rate betweanlduncher and the AIM. Notice that
the Arm Rate is negative (safing) when the SafeSégss than 1000 and the AIM is
approaching (separation is decreasing). The Arne Rgtositive (arming) when the
SafeSep is more than 1000 and the AIM is recediagdration is increasing). This is
what was expected during the set-up of the FISudsed in the preceding paragraphs.
The plot depicted in Figure 10 shows two inputs: ¢fosure rate between the

launcher and the AIM, and the target to AIM dise€AD). The Arm Rate is output.
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Fig. 10. FFSARC surface plot LACR and TAD.

Notice that the Arm Rate is negative (safing) whienLACR is greater than 0.5, which
signifies that the AIM is approaching (separati®écreasing).

The Arm Rate is positive (arming) when the LACReiss than 0.5, which
signifies that the AIM is receding (separationnsreasing). Note that the target to AIM
distance does not play a significant role in thig pince the safety of the launcher takes
precedence over the reliability of the mission.sTisiexpected due to the set-up of the
FIS discussed in the preceding paragraphs.

FIS Rule Viewer

The FIS Rule Viewer encompasses each of the FISbmeatements
discussed in the previous paragraphs into one \Feyure 11 represents an LAD of 494

units, an LACR of 0.898 (signifying the AIM is amaching the launcher), and a TAD of
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Fig. 11. FFSARC rule viewer (AIM is approachingraber).

1000 units. The resulting output is an ArmRateedative 0.712, which signifies that the
S&A is progressing towards the Safe condition, batithe S&A should be doing at this
time, safing.

The first three columns of the Rule Viewer arettiree input membership
functions. In the FIS Rule Viewer, each of the ttredlines can be adjusted to simulate
various input variable values. The fourth columpresents the output of each of the
rows. Because the rules are set up using the ANfDadgr, the minimum area of each
row is carried over to the output column. The bottmox of the fourth row represents the
aggregate of the minimums of each row. The thickime at the bottom box in the fourth
column represents the final defuzzified outputhef FFSARC. This defuzzified solution

is the centroid of the aggregate of the outputroolu
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Figure 12 represents a LAD of 1,650 units, an LAGR.0904(signifying the
AIM is receding from the launcher) and a TAD of G44ts. The resultant output is an
ArmRate of 0.573, which signifies that the S&A ®gressing towards the Arm

condition, or exactly what the S&A should be doaighis time, arming.

LAD =1 B5e+003 LACK =0.0904 TAD =342 ArmRate = 0573

1] 2000 1] 1 1] 2000

'
-

B

Fig. 12. FFSARC Rule Viewer (AIM is receding froauhcher).

Resolution
Chapter Il began with the presentation of the fgwbconcerning the safety
of launch vehicles when a friendly munition re-eatihe launcher’s safe separation
envelop, while it is pursueing a target. A simethengagement scenario described a

feasible situation where this can occur. Thispsablem because current fuze technology
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cannot return to a safe condition once it has arifiekdle munition initiates too close to
the launcher, the launcher could be damaged orayest

The resolution to this problem was developed bwtang a FFSARC that
determined the closure rate and the distance batthedauncher and the muntion. By
determining these two inputs and the closure rateden the munition and the target, the
arming rate could be adjusted so that the S&A imtatould be either towards the safe
condition or the armed condition. The developnwérihe FFSARC followed the
standard techniques established by Mr. Zadeh and/lslmdani including defining
membership function, a fuzzy inference systemsrud@d a final defuzzification of the
output. The final output of the FFSARC is a positoar negative number between minus
1 and positive 1. A negative number representdiootaf the S&As rotor towards the
safe condition and a positive number represengtioot towards the armed position.

Once the FFSARC was functioning as required, itsmbership functions,

rules, and defuzzification method were coded ihoRuzzy Fuzing GUI.



CHAPTER IV

GRAPHIC USER INTERFACE

Introduction

The engagement scenario and the FFSARC that weetoged in Chapter I
are graphically presented in the “Fuzzy Fuzing”dPam. After the FIS was verified, the
functions of the FFSARC were programmed using Mioftis VISUAL C++ [5] and
Sun Microsystems’s OPENGL [6] to provide a visuatification of the concept. The
GUI presents an animation of the physical respook#te launcher, the AIM, and the
target during an engagement including the AIM’swasitjon and interception of the
target and a visual representation of the fuzer totthe FFSARC program outputs.

The opening view instructs the user to press “gstaot. After “g” is pressed
the launcher flies toward the island and passeasrakmessages that instruct the user on
the different keyboard functions that are availgbigure 13).

Pressing “h” brings up the help view, which insteuihe user on the keyboard
functions that are available. When you start thealestration after pressing “g”, the user
can use the “I”, “J”, “K”, and “L” keys to maneuvaround Fuzzy Fuzing or the user can
then press “t” to reset, fire the AIM, and view tverhead map to observe the
engagement scenario in action (Figure 14).

Figures 15 through 23 show the Fuzzy Fuzing Gliation. These figures
are screen captures that were made while the GErwaning.

24
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<+ Fuzzy Fuzing {c] 2006 T.L Munsinger
File Edit ‘View Help Control

DEMd 22 57

Ready [ [Mom Y

Fig. 13. Fuzzy fuzing opening view.

Pressing “t” will bring up this overhead view oktengagement scenario. The
launcher’s position and vector is denoted by thaevth” at the bottom center, the red
circle around the launcher signifies its safe sajoam envelop. The AIM is the red “A”
seen receding from the launcher. The target istédruy the black “T” seen at right
center. The launcher, AIM, and target have corredjpg colored trails behind them to
denote their respective paths or vectors (Figuje 15

The S&A rotor is shown in the upper left hand cor@n the rotor the
detonator is represented by the red cross andkfileseve lead is shown as a yellow
circle. The white triangle denotes the rotor positieither safe, arm or somewhere in-
between. In Figure 15, the rotor is progressingaiols the arm condition, due to positive
LACR and increasing LAD. The armrate equals a pasi.1314 which equates to a

slow arm output from the FFSARC.
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Fuzzy Fuzing Help Screen
Your Mission is to Shoot Down the Target
Press 'e' 1o get to Earth, press 'T' to launch the AIM
Don't Forget To Avoid the Target's AlM
Use the T, |, 'K, and 'I' Keys toM_gnuever
To Change Camera Views: View #1:Launcher
Press '1''2''3''6’, or '8’ ", b View #2:Target
To Escape the Program.. s ¥ View #3:Downiown

Press escape button N View #6:Target to AIM
The 'g' button toggles animation View #8:AIM view
The 'r' buttan resets everything

Press 'm' for a Map, Hit 'return’ to return!

(Good Luck!

Ready LI

Fig. 14. Help view.

At the bottom of this view X, Y, and Z coordinatédsstances, and closure
rates pertaining to locations and vectors of theadher, AIM, and target are displayed.

Figure 16 shows the scenario a few seconds lalber ATM is pursuing the
target and starting to re-enter the launcher’s sef@aration envelop. Because the LACR
is negative the armrate has turned negative an8&#erotor is starting to progress
towards the safe condition.

Now both the AIM and the target have re-entereddhacher’s safe
separation envelop. Because of the negative vdluUA®R the armrate is negative

causing the rotor to almost reach the safe comd(fogure 17).
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LUCAY X-+00008 Y-+00500 I--02370 Yaw=+0000 Dist=00434 lacr=+1002

leady M

Fig. 15. Engagement scenario view 1.

Now that the target and the AIM have achieved sefaration from the
launcher, the S&A rotor quickly progresses to timaed condition (Figure 18).

Pressing “8” switches the camera view from the bead to the armed AIM’s
view of the target. There is not much time for téweget (Figure 19).

The AIM has drawn within 100 units of the targetisiag the TDD to fire the
detonator (Figure 20). Asta la vista, baby!

Figures 21 through 24 show other camera viewsddratbe used during
viewing the engagement scenario.

Pressing “f launches the AIM and automatically mpes the camera, the
AIM to target view, allowing the user to view théM\as it pursues and intercepts the

target (Figure 21).
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LUCAY X=-00005 Y=+00500 2=01010 . Yaw=+0000 Dist=01084 Lacr=-Dg44

Ready MM

Fig. 16. Engagement scenario view 2.

After launching the AIM, pressing “6’ automaticalthanges the camera
view, which allows the user to view the AIM fronmetkarget’s point of view as it is
pursued and intercepted (Figure 22).

Pressing “3’ automatically changes the camera viewhe top of a building
to view the launcher with its AIM. You can also gse€'a” which puts the launcher and
the target in an “autopilot” mode. The two UCAVy iih a figure “8” pattern and can
offer some very realistic aerial ballets. Figuresh®ws the launcher with the white
smoke trail and the target with the black traileTAIM has a red trail. Trails were added
to help distinguish between the AIM, launcher, #maltarget.

Pressing “3’ automatically changes the camera viewm the top of a
building to the launcher. The launcher providesviib this close up view while it was in

the autopilot mode (Figure 24).
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UCAY X=-00005 Y=+00500 2I=-00320. Yaw=+0000 Dist=00678 lacr=-0992

Ready NUM

Fig. 17. Engagement scenario view 3.

Chapter IV has demonstrated that using OpenGLaphgcally present the
problem stated in Chapter Il allows the researehezry useful tool for proving a
hypothesis. The Fuzzy Fuzing program allows theagagent scenario to be set up in

any way deemed necessary to demonstrate varimatisits.
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Fig. 18. Engagement scenario view 4.
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Fig. 19. Engagement scenario view 5.
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Fig. 20. Engagement scenario view 6.

File Edit View Help Control
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Fig. 21. AIM view.
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Fig. 22. Target to AIM view.

'+ Fuzzy Fuzing {c) 2006 T.L.Munsinger - 18 BJ

File Edit View Help Control
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Fig. 23. City view.
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Fig. 24. City view of close approach.
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CHAPTER V

SUMMARY AND CONCLUSIONS

Introduction

This paper studies problems created when the inttoxh of a new
technology surpasses the capability of an assactatdinology. In this case, the new
technology is the development of highly maneuverdiiCAVs, which have surpassed
the ability of current S&A technology to providautecher safety during air-to-air combat
scenarios.

The problem is illustrated by an engagement scemeiween three players,
the launcher, the AIM, and the target. The scenadludes an S&A device progressing
to the armed position while pursuing its target, without current technology allowing
for the re-safing of the S&A as it re-enters theénleher’s safe separation envelop.

The solution to this problem is to incorporate fukzgic into the S&A
controller logic. This, along with the developmeht method to determine the closure
rate between the launcher and the AIM facilitatesdevelopment of an S&A
technology, that allows an S&A to return to theesadndition when it re-enters the
launcher’s safe separation envelop. The followsdéascribes how this solution is

determined to be viable.
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Presentation of the Findings

The first part of the solution is to define the lgeom. The concepts of S&A
function, guidance theory, and fuzzy logic are &gapto possible engagement scenarios
between a launcher, an AIM, and a target. A padroengagement scenario describes a
launcher and a target, which are approaching ethar on perpendicular vectors. The
launcher launches an AIM at the target and the S8 progresses to the arm
condition as the AIM recedes from the launcher. Rueutually approaching
perpendicular vectors, the target enters the laenebafe separation envelop as does the
AIM with its armed S&A.

The problem is that an armed AIM is now approachisgwn launcher.
Detonation of the AIM at this point would severdigmage the launcher, which is not the
intent of the launch. The intent is to severely dgeand/or destroy the target not the
launcher.

To alleviate this problem a method to control teaféness” and “armness” of
the S&A is developed. Instead of using a binarydatgvice, which would
instantaneously switch the S&A between a saferf@d)amed (1) condition, fuzzy logic
is used to provide a smoother transition betweertwlo opposite S&A states.

Fuzzy logic also offers the capability to smootbhange states based on
inputs without requiring instantaneous switching.

The fuzzy logic solution is developed in a presedilmethod described in
Chapter Ill. The first step is to determine whatuits and output(s) are required. The

required inputs for the solution are: 1) DistaneeaA®en the Launcher and the AIM, 2)
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Closure rate between the Launcher, the AIM, andiSjance between the Target and the
AIM. The required output is the arming rate of 8&A rotor.

As a fuzzy inference system is being developed,dbded into the Visual
C++/OpenGL graphical demonstration model titledZEuFuzing.” Samples of the C++
code and their function are provided throughow @hapter to describe how information
from the FFSARC is transformed into a graphicatespntation of the problem and the
solution.

Each input is assigned three membership functiepsesented by a graph of
trapizoidal areas. Trigonometry is used to deteentie membership function value
between zero (0) and one (1). For example the @¢e ased to express the LAD
“close” fuzzy set is as follows:

[*
LAD: close= |[if LAD < 400, then= 1
|if LAD > 900, then = O
y |if LAD >= 400 && LAD <= 900, then = tan(.00199) x (900-LAD)
if(lad< 400){

Iclose=1.0;

}
if(lad>900){
Iclose=0.0;

}
if((lad>=400)& & (Iad<=900)){

|close=tan(0.00199)* (900-1ad);
}

Coding techniques similar to this are used fooathe input membership
functions. The next step is to produce code thaesents the rules from Chapter Ill:
//1) If LAD is Close, and LACR is Approach, then ArmRate is FastSafe.

rulel=min(lclose, lapproach);
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/112) 1f LAD is Safesep, and LACR is Approach, then ArmRate is Safe.
rule2=min(safesep, lapproach);
/13) If LAD is Far, and LACR is Approach, then ArmRate is SowSafe.
rule3=min(Ifar, lapproach);

//4) 1f LAD is Close, and LACRis Recede and the TAD is Far, then ArmRate is
SowArm.

[Iruled=min(min(lclose, Irecede), tfar);
ruled=min(Iclose, Irecede);

/15) If LAD is Safesep, and LACR is Recede, and the TAD is Near, then ArmRate
isSArm.

[Irule5=min(min(safesep, Irecede), tnear);
ruleS=min(safesep, Irecede);

/16) If LAD is Far, and LACR is Recede, and the TAD is Close, then ArmRateis
FastArm.

[Irule6=min(min(Ifar, Irecede), tclose);
rule6=min(Ifar, Irecede);
After minimum values of the rules are known, the@te can be easily
determined. The C++ code for computing armrates ifobows:
negsafe= max(max(rulel,rule2),rule3)*-1,
posar m=max(max(ruled,ruleb),ruleb);
armrate= negsafe+ posarm;
Once the arm rate is calculated, the S&A rotor&neh using OpenGL with
the following C++ code fragment:

void CTLMProjView::rotor(void) // map verticesto faces
{



int armed=0;

glEnable(GL_COLOR MATERIAL);
glColorMaterial (GL_FRONT, GL_AMBIENT _AND_DIFFUSE);

FI);
if((firel==1)&& (Iad>25)){

if(armrate > 0){
if((ryaw <=3)& & (ryaw>=-90){
ryaw = ryaw-(arnrate);
}

}

if(armrate <= 0){
if((ryaw <=0)& & (ryaw>=-92)){
ryaw = ryaw-(armrate);
}

}
Hlend of if firel=1

glPushMatrix();

glEnable(GL_LIGHT3);
rpolygon(19,18,17,16);//draws rotor
rpolygon(20,19,16,15);
rpolygon(21,20,15,14);
rpolygon(22,21,14,13);
rpolygon(23,22,13,12);
rpolygon(0,23,12,11);
rpolygon(1,0,11,10);
rpolygon(2,1,10,9);
rpolygon(3,2,9,8);
rpolygon(4,3,8,7);
rpolygon(5,4,7,6); //draws rotor

rpolygon(44,43,42,41);//draws det
rpolygon(45,44,41,40);
rpolygon(46,45,40,39);
rpolygon(47,46,39,38);
rpolygon(48,47,38,37);
rpolygon(25,48,37,36);

rpolygon(26,25,36,35);

38
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rpolygon(27,26,35,34);
rpolygon(28,27,34,33);
rpolygon(29,28,33,32);
rpolygon(30,29,32,31); //draws det

rpolygon(50,51,52,50);//white triangle

glDisable(GL_LIGHT3);

glPopMatrix();

The “rotor()” function uses the armrate output frtre function “FIS()”
method to determine the yaw angle of the rotor. rbber is then graphically represented
by the OpenGL/Visual C++ program, titled, “Fuzzyzihg.” “Fuzzy Fuzing” visually
verifies that an FLC is incorporated into a fuzeniaug controller and can provide safety
and reliability for future highly maneuverable miions.

“Fuzzy Fuzing” also contains the C++ code neededitaw” the launcher,
the AIM and the Target in much the same mannenhagiteviously mentioned rotor,
albeit they are much more complex. All of theseatdyit objects are placed in a
simulated landscape, which consists of an oceanaskisland, and a cityscape. The
static landscape provides a backdrop for the aithabjects to move against. Movement
of these objects is achieved once again througplsitngonometric equations such as:

// move LUCAV
lux = lux + (sin(rvar*lyaw)* speed);

if (cos(rvar*lyaw) <0)

luy = luy + (sin(rvar*pitch)* speed);
else

luy = luy - (sin(rvar* I pitch)* speed);

luz = luz + (cos(rvar*lyaw)* speed);
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The pursuit path of the AIM is generated with tbikowing C++ code:
opp = tux-aimlx;

adj = tuz-aimlz;

hyp = sgrt((adj)* (adj)+(opp)* (opp));

aimlx = aimlx + (sin(rvar* aimlyaw)* speed* 1.2f);
aimly = aimly;

aimlz = aimlz + (cos(rvar*aimlyaw)* speed* 1.2f);
if((tux>aimlx)& & (tuz>aimlz)){ //case 1

aimlyaw=asinf(opp/hyp)/rvar;

if((tux>aimlx)& & (tuz<aimlz)){ //case 2

[laimlyaw=110.2;
aimlyaw=((acosf(opp/hyp)+ P1/2)/rvar);

}
if((tux<aimlx)& & (tuz<aimlz)){ //case3
aimlyaw=(-(asinf(opp/hyp)+ Pl)/rvar);

}
if((tux<aimlx)& & (tuz>aimlz)){ //cases

aimlyaw=(asinf(opp/hyp)/rvar);
}
Basically, the yaw angle between the AIM and theg&tis calculated and

this value becomes the yaw angle of the AIM thet tiexe it is drawn. Also the AIM’s
speed is 120% of the Target’s speed, so an intéoceig inevitable. The values of the
membership functions are also calculated with nemgdex equations such as a distance
formula. The LAD variable is calculated by the éoling code segment:
ladist[ d] .lad=sgrt((lux-aim1x)* (lux-aimlx)+ (luy-aimly)* (luy-aimly)+ (luz-aimlz)* (luz-

aimlz));



41
Tha LACR variable is determined by the following:
lacr = ((ladist[d-1] .lad - ladist[ d-2] .|ad)/(ladist[ d] .lad - ladist] d-1] .Iad));
The code represents a small percentage of thaeddegroduce the Fuzzy
Fuzing GUI, but it does provide a feel for the @lkesimplicity inherent when using
fuzzy logic as a system controller. The GUI affoadgery realistic demonstration of the
problem and solution and can be manually contrdlesimulate any number of different

engagement scenarios.

Conclusion
The safety and reliability of a “fuzzy” S&A is madeear by the “Fuzzy
Fuzing” GUI. Only three inputs, LAD, LACR, and TARre required to enhance the
safety of the launcher and the reliability of thiMAThe S&A device can only progress
to an armed condition when the LACR is positive e LAD is greater than the

required safe separation distance.

Research Questions
A primary question raised by this project is, canethod be developed to
provide LAD, LACR, and TAD positional informatioon an AIM’s fuze central
processor unit while the AIM is in pursuit of adgat, without compromising the AIM’s
mission?
A secondary question is, does implementation ofubkey fuzing concept

meet the requirements of MIL-STD-1316E?
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Conclusions Relevant to Research Questions

With respect to the first question, currently n@m wireless data link exists
between a launcher and a munition. Wireless daka lbetween munitions and targets
definitely do exist and are used as the basic enkient for TDDs to verify target
proximity. Basically a munition needs a system kmntio the one used by a TDD, except
that its primary function is to detect the positanmd velocity of the launcher.

Regarding the second question, not only does tteyffuzing concept meet
the requirements of MIL-STD-1316, but it surpasbesn by allowing the fuze to return

to a safe condition if it re-enters the safe separanvelop of the launcher.

Limitations of Study Design and Procedures
This project is limited to the development of tHfeSARC FIS and a Fuzzy
Fuzing program used to visually demonstrate theepiof fuzzy fuzing. As was
mentioned above, this preliminary concept develagrpeoject is sufficient to prove that
fuzzy fuzing can increase the safety of a launcied, at the same time maintain

reliability of munitions.

Recommendations for Future Research
Future research in this area could include higigedity flight simulations,
such as both a FFSARC and a modified TDD simulduatr provides launcher velocity
and positional data to the AIM. The flight simulatoust be able to simulate higher “g”
levels than is now possible by manned aircrafttdute unmanned condition of future

UCAV engagements.
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The flight simulator must be able to run or manfjedent engagement
scenarios and the fuzzy fuze’s performance shoelchdnitored and analyzed during the
development process.
It is recommended that further research into trea@evelop S&A and fuzing
technology in general, so that it can maintain fiomal capability, provide enhanced

safety and provide reliability in an ever changangto-air combat environment.
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APPENDIX A



DEFINITIONS

Air Intercept Missile — a munition that is launched from an aircraft and

intended to intercept and destroy another aircraft.

Firing Train Interrupter — the mechanism that maintains an out-of-line

condition of a fuze explosive train until the fuzens.

Fuze - an electro-mechanical ordnance component, winigimtains safety and
reliability of a munition system. A fuze incorpogata target detection device and

a safe and arm device.

Fuzzy I nference System - the process of mapping inputs into an output using
Gravitational Units (“g’s) — acceleration due tagty at the Earth’s surface

(32.2 ft/sec”2).

Post-Safe-Separ ation-Safety - control of unintentional functioning after a pey arming
delay has transpired.

Safeand Arm Device - a device that prevents inadvertent arming offtize until a pre-
programmed or designed sequence of environmengakgehave been sensed and which
removes the safety features and progresses torttezlacondition.

Safe Separ ation Distance — minimum distance between the launcher and atioani
beyond which the launcher cannot be damaged byitation of the munition.

Target Detection Device — a device that detects when a munition is in cfys&imity to

atarget.

a7
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Unmanned Air Vehicle - a remotely controlled aircraft, usually piloteg & ground
pilot.
Unmanned Combat Air Vehicle — an unmanned air vehicle that can carry and launc

munitions.



