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AFIT/DS/ENP/05-03
Abstract

The remote sensing and event classification of bright combustion or detonation
sources requires enhanced understanding of fireball phenomenology, extensitemollec
of ground truth signatures, and the application of quantitative pattern recognition
methodologies. Temporally resolved mid-infrared Fourier Transform specra, ne
infrared imagery, and 3-band visible imagery has been collected remotelgroand
based sensors and processed and analyzed for several conventional and enhanced high
explosive materials. These sensors have been deployed in a series efditests to
study and distinguish between (1) uncased trinitrotoluene (TNT) and enhanced novel
explosive (ENE) materials at 10, 50, and 100 kg weights, and (2) two types of
conventional weapons having three weights and detonated statically or aircvaftedel

Detonation fireballs from cased munitions are largely Planckian in the mid-
infrared with initial temperatures of 1200 — 1800 °K attenuated by atmospheric
absorption. Temperatures often decay exponentially to ambient within 1 — 3 s for large
charges of cased munitions and in less than 1 s for uncased or smaller weight charges.
Occasionally, temperature profiles exhibit secondary maxima at 0.5 — 1 s after
detonation. Non-Planckian spectra features, particularly in the 1950 — 2256acih
are observed with 10% deviation from Planckian behavior for cased munitions and often
greater than 50% deviation for uncased munitions. Fireballs from uncased explosives
typically attain a maximum area in the near infrared of 100 — 20t 0 — 200 ms after

detonation. Fireball size depends on imaging frequency band, with smaller and shorter
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lived fireballs in the blue. The combination of decaying temperature and grovabglffi
size often produces irradiance profiles with secondary maxima at 0.25 - 0.5 s.

From the imagery currently studied, the single best feature for ctasisifi
between uncased conventional (TNT) and ENE materials is the time to peak of the
fireball size tyy, in the near infrared. For TNif, = 40 — 160 ms and for ENE materials,
tp = 0 — 60 ms. Feature saliency from Fisher discrimination techniques ale&lstyj
as the most important feature, with duration of the fireball and symmetryasédasas
measured by the standard deviation in the median time and the skew in the residual of a
parametric fit of the area, as secondary features. The single fegtyedds a Fisher
ratio of F = 2.9+0.3 and 89% accuracy in robust testing of explosive type classification if
the weight is knowrm priori (at 50 kg) and 87% arfel= 2.5+0.1 if the weight is
unknown. The single best feature from the 3-band visible imagery is the maxneam a
in the blue bandiy, of 10 — 60 rAfor TNT and 40 — 280 fAfor ENE. This feature
provides 93% and 79% correct classification Bre5.4+0.2 and 4.4+0.1 for the 50 kg
and unspecified weights, respectively. Combining the time to peak size in the near IR
and maximum area in the blue does not significantly improve classificationrparfoe.
For a five class problem of two types and three weights, combining these turesea
does improve the classification performance from 54% to 74% for either feainee al
The single best feature for the five class problem is the time integratethahe blue
band, but this feature is highly correlated with the corresponding peak aganehal,
the fireball size derived from the image has more information about the type than the

weight.
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Probability density functions for each of these classification problems are
estimated. The stability of the densities with respect to choice ofigasiaita sets and
systematic variation among several field tests is characterizgdsighatures from a
single field test, the peak locations and widths of the density functions vary by about
0.5% and 14%, respectively. Combining signatures from two field tests increases the
values to 1% and 17%.

The mid-infrared spectra from cased munitions can be reduced to a set of features
that includes fireball temperature, area, and residuals to Planckian tectes spectral
bands as a function of time. The residuals in the 1950 — 22%®and corresponding to
hot CQ emissions are typically less than 10% and provide the best discrimination
between explosive type, size, and method of detonation (static or aircradreld)i
Discrimination based only on the peak residual provides 100% accurate classifcal
F = 14+1 between static and dynamic detonation for one type and size of munition and
86% accuracy independent of type and dize (1.0£1.0). Equally impressive is the
ability to distinguish between large and small weights for static detonatidr®)%
accuracy an@ = 99132 using the residual immediately after detonation. Uncased
munitions exhibit highly non-Planckian behavior, offering strong classtitg@otential

for TNT and ENE materials.

Vi
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Definitions

. weight — the amount in kg of explosive materia. 50 kg

. type — the explosive material naneg. TNT, Type A, enhanced

. class— a description of the group of events that are singlgrall Type A 50 kg
events are a single class

. data— light emissions collected using a field instrumert, an image from the
InGaAs NIR camera or a spectrum from a spectrometer.difitemsionality of the

data is dependent on space, time, and frequency as well as class, manufacturing
practices, detonation conditions, environmental effects, etc.

. feature — a descriptor that characterizes an aspect of event d&y. féature is one
whose values are very similar for events in the same class but very difterent f
events in different classes. Features can be based upon observed parameters of the
data or fit parameters of a model of the ddteature saliency is the ranking of
features that best discriminatEeature dimensionality refers to the number of
features used to represent the data.

. pattern recognition — a technique of taking in data and performing an action based
upon the patterns found in the data. Specifically, pattern recognition uses thesfeatur
extracted from the data and quantifies the ability to classify events basedejpon t
class.

. crossvalidation and testing — a pattern recognition technique of training a model to
classify based upon a subset of datatrtai@ing data, with the remaining data

reserved fotesting the final classification model. Within the training data, another
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10.

11.

subset is set aside Yalidate the training process, often witHeave-one-out

procedure.

bootstrapping — a testing technique useful when the data is limited. This technique
creates a testing data set by randomly seleatimgmber ofN events, leaving the
remainingN-n events for training. Repeated bootstrapping aids in quantifying
repeatable results,g. a model which quantifies classification within in acceptable
uncertainties.

Fisher linear discrimination — one of many pattern recognition techniques that are
used to quantify class clusters (or groupings). A Fisher line is a ve@dr in
dimensional feature space that maximizes the differences in the class amsl
minimizes the class variances along a line upon which the feature values are
perpendicularly projected.

committee of classifiers— Many times a single feature or a combination of features do
not adequately classify the da¢ay. classifying both weight and type of explosive.
One approach is to use discrimination techniques to determine one set of classes
before identifying subsequent classes. For example, a committeesifieiagould
use one set of features to determine an event's wagh60 kg) then another set of
features to determine an event’s typg, Type A. This combined approach allows
the committee to ascertain the final class of the eeant]ype A 50 Kkg.

stability — Stability is a measure of self consistency. (a) Feature salieeewd
above) is stable if the ranked order of features is repeatable betweesndliffer
approaches. (b) After the training process in pattern recognition, a keyisesaet

of class-conditional probability densities. A second use of stability meahere
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consistency of these densities as a function of the training set used. The twe metri
of density stability used in this research are the standard deviations of tihenkcat

and heights of the density peaks.
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CLASSIFICATION OF BATTLESPACE DETONATIONS FROM
TEMPORALLY RESOLVED MULTI-BAND IMAGERY AND MID-INFRARED

SPECTRA

[. Introduction

Commercial applications routinely leverage remote sensing technologies to
monitor nearly static environments and phenomena that change very slowly over time.
For example, NASA’s Landsat 7 satellite acquires images of earth ldrabastal
regions [1]. Many industries and research organizations apply various pattgmtieno
techniques to these images to identify crop and soil conditions [2], study foregfyecolo
[3], and monitor earth climatology [4][5] and volcanology [6][7]. Similarly, the Rnenc
space agency, Centre National d’Etudes Spatiales (CNES) uses iiesatsiéem SPOT
(Satellite Pour I'Observation de |& erre) for earth surveillance [8][9].

Remote sensing is also used to identify and characterize transient eventsgc
on the earth. Although less common in commercial applications, some examples include
monitoring forest fires [10][11] and Kuwait oil files [12][13]. The U.S. militaryighly
interested in detecting and classifying not only transient events, suchsée taisches
[14][15] and naval operations [16][17], but also fast transient events like gun muzzle
flashes [18][19] and high-explosive detonations [20]. Fast-transient events occur on the
order of milliseconds to a few seconds, and present significantly more complabe re
sensing requirements than nearly static and transient phenomena occurring orrthe orde

of minutes to days.
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Current remote sensors provide the ability to locate fast transient emdnis a
some cases, classify the event into known categories such as conventional or nuclear
explosion [21][22]. Detecting and classifying such events requires eithékdefeed
model or a set of attributes, characteristics, or features to facilisatenaination
between viable alternative categories. Surprisingly, no such informatidetfnation
fireballs is available. Indeed fundamental attributes such as firelmgétature, size,
and duration are poorly understood and not documented in the peer reviewed scientific
literature.

A modeling approach to classifying fast transient events relies on thdyimgle
physics and chemistry principles to estimate key signatures suchbadl mission
spectra or non-optical measurements such as overpressure. Clasddgiggansient
event might consist of adjusting the parameters of such a model until its stgrmattch
those of the observed event. While explosion phenomenology codes, such as CHEETAH
[23], estimate the thermochemistry of a detonation, there are no corresponding non-
proprietary models for fireball emission spectra in the open literaturehelfondre,
many dimensional computer models do not effectively extract key featare®bserved
data. No approximate analytic models exist as are required for data ginalysi
dimensionality reduction, and feature extraction. Previous modeling work hras bee
accomplished by the High Explosives Research and Development (HERD) Facility a
Eglin AFB, Los Alamos National Laboratories (LANL), and Lawrence Livare
National Laboratories (LLNL), Sandia National Laboratories (SNL), Ride Research
Institute (RRI), SciTec Inc., and National Ground Intelligence Centet@NGHowever,

without citations or references, their contributions are not available to the open publ
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Furthermore, the respective capabilities are fragmented and do not provide farbasi
reliable classification.

Much has been done in condensed phase and shock [24][25][26] and in gun
muzzle flash [27], yet the only open source describing fireballs from detonhterizeen
work on characterizing bomb spectra [28]. There is no open documentation of basic
attributes of fireball phenomenology, accurate and verified ground truth signaiuee
guantitative multivariate statistical methodology to demonstrate repeatabsification
of explosives based upon their image and spectral characteristics. One wouatd@xpe
find in the literature simple descriptions of fireballs to include spectrabsiuag
temporal behavior, typical temperature profiles, size descriptions, and tembudios
phenomena. All of these descriptors could depend greatly on a vast amapnitooif
situations, i.e., explosive type and weight, munitions casing, detonation dynamics, and
environmental conditions such as atmospheric transmission, dust, wind, etc. All of these
variables drive the need for accurate ground truth data that has been verified wit
multiple instruments and approaches. These instruments should, at a minimum, provide
radiometrically calibrated infrared spectra and imagery. LikewisBciemt data must
be collected to demonstrate repeatability and distinguishability amqhgsese types
and weights.

A pattern recognition approach uses multivariate statistical technmotsssify
fast-transient events based on comparing their key signatures to wetjpkxl/elata sets.
For conventional explosions, high-quality spectra and image data from ground-truth
remote sensors is available for only a few type and weight classesyputlly less

than two or three events per class. Such data is prerequisite to developing abiibust
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to classify various explosive materials, weight, or delivery mecharbased on their
signature features.

Through a series of field tests beginning in the early 1990’s, the United States
Force investigated the possibility of classifying type, weight, and delmetiods of
bomb explosions using remotely collected infrared spectral signatures [28{[#3]]].
Yet these tests did not adequately address repeatability. Thus additionsingstded to
establish a basis for understanding fireball phenomenology from extractécisped
image features that are reproducible for similar events and disting@gbakissimilar
events. Pattern recognition techniques can quantify classification usifggteses and
can guide further understanding of fireball physics and chemistry phenomenology.

The approach taken in this research to address these needs includes four phases:
(1) acquire new field data with new instrumentation and sufficient replicatiorev et
type to adequately establish reproducibility, (2) develop, simultaneously, simple
phenomenological models to extract features from the data that show repradguanoili
distinguishability, (3) apply standard pattern recognition techniques to quantify
classification potential based upon a subset of features, and (4) identify atfofdiee
features that most accurately perform event classification using varpus i
information.

The present work addresses the following: (1) assess the feasibility and
requirements for classification of battlefield detonations using tempoesiblved
emission multi-band imagery and moderate resolution spectra, (2) apply agpropria
guantitative classification methodologies and tools using class-conditional pitgbabi

densities, (3) demonstrate successful discrimination between conventional ancednhan
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explosives, and (4) establish key phenomenology requirements for further eixpimta
remote imagery and spectra.

Two new field tests have been performed, generating highly calibrated kpectra
and imagery data. A basic characterization of fireballs is developed, incluaipgrtd
evolution of temperature and size. The relative value of various extracteckécfatr the
classification of event type is established. A method for discriminatingebate
conventional high-explosive material and an enhanced novel explosive is demonstrated.
Finally, the potential for classification of battlespace detonations issssleand an

approach to systematically exploiting this potential is developed.
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II. Background

A. Detonation of High Explosives
1. Energetic materials

Energetic or explosive materials react to produce energy through a pralteds
oxidation. During oxidation, excess internal energy stored in an energetitamate
(compound) is released as it burns (or explodes) with oxygen to form products with lower
internal energies. Assuming a constant pressure, which is clearly not vatigl aiur
explosion reaction, the difference in these internal enerfji¢sdreates a difference in
enthalpy AH = AU + PAV) which is called the heat of reaction. For explosions, it is
called the heat of detonation and includes only the combustion of the explosive reactants,
not the heat associated with the secondary afterburn. This value is maximunh&reen t
is just enough oxidizer to burn the fuel to create products in their most oxidized state.
Thus the lowest internal energy state is the highest oxidation state. |Togugaonents
of explosives are carbon, hydrogen, nitrogen, and oxygen, thus expressegNgG.
The highest oxidation states of carbon, hydrogen, and nitrogen are carbon dioxije (CO
water (HO), and nitrogen molecules §Nwhich incidentally have lower energy levels
than NO, NQ, ...N,Oy. [32:19-20]

Two prominent explosive materials used in industry as well as for the ctesént
are RDX (used in Composition C-4) and trinitrotoluene (TNT) (See Figure 1). Both of
these are underoxidized, meaning that during a burn there is not enough oxygen to fully
burn all the fuel. TNT is considered very underoxidized. According to Cooper, the rules

of thumb for assessing the products of a detonation reaction are as follows:[[32:131
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1. All nitrogen goes to W

2. All the hydrogen burns with available oxygen to foraOH
3. Any oxygen left after step (2) burns carbon to CO.

4. Any oxygen left after step (3) burns CO to £0

5. Any excess oxygen forms,0O

6. Any excess carbon forms C(smoke).

H, CH;
0,N NO,

NO, NO,

Figure 1. RDX (left) and TNT (right) are two commonly used explosive
materials. [32:23]
For example, in TNT the oxidation reaction is as follows:
C/HsN3Og 2 15N+ 2.5 HO + 3.5 CO + 3.5 C #AH (2)

where possible stoichiometry include

a. 3N>15N;
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b. 5H+ 250> 2.5 HO (3.5 O remaining);

c. 7C+350> 3.5CO (allthe Ois used up) + 3.5 C; and

d. 3.5 C can create black smoke if not remixed in air.
Thus an underoxidized fuel never reaches all the burning steps above unless it is
detonated in air which provides enough oxygen for a secondary burn of the hot free
carbons and carbon monoxide molecules. This secondary reaction, called a secondary
fireball or afterburn (AB), releases additional energy for a total ghemgnthalpy called

the heat of combustiohH,:

AHpg = AH: —AHq4 (2)

Cooper says that these secondary fireballs can be further fueled by cdsiess, g
binders, and colorants that have been mixed with the explosive. This fact should be kept
in mind because some of the materials used in the novel explosives (explained late
cause a significant increase in the secondary fireball size and energy ¢B@p24]
2. Basic Phenomenology

As mentioned earlier, the heat of detonatihis the heat (or energy) generated
during the reaction and is transferred to the energy of the products of the readéan. A
experimental values @H for some common explosive materials are given in Table 1.

Table 1. Experimental values of heats of
detonation for pure explosive

compounds. [32:132]
Explosive AH

(kcal/mol)
PETN 471.1
RDX 335.4
TNT 247.5
8
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Assuming the heat capacity at constant pregSpire temperature invariant and that the
detonation products do not dissociate, one cam\tisior TNT to estimate the detonation

temperature to be 3725°K using the relationship
AH =C, AT (3)

whereAT = Tgetonation— Treactant@Nd the heat capacity is the sum of heat capacities for each

productCp;,

products

N
C,= >.nC,. (4)
i=1

wheren; is the number of moles for the product species shown in Table 2. This final
temperature is unrealistically large. Allowing for the temperaturertignce of the heat

capacities,
C,;(T)=a+bT +cT? +dT%+eT 2, (5)

where the coefficienta throughe are defined in Table 2, the heat of detonation becomes

an integral

Taetopation
AH = [C, (T)dT (6)

T

reactants

which matches the Table 1 value of 247.5 kcal/mol at a detonation temperature of
2994°K. Including dissociation effects would further reduce the temperatunaiesto

acceptable values less than 2994°K.
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As the explosive material burns, releasing the en&kyynto the products, a
shock wave inside the explosive material is formed. As this detonation shock ré&aches t
perimeter of the explosive material, it interacts with the surrounding medigimair, and
creates an outward moving shock in the transport medium. Most of the books such as
Cooper [32], Klingenberg [33], and Zel'dovich [34] concentrate on understanding and
parameterizing the detonation shock and the air shock; however, no known sources exist
that adequately address the spectra of afterburning fireball dynamicsurféet

research introduces two simple descriptions of the fireball dynamics.

Table 2. Molar concentrations, heat capacities, and coefficients to Eq(&¢ for t
products of TNT detonation. [35]

Product n; Cy(298°K) a b c d e Trange
(cal/mol*K) (K)
CcoO 3.5 6.967 6.110801 1.457011 0.969086 -0.638468031315 298-1300
CcoO 8.401219 0.31073 -0.049216 0.003239 -0.78460300-6000
N, 1.5 6.961 6.236138 1.964341 -0.472309 0.038067 108® 298-6000

H0O 2.5 8.025 7.192161 1.633011 1.62367 -0.60576 9834 500-1700
H0O 10.0297 2.06072 0.358456 0.023451 -2.66674 -6p00

C 3.5 4.9771 5.060971 -0.194175 0.107203 -0.01034003132 298-6000

The photons emitted from the fireball afterburn are frequency and time dependent.
A simple model of the fireball assumes it is hot (on the order of several 1000°K),
optically thick, and selectively radiates. A blackbody obeys the Planckiatioadaw

for blackbody source radiantgg or intensitylgg,

Leo(0T(0)= IBB/(AZ(I)&» - exr(th:'/CliZ: -1 @)

10
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which depends upon the frequermyin cmi') and timet. Both the temperatufgt) and
fireball area times emissivitygft) are functions of time for a radiatively growing,
decaying, and cooling fireball. The other constants include the Planck’s cdnstant
speed of light, and the Boltzmann constaaqt

As illustrated in Figure 2, spectral data collected at a remote positseminées a

Planckian attenuated by the atmosphere with the funtiiqo),

Lo (0T (1)) = Zom(0)Les (. T (1)) )

The government standard atomospheric moddiOP erate spectral resolution
atmospherid RANSsmittance algorithm and computer model (MODTRAN), developed
by AFRL/VSBT in collaboration with Spectral Sciences, Inc.[36] MODTR&dtimates
are inadequate in describing the atmosphere with the fidelity needed to madisisthe
Thus the atmospheric transmission function exploits a non-linear regressionchgheda
adjusts MODTRAN estimates of individual concentrations of the primary atmasphe

absorberse.g. H,O, N,, CH,, CO, which are identified in the figure below [37].

x 10*

| H0 CQ CHs _ H,0 & CO, H.0
(_A_\ (_A_\ - N g K_J%

0s) (W/Sr—cm‘l)
w

(o,t=

obs
-

! ; Lt / ! !
2000 2500 3000 3500 4000 4500 5000 5500 6000
o (cm _1)

Figure 2. The Planckian radiation law (dashed line) multiplied by the appeopria
atmospheric transmission function fits (solid line) the source radiation
(dots). The temperature and area-emissivity of this Radiant 3B event
(E298 _10S) are 1648.87 + 0.06°K and 1639.7 + G.8espectively.

11
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With proper treatment of atmospheric absorption properties, the temperatayre, are
and emissivity derived from the blackbody model adequately represents most of the
fireball information recorded in the spectra. Later it will be shown that thesgheric
correction is important especially if the extracted features origfr@atenon-Planckian
portions of the modeled data. Additional information about the fireball exists in the
difference of the blackbody fit and the spectral data. For this reason, theisnél
spectral data presented in Chapter 5 uses solely the blackbody model. As long as the
source data resembles a blackbody, then the fit parameters aid future work in
phenomenology development and aid in the current work in relevant feature extraction.

B. Remote sensing of IR emission

The remote sensing of infrared signatures from bomb detonations, missile
launches, and muzzle flashes provides unique data to characterize the battlespace. |
particular, the spectral and temporal signatures from explosive ordnagdsemised to
classify the munitions type, size, and other key characteristics. Bothdgased and
spaced-based remote sensing capabilities exist. LANSAT is a goog@lexafm space-
based remote sensing platform which collects scanning infrared imagery ispaghal
bands of the earth terrain [1]. Ground-based systems are endless. The UnisefliState
Force Institute of Technology’s (AFIT) system is a ground-based systerh ddydoys
at a safe distance and collects non-imaging Fourier Transform In{fréel) spectrum
and near-infrared and visible imagery.

1. Radiometric Quantities
The amount of photons incident on a detector is dependent upon a number of

standard radiometric properties: radiant flux density leaving the detonaénnh(d),

12
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transmission properties along the optical pafy), the range to and size of the
collecting opticAsurce, the relative orientation of the detectexg(, normal incidence),
and detectivity of the detector material. All of these properties excepntloszheric
effects and detector detectivity are captured in standard radiometrictigaaad defined
by Boyd and repeated in Table 3 below and visually represented in Figure 3. [38:14]

Table 3. Radiation Quantities and Units

Quantity Symbol Units Equation Defining Equation
Radiant flux density at E Watt/cnf 1 e o 4o
the detector (Irradiance) T dA
E = L [ %OUI’CG
y;
eo ! [cozs(éi)
.
Radiant intensity at I Watt/sr 2 _do
the source ~do
Radiance at the source L Watt/cnf sr 3 dl
L=|— |*cos@)
dA
Spectral Radiance L(g,t) Watt/ (cnf sr cm?) N/A
Final, T Measured,
calibrated Tl uncalibrated
I(o, t) T~ L(g; t)
Rangegz e.g. 3258m T -
Atmospheric propertieSam /;
Ars=100m T FOV

Figure 3. Visual Representation of Radiometric Quantities (assuming no
atmospheric transmission effects).

13
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C. Non-Ideal Explosives Blast theory

Non-ideal explosives mean a variety of things depending on the community. In
this research effot, non-ideal refers to those high explosives fueled by ammotmnate) ni
aluminum, and a variety of other non-traditional fuel additives [39]. The result of
aluminum alone creates a brighter secondary flash and more intense shockuedt ca
by an increase in the product ¢8k) temperature and decrease in particle density [40].
Adding the non-traditional fuels intensify these effects as well. The commavity
calls the secondary flash or re-mixing stage as the thermobaricTaus, one will often
find these explosives called thermobarics or thermobaric explosives, yet no open

literature on the IR and visible emissions exist.

14
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[ll. Experimental Approach

This section begins with a summary of the collected data sets from segéral t
series, followed by a description of the instrumentation deployed by AFIT. Diheng
discussion, data quality for the Brilliant Flash test is examined sincéné source of
data collected as part of this research effort.

A. Recent Field Tests

The following tables identify the different collection tests, their basicrigisns,
the types of instrument data available for analysis, and a generaptesai each type

of instrument. Following these tables is a brief description of each collection.

Table 4. Known data collections dates, locations, and types of events.

Collection Dates Location Types of Additional
Name Events Information
Radiant 11B June 1998 Fallon NV 53 of 67

statically

detonated

ordnances
Radiant Il1A August 1999 Fallon NV 42 air dropped varied with

ordnances, 100 angle between
to 600 lbs of collector

explosives observation and
bomb impact
vector
Radiant 111B October 1999 Fallon NV 23 static with 3ested
types and 3 repeatability
weights
Iron Rose June 2002 Fallon NV 58 M1/A1 tank
muzzle flashes
Brilliant Flash I June 2002 Tyndall AFB 51 static, Collected as
FL explosive part of this

material only, 2 research effort
novel mixes and
TNT, 3 weights

15
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Collection Dates Location Types of Additional
Name Events Information
Brilliant Flash  June 2003 Utah Test and 44 static, Collected as
Il Training Range explosive part of this
(UTTR) material only, 3 research effort
novel mixtures
and TNT, 4
weights
Chinook September Undisclosed 16 Fuel Air
2002 Explosives
(FAE)
Northern October 2002 Undisclosed 24 volumetric
Lights explosives:
FAE and
Thermobaric
Explosives
(TBX)

Table 5. Data Collection Metrics. For each collection event, the types of data
readily available are marked by "y", while the other types of data
collected but need to be obtained by AFIT is identified with an "x".

Collection FTIR FTIR Radio- Radio- NIR Visible Visible IRIS256
Name (MR154) (MR354) meter(l) meter(2) FPA CCD Spec. Imager

Radiant vy X X
IIB
Radiant vy X X
A
Radiant vy X X
B
Iron Rose X X X
Brilliant y X X X y y
Flash |
Brilliant y y y X y y y X
Flash I
Chinook X X X
Winds
Trials
Northern X X X
Lights
Trials
16

www.manaraa.com



Table 6. Instrument specifications overview.

Instrument Spectral Spectral Temporal Additional
Range (cm') Resolution Resolution Information
(cm™)
FTIR MR154 500-6000 1,2,4,8,16, ~3.6 spectra/sec
(Team A/AFIT) 32 (at 16 cnt
resolution)
FTIR MR354 500-6000 1,2,4,8,16, ~82 spectra/sec
(Team B) 32 (at 16 cnt
resolution)
Radiometer(1) 2153-2245 whole band 200 Hz 4 radiometers
(Team B) 2509-2581
3226-3704
4348-4650
Radiometer(2) Not Available  Not Available  Not Available
NIR FPA 0.9-1.7pm whole band 30 Hz 12-bit
dynamic range
[41]
Visible CCD Red whole band 30 Hz 3 CCDs [42]
Green
Blue
Visible Spec 385-550 nm 0.4 nm 100 Hz 0.25-m
470-530 nm grating;
565-910 nm 1024-element
570-800 nm photodiode
570-882 nm [43]
655-880 nm
IRRIS 256 Thermal IR whole band 40 Hz 256x256
Imager (3.6-4.1um
(Team B) and
4.5-5.1um)

AFIT first participated in spectroscopic collections of munitions in ttvel i
five test series called Radiant, sponsored by the Navy TENCAP and condubied at t
Naval Air Station, (NAS) Fallon, NV from the summer of 1998 to the fall of 1999 [30].
Radiant IIB was the third test in the series [28]. The following descripéigns

paraphrased from Jay Orson’s the€igl|ection Of Detonation Sgnatures And

17
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Characterization Of Spectral Features [28], Robert Houser's thesiSyrvey of Military
Applications for Fourier Transform Infrared (FTIR) Spectroscopy [44], and Science
Applications International Corporation’s (SAIC) Test Repptb]

Radiant 1IB was a static recreation of the previous Radiant IIA tedibré&tad
radiometric and optical signatures from 53 of 67 events were collected and furthe
assessed that the many discrepancies discovered in the previous teti belatb
delivery angle, ground penetration depth, aircraft release manner, look anglebafdbom
observers line of sight, and ground surface interaction. Two different ground &t te
deployed four radiometer suites with similar spectral filters.

Radiant IllA test consisted of 42 air-dropped explosion events over a period of
three days in summer of 1999. The primary test objective was to collect munitions
signatures deployed in normal operational configurations against ground targsts. Thi
was accomplished by altering the angle between collector observatibombdmpact
vector. The distance to the target from the observation tower was 4825 m. Each day the
scheduled events varied by aircraft heading, amount of explosive and explosive type
Ordnance weights were extra small (< 100 Ibs), small (100-400 Ibs), medium (400 to 600
Ibs), and large (> 600 Ibs) of explosive.

Radiant I1IB consisted of 23 statically detonated events over the course of two
nights in fall of 1999. Three different explosive types and three different explosive
amounts were used during this test. The ordnance was situated on solid ground and
propped up on wooden tripods at a 45 degree elevation angle tail high. Each bomb face
was pointed toward the instrumentation. The larger bombs were placed in clay craters

tail high at the largest elevations possible.

18
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A portion of Radiant IlIA and IlIB data is further analyzed in the later portion of
this research. A full description of the event types, the data collection methods, and the
data quality are presented in Orson’s thesis [28]. Nevertheless, a fenaitemepeated
here and later in this document to identify which portions of the data are being used.
First of all, the two ordnance types are examined, called Type A and Type B \woihi.
Type A events are of a “small” weight and nine are dynamically droppeddnmittary
aircraft while another nine are placed on the ground as explained above. TypesB event
consist of two weights, “medium” and “large:” six large are dynamicatypjged, two
large are statically detonated on the ground, and three medium are dynannaggiicd
The field test layout is shown in Figure 4.

Iron Rose consisted of 58 rounds of M1 and Al tank muzzle flash collected one
day in June 2002 at Fallon for the purpose of establishing reproducibility. The
radiometer data is reported as acceptable. The spectrometer data isiam dpgestuse
its field of view was overfilled. Data from an IR imager is available. [46]

The purpose of the Brilliant Flash test series is to identify methods of esglosi
material discrimination using remote sensors. As the principle investiget@uthor
lead an AFIT team (team A) along side a second team (team B) to c@leatiuses from
these two test series using Bomem made FTIRs and various other infraresilaled vi
instruments. Brilliant Flash | test consisted of 51 static explosiveriaabaly events
during the summer of 2002 at Tyndall AFB Florida [47]. The detonations consisted of
uncased explosive materials that were assembled with readily asatabponents. The

center of mass of the explosive materials was placed approximately omabhoate
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Figure 4. This graph displays the geometry of the Radiant IlIA and IItB &ss
explained in Jay Orson's thesis.[28]

ground. The types of explosive materials used were trinitrotoluengC(EIH{NO,)3)

[48] (TNT or Type A) and two other enhanced mixtures (Types C and D) which varied in

aluminum and other additives concentrations. The weights ranged from 1 to 100 pounds.

Each type of explosive material at a specific weight was detonatedtitimess. The

range from the observation point to ground zero was 460 meters.
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Brilliant Flash Il test consisted of 44 static explosive-material-eabnts that
were detonated at the Utah Test and Training Range (UTTR) over the period 2-13 June
2003 [49]. Again, the author led an AFIT team to obtain multi-band imagery and mid-
infrared spectra. This test range is located at approximately 85 miled Sadt Lake
City, Utah. As depicted in Figure 5, the ground truth instruments were located on Diddle
Knoll at 40°54.5300°’N, 113°09.2767°'W, and 1424 meters above sea level (using World
Geodetic System 1984, WGS-84, model of the earth [50]). Ground zero was 3258 meters
away at 40°55.5817’N, 113°11.1350'W and 1291 meters above sea level. The soil was
dry, dusty dessert and the weather was usually clear with only a few erseptivard
the end of the test. The materials used in this test are the same asantBiidish | with
the addition of two other enhanced mixtures (Types B and E). Each type of explosive
material at a specific weight was detonated four times. The weiglgesd&om 10 to
1000 kilograms (22 to 2200 pounds).

Each of these Brilliant Flash tests required approximately six man months of
effort to prepare, execute, and initially report on the test. Preparation includgsisana
software development, instrumentation testing and validation, and end-to-end dry-runs
with all deployable equipment and personnel. The execution was approximatehdiwo a
a half weeks and included coordination with explosive ordnance disposal (EOD)
personnel, other instrumentation teams, and range safety. Calibrations wemagxbrf
between every test shot to minimize errors in calculating absolute intehsigwise,
cross-sensor comparisons were frequently conducted between two spéatsaand four
radiometers. Finally, an initial analysis of data quality and of datepnetation is

summarized with a “first look” report for the sponsoring agency.
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The Chinook Winds Trials test collected performance data on various gear and
equipment deployed in extreme overpressure environments. This collection was over a
two week period from 3 to 13 September 2002. The team B was invited to observe and
collect data. Sixteen fuel air explosives (FAE) devices were testedtwdheeek
period including thirteen 66-liter mixes, two 30-gallon mixes, and one much larger mix.
The test team collected radiometric, spectrometric, imager, digital aie digital still

photographic data from all but the first event [46].
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Figure 5. The test layout geometry includes ground zero indicated by thedstar a
the instruments located at Diddle Knoll, 3258 m to the southeast. The
contour lines are spaced at 20 m terrain height increments.
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The Northern Lights Trials test collected performance and signature data on
volumetric explosives. Twenty four volumetric explosives of various designs asd size
were also detonated over a two week period from 23 September through 4 October 2002.
Unambiguous, well-calibrated spectro-radiometric data as well astiel, dest layout,
and meteorological data were collected throughout the test. [46]

B. Instrumentation

1. AFIT Bomem MR-154 FTIR instrument

A Bomem MR-154 Fourier Transform Infrared Spectrometer coupled to either a
75, 28, or 4.9 mrad field of view (FOV) telescope is used to record the infrared emission
from fast transient events. The FTIR data is typically figured to invéstiggher
spectral resolution (4 cf) at the expense of less temporal resolution (0.123 s). Two
detectors, InSb and HgCdTe, covering the 1800 — 600@uech500 — 6000 chranges,
respectively, are used to simultaneously record interferrograms frouean & ypical
event signals are 15-20 times the background. The interferometer is temgperat
controlled at 45°C to minimize the effects of ambient temperature changes. A cold
reference source is maintained at 77 K. The InSb detector typically provides a
background noise signal of 5 to 50 W/Srfgrabout 5 times less than the HgCdTe
detector. Background spectra were recorded before each event and typicédited a
peak of 100 W/Sr/cihat about 2000 cth The event intensity peaks ranged from 250 to
10000 W/Sr/crit.

The calibration procedure for the Bomem MR-154 FTIR instrument is
exhaustively documented in the Bomem literature and several previous ARS.thes

short explanation is given here. Calibration allows the conversion from recorded voltage
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from the detectors to an absolute radiance. Three blackbodies are typically used to
provide a 3-point temperature calibration. The voltage response is lindadytditthe

three calculated Planckian blackbody emission spectrum. The result is adsparse
between a measured voltage and the absolute radiance, each as a function of wavenumb

(frequency). The corresponding expression is
L= (0) = Lyyeas (0)K 7 (0) = S(0) 9)

where
LCaibrated s the absolute spectral radiance signal (W &),
Lvess iS the measured spectral voltage signal,
K is a spectral fitting term that accounts for geometry parametegge(rsize of

target, and field of view) and atmospheric transmission, and

Sis the system stray spectral radiance.

Typically, one performs the calibration measurements with similar gepared
system settings as the event measurements. Since the range to theodstionBtilliant
Flash is too large for measuring a 1000 K blackbody for calibration, sevecsisaate
taken to compensate. The calibrations to olXaamdS values for this test are based
upon a close range (50 feet) and are applied to each event creating a radiance value
(Lebratedy appropriate for 50 feet. This radiance is then rescaled into spectral intensity

I(0) (W/Sr/cmi®) using the correct range to the event and removing the blackbody area.

The scaling factor is
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2
fo =mlz, :lz—aémt (10)
Zgp

where the factoff, is the area of the blackbody used in the calibratimgg®, multiplied
by the squared ratio of the event ranggyzdivided by the blackbody rangesz

Detector gain settings and layers of mesh screens are used to contrabtiné am
of photons hitting the detector to avoid saturation. The mesh screens are made of ~0.1
mm wire, spaced in ~1 mm square grids. The gain settings are in the approatroate r
of A:B:C=1:2:4. A gain setting of "B" will increase the voltage responsketietector
by a factor of 2. When the event signal is intense enough to cause saturation, the gain
settings are set to A and various layers of mesh screens are used asaippoomduce
the throughput of the signal. The mesh screens are placed directly in front of the
detector. The voltage responses of the meshes are measured in the field anedctampa
the voltage when no mesh is used. The resulting ratios are recorded in Table 7 and serve
as a guide to the factor of voltage drop due to the number of mesh layers used. For
example, a factor of 4 means this mesh setting reduces the incident ligecdeicovolts
by a factor of 4. This one step in the calibration procedure may be the largestadourc
calibration error. For this reason, future test collections should utilize ndetrsity

filters with known spectral responses.

Table 7. Signal response factors from using layers mesh screens.
# of Screens MCT InSb

2 4

3 8 9

6 32
25
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Calibration accuracy is evaluated by estimating the middle temperaingeonsy
the upper and lower temperatures for calibration. The calibration temperaérees
900°C, 950°C, and 1000°C. A 5% error in the calibration means the predicted middle
temperature was 5% off of 950°C or +48°C. A 0.5% error equates to a 4.8°C error.

Figure 6 shows example data collected by the Bomem FTIR instrument (InSb
detector) during the Brilliant Flash | test [31]. The spectra for a siimyéestep

immediately following the detonation of three similar charges are providedune 7.
The spectral intensity values
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Figure 6. Observed spectral intengigyas a function of timeand wavenumbes
for Brilliant Flash Il Event 05, a medium type C detonation. The FTIR

temporal and spectral resolutions were 0.123 s and*4 cm

range from approximately 1000 W/Sr/¢rto 3000 W/Sr/crt with very similar spectral

response. Atmospheric effects seem to be consistent across the wavenumlardange

help govern the bands of interest as defined in Table 8.
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Figure 7. Three records of emissions from the detonation of type C asezbllect
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are defined explicitly in Table 8. The spectral resolution is 4. cfthe
Brilliant Flash 1l events shown here, from top to bottom, are 06, 05,
and 10.

T

Table 8. Definition of spectral bands of interest.

O4art astop Astar t /] stop
Band (cm™) (cm™) (um) (um)
I 2153 2245 4.4554.645
Il 2509 2581 3.8753.985
1] 2450 2800 3.57 4.08
A% 3226 3704 2.7 3.1
\% 4348 4650 2.15 23
\i 5700 6000 1.67 1.75

A concentrated effort is made to validate the MR154 FTIR instrument data with
another FTIR instrument (Team B’'s MR354) and a set of radiometers for the same

collections. To compare the spectrometer data to the radiometer, the sptarisatyi
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from the spectrometers is integrated over the four radiometer bands. The tadiome
bands are bands I, Il, IV, and IV defined in Table 8. The radiometers are not down-
sampled because the sampling rate of each of the spectrometers is stdficiatth the

peak intensities. The scaling factfyge, defined in Eq. (11) below, that are required to
match the peak intensities of the spectrometers to the radiometer daémisgrable 9

for each explosion event. Figure 8 shows one example of this type of comparison while

Appendix K contains all the comparisons.

Peak
_ spectrometer (1 1 )

foo=
sde peak

radiometer

Table 9 highlights with boxes those data that have poor temporal comparisons,
e.g. Figure 9, and it highlights with dark background those data with very large (small)
scale factors. In general, the fits overlay well, even with the large stiatheldation in
the scaling factors as shown in the table. The bottom row of the table shows the number
of events that are within 33% of the radiometers. During Brilliant FlashellAEIT
FTIR instrument agreed with the other FTIR and radiometers to within 33 parcent

Band IV as shown in Figure 10.
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Figure 8. Comparison plots of AFIT MR154 InSb spectrometer data (dash-dot
line) with the MR354 InSb spectrometer (dotted) and radiometers
(close dots) for Brilliant Flash Il event 31, Type A, 50 kg. Each
spectrometer data is integrated over the bands, scaled to the height of
the radiometer, and shifted in time if necessary to align with the
radiometer. Figure (a) is from band | (4.45-41.6B), figure (b) is from
band Il (3.88-3.99um), figure (c) is from band IV (2.7-3ydm), and
figure (d) is from band V (2.15-28m).
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Figure 9. A second set of comparison plots of AFIT MR154 InSb spectrometer
data (dash-dot line) with the MR354 InSb spectrometer (dotted) and
radiometers (close dots) for Brilliant Flash Il event 25, Type A, 50 kg.
Each spectrometer data is integrated over the bands, scaled to the
height of the radiometer, and shifted in time if necessary to align with
the radiometer. Figure (a) is from band | (4.45-4.69, figure (b) is
from band Il (3.88-3.99m), figure (c) is from band IV (2.7-31dm),
and figure (d) is from band V (2.15-2.8n).
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Table 9. Scaling factoffg4e Used to equate the peak intensities in specific spectral bands
from the MR354 and MR154 (AFIT) InSb spectrometers to the radiometers.

fscal e fscal e fscal e fscal e fscal e fscal e fscal e fscal e
Event MR354 MR154 MR354 MR154 MR354 MR154 MR354 MR154
No band IV band IV band I band I band V band V band | band |
1 1.1622 9.4408 1.9226 6.0387 0.83921  5.5112 1.14411.4088
2 2.1939 5.7004 6.6754 5.1409 1.3627 3.9784
3 1.5678 0.79083  2.2402 0.67052  1.6675 1.0592 8.539 0.32145
4 0.50223  1.1512 0.51647 0.45002 0.35741 0.60798 34283  0.25454
5 1.1889 2.0388 1.3578 2.1617 0.90527  1.4461 1.170£.0784
6 1.1162 1.1124 1.4943 1.4884 1.0306 1.1169 1.24111.4215
7 1.9094 6.3297 1.1932  4.2493 1.0233 3.491 1.7674 .1153
8 NO MR154 DATA
9 NO MR154 DATA
10 0.92134  1.161 1.216 2.4783 0.89689  1.6634 1.05781.784
11 0.93792  0.7357 1.2132 0.65841 0.86644  0.72284 074B.  0.65126
12 NO MR354 DATA
13 0.9386 0.919099 1.02 1.94 0.82099  1.2924 1.01761.1622
14 0.94572  2.5974 1.3675 7.2499 1.1739 5.52 1.00453.013
15 0.923 0.96969  1.5488 2.6716 1.1652 2.1508 1.07210.84789
16 NO MR154 DATA
17 1.0714 1.4233 2.0594  3.2308 1.6736 2.5074 1.09751.6847
18 2886.9 8722.5 8987.5 3470.9  3636.7 911.5 1158.0
19 0.92955  0.50865  1.2735 0.35588 0.78025  0.77756.046% 0.20818
20 NO MR154 DATA
21 0.98686 0.76479  1.8382 1.2002 1.1015 0.78679 861.0 0.83775
22 1.0787 0.82015  0.98281  0.77432  1.22 0.58966  71.02 0.91404
23 0.77961 0.79787  0.88411 0.88857 0.63242 0.66686.86986  0.92449
24 NO MR154 DATA
25 0.85512 0.79551 [ 0.27086 | 0.77154 [ 0.28509 | 0.95865 [ 0.40109 |
26 0.89759  0.70837  0.78689  0.81517 0.91715 0.88558.98668  0.90318
27 1.1188 0.85383  0.92349  0.9178 1.0802 0.80706 861.0 1.0008
28 1.0448 0.95355  0.71403 1.0763  0.65027  1.0785  8B04
29 0.8549 0.74199  0.79032 0.72632  0.72458  0.67946.4283 1.2874
30 0.79029 0.78557  0.73067 0.72564  0.6366 0.91511 5843
31 0.86957 0.78813  0.83453  0.81369  0.74837  0.6847®.95665 0.89738
32 6.38E-06 9.85E-06 6.93E-06 1.10E-05 5.17E-06 7.86E-06 9.34E-06 1.67E-05
33 1.4928 3.9084 1.21 2.3889  4.0497J(yMIsul 0.04857  0.12099
34 2.0303 3.125 0.888 0.629 0.377
35 NO MR354 DATA
36 0.81934 0.59939  0.87256 0.63584 0.667] 0.52567 | 0.86798 0.55753
37 0.84436  1.069 1.0304 1.0017 0.67128 0.66573 66108 0.12166
38 0.76723  0.53047  0.93506  0.691 0.64834  0.45567 .302Z  10.2611
39 0.80167  0.687 0.88608 0.94671  0.77744  0.85267 811@.  0.6573
40 0.80587 0.57139  1.0227 0.97791  0.60548 0.57702.82766  0.84184
41 0.78196  0.72459  0.97557 0.90834 0.65136 0.6171®.84063  0.81513
42 0.86712 0.67437  1.1115 0.90247  0.69134  0.55856.955Q2  0.78762
43 1.0208 0.80999  1.0768 0.88975 0.82645 0.57875 91705  0.85061
44 0.80712 0.66776  1.1151 0.92209  0.73969  0.57139.884Q7  0.84512
mean 1.1 1.5 1.4 1.5 1.1 1.3 1.3 1.3
std 0.4 1.9 1.0 1.6 0.9 1.3 1.9 1.8
+33% 29 22 24 19 25 27 16
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Figure 10. Scaling factor for band IV using the MR154 InSb spectrometer data
(A) and the MR354 InSb spectrometer d&ta (The 33% lines are
drawn as dotted lines with the included area shaded.
2. 3-chip CCD camera images
A Cannon DM-XL1A video camera with a 16x, 200mm lens is used to acquire
color motion pictures of the events at 30 Hz. The camera records the red, green, and blue
images simultaneously on a three chip detection system. The cameraaneautioes
not release the spectral response of the camera, thus the color bands are tassenter
around 700 nm, 540 nm, and 450 nm, respectively. The shutter speed is set sufficiently
high,e.g. 1/1000 to 1/4000 s, to reduce the background signal to a near dark scene and to
avoid saturation at multiple time frames. Post processing allows one to se¢parat
colors and view the event image in these three broadband color regions. Figure 11 is one
example of a single event frame and shows the three contributing visible band® Fig

12 is another example of the time evolution of each color for another event.
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Figure 11. Each of the RGB colors is extracted through post processing from the
original RGB image recorded by the Cannon 3-chip CCD. The
detonation recorded in the blue band is outlined in white.

Figure 12. The first four frames of an event are shown here for each primary
color and the composite RGB image. The detonation recorded in the
blue band is outlined in white.
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3. Near-Infrared (NIR) imagery

An Indigo Systems Alpha Near-Infrared (NIR) InGaAs Focal PlamayA{FPA)
with good spectral response in the 0.6 -jin¥band is used to record detonation images
at a 30-Hz temporal resolution with a standard Minolta 400 mm telephoto lens
(1.36° x 1.10°) and with a 12-bit dynamic range onto a 316 x 256 pixel array. The
aperture is typically set at f/11 and the exposure time is sgi%th of which help
reduce pixel saturation. Typical InGaAs images for the five types are shdvigure
13. Given the range (3258 m) and lens field of view (FOV), the spatial resolution is
0.24 m x 0.24 m or an equivalent far-field pixel area of 0.060 + 0.G0&hich is
significantly smaller than a typical fireball area (100-2G). nThe uncertainty in the far-
field area comes from the difference in the calculated and lab-measusdeO®

(1.32° x 1.06°).

Type A

Figure 13. InGaAs camera images exhibit the relative sizes of ¢éhalfs immediately
after detonation. The images clearly show two intensity levels: one asdociat
with the very bright fireball and the other associated with ground reflections.
These images were collected during Brilliant Flash 11 and all repré&§ekg
weights.
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One method of interpreting the images is to examine the pixel intensity
histograms. Such a histogram is shown in Figure 14 and graphically displays the number
of pixels that record each intensity levelThe Alpha NIR camera records 12-bit
intensity, ranging from 1 to 4096 digital numbers or DN. This representation of the
image facilitates one to examine pixel distributions with respecteasity. For
example, Figure 14(a) illustrates that during the detonation of an evensegaaation
between the number of pixels having very high intensities (> 3000 DN) and those with
significantly lower intensities (<1500 DN). Figure 15 spatially identtiese relative
intensities on an example fireball image. Figure 14(b) is background da&etedlprior
to detonation and clearly shows a single distribution of pixels below 600 DN.

Both scene radiance and pixel responsivity drive the widths of histogram
distributions, as demonstrated by comparing the width of high intensity pixelsire Fig
14(a) inset to the width of background scene pixels in Figure 14(b) inset. The
distribution about 500 DN in Figure 14(b) may indicate the distribution of pixel bias.
The histogram in Figure 14(a) strongly indicates saturation, implyingi@atitith about
3950 DN could represent the way the pixels saturate at the limit of the analodab digi
conversion, i.e. the saturation effects each pixel differently. Normallyasatueffects
are bad if the neighbor pixels are influenced. Yet according the histogram, the
distribution of pixels associated with the very intense source is highly sepficate
those pixels associated with less intensity. The pixels along the edgdicélib#, as
pointed out in Figure 15(b), are potentially corrupt; however, they only account for

approximately 1% of the total fireball area.
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Figure 14. One representation of the range of pixel responsivity is the range of
intensitied that a pixel will register for a given input source intensity.
Both figures displays the number of pixdlsat each registered
intensity levell on a 12-bit scale. Fig. (a) represents the signal during
an event frame. Its insert is a zoom of the 3550-4050 DN intensities.
Fig. (b) shows the histogram for the background scene prior to
detonation with 440-560 DN emphasized.

Figure 15. Relative NIR intensities of a 50-kg Type-C fireball as decbby the
Alpha Indigo camera: (a) pixels above 3000 DN, (b) pixels between
2400 and 3000 DN, (c) pixels below 2400 DN and above background
illumination.
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I\VV. Developing Discrimination Tools using Image Data

At the heart of this research lie two primary objectives: first, to developdhe t
for feature extraction and pattern recognition of collected data origyfatim the fast
transient events and two, to utilize these patterns to establish distinct and righeoduc
features that aid classification between two types, TNT and enhanced eeglasid that
aid in understanding bomb emission phenomenology. The first goal is to identify those
key features and different analysis approaches that provide discronmibatween
classes where each class represents a specific combination of expiosisad weight.
With this goal, there are two possible approaches. One creates a model basedtupon firs
principles and then analyzes how the data matches that model. The second approach uses
the data to extract key features that will aid in classification. The seppnobah is the
focus of this research. The models that are developed in this research arevadt deri
from first principles but are ones that capture discriminatory features aolleeted
data. The models, features extracted, and pattern recognition techniquesate date
explained in this chapter. Additionally, the examples used in the discussion are from
Brilliant Flash | and Il field data of uncased explosive materialslowoig the tool
development, the next chapter applies these tools to spectra collected durimg fRddia
tests where the targets are cased munitions.

The discriminate tools are now described in this chapter and the example data is a
subset of field data provided by the Alpha Indigo InGaAs near-infrared @diR¢ra and
the Cannon XL1 3-chip video camera. These tools extract key features from giee ima

data, determine feature saliency and stability, and provide figures ibtonevaluate the
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data. Two variants of the technique are presented: the first assumes two expiesve
at the same weight and the second examines five classes consisting okesvangghree
weights. With each of these tools, the NIR and 3-chip color camera data areezkami
independently before combining the two sources. Finally, conclusions about these tools
applied withouta priori assumptions to the field data are presented.

A. Near-Infrared Imagery Field data

A typical detonation fireball image and the corresponding pixel intensity
histogram for a 50 kg Type A detonation are shown in Figure 16. The first frame
represents the pre-detonation background. Note the narrow distribution at low intensity
between 1200 and 1300 DN indicating a detector bias plus a nominal background. The
second frame corresponds to the detonation ever®) where the pixel illumination
intensities shift above the pre-detonation intensity level. Each additiomed fsa
delayed by 33 ms. After detonation, two significant features can be discenadiigh
intensity (DN > 3500) feature representing the intense center of the bureinajlfiand
(b) a low intensity (1000 < DN < 2000) feature representing the emission from the
smoky/dusty portion of the fireball and any diffuse reflection. Both featurey dec
background within 300 to 550 ms. The pixels that have intensities that approach the limit
of the camera’s 12-bit dynamic range could be saturated &f = 4096 DN, but the
number of pixels associated with the fireball remains unchanged. The sigmnalest is
the high intensity distribution associated with the fireball, which has ityensi
characteristically greater than ten times the lower intensigceted with background

illumination.
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Figure 16. (a) A single image at detonation tite(() and corresponding (b)
temporal evolution of the histogram for each image. Each histogram is
shown as a function of the number of pix@, the pixel intensity in

digital numbers (DN) along the abscissa ranging from one to 4096, and
the detonation time (-33 mse&d < 400 msec). The line &3000 DN

aids in calculating fireball size. The number of pix¢lat the low
intensities are cut off in this figure to aid clarity between the low and
high intensity features. This histogram and corresponding image is
from one 50-kg Type A explosive material detonated during Brilliant

Flash II.

In Figure 17(c) and (d) the histograms for Type C and D detonations consistently

indicate a larger, more intense fireball initially upon detonation. They alsbitex more

intense dust cloud/diffusion reflection signature. A video of the InGaAs imagamhcl

reveals re-circulation (vortices) within the intense fireball. Thexeuaunally about three

vortices seen from the camera angle; each one approximately a tiedfioéball size.

The histogram in Figure 17(b) for the Type B charge shows a much shorter-lekedlfir

(approximately 167 msec) than the other types (typically greater than 4060 mse
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Figure 17. Histogram for the number of InGaAs piX¢iuminated at various
intensitied as a function of timefor: (a) Type A, (b) Type B, (c) Type
C, (d) Type D, and (e) Type E 50-kg charges. The total number of
pixels in the InGaAs array is 80,896 so that a pixel count of 1000 is
about 1.2% of the detector array.
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The fireball size calculation exploits the large separation (typi@é&@00 DN)
between the distributions of pixel intensities associated with the hot firgloladifdhose
associated with the background. For instance, the fireball area is caldyatealing
the total number of pixels above a threshold vadige, (the solid line at = 3000 DN in
Figure 16) to the actual field of view of the collecting instrument. Usingribisic, the
temporal behavior of the fireball size is compared for various types of exgdoslhe
results for the five types of 50 kg detonations (Brilliant Flash Il) are geoMin Figure
18. Fireball areas calculated from Brilliant Flash | data are providegpedix A.

The fireball area calculated in the first frame of the event could potgriiall
misleading depending on the event time coinciding with the camera frameg.tifRor
example, the NIR camera collects a new image every 33 msec, however, to reduce
saturation the flux of incident light onto the detector is reduced by lowering tlegaam
explosure time, typically 25@sec. The uncertainty in the actual start time could be up to
33 msec.

The fireballs from event Types A, C, D, and E are consistently larger and longer-
lived than Type B events. Even more pronounced are the temporal histories of the
fireball area. The fireball for Type C, D, and sometimes E events exhibiders initial
large area not observed for the other event types. For example, the ratio dfdnedat
166 ms and 66 ms for Type B event is small (~0.6) and is much more for the two other
detonations (~1 for Type A and ~0.9 for Type C). The outlier event in the Type D class
is approximately 0.7 the size of the others. This same reduction is also séehduent

in the data simultaneously recorded by a spectrometer.
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Figure 18. Reducing the image data down to the temporal behavior of the fireball
area provides one method of showing reproducibility within a class and
distinguishability between the classes. Pattern recognition will further
remove the similarities among the curves and find the best method of
discrimination. The five types shown in this figure are 50-kg weights

from the Brilliant Flash 1l test. Type A is TNT.
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These fireball areas not only show promise at distinguishing explosive types,
also demonstrate reproducibility. Notice that within each type of explobe/éreball
areas overlay each other within 15 to 30 percent. The only exception is atteatifyed
as a Type D event.

B. Feature extraction

To fully utilize pattern recognition tools, these fireball areas are furéiakeiced to
a set of features that capture much of the fireball area information. eimcesshe
collected image data is reduced to a set of simple features. There areusimays to
extract features from the area curves. The best begins with parathateepresent a
phenomenological-based model. Without this description of the fireball emission, a
pragmatic approach obtains simple features from the derived area. Thevestsuch
features are basic descriptors of the area cemyepeak values, etc., while an additional
set of seven features are extracted during the conversion of the area cuave int
probability density function with derivable moments.

Using Figure 19(a) as an example, the first set of features includette m
probable time and aret§, Anp); the median time, area, and respective standard

deviations {megian, Amedian, Tt median, OA_median); @nd the integrated fireball area during the

detonation time\t,

A=(A)at = [ A (et (12)

event

where <A(t)> is the time average of the fireball size. The second seitofde involves

fitting the area curve to a simple quadrafft), = cit’ + c,t + cs, and converting the

43

www.manaraa.com



resulting residuals ( data¢f(t) ) as shown in Figure 19(b) to a probability density
function P(t)) by normalizing the residual between the quadratic and the area data points,

such that the minimum occurs at zero and the area under the curve is unity:

P(t). . =0, and

[ Ptdt =1, (13)

event

wherelt represents the duration of the fireball. A sienguadratic fit from the most
probable aredy, to the last point above background does not reptesphysical
system. Thus the pragmatic approach only aidsdirfg simple features that may help
in discrimination. These three fit parametexs ¢, cz) and the first four moments of the

PDF (4, tb, 15, 1) are the remaining seven features. The first fmoments are:

= [LIP(t)ct, (14)
= [(t- ) P, (15)

1 3
== |(t—-) P(t)dt, and 16
s #Ze,/zf(t ) P(t)dt, an (16)
= (- ) Pt )

where in each case, the theoretical integrationdiare for all time, yet the practical

limits with non-zerdP(t) aretevent t0 tavent + 4t. All the feature values for imagery are

provided in Appendix B.
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Figure 19. The extracted features from the filed@aAsg curves include simple
observations of the area curve (figure a) and tated moments of a
probability densityP derived from the residual® between the data and
a quadratic fif of the data (figure b). Pattern recognition teghas
help prioritize which features are the most impatria discriminating
among the various types of explosives.

C. Fisher discrimination, Feature saliency and stability measures of amit

After feature extraction, the origin&l x N x frames pixel image is reduced to

fourteen features. Not all of these features avdlin classification, and of those that do,
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only a few of the most important features are ndedéarious pattern recognition
techniques are now employed to (1) determine te&ulreess of imagery data for
classification, (2) determine feature saliency (deking of features that best
discriminate), (3) identify the minimum number ehfures needed to accurately classify
among the various types of explosives, and (4) shaivthese features produce stable
results in classification. Stability is explicittiefined in a later section, but in general it
refers to those features that consistently givegn through robust testing) the best
discrimination with the least amount of variationciass-conditional probability
densities.

The level of difficulty of this problem is exacetbd by a limited data set for each
type and weight of explosive. For example, the loioid number of events between
Brilliant Flash | and Brilliant Flash 1l is thirtgine. Of those, the largest weight class is
50 kg, consisting of twenty seven events, ten TA@ad seventeen enhanced novel
explosives (ENE). For this reason, the problenedsst into two potentially more
achievable objectives that pattern recognitionrégpes can exploit. The first objective
is to solve the classification problem with onlyotelasses: TNT and all ENE, all at 50
kg weights. The five classes for the second objeere TNT-10kg, TNT-50kg,
TNT-100kg, ENE-50kg, and ENE-100Kg.

1. Two-class problem

Beginning with the two-class problem, the desiratidires are those that best
distinguish the two classes while preserving indlinal class grouping. One pattern
recognition approach to accomplish this objects/Eisher linear discrimination. While

the mathematics is described in [51:117-124] a2cdlf#-109], a simpler explanation

46

www.manaraa.com



begins with a picture. Suppose the data can bresepted by two featurets, and

Ot median, @Nd the scatter plot of the data values shovwigare 20.

Ot_median

Figure 20. A scatter plot of Brilliant Flash Iltdarepresented by two featurés,
ando;_median, Shows individual class clusters (O = TNT, X = ENiad
an appropriate Fisher discrimination line (soliddi line).
The Fisher discrimination technique identifies veetor in the feature space that
maximizes the differences in the class means andnizes the class variances when the

data is perpendicularly projected onto a line (Eidime) defined by that vector. Suppose

that for class the data projected onto the Fisher line is repiteskby the vectar. Then

47

www.manaraa.com



one mathematical representation of a ratio (call&tsher ratio), when maximized,

defines the Fisher line as

[];Z(l(i_)_(j)z
FR=—" — (18)
o9

where the average of the square of the class nufeencesX; - x;) is the numerator
and the average of the class variances is the deaton HereD is the number of class
mean differences ar@is number of classes which have variaoée

The Fisher line is found either by a search methadianalytic method, or a least-
squares method [51: 240-242]. The search methadjlisbal minimization challenge
and is not adequate for the limited data-set utlgecurrent investigation. For the two-
class problem, the analytic method is identicdhtleast-squares method except that the
latter requires less computation time [51: 240-242]

The least-squares method treats the problem asoélgeear equations whose
solution yields the Fisher line vector. For exampdt each row oK represent an event
(N events) and each column represent a feature (®lufeatures), excluding the first
column of ones (N x M+1 matrix). Suppose thereNirevents belonging to class 1 and
N2 events belonging to class 2, with a total numib@&vents N = N+ N,. Let each
element in the targét have a target value that is either N -N/N; for class 1 or class

2, respectively. Then the linear equation to sétwehe Fisher vecta is

[1 Xla=b (19)
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1 X, X X by
Wo

1 X1 Xy Xom a, bz

Do : =l i (20)
Ay,

1 X XNz o X bN

wherea; to ay defines the Fisher lingwith a threshold weightipy associated with the

target values ib. This equation has a solution

1
I
<

RN
I

(21)
whenY is nonsingular, or

a=Y'y'Yb (22)

<

whenY is overdetermined. The solutians a (M+1 x 1) vector, andl|al represents
relative importance among the M features. A neengévectorx (1 x M) belongs to class
1 if the inner product [1x] a is closer to N/N it belongs to class 2 if the inner product is
closer to —N/N.
2. Class-conditional probability densities

Once the Fisher line with the highest Fisher retidetermined, probability
density functions for each class are calculatedgatbe Fisher line using kernel (or
Parzen window) density estimation [52: 53-55]. Phecedure begins by projecting each
data point onto the Fisher line and determiningdlaes means and standard deviations.
A Gaussian distribution with a width equal to thess standard deviation is centered at
each data point in the class. The Gaussian digimifis for all the points in a class are

summed and divided by the number of points in thescto ensure that the total area
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under the distribution curve is unity. The ressilh class-conditional probability density
function,p(x|c), e.g. the thick lines in Figure 21, defining the probgypiof an event
having a value given it is in class;. Once the correct Fisher line is determined, then
any subsequent data can be projected onto thiatidelassified according to the Bayes’
decision rule for minimizing the probability of err

Bayesian decision theory provides the guidelinesius classify an event. Duda
et al. explain this theory in general [51: 20-23], buteaplanation using the current
example will help solidify the concept. Let eadfiss bec; = ENE andc; = TNT with
equala priori probabilities (or prior$) where their sum is on€(c;) + P(c;) = 1. Since
there is an equal chance that the next eventhsreitass, theR(c;)) = ¥2. However the

probability predicting the next event is best digsat using Bayes’ formula,

P(c, |x) = plxle)Pla) (23)
p(x)

where thea posteriori probabilityP(ci|x) (or posterior) is the probability that an event
falling along the Fisher line atis in clasg, for example, the thin lines in Figure 21.
The posterior is directly proportional pgx|c), thelikelihood of ¢; with respect to (or
the class-conditional probability density functialescribed earlier) and tlagoriori,
P(ci). The posterior is also inversly proportionaltie évidence or scaling factop(x)
that ensure®(ci|x) sum to one. Thus for the two-class problem witbrp both equaling

1 the evidence is

00 = p(xlcl); p(xlc,) (24)
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p(xic)

Figure 21. Class-conditional probability densiipdtions,p(x|c), (left ordinate,
thick lines) and posterior probabilitig3(ci|x), (right ordinate, thin
lines) for each class (TNT dashed, ENE solid) are calculated along
the Fisher linex using two featuresi, ando; megian. Thep(x|c) are
normalized such that the area under each curv@.isThe posterior
probabilities represent the total probability thatevent with a certain
value along the Fisher line is in one of the twassks, thus at every
point along the Fisher line the posteriors sumne. oFor a Fisher line
valuex = 1.5, the probability the event is ENE is rougBl¥, and that
itis TNT is 0.9.

Knowing the posterior, one applies Bayes’ decisida for minimizing the

probable error to generate appropriate classiboadnd associated errors:

Decidec; if P(cy|x) > P(cy|x); otherwise decide,, (25)

and where the probability of error is

P(error|x) = min[P(cy|x), P(c2|X)]. (26)
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In addition to the Fisher ratio described earkemther standard metric to capture
the goodness of classification is area under tbeiver operating characteristic or ROC
curve. While the Fisher ratio captures the meansvariances of the class-conditional
probability densities, the ROC includes integratbbthese density functions. Thus the
ROC captures probabilities of error in classifioatand the overall behavior of each

likelihood. By definition, a ROC curve, as shown in Figu€l®), consists of the

= o.sr
Ql—
05 = 08
' (a) = (b)
o 04
O
kS
0.4 o 02
false alarm
0 n n n n
0 0.2 0.4 0.6 0.8 1
/J_ P(x O RTNT | x0O CENE)
< 03
N—’
o

0.2

0.1

Figure 22. Figure (a) shows class-conditionalliil@ds where the shaded areas
represent the probability of a hit (red/light gaga) and the
probability of false alarm (blue/dark gray areapdsnction of decision
threshold along. The resulting receiver operating characteristive
in figure (b) shows the ordinate as the probabditit,
P(X ¢ Rtnt | X € CrnT), and the abscissa as the probability of falserglar
P(x € Rint | X € cene). This example is generated using the single
featurety, and shows that the likelihoods cross at0.5 andk << -6.
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probability of false alarm (calling an event TNT evhit is actually an ENE) along the
abscissa and the probability of hit (accurateljimglan event TNT) along the ordinate.
The probability of a hit is

Py (¢*) = P(x>x*|xOc,)
=P(xOR, |xOc,) (27)

= _[ p(X |c, )dX,

whereR; is defined as akk such thaP(c,|x)>P(c|x) as shown by the shaded areas in

Figure 22(a), and the probability of a false alasrdefined as

P (x*)=P(x>x*|xOc,)
=P(xOR, |xOc,) (28)

= J. p(X lc, )dX.

falsealarm

3. Validation with leave-one-out and determining feature saliency

One can use either the Fisher ratio or the tot ander the receiver operating
characteristic or ROC curvégoc) and a leave-one-out process to determine the best
features and their saliency. The results are nélael same with the Fisher ratio and the
Aroc. The leave-one-out process is a validation stephich a single data point (an
explosion event) is eliminated from the data (ad e€xplosion events) before calculating
the Fisher line, the Fisher ratio, the classifmatooundary, and the ROC. This left-out
data point is then used to validate the classibodboundary by projecting it onto the

Fisher line and comparing its classification withactual class. The percent of correctly
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classified left-out data points is tracked alonthvihe average of the Fisher ratios and
ArocS.

The leave-one-out process is a useful tool in deteng the best features to use
in classification. When the leave-one-out proéesgpplied to a set of features, then each
feature set is sorted based upon importance. liapce is measured a variety of ways.
Some metrics available to sort the features inchateent correctly classified, Fisher
ratio, area under the ROC curve, probability chlterror, and probability of error in a
classification. The standard metrics are the Fishteo and thédzoc. Again, the results
using the current data set are the same whethé&iigher ratio 0Aroc is used. There are
two ways to apply this knowledge. The first istarate through every combination of
features starting with all possible one combinati@y. 14) and going through all
possible 14 features. This approach does notratiirmation about the previous
iteration, but it does provide the best 1-, 2-, &#ature combination sets for
classification. The resulting Fisher ratios foegvcombination of features are provided
in Figure 23, where the feature combinations with highest Fisher ratio are labeled and
marked with an “X".

The second approach with the leave-one-out isdiveafrd-back approach. During the
forward portion of this approach, one finds thetlsésgle feature; fixes it, then finds the
next best feature, then the next, and so fortH arfinal set of rank ordered features is
determined. Figure 24 shows the result of thishaetvhen applied to the 14 features
extracted from the near infrared camera. In Figayethe Fisher ratio makes a
significant improvement from ~10 to ~30 when theosel feature is added; however,

more features do not significantly contribute tgmving the Fisher ratio until six or ten
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features are used. The use of this many featsr@ddressed later with regard to stability.
Since theAroc and probability of correct classification is tradkfor each feature set,

then one can observe the effect on discriminatipaduling additional features. This
example clearly shows in figure (b) that withinutscertainty thé\roc does not
significantly improve by adding additional featureghe backward portion of a forward-
back approach is similar except one starts witfoalfteen features and eliminates the

single worst feature, one at a time. The resiilthis approach are given in Figure 25.

55 T T T T T T T T T T
L X |
50 X X |
wl X .
trrp, Ot_medians Ca; L4, 13 2 >.< i
Lt ' > X | : .
40 Typ, Ot_medians C3, t1 :
. ! i
M )
351 ! ]
F tmp, Ot_median, C3 I
30 X 5 |
trrp, Ot_median :
251 X ; |
|
20 : )
: !
5] I 1
] § .
tn‘p * . . :
10F X ) ) }
5 | | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10 11

Number of Features

Figure 23. Examining every feature combinatiomfrone feature to all ten
feature combinations provides one quantitative ogtth determine how
many features are necessary for classificatiore "Kfi data points
represent the N-feature combination with the higkésher ratioF. The
remaining dots represent all the other N-featuralgoations. The 11
through 14 feature combinations are not shown lsecthey did not satisfy
the 100% correctly classified criteria.
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Aroc

400
350
300
250
200
150
100

50

(@)

x x x* T

98% x%%

1.005

|
t_mp t_std t_med M_1 c_3 AT A_std A_med M_2 M_4 c2 c1l M_3 A_mp

(b);f*xxxx x

98% 98% 98% 98%  98%95% 98%

% 95%
! ! ! ! ! ! ! ! ! ! ! ! !

t_mp t_std t_med M_1 c3 AT A_std A_med M_2 M_3 M_4 A_mp c2 c1

Figure 24. Feature saliency is a product of leave-out and finding the best
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features with the highest Fisher rafi¢Fig. a) or area under the receiver
operating characteristic (ROC) curfgoc (Fig. b). Once the single best
feature is determined, it is fixed while findingethext best feature. The
percent of iterations of the leave-one-out protieascorrectly classified the
left-out event into one of the two possible clagsesdicated, exept for those
that are 100%. The error bars represent the stamidaiation of the meak
and meamroc for each feature combination.
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Figure 25. Similar to Figure 24, Feature salieiscy product of leave-one-out

and finding the best features with the highestétishtioF (Fig. a) or highest
Aroc (Fig. b), except this time features are eliminated/n from 14 to 1. In
this exampleAn, was the first feature to be eliminated.
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One measure of confidence in the selection of &st teatures is a strong
correlation between the three approaches. Thigthemis not possible with the area
derived feature set because many of the featueasadrindependent of one another. For
this reason, once the number of features exceeel®fisix, the improvement in Fisher
ratios andArocs decline and the stability worsens (discussed) né®aspite this
handicap, the following findings are clear: (18 first four “best” features in Figure 24
agree with the 1-, 2-, 3-, and 4-feature combimetiwith the highest Fisher ratio (Figure
23), (2) the best single featurg agrees in all three approaches, and (3) the Fiskier
andAroc stop improving significantly after two features.

4. Stability of class-conditional probability densities

In addition to the Fisher ratio, another metri¢rexk is the stability of the class-
conditional probability densities for each iteratiof the leave-one-out process. In terms
of stability, each pair gb(x|c;) should remain nearly constant during validatiéor
example, Figure 21 actually shows the average-tikgghoods of all the iterations in the
leave-one-out process when three features are agdmEach individual class-
likelihood for the same examination is shown in Figure 2Be Vertical lines in this
figure are the “left-out” events projected omtand dashed according to the classification
rules. For example, any dashed vertical linestlessx = 1 would be incorrectly
classified into the class shown with the solid $inén this example, all the left-out events
are classified 100% correctly. The averp@¢c) is a Gaussian with its center and
variance equal to the mean center and mean varadratethe densities generated by
each leave-one-out training set. Two measurestédnility are the standard deviation of

the center values and the standard deviation gb¢la& values for each individya(x|c)).
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As the standard deviations for a given featurerggease, the stability decreases. For
example, the results from the all-feature combaretiapproach and the forward-best
features approach are given in Figure 27 and Fig8reespectively. They are similar in
that the stability decreases as the number offesiincreases. Even though the absolute
values change only slightly, the results using‘teest” features provide some insight.

The Teenters SUGQESLS that the two featuresy], Ot median } are more stable thantg, alone

or even the first three feature combinations. Gmalar note,gpeas SUggests that the

first two features provide the best stability ahd stability worsens as more features are
included.

0.5

0.45

0.4r

0.35

WY 35D
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0.3r

0.25

p(xic)
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0.15}

0.1
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Figure 26. Class-conditional probability densiipdétions,p(x|c), show the
probability density of measuring a particular Fislige valuex given
the event is in one of two classes= ENE (—) andc; = TNT (- - -).
This Fisher line is determined by maximizing theher ratio using two
features:typ andd megian. The densities are normalized, thus the area
under each curve is unity. The dots (-) are evesgd in training.
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Figure 27. The mean standard deviation of (aptak center¥Jcentes, and (b)
the peak valuesieas, from each pair of individugd(x|ci) and from
each leave-one-out iteration is a useful metriguantify p(x|c;)
stability as a function of number of features. Tlenber of featurels;
is indicated on the abscissa and the data poiptesent each
combination of N-features. The "X" data pointsresgent the N-feature
combination with the highest Fisher ratio. Notias,the number of
features increase the stability decreasagoincreases.

Combining the stability and Fisher ratio metricse gossible conclusion is to use
the most probable time and the standard deviafitimeomedian time as the two features
for classifying between TNT and ENE at the 50-kgglie The corresponding average
and individual class-conditional probability derest(orlikelihoods) are provided in
Figure 21 and Figure 26, respectively. The cowedmg two-dimensional feature set

scatter plot is given in Figure 20. For refereribe,densities for the setdp, Ot median

tmedian } @re shown in Figure 29 and for the singlefeature are provided in Figure 30.
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Figure 28. Similar to Figure 27, the center (sam) peak (b, d) standard
deviations of théikelihoods are calculated for each feature
combination derived from the "best" features shawfigure 24. The
standard deviations are normalized by the separagtween the class-
conditional densities. The colors are describdéigure 24’s caption.
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Figure 29. Class-conditional probability densiipétions p(x|c) or likelihoods,
for the three-feature settfy, Ot median » tmedian} ShOW the probability
density of measuring a particular Fisher line vadggven the event is
in one of two classes; = ENE andc, = TNT. This Fisher line is
determined by maximizing the Fisher ratio usingttiree features.
The density functions are normalized, and thusatea under each
curve is 1.0. Figure (a) has egxh|c) from the leave-one-out process
where the vertical lines are the “left-out” eveptsjected ontox and
colored according to the classification rules. urgy(b) contains the
averagep(x|c) along with confidence intervals.

s (@)

0.2

pixic)

0.15¢

0.1

0.05-

-4

Figure 30. Same as Figure 29 except the featetds a single featuretyy,.
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D. Testing

The discussion and analysis to this point exploiy mear-infrared imagery from
Brilliant Flash Il which suggests that the followitwo features are recommended to
achieve the objective of stable classification:i@st probable time and the standard
deviation of the median time. Before examiningttirvee-chip color images for key
features (Section IV-0), two scenarios are now eyl to test the near-infrared
features’ classification performance. The firstsuthe Brilliant Flash Il data as the
training and validation data and the Brilliant Fldglata as the test data. The second
scenario combines both the test series, seleaisdmm five events as the test data and
uses the remaining events as the training seteast four additional random choices or
test cases are examined. Repeatedly choosinglameset for testing is called
“bootstrapping.” [51: 474] The five outcomes oéthootstrapping test provide insight
into the most important features independent dfdata. These features are further
examined during robust testing (Section IV-G).

1. Testing with Brilliant Flash | data

Using Brilliant Flash | as a test case to evaltiageclass-conditional probability
densities derived in the previous section yiel@2% accuracy in classification when
using the single featuretgy }, 64% for { twp, Ot median }, and 27% for
{ tmp, Ot median, OA_median }-  The two-feature set doubles the Fisher ratid increases the
area under the ROC curvlg6c) to one. Even with these improvements, the péraien
the Brilliant Flash | events that are correctlyssified decreases to 64%. Additional
features provide little or no improvement in thetér ratio or thédgoc as shown in

Table 10 and Figure 31. The class-conditional @ibdliies and posteriors for the sets
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{tmp} @nd {tnp, Ot median } Qiven in Figure 32 show increased class sepamand

likelihood stability using two features for discrimination.

Table 10. Record of test results where Brillialaisk 1l data is the training data
and Brilliant Flash I is the testing datBR is the Fisher ratioAgoc is
the area under the receiver operating charactedstive. ois the
standard deviation.

Training Testing Best5 FR o Aroc Oaroc % Best 5
Set Set  Forward Correct Backward
Features Features

Brilliant  Brilliant tmp 12 0.9 0.992 0.004 82 Ot median
Flash Il Flash| G megion 33 7 1 0.001 64 Amedian

OA median D9 33 1 <0.001 27 Co

G 79 40 1 <0.001 45 m

Aregion 96 37 1 <0.001 73 s

tmegian 211 98 1 <0.001 trp

A 612 123 1 <0.001 tiredian

C3 882 436 1 <0.001 Cs

b * * 1 <0.001 A

7 * * 1 <0.001 b

Aro * * 1 <0.001 Ao

c * * 1 0.2 15

15 * * 1 0.002 L

* *
14 1 0.002 OA median

It is important to remember that these featuregparametric and not physical.

Many of them could be represented by linear (oripbsaon-linear) combinations of

other features. These tools, even with the smadiuant of test data, provide a

mechanism to determine those few features thatigedire best classification.

Specifically, the drop in the testing performancayrbe analogous to adding additional

features to a curve fitting problem: the more t®yuou add, the better the fit goes

through the data, yet the prediction performandemt@lly declines.
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Figure 31. Resulting feature saliency measurethéyisher ratio when using all
of Brilliant Flash Il data for training and all &frilliant Flash | for
testing. The colors are described in the capworFigure 24.
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Figure 32. Class-conditionbkelihoods p(x|c) resulting from the feature sets
{tmp} (Figs. a and b) andtfy, Ot median} (Figs. ¢ and d) using Brilliant
Flash Il data for training and Brilliant Flash Itddor testing. Figures
(a) and (c) contain the individulakelihoods generated during training
and validation using leave-one-out. Figures (lo) @) contain the
average of the traininigkelihoods with confidence intervals. Solid
=ENE; dashed = TNT.
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2. Bootstrapping with combined Brilliant Flash tests

Combining Brilliant Flash | and Brilliant Flash diiata gives 26 50-kg events from
which the “bootstrap” method is applied. The btafs data consists of 21 random
events for training and validation purposes anl iindom events for testing. Using the
21 training events, the forward-back and leave-aumetechniques are employed to
determine feature saliency and appropriate clasdittonal probability density functions
and posteriors. Each test event is classifiedrdoog to the class-conditional posteriors
generated by the training data for the best sifeglture, the best two-feature
combination, and so forth, up to the best fivedeaicombination.

The results of five independent test scenariopareided in Table 11 for the best
features ranked by the area under the R&gd) curve. Identical results are obtained
when the best features are ranked by the Fishier i@verall, the Fisher ratios agocs
are much worse than when only the Brilliant Flaslatia was the test case; however, the
performance of the test cases are significantliebetg. 80% to 100% correct versus
82% down to 27% in the previous test scenario. eleeless, the bootstrap results
suggest that thig,, feature provides the needed stability along witbcuate
classification capability as visually representedrigure 33.

With only a slight degrade (1 in 5) in classificatistability between test cases,
the two-feature settfy, 4} provides a marginal improvement in classificatgiown by
the Fisher ratio increase of about one and by lHeseonditional probability densities in
Figure 34. This figure also contains the two dismenal scatter plot of the events as a
function of/s vsty,. The shallow Fisher line slope is another indorathatt.y, alone

may be sufficient to classify the two classes.
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Table 11. Selecting a random set of five everasftwo test series, Brilliant

Flash | and Brilliant Flash 1l, as the test set aaohg the remaining
events for training and validation yields the fellag results in the
percent of the test set that was classified cdyréletst column) based
upon a feature set sorted by the best area uneleetkiver operating
characteristic curveAgoc). tnp IS consistently the “best” feature
derived from the forward-back routine. FR is th&hEr ratio. ois the
standard deviation.

Random Test Test Test BestS FR orr Aroc Oaroc %
Choice  Types Series Event Forward Correct
No. Features
1 TYPED BFI 29 trmp 20 04 0.84 0.02 100
TNT BFII 24 U3z 3.2 05 090 0.02 100
TYPEB BFII 13 C 59 09 096 0.02 80
TYPEB BFII 15 Amp 6.9 0.9 0.97 0.01 100
TYPEB BFII 12 Amedian 11 2 0.99 0.01 80
2 TNT BFII 43 tmp 1.0 04 0.76 0.03 100
TNT BFII 30 Uz 1.9 04 0.83 0.02 100
TYPED BFI 18 C1 26 0.6 0.87 0.02 100
TNT BFII 39 tmedian 3.3 0.5 0.90 0.02 100
TNT BFI 23 Amp 41 06 0.92 0.02 100
3 TYPEC BFI 2 tmp 3.1 09 0.89 0.03 80
TNT BFII 43 C1 8 1 098 0.01 60
TYPEB BFII 12 Uz 10 1 0.988 0.009 60
TNT BFI 25 A 14 2 0.996 0.007 60
TYPED BFI 18 Iy 15 3 0.997 0.007 60
4 TYPED BFI 19 trmp 1.4 04 0.79 0.03 100
TNT BFII 39 U3 27 0.4 0.88 0.02 80
TYPEC BFII 8 C1 3.2 0.6 0.90 0.02 100
TNT BFII 24 A 40 0.7 092 0.02 100
TNT BFI 31 tmedian 41 0.7 092 0.02 100
5 TNT BFI 23 tmp 22 05 085 0.02 100
TYPEC BFII 8 Uz 3.7 05 091 0.02 80
TYPEC BFII 9 Ot median 47 0.7 0.94 0.02 80
TYPED BFI 19 o 53 0.9 095 0.02 100
TYPED BFI 30 Ao 6 1 095 0.02 100
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Figure 33. Class-conditionbkelihoods p(x|ci) resulting from the feature set
{tmp} using the first bootstrap data indicated in thstfrow of Table
11. Figure (a) contains the individuedelihoods generated during
training and validation using leave-one-out. Fg(by) contains the
average of the traininigkelihoods and the confidence intervals. Solid
=ENE; dashed = TNT.

The bootstrap results also provide some guidante ahkich features are
consistently ranked high in discriminator importararregardless if they are necessary
for classification. These results suggest thatfeature saliency list may betdy, 14, C1,
Anp }. Forcing this feature list on all the combinBdlliant Flash | and Il data results in
around 85% classification performance as showngarg 35 where the measures of
merit are again the Fisher ratio and #gc.

E. Applying discrimination tools to Cannon 3-chip color images

The tools described in the previous section are @owloyed to examine the
images from a Cannon XL1 3-chip camera which siamdbusly recorded the same
events as the NIR camera above. The next sectjgores the combined features sets
from both cameras. At 30 Hz, the Cannon camemardeche images onto three sections

of the CCD, one for each primary color (RGB). Dgrpost processing, these colors are

independently extracted to obtain RGB images ametibn of time from which features
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are extracted. Like the NIR image processinghiegram for each color image is
exploited to generate an appropriate area as adanaf time, each of which is displayed

in Figure 36 (for Brilliant Flash 1l series) andykire 37 (for Brilliant Flash | series).

p(xic)
pixic)

0.5
{tmp} Fisher line

or 0]
0]
05} 5%
_l - x
X ®)
05 o o5 1 15 2 25 3

t
mp

Figure 34. Class-conditionbkelihoods p(x|c;) resulting from the feature set,
L} using the first bootstrap data indicated in thistfrow of Table 11.
Figure (a) contains the individulakelihoods generated during training
and validation using leave-one-out. Figure (b)tams the average of
the trainingikelihoods and the confidence intervals. Figure (c)
displays the events features on a two dimensiasdtes plot. Solid
(X) = ENE; dashed (O) = TNT.
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Figure 35. A subjective evaluation of the fivettesses’ results usimizoc
suggests the best features shown in this figugndthis set and order
of features, each test case is evaluated and sh#ing (a) Fisher ratio
and (b)Aroc are displayed here as a function of the featureBach
feature set beyortd,, alone has less than 22 out of the 26 events
(<85%) classified correctly during the leave-oneé-dusing onlytyy,

23 of the 26 events (88%) are classified correctly.

In both series, the area in the blue band is shlivex and smaller than the other

colors. Type A is reproducible within 10-12% iretted and green bands; whereas the

area in the blue band for Type A varies up to 6%4th exception to a few outliers,

Type B is reproducible within 25-50% and Type @eproducible within 7-15% across

each color band. Type D is reproducible within3DP4. In general, the areas for each

color band originating from the Brilliant Flasheist series are less reproducilelg, 22%

to 90% in variations. While Type D shows most ogjucible in Brilliant Flash 1l tests, it

is the least reproducible in Brilliant Flash I.

Two test scenarios are now employed with two defficiasses: Type A as TNT

and Types B through D as ENE. The first test tise®Brilliant Flash Il data as the

training and validation data and the Brilliant Fldglata as the test data. The second test
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Figure 36. The 3-chip color area plots shown lagdlen feature extraction and
provide an overview of their potential to distingfuiTNT from the
enhanced explosives detonated in the Brillianth-las The two-class
discrimination problem groups Types B through iahe class called
ENE.
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Figure 37. The 3-chip color area plots shown lagatén feature extraction and
provide an overview of their potential to distingfuiTNT (Type A)
from the enhanced explosives (Types C and D) dé&tdria the
Brilliant Flash | series. Type B was not tested®iiliant Flash I.
scenario is bootstrapping which combines bothgeses, selects a random five events as
the test data and uses the remaining events famga Five test cases are examined.
1. Testing with Brilliant Flash | data

Using only the events common to both the NIR amthi-recorded events, Brilliant

Flash Il 3-chip data is used for training and Baiit Flash | 3-chip data is used for
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testing. The resulting percent of correctly clfasditest data along with the classification

statistics of Fisher ratio anftkoc are presented in Table 12. These results shaw les

Table 12. Record of Cannon 3-chip data test resulere Brilliant Flash 1l data
is the training data and Brilliant Flash | is tlesting data. Feature
saliency is found by ranking with the Fisher rd&®). Aroc is the area
under the receiver operating characteristic cuwwés the standard
deviation. The RGB is in parenthases.

Training Testing Best5 FR o Aroc Oaroc %

Set Set Forward Correct
Features

Brilliant  Brilliant Amp(B) 6 1 095 0.02 91

Flash Il  Flash| tredan(R) 47 6 1 8E-5 64
15(B) 97 13 1 4E-8 82
1u(B) 167 27 1 2E-12 82
tredian(B) 283 78 1 7E-16 82

1.01p [
(a) (b)
180
1+ X X X
160
0.99+ 140
0.98+ 120
AROC 0.97F F 100 %
80
0.96
60
0.95-
40t *
094t 20l
X ‘ ‘
0.93 . . . . 0 .
A_mpB t_medianR M_3B A_medstdB A_mpB t_medianR M_3B M_4B

Figure 38. The best features, ranked by theiAgag or (b) Fisher ratid-, are
generated for the 3-chip images. Once a featuteteymined as best,
it is fixed before finding the next best featuiéhe data points
represent the mean and standard deviation froreédwve-one-out
process.

classified correctly events from the test set aktaal features are included into the

discrimination model despite an increase in clapasation and clustering as quantified
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by the Fisher ratio anBllroc. As Figure 38 shows, thoc stops improving after two
features and the Fisher ratio has significantlyrompd. While adding a third feature
improves the Fisher ratio, it marginally improvhs ROC performance. With regards to
the stability of the class-conditional densitigsresented in Figure 39, more features
cause the density center stability to decline.elilse, only two features are necessary to
maximize the density peak stability. These effacesdirectly observed in the actual

densitiesge.g., the densities derived from the first two featsets are given in Figure 40.
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Figure 39. The mean standard deviation of the f@a&entersgeenters, and (b)
the valuesgpeas, from each pair op(x|c;) and from each leave-one-out
iteration quantifiep(x|c) stability as a function of number of features.

2. Bootstrapping with combined Brilliant Flash tests
Combining Brilliant Flash | and Brilliant Flash diata gives 26, 50-kg events
from which “bootstrap” data is generated. The btvap data consists of 21 random
events for training and validation purposes anl iindom events for testing. With 26

total events, there are 65,780 possible permuttimselect 5 random events for testing.

Using the 21 training events, the forward-back leage-one-out techniques are
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Figure 40. Class-conditionBkelihoods p(x|ci) resulting from the feature sets (a)

{ Amp(B) } and (b) { Amp(B), tredian(R) } using the Brilliant Flash 11
series as the training set. The left column costéhe individual
results from the leave-one-out; the right columthesaverage
likelihoods and corresponding confidence intervals. Theldivles are
ENE; the dashed lines are TNT.

employed to determine feature saliency and apptgdlass-conditional probability

density functions and posteriors. Each test esetifissified according to the class-

conditional posteriors generated by the trainin@ dar the best single feature, the best

two-feature combination, and so forth, up to thst hge-feature combination. The

results of five independent test scenarios areigeavin Table 13 for the best features

ranked by the Fisher ratio. The results for th&t features ranked by the area under the

receiver operating characteristic cun#gdc) are nearly identical. Overall, the Fisher
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ratios,Arocs, and performance show little or no improvemerrdkie previous case

where only the Brilliant Flash | data was the tzste. Additionally, the bootstrap results

suggest that no single feature or set of featur@dqbes the needed stability and

classification capability to distinguish TNT fronNE when using only the 3-chip color

images.

Table 13. Record of Cannon 3-chip data bootstrapfast results where Brilliant

Flash | and Il data are combined and a randomfdeteoevents are
chosen to be test data. The best features aexidwyttheir Fisher ratio.

FR is the Fisher ratioAroc is the area under the receiver operating
characteristic curveois the standard deviation.

Random  Test Test Test Best5 FR o0 Aroc Oaroc %
Choice Types Series Event Forward Correct
No. Features

1 TYPED BFI 29 Op maa(B) 10 0.988 0.010 60

TNT  BFIl 24 Gu nian(G) 15 0.997 0.008 40
TYPEB BFIl 13 tp(B) 24 1.000 0.004 60
TYPEB BFIl 15 b(B) 27 11 1000 0003 60

TYPEB BFII 12 16(R) 34 14 1.000 0.002 60

ooA~N

2 TNT BFIl 43  Ag(B) 56 05 0953 0010 60
TNT  BFIl 30 AB) 12 1 0993 0.005 60
TYPED BFIl 18 w(B) 21 2 0999 0.003 60
TNT  BFIl 39 &(B) 29 4 1000 0001 60
TNT  BFI 23 m(G) 36 10 1.000 0.001 60

3 TYPEC BFI 2 cs(B) 6.6 0.6 0964 0010 60
TNT BFIl 43 AB) 11 1 0991 0.008 60
TYPEB BFII 12  ApB) 15 2 0997 0006 60
TNT BFI 25 wB) 18 5 0998 0.007 80
TYPED BFI 18 a(B) 25 11 1.000 0.005 80

4 TYPED BFI 19  An(B) 55 05 0951 0010 100
TNT  BFIl 39 AB) 11 1 00990 0008 80
TYPEC BFIl 8 t(G) 14 2 0996 0.005 80
TNT  BFIl 24 w(G) 22 5 0999 0004 80
TNT BFI 31 (B) 26 11 1.000 0.005 60

5 TNT BFI 23 Ag(B) 58 05 096 001 80
TYPEC BFIl 8 AB) 11 1 0990 0.008 80
TYPEC BFIl 9 t(G) 18 2 0.999 0.004 60
TYPED BFI 19 (G) 36 4 1.0000 0.0003 60
TYPED BFI 30 (B) 50 7 1.0000 0.0001 60
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Using the results of the five test cases, a sulbgchoice of best features could
be { Aw(B), A(B), t&(B), tmp(G) }. Fixing this order and computing the Fishatio and
the Aroc for each one-, two-,... feature combination yiehis tesults shown in Figure

41. Here, thé\roc Stops improving after addinyB) while the FR continues to improve
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Figure 41. A subjective evaluation of the fivettemses’ results using the 3-chip
data suggests the best features shown in thisefigusing this set and
order of features, each test case is evaluatethenesulting (a) Fisher
ratio and (b)Aroc are displayed here as a function of the feature se

as more features are added. With regard to giglilie optimum set is possibly

{ Amp(B), A(B) } according to Figure 42 and Figure 43. Oveah improvement in
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Figure 42. Class-conditionBkelihoods p(x|ci) resulting from the feature sets (a)
{ Amp(B) } and (b) { Amp(B), A(B) } using the second bootstrap result in
Table 13. Each density is a result from the leave-out.
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classification is achieved by utilizing the bluendamage data. Possibly the best visible
features which help in discrimination are from bhee band where the maximum fireball
area and the area integrated over time is uniqueNiE and TNT. Recall that TNT is
observed to have a short duration and a smallsitieim this band (refer to Figure 36

and Figure 37 for the area plots).

0035 : ‘ ‘ ‘ 0.0275
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Figure 43. The mean standard deviation of (aptek centersgzenters, and (b)
the peak valuesgpeas, from each pair of individugd(x|ci) and from
each leave-one-out iteration quantifigs|c) stability as a function of
number of features.
F. Applying discrimination tools to combined NIR and 3-chip images
Combining the NIR and the 3-chip color images e data set gives 14
features for each of the four color bands (56 tialures). The results of the two types
of tests, (1) train with Brilliant Flash Il and tesith Brilliant Flash | and (2)
bootstrapping with five test cases, are provide@lahle 14 where the best features are
sorted by the Fisher ratio. The results whereétst features are sorted by the area under

the receiver operating characteristic curve areatrentical to the Fisher ratio results,

thus are not repeated in another table. The fgwdirere suggest that more features
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Table 14. Test results of combining NIR and CanBatip data for (1) Brilliant
Flash (BF) Il training and BF | testing and (2) dwned BF | and BF Il data
with a random set of five test events. The besiufes are sorted by their
Fisher ratio (FR), followed by th&xoc. ois the standard deviation. The
RGB is in parenthases. No RGB letters signifiddFa feature.

Random Test Test Test Best 5 FR o Aroc  Oaroc %
Choice Types Series Event Forward Correct
No. Features
NA All trp 12 1 0992 5E-03 82
BFI Ot_medstd 33 7 1.000 8E-04 64
Anp(B) 90 o929 1.000 3g-0o7 64
Amp(G) 211 66 1.000 5E-15 64
tmedian 1666 14 1.000 1g_15 64
1 TYPED BFI 29  Opamasa(B) 10 2 0.988 0.010 60
TNT BFII 24 Op measd(G) 15 4 0997 0.008 40
TYPEB BFII 13 trp(B) 24 8 1.000 0.004 60
TYPEB BFlII 15 tmp 32 7 1.000 0.001 60
TYPEB BFII 12 o, eaga(B) 40 18 1.000 0.0007 60
2 TNT  BFI 43 Anp(B) 56 05 0.953 0.010 60
TNT BFII 30 A(B) 12 1 0.993 0.005 60
TYPED BFII 18 1b(B) 21 2 0999 0.003 60
TNT BFII 39 c2(B) 29 4 1.000 0.001 60
TNT BFI 23 14(G) 36 10 1.000 0.001 60
3 TYPEC BFI 2 c3(B) 6.6 0.6 0.964 0.010 60
TNT BFII 43 A(B) 11 1 0.991 0.008 60
TYPEB BFII 12 Anp(B) 15 2 0.997 0.006 60
TNT BFI 25 trp 21 2 0999 0.003 80
TYPED BFI 18 tmedian(B) 52 7 1.000 0.00006 60
4 TYPED BFI 19 Anp(B) 55 05 0.951 0.010 100
TNT BFII 39 A(B) 11 1 0.990 0.008 80
TYPEC BFII 8 tmp(G) 14 2 0.996 0.005 80
TNT BFII 24 16(G) 22 5 0999 0.004 80
TNT BFI 31 c2(B) 26 11 1.000 0.005 60
5 TNT BFI 23 Anp(B) 58 05 0.96 0.01 80
TYPEC BFII 8 A(B) 11 1 0.990 0.008 80
TYPEC BFII 9 tmp(G) 18 2 0.999 0.004 60
TYPED BFI 19 16(G) 36 4 1.0000 0.0003 60
TYPED BFI 30 c2(B) 50 7 1.0000 0.0001 60

actually degrade the stability of the feature salje While a few 3-chip features provide

higher Fisher ratios than the NIR feattig these color features are inconsistently
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ranked according to their Fisher ratio and tieigc. Nevertheless, the pair of features,
Amp(B) andA(B) show up most frequently.

G. Committee of classifiers for robust testing two-class discriminabin

At this point, feature saliency and stability hagb examined using features
extracted from near-infrared images, from RGB caolwages, and from the combination
of NIR and RGB images which provide four color irmag Before conclusions are drawn
based upon limited testing it is important to rabutest the findings. The approach for
robust testing utilizes Bishop’s committee of natkg[52: 364-365] approach, but in
this problem it is more appropriately called a cattee of classifiers. The motivation to
use a committee is to overcome the drawbacks tates pattern recognition on subsets
of the data. The previous results from the NIR awthip color features show that the
feature saliency depends on the training set wsgdBrilliant Flash Il or one of many
test sets in the bootstrap method. A common meddito select the training set and
spectral bands that have the best performanceeoindlependent test set. As Bishop
points out, two drawbacks of this approach arddbs of information gained with other
training sets and the noise in the data being gphsuch that the best performance with a
training set might not have the best performanca naw set of test data.

Using a committee of classifiers approach to robesting, one first selects a list
of features based upon the results from individestis using the NIR, 3-chip, and
combined NIR/3-chip data. This selection procedse first committee. Based upon the
results in the previous sections and constrainestddyility in feature saliency and
probability density functions, the features tha potentially the best in distinguishing

between TNT and ENE at the 50-kg weight incltgleo: medsd, Amp(B), A(B), and
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tmedian(R). Once a set of features is selected, thes¢hend committee robustly tests
each feature and where appropriate, combinationsuttiple features. Since the
previous results imply that stability degrades aseieatures are added, then the robust
test combinations are currently limited to two teatcombinations. The robust test
method used in this analysis is based upon a aptapproach. For example, suppose
there are 40 events, then there are 658,008 pesgéyls to create a test set using five of
those events. The robust test randomly choos@9 bfthese test sets and
corresponding training sets and computes the agqragpability densities from all 1,000
training sets. The resulting densities statidiyaapresent all 658,008 possible
permutations with representative means and vars&ance

The last step is to report the classification penfance as a percentage of the 40
events that are classified correctly using thesgame densities. These percentages are
reported in the following tables, where each opeagents the results of applying the

discrimination tools to weights 50-kg, 100-kg, atldwveights 10 to 100 kg.

Table 15. Percentages of the 50-kg events thataarectly classified using a
selected set of feature(s). The diagonal valysesent single feature
discrimination and the off-diagonal values représen-feature
discrimination between types.

50kg tmp  Amp(B)  A(B) tmedian(R) Ot median
tmp 89% 85% 85% 93% 89%
Anp(B) | 85% 93%  93% 85% 100%
A(B) 85% 93% 89% 78% 89%
tmedian(R) | 93%  85%  78% 67% 67%
Ot median | 89% 100%  89% 67% 74%
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Table 16. Percentages of the 100-kg events teat@rectly classified using a
selected set of feature(s). The diagonal valysesent single feature
discrimination and the off-diagonal values repré$en-feature
discrimination between types.

100kg tmp Amp(B)  A(B)  tmedian(R) Ot median
tmp 89% 100% 100% 100% 100%
Anp(B) | 100%  89% 89% 100% 100%
A(B) 100% 89% 89% 100% 100%
tmedian (R) | 100% 100%  100% 100% 100%
Ot median_| 100% 100%  100% 100% 67%

Table 17. Percentages of the weight independearttevthat are correctly
classified using a selected set of feature(s). diadgonal values
represent single feature discrimination and thed@&fonal values
represent two-feature discrimination between types.

10,50,100 kg tmp Amp(B) A(B) tmedian (R) Ot median
tmp 87% 87% 87% 90% 87%
Anp(B) 87% 79% 85% 82% 85%
A(B) 87% 85% 79% 82% 85%
tmedian (R) 90% 82% 82% 62% 54%
O median 87% 85% 85% 54% 59%

Due to the small numbers of 10-kg and 100-kg evemtiy a leave-one-out

process is used to generate those respective pagesn The feature paky,(B) and

Ot medsd (NIR), is 100% accurate in predicting an evengigiser TNT or ENE a& priori

weight of 50 kg; however, a single feature perfoaimost as well. For examplgy,

Amp(B) andA all perform at approximately 90% accuracy if theigit is knowra priori

to be 50 kg. The time to the peak of the firehadla in the near-infrared provides a

Fisher ratid= = 2.9+0.3, represented by the separation in thesetonditional Posteriors

and densities calculated during the robust tegtingure 44). Even though the reported

performance is sufficiently high, the range of diees from the 997 test scenarios clearly

shows a region of high uncertainty in the rangeld to 0 along the abscissa. Upon
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examining the 4,985 test scenarios, only 87% ot&l@ovided correct classification.
This feature is also the single best discriminatben weight is unknown (Figure 45):

87% accuracyk = 2.5+£0.1, and 87% of 5,000 classified correctly.

PI¥)
p(xic)

Figure 44. (a) The range of possible class-caomtti posteriors as a result of 997
tests and (b) the 997 class-conditional probabdémgsities from robust
testing for the featur, which provides an 89% accurate prediction of
events as either ENE or TNT when weight is knowhdd®0 kg. The
Fisher ratio is 2.920.3 for the average densitiBise vertical lines
represent locations along the Fisher Ixdpr each test event. Solid =
ENE; dashed = TNT.
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Figure 45. (a) The range of possible class-caohti posteriors as a result of 997
tests and (b) the 997 class-conditional probabdéwgsities from robust
testing for the featurg,, which provides an 87% accurate prediction of
events as either ENE or TNT when weight is unknowhe Fisher
ratio is 2.5+0.1 for the average class-conditiateaisities. The vertical
lines represent locations along the Fisher kéor each test event.
Solid = ENE; dashed = TNT.
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The single best feature from the 3-band visiblegeng is the maximum area in
the blue bandiy, of 10 — 60 rifor TNT and 40 — 280 frfor ENE. This feature
provides 93% correct classification using the ager@densities from the test results (91%
of 4,985) and~ = 5.4+0.2 for the 50 kg case (Figure 46). Sinylas shown in Figure
47 for the unspecified weights case, this featuoeiges 79% correct classification using
the average densities from the test results (80%0f0 test cases) afd= 4.4+0.1.
Combining the time to peak size in the near IR @mwactimum area in the blue does not

significantly improve the classification performanc

P(c )

mt
LI
0.3 LILA0
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0.2 LR
nin Y

01t LI
LI

Figure 46. (a) The range of possible class-caomtti posteriors as a result of 997
tests and (b) the 997 class-conditional probabdémgsities from robust
testing for the featur@m,(B) which provides an 93% accurate
prediction of events (ENE or TNT) when weight isolam to be 50 kg.
The Fisher ratio is 5.4+0.2 for the average classditional densities.
The vertical lines represent locations along theh&ii line x, for each
test event. Solid = ENE; dashed = TNT.

H. Multiple-class discrimination
The previous sections address only one weight @dllected during the

Brilliant Flash tests; however, the test seriesectbd image data from various weights of
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Figure 47. (a) The range of possible class-caomtti posteriors as a result of 997
tests and (b) the 997 class-conditional probabdémgsities from robust
testing for the featur@m,(B) which provides an 79% accurate
prediction of events (ENE or TNT) when weight ikoawn. The
Fisher ratio is 4.4%0.1 for the average class-dontal densities. The
vertical lines represent locations along the Fidiner, x, for each test
event. Solid = ENE; dashed = TNT.

TNT and ENE explosives. Enough repetitions of fiyges allow an application of a
multi-class Fisher discrimination technique: {TN,TTNTso, TNT100 ENEso, ENEj00}
where the numbers represent the weight in kilograites subsection explains the
theory of multiple-class Fisher discrimination, ggats the fireball area data of the five
candidate classes, identifies potential scalingti@iships of the features and their use in
classification, reports the feature saliency resoitusing a five-class discriminator tool
to examine the two test scenarios discussed eaterfinally presents the results of a
committee of classifiers approach to solving tlve-tlass problem.

The five-class discrimination tools first use atlliBant Flash 1l for training and

Brilliant Flash | for testing. Since Brilliant Bk | only contains 50 kg weights, this

series alone cannot be used for training. Eadth @mera data is examined
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independently before combining them to make a ¢tolor set of features. Following
this test analysis, the bootstrap testing appraaapplied to obtain additional results.
1. Theory

A more general discrimination approach beyond wWwedlass problem allows for
multiple classes from which to derive class-cowdial probability densities and
posteriors. The generalized multiple discrimin@ateFisher) analysis is well documented
in various sources [51: 121-124] [52: 110-112] [5S]milar to the two class problem,
Fisher Linear Discriminant defines a Fisher ratluck uses a projection mati¥ to
reshape the scatter of data to maximize class aeifigr and minimize within-class
variability.

Suppose the features are described in the métoidN column vectors (one for
each event) anlll rows for each feature,g. M = 14. The mean of each feature for all

events is recorded inM x 1 vectory, with elements

u=13x. (29)

is
Bo=-—— Y%, (30)

where the vector of features for tifeevent isx. The between-class scatter matrix is
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K
S, = > N (& -a)m -a) (31)
and the within-class scatter matrix is

S, =2 X (% -m )% -a) . (32)

K
k=1 % 0C,
The equivalent Fisher ratio, now a transformatiairig, that repositions the data to be

most separable is the mate¥ that maximizes

J(\N)=M- (33)

According to the references cited earlier, the methf finding the corredlV is relatively
simple: the columns of th& which maximizes)(W) are the generalized eigenvectors

that correspond to the largest eigenvalues in

S W=AS W. (34)

After determining the correct vector which maximihe Fisher ratid(W), each
event record is projected onto a line defined lxy¥ector. The corresponding class-
conditional probability densities and posterioid iai quantifying feature saliency and
stability as they did in the two-class problem d&sed earlier. An example five class

problem using Brilliant Flash | and Il is now exared.
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2. Data
The Brilliant Flash test series collected imagexdedm various weights of TNT
and ENE explosives. Enough repetitions of thegetiypes allow an application of the
multi-class Fisher discrimination technique: {TN,TTNTso, TNT100, ENEso, ENE;00}
where the numbers represent the weight in kilograige extracted areas from each of
these types are provided in Figure 48 (BrilliaradHl 1), Figure 49 (Brilliant Flash I
ENE), and Figure 50 (Brilliant Flash Il TNT). Anitial look at these areas suggests that

the time and height of the peak area should beod fgature for discrimination.

700 —

@ - ®)

500

AMm?)
A(m?)

. L L
06 08 1 12
t (sec)

Figure 48. The extracted areas for each coloryekifrom Brilliant Flash | are
shown here as a function of time: (a) ENE-50kg,T(N)-50kg. The

NIR derived areas are the solid black lines; théBRI8rived areas are
dotted, dashed, and dash-dot, respectively.

3. Scaling laws
Before applying the extracted features (14 x 41s0t056) to the discrimination
tools, a pragmatic look at the feature valuesfasetion of weight and type provides

some insights into the discrimination challengée3e representations are often called
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Figure 49. The extracted areas for each coloiyel@ifrom Brilliant Flash Il are
shown here as a function of time: (a) ENE-50kg,HNE-100kg. The
NIR derived areas are the solid black lines; thdBRiérived areas are
dotted, dashed, and dash-dot, respectively.
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Figure 50. The extracted areas for each coloryegirom Brilliant Flash Il are
shown here as a function of time: (a) TNT-10kg, {h)T-50kg, and (c)
TNT-100kg. The NIR derived areas are the solidlblames; the RGB
derived areas are dotted, dashed, and dash-dogctasly.
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scaling laws. From examining the fourteen nearaneid features, four stand out with
strong weight and type dependence. As shown iar€i§l, these features are the time to
peak areatfy), the value of the area curve integrated oved#tenation timeA), the
median time tedian), and the standard deviation of the median timedian). The data
points represent the mean of that type and weigghtlae error bars are the corresponding
standards of deviation.

On the average, the time to peak values for the iBNjlite different than those
of the ENE, which is consistent with the findingsler in the 50-kg two-class problem.
For this feature, both the slope with regard togleand the absolute values at each
weight are different. Potentially the strongeslicgator of weight, independent of type, is
the area curve integrated over the detonation tiRegardless of the type, the weights
are scalable with af to weightW slope between 1083 and 1323 msec-kg'. The
median time and its standard deviation also progmed indicators of weight if the type
is knowna priori. A committee of classifiers approach is latecdssed in this chapter
and uses one feature to determine weight beforgj@ssecond feature to determine type.
For example, the scaling laws suggest usingitteedetermine weight before usitig to
distinguish type.

The presented scaling laws are useful in captyredicted behavior of certain
features as they scale with weight. For exampippsse a new event is recorded and the
integrated area over the detonation time was 8xfdnsec. Then according to the
scaling relationship in Figure 51, the event’s wig 80 kg. However, the prediction

uncertainty needs to be addressed. To answethbiscaling law figures are redrawn to
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capture the spread in the datand the errorsx in the least squares best fit liffess

defined in EQq(35) and adapted from Bishop[52: 30%9}4

Ufki =By +Ni B, +E, (35)

k
where the value of the least square fit line fassk havingNk events and weighW is
fi, and the weighted variance between the least sgliae and the average data point

for classk and weigh\ is

—_ 2

E =B (f —Avg(X, , 36
ki Nkai ( ki g(—kl )) ( )
and the data points for clasandW, are captured in the vect such that the average

for Ny events is

Ny

> Xy (37)

1
Avg(X,) = N
ki j=1

The variance in the difference between the datalamteast squares line is

B = > (A - Avg(A )] (39

where the difference between each data recorgpeeific class and at a specific weight

is A; = X, — f, which are elements of the vectdk, = [AM A, - '%k]’ with

average
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A, . (39)

The last ternC; is the variance of the individual data points lessk and weight\,

1 &
Ci = N _1Z(inj _AVg(lki ))2 (40)
ki i=1

Using theA relationship in Figure 52, the correct answehts &€xample should
now be 80 £ 30 kg. In another example, supposgvéight is known to be 80 kg and the
type is unknown. According to the scaling relasioip, ift,, is between 0 and 50 msec,
the event could be an enhanced explosive; other, atg, value between 20 and 225
msec might indicate a TNT explosive. Clearly, skaling laws do not give a definitive
answer, but they do provide an alternate view efdata that helps explain the level of
classification difficulty with a limited data semw@that may aid others in understanding
the physics of the emissions from a detonation.th scaling relationships for both the
near-infrared and the 3-chip color features areigdea in Appendices G and H.

4. Results

Consistent with the two class discrimination distos earlier, two test scenarios
are examined before applying the results to thaspbbommittee analysis (Section V-
1).The first test uses all of Brilliant Flash lltdafor training and then tests the resulting
class-conditional posteriors with the events frontliBnt Flash | test series, which
consists of only 50-kg explosions. Table 18 caorgtdhe test results when the 5-class
discrimination technique is applied to the NIR,I8p; and the combined NIR/3-chip

data. The best five forward features for the Nifid &lIR/3-chip combination
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consistently show that the time to the peak argais again the best feature for

discrimination. This is also true for the besefivackward features using the NIR only

data. Recall from previous discussion thgprovides adequate two-class discrimination

between TNT and ENE of the same 50-kg weight.
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Figure 51. Four of the features extracted fromaitea curve derived from the
NIR images possibly provide scaling law relatiopshi The data points
and error bars are the mean and standard deviaitisach feature for
each weight and type (solid line for ENE, dashed for TNT). The
slopes of each line are indicated next to each line
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Figure 52. The most probable time (a) and thegnatted area over the detonation
time (b) features extracted from the fireball adeaved from the NIR

images demonstrate scaling as a function of weigtttype

relationships. These representations help visaiiie spread in the
data and the uncertainty in the slopes (dotted)inX=ENE; O=TNT.

Table 18. Record of 5-class IR data test resutiesrey Brilliant Flash Il data is the
training data and Brilliant Flash | is the testiotfa. Feature saliency is
found by ranking with the Fisher ratio (FRJ:is the standard
deviation. The RGB is in parenthases. No RGRistsignifies a NIR

feature.
Camera Training Testing Best 5 FR orr % Best 5 FR o
Set Set Forward Correct Backward
Features Features
NIR Brilliant  Brilliant tmp 12 1 55 trmp 12 1
Flash Il Flash | Avp 24 2 27 tsq 12 1
Aredian 29 2 27 b 20 1
b 32 2 27 n 26 2
ted 34 3 18 m 40 4
3-chip Brilliant  Brilliant o0, pegan(R) 11 5 0 NA NA NA
FlashIl  Flashl g, wa(G) 28 4 64
co(G) 40 7 64
tro(R) 69 9 64
14(B) 83 10 64
NIR & Brilliant  Brilliant tmp 12 1 55 NA NA NA
3-chip  Flash Il Flash Anp 24 2 27
cs(B) 45 5 9
c3(G) 132 17 18
tregian(R) 206 21 18
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The resulting class-conditional probability postesi densities, and test results
when using the single featurg are represented in Figure 53. One interestirdjrfmis

the reduction in the number of test events thatareectly classified. This again is seen

1 o oD oD o
< T 7

1 4 correct 2 2 —‘
0.9 'incorrect 2 incorrect correct incorrect g

(@)

P(ci|x)

TNT-10 TNT-100

Figure 53. (a) Class-conditional posteriors ancdl@ss-conditional probability
densities for the five classes with vertical limeawn for each of the
eleven test cases projected onto the single fegfun®rmalized to
zero mean and unit variance. A solid (dotted)ivartine indicates a
correct (incorrect) classification of the test evenhe five types are
ENE-50kg (thick dashed), ENE-100kg (thick solidNT-10kg (solid),
TNT-50kg (dashed), and TNT-100kg (dotted).
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in the two-class problem. For the NIR data applieethe five class problem, this
percentage drops from 55% to 18% for the first fegtures. It is important to remember
that these features are parametric and not physiahy of them could be represented
by linear (or possibly non-linear) combinationsottier features. Thus only a few
features are needed. These tools, even with th# amount of test data, provide a
mechanism to determine those few features thatigedire best classification.
Specifically, the drop in the testing performancayrbe analogous to adding additional
features to a curve fitting problem: the more t®gyuou add, the better the fit goes
through the data, yet the prediction performandemt@lly declines. Similar results are
seen with the 3-chip data and the combined NIRIB-dhta whose individual probability
densities are given in Figure 54.

The stability of the class-conditional probabilitgnsities is represented by the

normalized standard deviation of the density peaidsthe density center locations:

T o = O [ENZ‘f >(x, —x,.)Z]_M[':J, (41)

i=1 j=i+1

whereparam s either theeak or center of the Gaussian distribution, the normalization is
the root mean of the squared differences of clasgipns, and the number of 2-class

pairs defined by the binomial coefficient for N sas

m:z'(NLLZ)' (“2)
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Figure 54. The class-conditional probability déesi(lower halfs) and posteriors
(upper halfs) are given for a few of the top feasuirom each camera
data set. Figure (a) is the result from usingiefeaturest,, and

Amp. Figures (b) and (c) show the results from usineg3-chip camera:
(b) a single featurey; medgian(R) and (c) two features; medgian(R) and

Ot megian(G). Figure (d) shows the top three featuresrasalt of
combining the NIR and 3-chip camera dat&u{ Amp, C3(B) }.

A plot of each of these stability measures for edata set is provided in Figure 55. Each

of these representations suggests that no moreotieaor at most two features can be

used before stability significantly degrades.

The second test is the bootstrap approach whell@BtriFlash | and Brilliant

Flash Il test data are combined and a random deteis chosen to be the test events.

The remaining events are used for training anddadibn. With bootstrapping, multiple

96

www.manaraa.com



= (@)

0 X X
A_mp

A_median

O-peak

0 - K
t_medstd(R) t_medstd(G)

c_i(e)

l_m;J(R)

M_;I.(B)

Ocenter

Ocenter

200

180

160

1401

(b)

X

14000

12000 -

10000 -

8000

6000 -

4000

2000 -

M_2

X

0 PA3 :
t_medstd(R) t_medstd(G)

c_é(G)

t_m;J(R)

M_i(B)

14

T (e) )

10

)
o

O-peak

(2]

X
Ocenter

X
c_3(B)

X X X X% X

t_mp A_mp c_3(B) c_3(G) t_median(R) t_mp A_mp

c_?;(G) t_med‘ian(R)
Figure 55. Stability of the class-conditional pabbity densities are quantified by
the standard deviations of the density peaks @), and centers (b, d, f)
and is a function of the feature saliency defingdhe test results.
(a,b) utilize only NIR data, (c,d) use only 3-clkigor data, and (e,f)
combines the two sources.
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random choices, thus multiple test cases are exanifhe results of applying
bootstrapping to the five-class problem are pravigieTable 19. This table identifies the
test events chosen, the resulting best five festwitlh Fisher ratios and testing

Table 19. Record of 5-class data bootstrappirtgéssits where Brilliant Flash |
and Il data are combined and a random set of fre@ts are chosen to
be test data. The best features are sorted hyRisbier ratio. FR is the
Fisher ratio. gis the standard deviation. The RGB is in paresgha
No RGB letters signifies a NIR feature.

# Test Test Test Test Best5 FR % Best5 FR % Best5 FR %

Types Series Wt Ev. NIR 3-Chip Comb.
No. Features Features Features
1 TYPEB BFII 50 13 ted 6.3 0 AR) 7 40 AR) 7 40
TYPEC BFII 50 5 b 8 20 Aw(B) 13 60 AnpB) 13 60

TNT BFIl 50 31 trp 12 60 tp(R) 20 60 t(R) 20 60
TYPED BFII 50 12 L 14 60 Amcsd(G) 24 40 Amsd(G) 24 40
TYPEC BFI 50 2 o 17 60 Anp(R) 30 60 ApR) 30 60

2 TYPEC BFIl 100 30 tp 6.9 60 twgan(R) 7 80  tup 7 60
TYPEB BFIl 50 13 tw 9.0 80 Ap(B) 12 40 t(B) 14 20
TYPED BFII 50 12 Py 13 60 G) 15 20 cx(R) 20 40
TYPEB BFIl 50 17 L 14 60 Amawa(R) 20 40 A 27 20
TNT BFIl 50 44 17 80 treasd(R) 25 40 tmeawa(R) 30 O

t
3 TNT BFI 50 24 tmp 7.7 0 twgan(R) 7 60 tmp 8 O
TYPEC BFI 50 3 A 11.1 20 Aw(B) 18 20 Am(B) 13 20
TNT BFI 50 31 Ly 15 20 c2(G) 23 20 A(G) 23 40
TYPED BFI 50 19 b 18 0 Aresd(G) 28 20 tressa(B) 31 20
TYPEB BFlII 50 13 tag 21.1 20 14(B) 34 20 ci(G) 43 40

4 TNT BFII 10 15 ty 65 60 AB) 6 40  tmp 6 60
TYPED BFIl 50 12 A 9.0 20 tygan(R) 11 40 t(B) 12 O
TNT BFI 50 31 @ 106 40 c(G) 17 20 tressa(R) 17 20
TYPED BFI 50 18 . 120 80  4B) 21 20 tea(G) 23 60
TYPED BFI 50 19 b 133 80 Apn(G) 30 20 tman(R) 38 60

5 TNT BFIlL 50 31  tp 83 40 tmga(R) 5 60  tmp 8 40
TYPED BFIl 50 19 A 10 40 Angian(B) 11 60 tressa(R) 12 40
TNT BFIl 10 15 c 11 40 c(G) 15 60 16 60
TYPEC BFIl 100 23 ﬂ4 14 20 y(R) 21 40 4 26 20
TYPED BFIl 100 38 b 15 20 44B) 25 40 t,(B) 37 40

performance for each bootstrap iteration and fohetata set used.g. NIR only, 3-chip

only, or combined NIR and 3-chip. This table i$ ap end in itself but a means to
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determine which features are consistently imporitathe discrimination problem. The
NIR results again suggest that the time to the péékeball area is an important feature.

The resulting probability densities (Figure 56) gesft, provides some discrimination

among four classes: ENE, TNT-10, TNT-50, and TNID:1

> 52 -1.5 -1 -0.5 0 0.5 1 15 2 2.5

p(xic)

Figure 56. Data projected onto the single featupebest separates the five
classes. The posteriof3(£i|x) (dashed lines)] give a correct
classification probability range between 30 to 100k=ENE-50kg,
¢=ENE-100kg,@=TNT-10kg, X=TNT-50kg g=TNT-100kg.

According to the bootstrap results, a second featucombine witft.y, is the

integrated area over the detonation tidsehowever, all the probability densities overlap

sufficiently enough to prevent this feature frordiag in the discrimination. The higher

Fisher ratio is attributed to smaller class varemcOther possibly important NIR

features from the bootstrap results inclydendc; as shown in the feature saliency plot
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of Figure 57; yet neither of these features sigaiitly improves the Fisher ratio or the

probability densities class separation.
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Figure 57. Using the NIR only bootstrap resulta @giide, one possible feature
saliency shown in (a) is thg,, A, L&, andc,. The Fisher ratios
calculated here come from the leave-one-out udirtgedata. The 3-
chip color results and the combined NIR and 3-cloijor results are
displayed in (b) and (c), respectively. The petadithe left out test
events that are correctly classified labels eata paint. Different
training sets cause variationtig values.

Figure 57 (b) and (c) also shows the Fisher ra&sults when choosing the top
features from the 3-chip data analysis and the aoedlNIR/3-chip data analysis,
respectively. The top two 3-chip features@ggan(R) andAyw(B). The median time in
the red wavelength band provides slight separdtioall five classes, but as shown in
Figure 58(a), it does provide better classificaffcdhere are only four classes, leaving out
TNT-10 or TNT-50. The peak in the blue afeg(B) does not significantly improve the
tmedian(R) results. Likewise from the combined NIR/3-chgsults, a second top feature is

the time to the peak blue fireball atgeg(B), yet as shown in Figure 58(b), this second

feature does not significantly improve class sep@anaver that achieved by the time to
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the NIR peak area. An interesting finding is tlesttNIR featurén, and the best Color
featuretegian(R), when combined, actually degrade the Fishé eatd do not improve
the class-conditional probability densities derifeun the best Color feature. This
suggests that these two features contain nearlyaime information about the fireball.
Also, the best Color feature provides slightly eettlassification of all five types than the

best NIR feature.
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Figure 58. Using the 3-chip camera data (Figur@nd)the combined NIR/3-chip
data (Figure b), the class-conditional probabiignsities (lower halfs)
and posteriors (upper halfs) are given for af&)n(R) and (b) feature
set {tmp, trp(B) }. A=ENE-50kg,¢=ENE-100kg,e=TNT-10Kg,
X=TNT-50kg, g=TNT-100kg.

I. Committee of classifiers for robust testing five-class discriminain

The committee of classifiers approach is agaimzetil to robustly test the features

that indicate high Fisher ratio and high stabidityclassifying the five classes as
determined by the two test scenarios and scaliagjorships. Since the number of 100

kg events is limited, then the robust test is syngleave-one-out test. Each time an

event is used as a test case, the training prodiveeslass-conditional probability
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densities. After all the test cases are exhauatedyerage of all the class-conditional
densities is used to evaluate each event to deterthe percent of those events that are
correctly classified. The features chosen folinigstre top one or two features from each
of the previous test cases on the five-class pnoblk addition to these features, those
from the two-class problem are also tested. La#itlyscaling relationships shown in
Figure 59 suggest that the integrated area ovettdtanation time and the median time in

the green band are possible discriminates of weigtiépendent of type. A test of these
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Figure 59. Possible scaling laws for the Brilli&hsh types are represented by
(a) the integrated near-infrared area over thendgiton timeA and (b)
the median timé&nian(G) in the green color band. X = ENE events; O
= TNT events.
two features’ performance on predicting weight imeledent of type yields 74% accuracy
for A while tregian(G) yields 51%. Their combined effect yields 67&6wacy. The

results of applying all the before mentioned feaguto the five-class discrimination are

provided in following table:
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Table 20. The percent of events that are corretdlysified when using an
average of the class-conditional probability deesiare presented for
the five-class discrimination problem. The vala&mg the diagonal
are the percentage of correct classifications wdrgy one feature is
used to classify the five types. The off-diagagiaiments are the
percentages of correct classification when twouliesst are utilized.

5-class t mp Amp(B) A(B) tmedian (R) tmedstd A Amp
tmp 5% 74% 74% 51% 51% 23% 54%
Anp(B)  74% 54%  59% 59% 15% 54% 59%
A(B) 74% 59%  67% 56% 38% 62% 62%
tmedian(R) 51%  59%  56% 64% 62% 36% 64%
tmedstd 51% 15%  38% 62% 28% 46% 33%
A 23% 54% 62% 36% 46% 46% 51%

Amp 54% 59%  62% 64% 33% 51% 56%

Consistent with the two-class resutts, is likely a key feature in discriminating

the five classes. The 59% performance lard6.7+0.5 is reflected in the test results and

class-conditional probability densities shown igu¥e 60. The results based upon

P(ci|x)

15¢

(@) | (b)

p(xic)

i

Figure 60. (a) Class-conditional posteriors ancl@ass-conditional probability
densities with a Fisher ratio of 6.7+0.5 for theefclasses with vertical
lines drawn for test cases projected onto the sifeglturd,
normalized to zero mean and unit variance. A dalatted) vertical
line indicates a correct (incorrect) classificatadrthe test event. The
five types are ENE-50kg (thick solid), ENE-100kki¢k dashed),
TNT-10kg (thin), TNT-50kg (thin dashed), and TNTek@ (thin
dotted).
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Amp(B) shown in Figure 61, on the other hand, decsetis®chance of correct

classification to 54% with a F = 4.6+0.9. The cameld effect of these two features

(Figure 62) significantly raises the confidenc&486 and Fisher ratio to 11+1. As a

corollary, A(B) has similar performance agy(B).
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Figure 61. (a) Class-conditional posteriors ancliss-conditional probability
densities with a Fisher ratio of 4.6+0.9 for theefclasses with vertical lines
(solid=correct, dashed=incorrect) drawn for tesiesgorojected onto the
single featureAn(B), normalized to zero mean and unit variancee five
types are ENE-50kg (thick solid), ENE-100kg (thazshed), TNT-10kg

(thin), TNT-50kg (thin dashed), and TNT-100kg (thliotted).
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Figure 62. (a) Class-conditional posteriors ancliss-conditional probability
densities with a Fisher ratio of 11+1 for the fatasses with vertical lines
(solid=correct, dashed=incorrect) drawn for tesiesgorojected onto the
two-feature set {mp, Anp (B) } normalized to zero mean and unit variance.
The five types are ENE-50Kg (thick solid), ENE-1§Qkhick dashed),
TNT-10kg (thin), TNT-50kg (thin dashed), and TNTEkQ (thin dotted).

104

www.manaraa.com



J. Conclusions to discrimination tools development and imagery analysis

This chapter focused on one possible method of @yimg pattern recognition
techniques to discriminate uncased explosives Usigres derived from imagery. The
bomb detonation images are reduced to fireballsandach, for the first time,
demonstrate that these types of explosives aredapible. The pattern recognition
tools, confirmed by scaling relationships, thenrdiiy and rank the classification ability
of various characteristic features of the firelaaias.

In general, as the number of features used toifjiass event increase, the class-
conditional probability densities become less &alnid the resulting cross-validation
returns a lower percentage of events that are dtyr@assified. Whether one uses a
near-infrared InGaAs camera or a 3-chip color camamne or two features provide
sufficient ability to classify an explosive.

Threea priori conditions are examined for each type of camedatiaam
combination of the two: (1) all events weigh 50atgl are either TNT or ENE, (2) the
weight is unknown and the type is either TNT or EEd (3) neither the weight nor the
type is known. Overall, the features related ®pbak of the fireball provide the best
classification. For example, the time to firelgadbk in the near-infraredf) is the best
discriminator for each of the thragoriori conditions. This feature correctly
discriminates between TNT and ENE about 90% otithe, whether weight is known or
not. The associated class-conditional probalulégsities separate the two classes with a
Fisher ratio of 2.9 and an area under the receiperating characteristiégoc, of 0.992.

Also, tnyp achieves approximately 60% success rate at disceboth weight and type.
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Similarly in the blue band, the maximum firebaesA.,(B)) can tell a TNT
event from an ENE event approximately 93% of theetivhen weight is 50-kg;
otherwise, this feature is 79% accurate when weggabknown. The better performance
is indicative of the corresponding larger Fisheioraf 5.4. The fireball area, integrated
over the detonation timé\(B)), is the best single color feature in discriating both
type and weight at a 67% success rate.

Linear combinations of two features improve clasatfon. For example,
combiningAmp(B) With O median from the near-infrared will maximize (100%) theliyp
to classify an event as TNT or ENE if weight is wmoto be 50 kg. Likewiséy, and
A(B) increase the accuracy from 59% usirgalone to 74% in the five class problem of
distinguishing both explosion type (TNT or ENE) amelight (10, 50, or 100 kg).

A committee of classifiers breaks the unknown weggid type problem into two
potentially solvable parts or committees. Thed fi@mmittee uses a feature to determine
weight followed by the second committee which deiees type from a second feature.
Two of the extracted features scale with weighhwirying amounts of error: the
integrated near-infrared area over the detonatimeA, which has a 74% accuracy in
predicting the three weights of 10 kg, 50 kg, a@f kg, and the median time in the
green color banthegian(G), which has a 51% prediction accuracy. If adeapredicts
weight accurately, then a second feature couldahie the type as TNT or ENE. For
example, if the weight is 50 kg thégy(B) ando; median Ccould be used to determine the
type. Unless additional reproducible data is aeglio improve weight prediction
performance, then estimating both type and weigimhA(B) alone yields similar

accuracy.
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V. Fisher discrimination of Radiant explosives

The previous chapter introduced a pattern recagndpproach to classifying
events and applied it to image data collected aased explosive materials. The spectra
from these detonations were simultaneously colteatel introduce very distinct spectral
profiles from cased munitions detonation spectrshasvn in Figure 63. Specifically, the
cased munitions generate emission spectra similatlackbody attenuated by the
atmosphere; on the other hand, uncased explosines investigation are very non-
Planckian as demonstrated with extra emissionsbadrption spectral regions. Since a
simple model to describe the uncased detonaticttrspgoes not exist and is beyond the
scope of the current work, the discrimination taotsl approach developed in the
previous chapter are now applied to spectra celtefrtbom the uncased munitions during

Radiant field tests 3A and 3B. This chapter isitegith
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Figure 63. Spectral comparisons of various classesunitions show that (a)
uncased explosives contain strong emissions araff@hm regions not
characteristic of graybody emission and (b) thedasdnances look
much like a graybody attenuated by the atmosphere.
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an introduction to the Radiant test series datavi@d by a short description of a
referenced spectral fitting model. The discrimimatools are then applied to the fit
parameters to establish feature saliency and Gitzdsn ability.

A. Radiant test series

The Radiant test series collected spectral data &wvariety of weapon
munitions, which are grouped within five types: p€yA Small static and dynamic (Table
21), Type B Large static and dynamic (Table 22§ @yppe B Medium dynamic (Table
23). Within these tables, the first letter is tixge of ordnance (A or B); the second is the
weight (S, M, or L); and the third is the methoddefivery (d for dynamically air-
dropped or s for a static detonation on the grourd) AFIT thesis by Jay Orson [28]
contains a complete description of the test setup.

Typical spectral data is dependent on both theuraqy (or wavenumber) and
duration of the emission as shown in Figure 64\Wwel&tmospheric absorption regions
cause the drop out in the data at various waventsyibg., between 3000 and 4000 ¢m
See Figure 2 on page 11 for more details on thesgheric transmission properties. The
intensity at longer wavelengths (shorter wavenusidsrionger lived than the shorter
wavelengths, which is consistent with a coolingckleody emitter. At a moment in time,
as seen in Figure 65, the intensity resembles ldreckian radiation law multiplied by an
appropriate atmospheric transmission function, tviedhe fundamental aspect of the
spectral model described in the next section. #ted wavenumber, the intensity
exhibits two common profiles: one that decays &k&ngle exponential and another that

decays like a triple exponential as seen in theemamples in Figure 66.
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Table 21. Type A Small (InSb, 16 &revent list.
EventID Type Angle Test
e214 03b A (S)d 155°Perpendicular RB3A
e214 04b A (S)d 155°Perpendicular RB3A
e214 05b A (S)d 155°Perpendicular RB3A
e214 06b A (S)d 155°Perpendicular RB3A
e214 07b A (S)d 155°Perpendicular RB3A
e215 22b A (S)d 335°Toward RB3A
e216_30b A (S)d 65°Away RB3A
e216_32b A (S)d 65°Away RB3A
€216 _33b A (S)d 65°Away RB3A
e298 04b A (S)s 45°Tower RB3B
€298 05b A (S)s 45°Tower RB3B
€298 06b A (S)s 45°Tower RB3B
€298 07b A (S)s 45°Tower RB3B
€298 08b A (S)s 45°Tower RB3B
€298 10b A (S)s 45°Tower RB3B
e301 _12b A (S)s 45°Tower RB3B
e301_18b A (S)s 45°Tower RB3B
e301 21b A (S)s 45°Tower RB3B
Table 22. Type B Large (InSb, 16 ¢jrevent list.
EventID Type Angle Test
e214 10b B (L)d 155°Perpendicular RB3A
e214 13b B (L)d 155°Perpendicular RB3A
e215 18b B (L)d 335°Toward RB3A
e215 20b B (L)d 335°Toward RB3A
e215 21b B (L)d 335°Toward RB3A
e216_43b B (L)d 65°Away RB3A
e301_15b B (L)s 30°Elevation RB3B
e301 16b B (L)s 10°Elevation RB3B

Table 23. Type B Medium (InSb, 16 &jrevent list.

Event ID

Type

Angle

Test

e214 14b B (M)d 155°Perpendicular
e214 15b B (M)d 155°Perpendicular

e216 390 B (M)d 65°Away

RB3A
RB3A

RB3A
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Figure (b) exhibits a triple exponential decay.
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B. Basic spectral model description

Current research by Ph.D. candidate, Mr. Kevin §rasthe Air Force Institute
of Technology [54] demonstrates the possibilitylistinguishing explosive types by the
features derived from a fit of the spectral datth®oPlanckian radiation law:

2hc’c?

1(0,T(t)) = Ac(t) Ly (0, T()) = Aa(t)ex oo kT -1

(43)

Since the event intensities for these events stgrehan 20,000 times the background,
the background radiance contribution is ignoretie fit parameters in Eq.(43) include
the temperature as a function of tif¢), the area-emissivity product as a function of
time Ag(t) or A(t) for short, and the fit residual as a functioniofe 4i(t). This type of fit

is made possible because of the Planckian naturedpectral data and a unique method
to describe the current state of the atmosphehe aimospheric model, in most simple
terms, uses distinct features of the various alessre.g., H,0, CQ, CHs, N2O, and N
continuum), to correct a generic MODTRAN transnossilescription. An example form
[37] which displays these corrections is providedrigure 67. An example residual to
the fit data is shown in Figure 68. Pronouncediteds above backgroundg. 4l = 4-

8 kW/Srcnt, are consistently observed for the Radiant datagri950 to 2250 cth
region. Thus, in addition to the area-emissiift) and temperaturé(t) derived from

the Planck fit, the integrated residual as a fuamctf time in this regiodll (t) provides a
third extracted parameter. These three parametsvgepresent the data set seen in
Figure 64. Each of the three parameter valuesdoh event in the Radiant test series is

plotted in Figure 69 through Figure 71.
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Figure 67. Atmospheric correction involves systeoadly adjusting atmospheric
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in the data.
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Figure 68. Spectral residuals between the datatenBlanckian fit for a Radiant
event show a growth in the 1950-2250 tragion. The two residuals
shown here are calculated at detonation tigwa@nd three time steps
later 3 = 0.147s.

The least distinguishing Planck radiation paramisténe temperature as a

function of time from detonatiofi(t). Each of the types shown in Figure 70 and Figure
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72(b) all exhibit an exponential decay in tempatuOne possible discriminator is the
rate at which these temperatures cool down to amhbiEhe area-emissivity product
gA(t) on the other hand shows some potential for disoating a few of the types shown
in Figure 69 and Figure 72(a). This area is défeithan the area from the imagery as
discussed in the last chapter. The product oatea and emissivity is a mid-IR feature
that combines the effect of a fireball growing aodling in time and the emissive
properties of a graybody fireball. These diffemmay be beneficial in distinguishing
between the Radiant explosive types. First ofAdt), reaches a higher first maximum in
the A(S)s events than it does in the A(S)d eveAtstrong positive slope toward this
first maximum is also consistent with A(S)s evemiBgre as, a negative slope toward a
minimum is representative of B(L)s events. Addiatly, the areas continue to grow at a
faster rate in the static events. Lastly, if orel@des the outlier B(L)d event, there
seems to be no obvious differences between themigrevents.

Possibly the strongest discriminator lies in thtegmnated residual between 1950
and 2250 cm. (A short-hand notation afl is used in replace afi/t (1950-2250 cr).)
The represented data in Figure 71 and Figure Bh@ys that most of the static events
have a peakll greater than 3 x £&W/Sr. Within the static events, the initidth and the
ratio of the this value to the pedk,, is smaller for the Type A small (A(S)) events than
they are for the Type B large (B(L)) events. Ladthe shapes of the static events are
more reproducible, resembling either a double egpbal for A(S)s events or a single

exponential decay for the B(L)s events.
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Figure 69. Radiant area-emissivity produktss a function of timg as derived from the Planckian fits.
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Figure 70. Radiant temperatufesas a function of timg as derived from the Planckian fits.
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Figure 72. Planckian fit parameters for Radiamngs of type B, medium weight,
and dynamically dropped. Figures (a), (b), andcate)the area-
emssivity, temperature, and residual propertiespeetively.

C. Feature extraction

The temporal behaviors of the Planckian fit paramseidentified above aid in

determining features that capture the differencgssamilarities among the various data
types. This list of features is fed into the disgnation tools developed in the last
chapter to produce probabilistic capabilities ®tidguish among the Radiant event types.

The features that capture thg) are the fit values to an exponential decaying

function that begins at a high temperatliseand decays at the rafeto a low

temperaturd :
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T(t)=(T, -T,)E@xg-r)+T,. (44)

The area-emissivity produéit) is captured by a more complicate model that iretud

terms to model the initial rise, the plateau, andlfrise in the tail:
Alt) = ACS(t|s) lex(- k.t)+ BI{L-exp(- k) + C TH t, )t —t, ). (45)

whereA andB are amplitudesk, andk;, are rates of decaif(to) is the heavy-side
function turning on a linear terrg(t-tp), as needed; arf§s) is a switching function that
monotonically and smoothly increases from 0 to d eontrols the rate at which the first

term “turns-on:”

1

l1+exg-st+a)’ (46)

Slt]s)=

wherea is a fixed constanty = 3.42174. This single model for the area-emissiv
product captures the range in #g) behavior as shown by a few examples in Figure 73.
The last set of features is derived from the resdidvformationdl which is the
residual between the data and the Planckian figghated from 1950 to 2250 €mvhich
is speculated by Mr. Gross to be the spectral reggsociated with burning of hot @O
The inconsistent temporal behaviorsdbflead to no simple single model to describe all
the data. Thus direct values, such as the oneianed before, are extracted from the
data and used as features. These features aasaeljeneral description of all the

features mentioned for the Radiant data is predant&able 24.
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Figure 73. These fits to example area data shaigd.(45) models the range of
possibleA(t) behavior.

D. Scaling relationships of the extracted spectral features

The values of each of the features described at@/examined for possible
scaling relationships. Appendix | contains eadtuee plotted as a function of size
(small, medium, and large given fictitious valué4.0, 50, and 100 kg) and type (x for
static events and o for dynamic events). Of théea8ures, five show promised ability to
distinguish either type or weight and are showRigure 74. 4l ,,/T separates most of the
static events from the dynamic events independenemht. For the Type A small,
A(S), bothT_ andA t, separate most of the static and dynamics evéfittin the static

events Alo/t andRqpo both show promise in distinguishing weight.
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Table 24. Features and their descriptions usedisariminating spectral data.

Symbol Unit Description
Th (K) High temperature for T(t)
T, (K) Low temperature for T(t)
r (sh Exponential decay rate for T(t)
Oy (%) Error in Ty
o (%) Errorin T,
ar (%) Errorin /~
A A (cm?) Amplitude of first term in £A(t)

A_Switch (unitless)

Switching value to control the turn-on
of the second term in £A(t)

A_Ka, (s Exponential decay rate for the first
term in £A(t)
A_B (cm?)  Amplitude of the second term in €A(t)
A_ky (sh Exponential decay rate for the second
term in £A(t)
A_C (cm?) Amplitude of the third term in £A(t)
A_t (s) Time to turn on linear term in £A(t)
CO_Imp (W/Sr) Peak of AI(t), also Al
CO_tmp (sec) Time at 4/pp
CO_I, (W/Sr)  A4/(t) at detonation time, also 4/
CO_t, (sec) Time nearest to 2 seconds
CO_1I, (W/Sr) Al att = 2 seconds, also Al
CO_to5 (sec) Time nearest to 2 second
CO Iy (W/Sr) Al at t = V2 second, also 4, 5
CO_Ryz10 (unitless) A4I,/ 4,
CO_Ry/0.5 (unitless) AI,/ Alys
CO_Rmpo  (unitless) Al / 4l

E. Committee of classifiers to discriminate Radiant events

The committee of classifiers approach to discriminating the Radiantsav&ny

the spectral data uses the observations made earlier to identify cafehdiates that

may aide in classification followed by a robust test to determine the agc¢nreass

predictions. These candidate features are the five shown in Figure 74 andyaccura

results from robustly testing are given in Table 25. For each feature or caobofat

features, the robust test examines 1000 possible cases where each case asest seliff
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Figure 74. Five features extracted from the spectra that exhibificiaissn
potential are (a) the low temperature fit parameéte(b) the time
constantA_to controling the turn-on for the linear portionAft), (c)
the most probable or peak value and (d) the initial value of the
integrated residual divided by the transmission profile of the
atmospherel /T and4ly/t), and (e) the their ratiBmyo. X = static
events. O = dynamic events. 10, 50, 100 kg represent A(S), B(M), and
B(L), respectively.
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of five events for testing and the remaining for training. After the 1000,dasemean

of all class-conditional probability densities is tested by each event tondetethe

ability of the densities to distinguish between types. The best performingefgathown

in Figure 75, are those associated with the @@ission region.

Table 25. Prediction accuracies based upon the feature used. The results in the
solid box refer to the ability to distinguish static and dynamic events if
Type A(S). The dashed box contains the prediction accuracy to
distinguish static and dynamic events independent of weight or type.
The dotted box addresses the ability to distinguish small and large static

events.
spectral  T. A to A/t A/t Ao/t Rupo
features (°K) (s) (wWi/Sr) (W/Sr) (WI/Sr)
TL 89%
A to 89%
Al /T 100%
A/t |_8_6°_/0 |
b e e .

Aot 100% :
Runplo 90%:
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dynamic

P(c/X)

p(xic)

Figure 75. Class-conditional probabilities (right column) and resulting rdnge o
posteriors (left column) with test data identified as vertical stems
illustrates class separation and reason for high accuracies in placing a
new event into the right class. Figures (a) and (b) are for the feature
Al Which yielded a 86% accuracy of 998 test caBes 11.0+1.0) in
determining if an event is static or dynamic, independently of weight.
Figures (c) and (d) show the results of usihgto distinguish large
and small static events with 100% accuracy for 11 test cases
(F = 99£32).

F. Conclusions to using spectra to discriminate munitions

For the first time, the Planck radiation function multiplied by an accurate
atmospheric model is applied to the emissions from cased munitions collected loiring t
Radiant test series. As a result, this novel approach shows reducibility itinieee

dependent parameters that represent the intensity data as a function of wavemambe
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time: the area-emissivity product, the temperature, and the integrsigubteof the fit

from 1950 to 2250 cth These fit parameters demonstrate differences between the static
events, dynamic events, and weights. Twenty three features are futthetegkfrom

these time-dependent parameters, and pattern recognitions tools quardifie #teses’
ability to classify events. The best two features come from the intdgestielual

AI(o) in the 1950 to 2250 cthspectral band and provide an ability to classify some of
the event types collected during the Radiant test. The integrated residahl initi
magnitude at detonatiafiiy seems to scale with weight—patrticularly the static events of
which this feature predicts the weight with 100% accuracy and large gesatsen
represented by a Fisher ratioFof 99+32. The second feature is the peak of the
integrated residuall , which does not scale with weight but does distinguish between
static and dynamically dropped ordnances with 86% accuracy and a Fighef rat

F =11.0£1.0, given similar test conditions.alpriori information is that the event type

is Type A Small, then this same feature can absolutely determine if thieveas

statically detonated or dynamically dropped.
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VI. Conclusions

A. Impact of this research on classification

Significant progress towards the classification of battlespace detoeatnts
has been achieved, including (1) acquisition of reliable signatures for spp@fit
classes under field conditions, (2) enhanced characterization of event phenomérology
key feature extraction, (3) apply quantitative classification methodalsigng class
conditional probability densities, (4) selection of key features that @fpeoducibility
within a class and distinguishability between classes, and (5) demonstratimecesgssul
classification within a defined subset of event types. For the first timagthe small
community involved in munitions classification, pattern recognition tools have been
applied to a set of key image and spectral features to exploit class-congttmvesbility
densities and establish that classification potential is high among the ypest t
investigated. Additionally, these features provide valuable insights foy newl
documented bomb/fireball phenomenology.

Two new field tests were designed and conducted with the objective of
classification between uncased conventional munitions as represented tptdiugne
(TNT) and an enhanced novel explosive (ENE) material of interest to tharynilit
intelligence community. Signatures for 95 events, including mid-infraredrapaear-
infrared imagery, and three-band visible imagery, were acquired over apatebyii30
days during two separate field deployments.

Detonation fireballs from cased munitions are largely Planckian in the mid-

infrared with initial temperatures of 1200 — 1800 °K, attenuated by atmospheric
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absorption. Temperatures often decay exponentially to ambient within 1 — 3 s for large

charges of cased munitions and in less than 1 s for uncased or smaller weight charges.

Occasionally, temperature profiles exhibit secondary maxima at 0.5 — 1 s after

detonation. Non-Planckian spectra features, particularly in the 1950 — 2256acnh

are observed with 10% deviation from Planckian behavior for cased munitions and often

greater than 50% for uncased munitions. Fireballs from uncased explosivesytypical

attain a maximum area in the near infrared of 100 — Z0&t 20 — 200 ms after

detonation. Fireball size depends on imaging frequency band, with smaller, shedter |

fireballs in the blue. The combination of decaying temperature and growinglfsizieal

often produce irradiance profiles with secondary maxima at 0.25 - 0.5 s.
Discrimination tools based on standard pattern recognition techniques quantify

the classification potential of the extracted features using (1) the Faleand (2) the

area under the receiver operating characteristic curve (ROC) toeafd#ss separation

and clustering of class-conditional probability densities, and (3) a perfoemanc

percentage value of correct classification during cross-validationsifdgtaton stability

is also captured by the standard deviation of the Fisher ratio or that of the arehender t

ROC curveAroc. Thus, a good feature is independent of training and testing data

selection and is one that consistently generates a high Fisher ratigdpra low

standard deviation in the Fisher ratio (or akgg:) and small standard deviations in the

locations of the class-conditional probability densities. Feature stabiatgo

independent of training and testing data selection and is measured by a cbosisted

ranking of features by either the Fisher ratio or the area under the R@C cur

Interestingly, some features produce a relatively high Fisher ratitheyelass-
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conditional probability densities overlap significantly because one densart/ a
delta function in the vicinity of the other class density. This case may be ussfuhe
applications where high discrimination confidence is required.

This research has shown that a more appropriate method of employing pattern
recognition tools is to use a committee of classifiers which first exes@ach extracted
feature for scaling law properties. Features that scale with weighgeotynunition not
only best perform classification but also provide the pool of features from whicinefeat
saliency, or ranking of features, is determined. Based upon the current findings in
projecting a multidimensional feature-space into a one-dimensional Fish&arline
discrimination, a set of two features is the limit before feature statidclines. Higher
dimensional discrimination along Bayesian decision boundaries defined by hyperquadri
lines or three-dimensional surfaces may provide the dimensionality necessary
discriminate using three or more features. In effect, the committeessifiees is a step
toward multivariate discrimination using two-dimensional probability dessitie

Using the developed tools for quantifying classification potential for cased
munitions emission spectra, the mid-infrared spectra from cased munitions can be
reduced to a set of features including fireball temperature, area, and lsegddua
Planckian fits in selected spectral bands as a function of time. The residi< 950 —
2250 cni (4.4-5.1um) band corresponding to hot €&missions are typically less than
10% and provide the best discrimination between explosive type, size, and method of
detonation (static or aircraft delivered). Indeed, discrimination based only pedke
residual provides 100% accurate classificationfardl4+1 between static and dynamic

detonation for one type and size of munitions and 86% accuracy independent of type and
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size £ =11.0+£1.0). Equally impressive is the ability to distinguish between large and
small weights for static detonations at 100% accuracyan®9+32 using the residual
immediately after detonation. Uncased munitions exhibit highly non-Planckian behavi
offering strong classification potential for TNT and ENE materials.

Uncased munitions, on the other hand, are not Planckian, yet the fireball size
derived from near-infrared and color imagery shows sufficient reproducinidyclass
distinguishability to warrant quantification. The areas derived from the images a
phenomenologically different from those derived from the Planckian fit in teas &rom
the imagery quickly rise before falling to background. As discovered witratesic
munitions, only one or two features from the fireball area are useful infgiagsi
explosion types and weights while maintaining stable class-conditional prababili

Threea priori conditions are examined for an unknown event being an uncased
explosive device made of either TNT or an enhanced material: (1) all evegitsS0e&g
and are either TNT or ENE, (2) the weight is unknown and the type is either TNT or
ENE, and (3) neither the weight nor the type is known. Overall, the features tela
the time to peakt{y) of the fireball area in the near-infrared provide the best
classification for each of the thragriori conditions. For TNTty, = 40 — 160 ms and
for ENE materialst,, = 0 — 60 ms. Feature saliency from Fisher discrimination
techniques always yields, as the most important feature, with duration of the fireball
and symmetry of its area, as measured by the standard deviation in thie timeeliand
the skew in the residual of a parametric fit of the area, as secondarydedibeesingle
featuretyy yields a Fisher ratio df = 2.9+0.3 and 89% accuracy in robust testing of

explosive type classification if the weight is knoaprior (at 50 kg) and 87% and
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F = 2.5+0.1 if the weight is unknown. Similarly, the single best feature from the 3-band
visible imagery is the maximum area in the blue baag, of 10 — 60 rAfor TNT and 40
— 280 nf for ENE. This feature provides 93% and 79% correct classificatioff and
5.4+0.2 and 4.4+0.1 for the 50 kg and unspecified weights, respectively.

Combining the time to peak size in the near IR and maximum area in the blue
does not significantly improve the classification performance. For alégs problem of
two types and three weights, combining these two features improves theozassif
performance to 74% from 54% for either feature alone. The single besef&atthe
five class problem is the time integrated area in the blue band, but this fedtigiely
correlated with the corresponding peak area. Linear combinations of two or more
features do not improve classification and decrease stability in the locationsa&esdpe
the class-conditional probability densities.

In general, image data contains more information about the type of explosive than
about the weight. Even so, success in discriminating cased munitions with spectral
content leads one to believe that classification of uncased explosives will ingsrave
phenomenological model is developed to capture features related to the peak of the
fireball area and other unique features from the spectra. Additionally, theryna
features examined in this effort are limited to those associated withmethalfiarea,
which is only a small portion of potential information in the image. Other important
features could possibly be associated with the shape of the fireball, structtweldice
dynamics immediately surrounding the firebalb( vortices and turbulence), or the

reflected signal from the ground or air.
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B. Recommendations and opportunities

Further study is necessary to understand the phenomenology behind the emissions
from uncased explosives. As one develops this knowledge, source intensity could be
derived after appropriately compensating for the atmospheric effeaéschllenge is
decoupling the atmospheric effects and the uncased emission effects. Cutrently
unknown whether the area of a fireball grows because it is getting bigger nsédoa
emissions in certain spectral regions drive an apparent growth. Likewiseparsist
exists between the time dependent area derived from imagery and tha.spéetr
relationship between these two behaviors may lie in a proper description oébad fir
emissive properties. In addition to phenomenology driving the area time dependence, it
is also responsible for other information, such as the time evolving shape oflib# s
seen in the images.

Once these issues are resolved in the phenomenological description of the fireball
the source intensity should be accurately determined. Then clear differetioes i
spectra, images, etc. of explosive type should be easily observed. These ddference
could contain information about the emissions one observes in the 1950 to 2250 cm
region and other absorption effects, which in turn should further improve the
phenomenological model.

Coupled with a phenomenological model is a need for better understanding of the
limits of the instrumentation. Accurate and frequent calibration is vital to eqaati¢y
data and analysis results. Both teams have significantly improved they tbdcquire
accurate data, validate calibrations, and cross-validate with other cwlledtruments

fielded for the same event. Even with good calibration, none of the currently deployed
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instruments frame fast enough to capture the first part of the explosion, which may
contain critical phenomenological features. Likewise, the emissions fronpksiex
change rapidly in time, which challenges the accuracy of an FTIR instrgceamting
the spectrum with a moving mirror. For this reason, one needs to study the effasts of f
transient signatures recorded by an FTIR as a function of mirror velocitye W
recording at a slower rate, near-infrared and color imagery have provectiettive
sources for discrimination. Techniques presented in this research allow thagofipl
image and spectral information to aid classification. Yet to better understakihétics
of a fireball, one needs to investigate the spectral content of a firebdlirstian of
position on the fireball with high temporal resolution. For this reason, future studies
should include an instrument capable of recording spatial dependent spectra at fast
framing rates.

Even without new instruments, much more can be done to quantify the
classification capability of various bomb or explosive types. For examplefrpat
recognition techniques go well beyond those discussed in this research project. This
research utilizes one-dimensional linear approaches to define decision baindarie
between classes, yet better discrimination, especially for a mudtgss problem, may
be achieved with multi-dimensional decision boundaries based upon two-dimensional
class-conditional probability densities. Even so, pattern recognition technigues a
limited in effectiveness and accuracy when the problem is data starved. Even though the
presented work demonstrates a strong classification potential, maddriahch event

type is needed to further quantify the objective proposed at the beginning of this work.
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The amount of testing should be planned carefully to ensure the desired results.
Each test series should have a classification and discrimination goal. alrgulexif
discriminating weight is the goal, then at least ten to fifteen [55] explosfvesch type
of interest should be detonated over each of the desired weight range and repeated over
several different days. Likewise, if type discrimination is the goal, oads® consider
if the weight is knowra priori. Otherwise, many repetitions of each type at each weight
are needed. As seen in the present study, the width and thus the potential class overlap of
the class-conditional probability densities depends more on systematichetveesn test
series and test days than on statistical errors within the data. Thus, a nojoE@data
set for the present study would include fifteen detonations of TNT and fifteen detsnat
of an ENE mixture, all at 50 kg. To examine the classification potential atedtiffe
weights and to determine if weight is distinguishable, then another set of thirty
detonations should be at 10 kg and finally a set at 100 kg. As one can see, tests to
determine if enhanced explosives and TNT explosives are distinguishable sirapiet
and require time to collect adequate data for statistically valid answktss, an overall
test plan should be established to meet objectives.

Finally, the methods and conclusions presented in this research may contribute
significantly to the classification ability of current operational rensetesing systems,
allowing better target discrimination for both military and commercial custemrhese
findings can aid program managers in the design of future remote sensoapitadize

on the discrimination strengths of imagery and spectra.
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Appendix A: NIR Fireball Areas for Brilliant Flash |
The figures in this appendix compliments Figure 18 by providing the firebal én@m

the near-infrared images for types A, C, and D, all from Brilliant FlashtIseries.
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Figure 76. The fireball area in the near-infrared as a function of timeeftinribe
types represented in the Brilliant Flash | test series.
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Appendix B: Imagery Features from Brilliant Flash test series
The tables in this appendix provide the feature values derived from the imagery

collected during both Brilliant Flash test series. Each feature haseafi@iu each of the
near-infrared (0.6-1.Jdim), red (approx. 0.jdm), green (approx. 0.54m), and blue
(approx. 0.45um) spectral bands. The following tables are included:

» Table 26. NIR imagery feature values from Brilliant Flash Il test.

* Table 27. NIR imagery feature values from Brilliant Flash | test.

» Table 28. Red imagery feature values from Brilliant Flash 1l test.

* Table 29. Green imagery feature values from Brilliant Flash Il test.

» Table 30. Blue imagery feature values from Brilliant Flash Il test.

» Table 31. Red imagery feature values from Brilliant Flash | test.

* Table 32. Green imagery feature values from Brilliant Flash | test.

» Table 33. Blue imagery feature values from Brilliant Flash | test.
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Table 26. NIR imagery feature values from Brilliant Flash Il test.

Event Type w A tmedian tmedianstd tmp Amedian  Amedianstd ~ Amp C1 C2 C3 Ha H2 H3 Ha
No.
(kg) (m? (msec) (msec)  (msec) (m?) (m? (m?) (m? (m? (m?
msec) msec?  msec™)

1 TNT 10 12154 33 118 67 73 11 74  -0.00162 0.24 50 27.8 3722 3.6 13.1
2 TYPEF 10 786 -33 118 33 0 0 12 0.00000 -0.17 13 333 0 NA NA
3 TYPEC 10 10543 0 118 0 77 12 77 -0.00083 -0.18 75 28.0 5408 2.6 6.5
4 TYPED 10 10831 33 118 33 75 11 75 -0.00176 0.14 59 26.2 1525 6.5 38.1
5 TYPEC 50 58508 100 117 0 162 23 168 -0.00119 0.20 159 285 12020 4.1 16.3
7 TNT 10 16678 33 118 67 82 12 87 -0.00117 0.12 69 29.3 3735 3.5 12.4
8 TNT 50 63092 133 116 100 156 21 162 -0.00101 0.28 136 27.8 15978 4.8 21.8
9 TYPEC 50 70151 133 116 0 192 27 194 -0.00137 0.26 183 29.0 11144 4.7 214
10 TYPEC 50 75723 133 116 33 194 27 211  -0.00090 0.06 205 329 14762 4.0 15.9
12 TYPED 50 85187 133 116 0 196 26 209 -0.00079 0.11 198 28.5 15233 4.7 214
13 TYPEB 50 22928 33 118 33 128 19 128 -0.00183 0.17 99 29.6 3332 3.7 13.5
14 TYPEB 50 20117 33 118 33 132 20 132 -0.00135 -0.07 111 28.1 2836 4.6 20.3
15 TNT 10 16858 33 118 33 105 16 105 -0.00179 0.00 98 29.2 2563 3.1 9.5
17 TYPEB 50 17907 33 118 33 116 18 116 -0.00060 -0.33 117 30.8 2418 3.2 10.0
18 TYPEB 50 19552 33 118 33 126 19 126 -0.00180 0.09 99 275 3827 4.1 16.1
19 TYPED 50 64883 100 117 33 189 26 204 -0.00133 0.19 184 30.3 13074 3.9 14.4
20 TYPED 50 64306 133 116 33 169 23 183 -0.00137 0.36 148 29.9 12380 4.5 18.9
21 TNT 10 16691 67 118 67 99 15 99 -0.00123 0.23 55 27.8 3850 4.3 19.0
22 TYPEC 100 128670 167 115 0 268 35 271 -0.00126 0.36 251 30.9 15914 4.8 22.2
23 TYPEC 100 118150 167 115 100 256 34 262 -0.00139 0.45 222 285 14979 53 27.1
24 TNT 50 57521 133 116 100 143 19 153 -0.00157 0.48 121 32.4 15655 3.6 12.7
25 TNT 50 61372 167 115 100 140 19 149 -0.00128 0.47 108 29.9 10607 4.6 21.7
26 TYPEB 100 42289 67 118 33 162 24 200 -0.00069 -0.12 160 29.8 5930 4.0 16.0
27 TYPEB 100 46242 100 117 33 144 20 195 -0.00076 -0.03 153 28.7 4130 4.9 25.7
28 TYPED 100 147610 233 112 33 249 31 271 -0.00072 0.25 234 29.1 21142 5.8 31.6
29 TYPED 100 153340 233 112 0 258 32 295 -0.00057 0.09 271 30.7 15191 53 27.5
30 TYPEC 100 141500 200 114 33 267 34 286 -0.00094 0.27 256 28.7 9330 6.2 385
31 TNT 50 64733 167 115 100 147 20 161 -0.00133 0.59 87 28.0 5704 51 30.4
32 TNT 1000 496480 333 106 400 675 78 689 -0.00187 1.27 472 30.2 24681 6.2 37.6

www.manaraa.com



LET

Event

Type w A tmedian  Imedianstd tmp Amedian  Amedianstd  Amp C1 C2 C3 V51 H2 M3 Ha
No.
(kg) (m? (msec) (msec) (msec) (m? (m?) (m?) (m? (m? (m?
msec) msec?)  msec™)

33 TYPED 1000 543250 367 103 533 720 81 752 -0.00264 2.05 386 31.2 21953 5.9 34.2
34 TNT 100 97704 200 114 167 211 28 215 -0.00123 0.48 162 32.5 20689 4.2 17.3
35 TYPEC 1000 574130 300 108 367 820 95 830 -0.00272 1.58 644 32.8 25458 5.1 25.7
36 TNT 100 125790 233 112 167 219 28 226 -0.00070 0.31 178 30.9 28276 5.0 23.6
37 TYPED 1000 253220 167 115 33 558 75 651 -0.00135 -0.07 584 28.0 11881 55 30.3
38 TYPED 100 63673 100 117 33 191 27 218 -0.00103 0.16 168 28.9 4557 4.6 22.2
39 TYPED 50 32415 67 118 0 101 14 151 -0.00005 -0.29 136 28,5 7307 4.0 16.5
40 TNT 50 41563 133 116 167 116 16 116 -0.00130 0.33 101 31.3 14432 3.8 13.6
41 TYPEE 50 44550 100 117 33 131 18 139 -0.00088 0.14 123 256 7251 6.0 35.3
42 TYPEE 50 48161 100 117 33 136 19 152 -0.00095 0.19 124 27.7 4235 6.0 39.1
43 TYPEE 50 48170 100 117 67 147 21 155 -0.00118 0.14 149 31.2 11683 3.3 10.6
44 TNT 50 39680 133 116.07 166.67 113 16 117 -0.00146 0.45 83 28.0 5539 5.7 31.4

NA is placed in the third and fourth moment values when the numerical calculationseaéstioy e.g. when the second

moment is zero.
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Table 27. NIR imagery feature values from Brilliant Flash | test.

Event Type w A tmedian  tmedianstd tmp Amedian  Amedianstd Amp C1 C2 C3 H1 H2 H3 Ha
No.
(kg) (m? (msec) (msec) (msec) (m? (m? (m?) (m? (m? (m?
msec) msec?  msec™)

2 TYPEC 50 10248 -33 118 0 96 14 126 -0.01143 -0.13 114 31.1 1551 2.2 3.2

3 TYPEC 50 70369 33 118 33 451 69 451 0.00311 -2.07 414 31.8 5687 35 129

5 TNT 1 409 -33 118 0 0 0 8 0.00000 -0.12 8 333 0 NA NA

9 TYPED 5 5253 0 118 0 48 7 48 -0.00039 -0.24 50 299 3787 21 4.4
10 TYPEC 5 3152 -33 118 0 1 0 34 -0.00100 -0.14 35 309 3703 1.7 2.9
11 TYPEC 5 13291 -33 118 0 0 0 290 0.00000 -435 278 333 0 NA NA
12 TYPEC 5 35307 -33 118 0 0 0 593 0.08601 -13.78 583 33.3 1111 25 4.0
13 TNT 1 11683 167 115 -33 20 2 52 0.00006 -0.08 31 273 6367 85 64.1
14 TNT 1 499 -33 118 0 0 0 14 0.00000 -042 14 0.0 0 0.0 0.0
15 TNT 5 4304 33 118 33 23 3 23  -0.00069 0.07 21 295 5427 2.8 7.1
17 TNT 5 5255 33 118 0 26 4 31 0.00002 -0.10 30 296 6270 3.6 13.0
18 TYPED 50 8255 -33 118 0 0 0 104 0.00204 -1.05 106 304 358 1.8 3.0
19 TYPED 50 83601 0 118 33 607 93 639 0.00809 -4.32 642 30.1 6209 36 129
20 TYPED 50 46394 67 118 0 169 25 181 0.00040 -0.58 198 30.8 9224 3.8 155
21 TNT 1 12901 633 62 1267 9 0 11 0.00000 0.00 8 31.7 25495 6.8 50.5
22 TNT 1 3 -33 118 -33 0 0 0 0.00000 -0.01 0 0.0 0 0.0 0.0
23 TNT 50 17685 33 118 67 105 16 122 -0.00793 1.16 75 281 6322 25 6.0
24 TNT 50 25715 33 118 0 145 21 155 -0.00547 045 145 27.7 5701 26 6.5
25 TNT 50 53038 33 118 0 201 28 379 0.00184 -1.40 307 281 4225 42 16.8
26 TNT 1 926 -33 118 0 0 0 21 0.00000 -0.32 20 333 0 NA NA
27 TNT 1 941 -33 118 33 0 0 12 -0.00144 0.02 11 333 1111 25 4.0
29 TYPED 50 93227 -33 118 -33 2338 365 2338 0.00000 -31.96 990 33.3 -2222 O -2
30 TYPED 50 36742 33 118 0 162 24 211 -0.00181 -0.13 185 278 5549 34 113
31 TNT 50 22574 33 118 67 126 19 127 -0.00389 0.39 114 29.2 7952 2.8 7.0
32 TNT 50 25315 33 118 0 136 20 145 -0.00538 0.54 132 273 5615 238 7.1
34 TNT 1 883 0 118 0 9 1 9 -0.00023 -0.03 9 314 3467 19 3.3
35 TNT 1 219 -33 118 33 0 0 5 0.00000 -0.03 3 333 0 NA NA
36 TYPEC 5 8488 0 118 0 101 16 101 0.00194 -0.78 87 276 1671 4.4 16.8
37 TYPEC 5 2815 -33 118 0 0 0 33 -0.00031 -0.23 34 299 2872 2.2 4.3
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Event Type w A tmedian  tmedianstd tmp Amedian  Amedianstd Amp C1 C2 C3 15 H2 M3 Ha
No.
(kg) (m? (msec) (msec) (msec) (m ) (m? (m?) (m? (m? (m?
msec) msec %) msec ™)

39 TYPED 5 5512 0 118 0 47 7 47  -0.00099 -0.07 44 286 2795 3.1 8.4
40 TYPED 5 5928 0 118 0 58 9 58 0.00040 -0.37 57 310 2969 24 53
41 TYPED 5 4536 -33 118 0 0 0 56 0.00074 -047 53 285 2417 25 5.4
42 TNT 1 20 -33 118 0 0 0 1 0.00000 -0.02 1 0.0 0 0.0 0.0
43 TNT 5 5708 0 118 0 66 10 66 0.00185 -0.62 59 27.7 2002 39 134
44 TNT 5 7416 0 118 0 72 11 72 0.00037 -049 74 329 2822 26 6.3
45 TNT 5 5336 0 118 0 54 8 54 -0.00216 -0.09 52 28.0 2232 26 5.9
46 TYPED 5 3683 0 118 0 37 6 37 -0.00113 -0.11 37 31.3 1463 25 5.2
48 TYPED 5 3282 -33 118 0 0 0 37 -0.00042 -0.23 38 279 2192 26 6.0
50 TYPEC 5 3703 -33 118 0 0 0 45  -0.00459 0.00 45 333 1111 25 4.0
51 TYPEC 5 17208 -33 118 0 0 0 253 0.00853 -2.64 215 274 2992 35 115

NA is placed in the third and fourth moment values when the numerical calculationseaéstior e.g. when the second

moment is zero.
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Table 28.

Red imagery feature values from Brilliant Flash 11 test.

Event Type w A tmedian tmedianstd tmp Amedian  Amedianstd Amp C1 C2 C3 Ha H2 M3 Ha
No.
(kg) (m*® (msec) (msec) (msec) (m 9 (m?) (m?) (m? (m? (m?)
msec) msec %) msec ™)

1 TNT-10 10 1.5E+05 167 251 200 334 24 345 -0.0032 1.31 213 29.3 4858 9.0 67.8
5 ENE-50 50 2.8E+04 33 251 33 162 12 162 -0.0011 -0.31 161 29.8 4227 3.7 13.0
6 ENE-50 50 1.5E+05 133 251 133 381 28 381 -0.0036 1.11 294 295 7840 55 26.8
8 TNT-50 50 8.9E+04 167 251 233 205 15 213 -0.0014 0.51 154 29.9 21560 4.3 17.3
9 ENE-50 50 1.5E+05 133 251 167 389 28 393 -0.0035 1.08 314 31.3 14620 4.4 18.8
10 ENE-50 50 1.7E+05 133 251 200 402 29 403 -0.0032 1.12 304 272 8860 6.7 39.1
11 ENE-50 50 1.5E+05 133 251 0 337 24 372 -0.0023 0.69 286 28.6 5226 8.2 53.6
12 ENE-50 50 1.8E+05 167 251 33 383 28 396 -0.0023 0.74 339 326 17841 4.4 187
13 ENE-50 50 5.2E+04 67 251 167 175 13 187 -0.0045 1.03 135 28.3 5120 5.8 26.1
14 ENE-50 50 4.7E+04 67 251 33 187 14 200 -0.0033 0.39 186 31.8 8126 3.0 9.0
15 TNT-10 10 1.2E+04 33 251 67 76 6 78 -0.0037 0.44 63 323 4523 23 53
17 ENE-50 50 6.9E+04 67 251 67 258 19 258 -0.0042 0.83 214 29.2 3766 4.3 18.7
18 ENE-50 50 1.8E+05 167 251 133 451 33 452 -0.0030 1.14 316 28.4 10210 5.0 25.8
19 ENE-50 50 1.7E+05 167 251 133 395 29 400 -0.0018 0.41 363 32.2 19608 4.0 15.2
21 TNT-10 10 2.7E+04 33 251 33 144 11 144  0.0000 -0.35 131 28.3 3514 45 220
22 ENE-100 100 3.3E+05 267 251 300 633 46 634 -0.0033 1.93 335 27.6 18967 5.9 33.2
23 ENE-100 100 2.8E+05 200 251 200 562 40 562 -0.0025 0.97 459 29.3 19119 5.2 26.2
24 TNT-50 50 8.3E+04 133 251 233 195 14 211 -0.0027 0.98 132 31.6 10636 4.6 19.2
25 TNT-50 50 8.4E+04 167 251 300 182 13 194 -0.0018 0.70 134 30.0 14972 4.1 16.6
27 ENE-100 100 1.2E+05 133 251 0 253 18 282 -0.0027 0.93 208 29.2 7314 6.2 349
28 ENE-100 100 3.1E+05 267 251 33 464 33 514 -0.0009 0.19 490 31.2 31492 52 254
29 ENE-100 100 3.6E+05 233 251 200 592 42 598 -0.0016 0.74 470 28.7 16299 6.3 37.9
30 ENE-100 100 3.3E+05 233 251 267 580 42 588 -0.0028 1.41 414 32.0 14560 4.7 23.3
31 TNT-50 50 8.7E+04 167 251 100 185 13 194 -0.0013 0.52 146 30.1 12089 4.4 20.0
34 TNT-100 100 2.4E+05 300 250 233 348 25 365 -0.0012 0.70 245 28.9 20701 54 29.0
36 TNT-100 100 3.1E+05 367 250 433 401 28 407 -0.0009 0.73 254 309 38466 5.9 335
38 ENE-100 100 3.0E+05 233 251 167 527 38 537 -0.0018 0.70 461 28.3 10290 6.8 45.7
39 ENE-50 50 1.7E+05 167 251 33 369 27 378 -0.0015 0.45 322 29.1 10678 5.1 265
40 TNT-50 50 9.0E+04 200 251 267 187 13 193 -0.0014 0.58 140 32.2 15783 4.3 18.2
44 TNT-50 50 8.1E+04 167 251 200 193 14 195 -0.0015 0.52 154 30.0 15074 4.4 18.6
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Table 29. Green imagery feature values from Brilliant Flash Il test.

Event No. Type W A tmedian tmedianstd tmp Amedian Amedianstd Amp C1 C2 C3 Ha H2 H3 Ha
(kg) (m“msec) (msec) (msec) (msec) (m 3 (m? (m? (m? (m? (m?
msec ?) msec ™)

1 TNT-10 10 87948 100 251 200 221 16 262 -0.0033 1.02 176 29.6 6907 5.6 275
5 ENE-50 50 18868 33 251 0 118 9 119 -0.0015 -0.19 122 29.7 6845 2.7 6.9
6 ENE-50 50 95149 100 251 0 255 19 276 -0.0030 0.78 215 28.1 3305 103 731
8 TNT-50 50 40112 67 251 167 149 11 155 -0.0036 0.87 105 29.2 11467 3.4 107
9 ENE-50 50 98541 133 251 167 272 20 275 -0.0028 0.70 244 31.0 8851 38 1438
10 ENE-50 50 108580 100 251 0 288 21 313 -0.0026 0.67 244 27.0 6294 7.2 422
11 ENE-50 50 95600 100 251 0 229 17 303 -0.0022 0.54 214 29.4 5717 6.7 38.2
12 ENE-50 50 114150 133 251 33 270 19 309 -0.0019 0.46 265 32.0 10593 4.3 194
13 ENE-50 50 25335 33 251 33 119 9 119 -0.0041 0.70 88 27.1 5569 43 151
14 ENE-50 50 22272 33 251 33 120 9 120 -0.0029 0.18 119 299 8034 26 64
15 TNT-10 10 7003 0 251 33 46 3 60 -0.0035 0.26 50 28.0 4107 26 6.0
17 ENE-50 50 42147 67 251 0 175 13 181 -0.0029 0.30 174 31.4 8800 3.0 8.6
18 ENE-50 50 124410 133 251 33 304 22 355 -0.0019 0.35 309 315 14811 42 17.0
19 ENE-50 50 121750 133 251 0 284 21 344 -0.0023 0.66 244 28.0 3164 108 81.6

- 21 TNT-10 10 15959 33 251 33 103 8 103 -0.0002 -0.29 98 275 3493 4.0 1538

ﬁ 22 ENE-100 100 198020 200 251 267 412 30 430 -0.0035 1.70 229 29.8 14120 5.2 26.8
23 ENE-100 100 179280 167 251 233 399 29 407 -0.0028 0.94 341 309 13182 4.3 19.0
24 TNT-50 50 41394 67 251 67 154 11 154 -0.0035 0.79 112 272 5341 57 26.1
25 TNT-50 50 42306 100 251 33 139 10 143 -0.0023 0.55 112 28.8 4599 46 220
27 ENE-100 100 60983 100 251 0 159 11 204 -0.0023 0.59 141 293 3390 85 544
28 ENE-100 100 198770 200 251 33 352 25 402 -0.0009 0.18 361 315 20753 50 252
29 ENE-100 100 214140 200 251 0 379 27 447 -0.0014 0.49 335 27.3 12141 75 484
30 ENE-100 100 195900 200 251 267 389 28 397 -0.0022 0.87 324 31.0 14274 46 215
31 TNT-50 50 36197 67 251 100 144 11 154 -0.0025 0.58 100 28.0 8192 3.8 145
34 TNT-100 100 121090 167 251 167 278 20 278 -0.0010 0.31 225 30.6 18630 4.7 22.0
36 TNT-100 100 153080 233 251 200 290 21 299 -0.0015 0.71 202 31.4 25058 4.6 20.1
38 ENE-100 100 190420 200 251 33 338 24 482 -0.0011 0.22 370 314 11542 51 274
39 ENE-50 50 110300 133 251 0 233 17 332 -0.0007 -0.10 289 29.8 12815 4.7 21.8
40 TNT-50 50 54011 133 251 200 153 11 155 -0.0018 0.48 126 31.2 14224 3.7 129
44 TNT-50 50 47118 100 251 167 147 11 154 -0.0019 0.44 127 29.7 12554 35 11.6
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Table 30. Blue imagery feature values from Brilliant Flash Il test.

E’\\/Ient Type w A tmedian tmedianstd tmp Amedian  Amedianstd Amp C1 C2 C3 H1 H2 H3 Ha
0.
() (m°  (mseq) (msec) (mse) (M3 (m) (M) @ (m_ (m)
msec) msec?  msec™?)
1 TNT-10 10 18047 0 251 0 127 9 127 -0.0008 -0.14 88 31.3 555 24.7 127.5
5 ENE-50 50 11191 0 251 0 85 6 85 -0.0029 0.03 83 31.7 3442 23 4.7
6 ENE-50 50 49234 67 251 0 169 12 193 -0.0032 0.55 154 27.1 4375 6.6 32.3
8 TNT-50 50 1013 -33 251 0 0 0 28 0.0000 -0.79 28 0.0 0 0.0 0.0
9 ENE-50 50 51886 100 251 0 168 12 181 -0.0024 0.43 164 30.5 9891 3.6 12.4
10 ENE-50 50 53814 67 251 0 175 13 216 -0.0022 0.30 169 27.6 5363 6.0 28.5
11 ENE-50 50 49328 67 251 0 152 11 209 -0.0026 046 147 299 3163 7.3 36.4
12 ENE-50 50 56482 100 251 0 169 12 213 -0.0015 0.10 192 30.6 9804 3.5 12.3
13 ENE-50 50 1295 -67 251 -33 0 0 37 0.0000 -1.12 0 0.0 0 0.0 0.0
14 ENE-50 50 1589 -33 251 0 0 0 45 0.0000 -134 45 0.0 0 0.0 0.0
15 TNT-10 10 116 0 251 33 0 0 3 0.0000 -0.05 4 333 2222 14 20
17 ENE-50 50 13153 33 251 100 49 4 84 -0.0033 0.49 56 30.0 5010 3.1 9.0
18 ENE-50 50 61632 100 251 33 184 13 223 -0.0035 094 145 316 7699 3.9 14.8
19 ENE-50 50 63413 100 251 0 185 13 232 -0.0021 032 196 29.3 8631 3.8 14.0
'_E 21 TNT-10 10 5752 0 251 33 47 3 65 -0.0049 0.22 53 283 2352 25 55
N 22 ENE-100 100 96497 133 251 67 239 17 253 -0.0032 1.15 164 31.6 12167 41 16.6
23 ENE-100 100 96732 133 251 167 265 19 272 -0.0031 0.84 225 30.2 11108 4.0 15.6
24 TNT-50 50 486 -33 251 33 1 0 8 -0.0013 0.07 5 311 1206 2.7 4.1
25 TNT-50 50 194 -33 251 0 0 0 3 0.0002 -0.04 3 333 1111 2.5 4.0
27 ENE-100 100 5141 -33 251 0 49 4 52 0.0013 -042 38 308 -289 NA 250.1
28 ENE-100 100 98537 133 251 33 251 18 262 -0.0011 0.10 251 29.7 18197 4.3 17.3
29 ENE-100 100 107330 133 251 0 257 19 295 -0.0015 030 241 28.6 13777 4.9 21.8
30 ENE-100 100 97860 133 251 33 222 16 261 -0.0015 0.29 240 31.0 11106 3.8 15.3
31 TNT-50 50 498 0 251 33 2 0 9 -0.0022 0.18 3 333 1111 25 4.0
34 TNT-100 100 4853 0 251 0 58 4 58 0.0010 -041 47 28.1 1729 5.2 26.0
36  TNT-100 100 4903 0 251 0 62 5 62 0.0013 -0.47 50 285 1407 3.6 10.7
38 ENE-100 100 84763 133 251 33 204 15 300 -0.0015 0.36 201 285 5908 5.9 35.2
39 ENE-50 50 48303 100 251 33 135 10 180 -0.0011 0.14 146 30.8 7560 4.1 17.1
40 TNT-50 50 2467 0 251 67 5 0 34 -0.0058 0.69 7 304 3584 1.8 3.0
44 TNT-50 50 2113 0 251 0 30 2 30 0.0004 -0.22 25 30.0 943 3.2 6.7
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Table 31. Red imagery feature values from Brilliant Flash | test.

E’\\/lent Type W A tmedian tmedianstd tmp Amedian Amedianstd Amp C1 C2 C3 H1 H2 H3 Ha
0.
(kg) (m® (msec)  (msec)  (msec) (m ?) (m?) (m?) (m? (m? (m?)
msec) msec?  msec™)
2 ENE-50 50 41603 67 179 33 168 17 174 -0.0030 051 145 276 8896 3.7 13.0
3 ENE-50 50 29863 100 179 200 84 8 94 -0.0010 0.26 73 304 12044 39 148
4 ENE-50 50 31854 33 179 0 152 15 169 -0.0011 -0.20 161 30.9 7403 3.0 9.2
18 ENE-50 50 56380 67 179 0 161 15 310 -0.0032 058 165 27.8 1004 21.8 186.3
19 ENE-50 50 140050 100 179 33 400 39 455 -0.0018 0.22 343 285 7183 54 27.9
20 ENE-50 50 47895 67 179 167 150 15 174 -0.0033 0.86 111 27.0 5971 57 26.2
23 TNT-50 50 18918 67 179 133 85 8 98 -0.0039 0.79 54 30.3 9510 2.7 7.1
24 TNT-50 50 5849 0 179 33 45 5 51 -0.0057 0.47 38 281 1280 6.8 15.3
25 TNT-50 50 27855 67 179 100 91 9 95 -0.0012 0.29 68 278 7124 49 216
29 ENE-50 50 99552 100 179 0 248 24 348 -0.0012 0.00 271 279 5604 7.2 433
30 ENE-50 50 32173 67 179 100 139 14 148 -0.0026 0.48 108 28.0 7451 35 124
31 TNT-50 50 18190 33 179 33 104 10 104 -0.0041 0.62 74 278 2823 3.7 13.0
Table 32. Green imagery feature values from Brilliant Flash | test.
El\\/]ent Type w A tmedian  Imedianstd tmp Amedian  Amedianstd ~ Amp Ci1 C2 C3 M1 H2 M3 Ha
0.
(kg) (m? (msec) (msec) (msec) (m 9 (m? (m? (m? (m? (m?
msec) msec?)  msec™)
2 ENE-50 50 29192 33 179 33 157 16 157 -0.0030 0.21 143 27.8 6812 3.3 9.9
3 ENE-50 50 23027 67 179 33 80 8 90 -0.0007 0.03 86 31.1 9944 3.4 11.8
4 ENE-50 50 22585 0 179 0 200 20 200 0.0017 -1.15 185 28.3 3429 3.3 10.4
18 ENE-50 50 46079 33 179 0 205 20 323 -0.0038 0.40 176 27.8 635 29.6 227.9
19 ENE-50 50 127490 67 179 33 405 40 409 -0.0023 0.30 338 28.7 8288 4.8 22.1
20 ENE-50 50 34066 33 179 0 129 13 149 -0.0036 0.68 106 27.1 4326 5.8 25.1
23 TNT-50 50 8930 33 179 67 54 5 64 -0.0039 0.54 41 27.9 6059 2.6 6.3
24 TNT-50 50 362 -33 179 0 3 0 4 -0.0003 -0.01 3 312 -1212 NA -3.5
25 TNT-50 50 18493 33 179 67 71 7 73 -0.0004 -0.01 61 28.0 6952 5.0 225
29 ENE-50 50 94042 67 179 0 306 30 357 -0.0006 -0.48 316 27.4 5459 6.9 38.8
30 ENE-50 50 17692 33 179 67 103 10 105 -0.0028 0.25 92 279 5055 2.8 7.5
31 TNT-50 50 7025 0 179 33 46 5 61 -0.0029 0.16 51 27.7 2555 3.2 9.0
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Table 33. Blue imagery feature values from Brilliant Flash | test.

E’\\/Ient Type w A tmedian  tmedianstd tmp Amedian  Amedianstd Amp C1 C2 C3 H1 H2 H3 Ha
0.
(kg) (m? (msec) (msec) (msec) (m? (m?) (m?) (m? (m? (m?)
msec) msec %) msl;ec :
2 ENE-50 50 17912 33 179 33 125 13 125 -0.0031 0.23 102 26.7 3832 36 122
3 ENE-50 50 13065 67 179 33 59 6 64 -0.0015 029 44 26.6 5539 42 16.2
4 ENE-50 50 13767 0 179 0 114 12 114 0.0000 -0.59 119 27.3 1417 50 216
18 ENE-50 50 26637 33 179 0 123 12 161 -0.0037 0.52 103 27.1 3410 58 229
19 ENE-50 50 79000 67 179 33 225 22 301 -0.0015 0.17 217 27.9 2952 9.6 69.1
20 ENE-50 50 14988 0 179 0 107 11 107 -0.0028 0.28 70 27.6 1922 6.9 273
23 TNT-50 50 97 -33 179 0 0 0 2 0.0000 -0.03 2 333 0 1.7e7 2.0e5
24 TNT-50 50 0 -100 179  -100 0 0 0 0.0000 0.00 0 0.0 0 0.0 0.0
25 TNT-50 50 1117 -33 179 0 4 0 11 -0.0010 0.05 8 30.1 95 213.1 753.0
29 ENE-50 50 60137 67 179 0 160 16 216 -0.0010 0.00 176 29.2 8066 4.7 20.2
30 ENE-50 50 3366 0 179 33 24 2 34 -0.0037 030 25 284 2382 25 55
31 TNT-50 50 412 -33 179 0 0 0O 12 0.0000 -037 12 0.0 0 0.0 0.0
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Appendix C: Brilliant Flash Il Area Fits

The time-dependence of a fireball area is extracted from each isamgded in

the near-infrared. The plots in this appendix show the Brilliant Flash |l lisieas at

each time step (¢), the peak val®g, the area value associated with the median timge (

and the curve that fits the equation, f(t)#° & Gt + c. The following figures are

included in this appendix:

Figure 77. These figures represent the fireball area in the near-gnifand for
events recorded during the Brilliant Flash 1l test series. Figurdsr¢aigh (e) are for
events 1 through 5 and Fig. (f) is for event 7.

Figure 78. These figures represent the fireball area in the near-nfr@md for
events recorded during the Brilliant Flash Il test series. Figurdsréaigh (c) are for
events 8-10 and Figs. (d) through (f) are for event 12-14.

Figure 79. These figures represent the fireball area in the near-gnifand for
events recorded during the Brilliant Flash |l test series. Figurdsr¢ajgh (f) are for
events 15, 17-21.

Figure 80. These figures represent the fireball area in the near-nfr@md for
events recorded during the Brilliant Flash Il test series. Figurdsréaigh (f) are for
events 22-27.

Figure 81. These figures represent the fireball area in the near-gnifand for
events recorded during the Brilliant Flash Il test series. Figurdsréaigh (f) are for

events 28-33.
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» Figure 82. These figures represent the fireball area in the nearnfiamne for
events recorded during the Brilliant Flash Il test series. Figuresr¢aigh (f) are for
events 34-39.

* Figure 83. These figures represent the fireball area in the near-dnfamd for

events recorded during the Brilliant Flash Il test series. Figurdésréaigh (e) are for

events 40-44.
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Figure 77. These figures represent the fireball area in the near-nframd for
events recorded during the Brilliant Flash |l test series. Figures (a)
through (e) are for events 1 through 5 and Fig. (f) is for event 7.
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Figure 78. These figures represent the fireball area in the near-nframd for
events recorded during the Brilliant Flash Il test series. Figures (a)
through (c) are for events 8-10 and Figs. (d) through (f) are for event
12-14.
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Figure 79. These figures represent the fireball area in the near-infiramd for
events recorded during the Brilliant Flash Il test series. Figures (a)
through (f) are for events 15, 17-21.
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Figure 80. These figures represent the fireball area in the near-inframd for
events recorded during the Brilliant Flash |l test series. Figures (a)
through (f) are for events 22-27.
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Figure 81. These figures represent the fireball area in the near-nfiamd for

events recorded during the Brilliant Flash |l test series. Figures (a)

through (f) are for events 28-33.
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Figure 82. These figures represent the fireball area in the near-nframd for
events recorded during the Brilliant Flash |l test series. Figures (a)
through (f) are for events 34-39.
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Figure 83. These figures represent the fireball area in the near-dnifiand for
events recorded during the Brilliant Flash Il test series. Figures (a)
through (e) are for events 40-44.
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Appendix D: Brilliant Flash | IR Areas

The time-dependence of a fireball area is extracted from each isamgded in

the near-infrared. The plots in this appendix show the Brilliant Flash | lfigrleas at

each time step (¢), the peak val®g, the area value associated with the median timge (

and the curve that fits the equation, f(t)#° & Gt + c. The following figures are

included in this appendix:

Figure 84. These figures represent the fireball area in thenfesred band for events
recorded during the Brilliant Flash | test series. Figures (a) thidugre for events 2, 3, 5,
9-11.

Figure 85. These figures represent the fireball area in thenfeaned band for events
recorded during the Brilliant Flash | test series. Figures (a) thidugte for events 12-15,
17-18.

Figure 86. These figures represent the fireball area in thenfesred band for events
recorded during the Brilliant Flash | test series. Figures (a) thrigugre for events 19-24.
Figure 87. These figures represent the fireball area in thenfesred band for events
recorded during the Brilliant Flash | test series. Figures (a) thidugte for events 25-27,
29-31.

Figure 88. These figures represent the fireball area in thenfeaned band for events
recorded during the Brilliant Flash | test series. Figures (a) thridugre for events 32, 34-
37, 39.

Figure 89. These figures represent the fireball area in thenfesred band for events

recorded during the Brilliant Flash | test series. Figures (a) thidugte for events 40-45.
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» Figure 90. These figures represent the fireball area in thenfesned band for events

recorded during the Brilliant Flash | test series. Figures (a) thr@)gire for events 46, 48,

50-51.
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Figure 84. These figures represent the fireball area in the near-dnifiand for
events recorded during the Brilliant Flash | test series. Figures (a)
through (f) are for events 2, 3, 5, 9-11.
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Figure 85. These figures represent the fireball area in the near-dnifiand for
events recorded during the Brilliant Flash | test series. Figures (a)
through (f) are for events 12-15, 17-18.
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Figure 86. These figures represent the fireball area in the near-dnifiand for
events recorded during the Brilliant Flash | test series. Figures (a)
through (f) are for events 19-24.
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Figure 87. These figures represent the fireball area in the near-dnifiand for
events recorded during the Brilliant Flash | test series. Figures (a)
through (f) are for events 25-27, 29-31.
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Figure 88. These figures represent the fireball area in the near-dnifiand for
events recorded during the Brilliant Flash | test series. Figures (a)
through (f) are for events 32, 34-37, 39.
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Figure 89. These figures represent the fireball area in the near-dnifiand for
events recorded during the Brilliant Flash | test series. Figures (a)
through (f) are for events 40-45.
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Figure 90. These figures represent the fireball area in the near-dnifiand for
events recorded during the Brilliant Flash | test series. Figures (a)
through (d) are for events 46, 48, 50-51.
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Appendix E: Brilliant Flash Il 3-Chip Areas

The time-dependence of a fireball area is extracted from each iegded by

the 3-chip color camera. The plots in this appendix show the Brilliant Flas@lalir

areas for each color at each time step (¢), the peak \Sludné¢ area value associated

with the median time(), and the curve that fits the equation, f(t)t ¢ Gt + ;. The

following figures are included in this appendix:

Figure 91. These figures represent the fireball area for ealh tiree color bands for
events recorded during the Brilliant Flash |l test series. Figajekrough (e) are for events
1-5.

Figure 92. These figures represent the fireball area for eabh tifree color bands for
events recorded during the Brilliant Flash |l test series. Figayehrough (e) are for events
6, 8-11.

Figure 93. These figures represent the fireball area for ealbh tiree color bands for
events recorded during the Brilliant Flash |l test series. Figajekrough (e) are for events
12-15, 17.

Figure 94. These figures represent the fireball area for eabh tifree color bands for
events recorded during the Brilliant Flash |l test series. Figajehrough (e) are for events
18-19, 21-23.

Figure 95. These figures represent the fireball area for ealh tiree color bands for
events recorded during the Brilliant Flash |l test series. Figajekrough (e) are for events
24-25, 27-29.

Figure 96. These figures represent the fireball area for eakh tifree color bands for
events recorded during the Brilliant Flash |l test series. Figajehrough (e) are for events

30-34.
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» Figure 97. These figures represent the fireball area for eabh tifree color bands for
events recorded during the Brilliant Flash Il test series. Figajebrough (e) are for events
35-39.

» Figure 98. These figures represent the fireball area for eabh tifree color bands for

events recorded during the Brilliant Flash 1l test series. Figajehrough (e) are for events

40-44.
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Figure 91. These figures represent the fireball area for each of thedloee
bands for events recorded during the Brilliant Flash Il test series.

Figures (a) through (e) are for events 1-5.
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Figure 92. These figures represent the fireball area for each of thedloee
bands for events recorded during the Brilliant Flash 1l test series.
Figures (a) through (e) are for events 6, 8-11.
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Figure 93. These figures represent the fireball area for each of thedloee
bands for events recorded during the Brilliant Flash Il test series.
Figures (a) through (e) are for events 12-15, 17.
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Figure 94. These figures represent the fireball area for each of thedloee
bands for events recorded during the Brilliant Flash Il test series.
Figures (a) through (e) are for events 18-19, 21-23.
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Figure 95. These figures represent the fireball area for each of thedloee
bands for events recorded during the Brilliant Flash Il test series.
Figures (a) through (e) are for events 24-25, 27-29.
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Figure 96. These figures represent the fireball area for each of thedloee
bands for events recorded during the Brilliant Flash Il test series.

Figures (a) through (e) are for events 30-34.
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Figure 97. These figures represent the fireball area for each of thedloee
bands for events recorded during the Brilliant Flash Il test series.
Figures (a) through (e) are for events 35-39.
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Figure 98. These figures represent the fireball area for each of thedloee
bands for events recorded during the Brilliant Flash Il test series.
Figures (a) through (e) are for events 40-44.
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Appendix F: Brilliant Flash | 3-Chip Areas

The time-dependence of a fireball area is extracted from each iegded by

the 3-chip color camera. The plots in this appendix show the Brilliant Flastaffir

areas for each color at each time step (¢), the peak \Sludné¢ area value associated

with the median time(), and the curve that fits the equation, f(t)t ¢ Gt + ;. The

following figures are included in this appendix:

Figure 99. These figures represent the firebathdor each of the three color bands for events
recorded during the Brilliant Flash | test seri€sgures (a) through (e) are for events 1-5.
Figure 100. These figures represent the firelvath for each of the three color bands for events
recorded during the Brilliant Flash | test seri€gures (a) through (e) are for events 7-11.
Figure 101. These figures represent the firelvalh dor each of the three color bands for events
recorded during the Brilliant Flash | test seri€sgures (a) through (e) are for events 13-17.
Figure 102. These figures represent the firelvalh dor each of the three color bands for events
recorded during the Brilliant Flash | test seri€sgures (a) through (e) are for events 18-22.
Figure 103. These figures represent the firelvakh for each of the three color bands for events
recorded during the Brilliant Flash | test seri€sgures (a) through (e) are for events 23-25, @9-3
Figure 104. These figures represent the firelvalh dor each of the three color bands for events
recorded during the Brilliant Flash | test seri€sgures (a) through (e) are for events 31, 34438-
Figure 105. These figures represent the firelvalh dor each of the three color bands for events
recorded during the Brilliant Flash | test seri€gures (a) through (e) are for events 41-45.
Figure 106. These figures represent the firelvakh for each of the three color bands for events
recorded during the Brilliant Flash | test seri€sgures (a) through (e) are for events 46-50.
Figure 107. These figures represent the firelvalh dor each of the three color bands for events
recorded during the Brilliant Flash | test seri€sgures (a) through (c) are the blue, green, add r

spectral bands, respectively, for event 51.
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Figure 99. These figures represent the fireball area for each of thedloee
bands for events recorded during the Brilliant Flash | test series.
Figures (a) through (e) are for events 1-5.
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Figure 100. These figures represent the fireball area for each of thedloee
bands for events recorded during the Brilliant Flash | test series.
Figures (a) through (e) are for events 7-11.
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Figure 101. These figures represent the fireball area for each of thedloee
bands for events recorded during the Brilliant Flash | test series.
Figures (a) through (e) are for events 13-17.
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Figure 102. These figures represent the fireball area for each of thedloee
bands for events recorded during the Brilliant Flash | test series.
Figures (a) through (e) are for events 18-22.
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Figure 103. These figures represent the fireball area for each of thedloee
bands for events recorded during the Brilliant Flash | test series.
Figures (a) through (e) are for events 23-25, 29-30.
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Figure 104. These figures represent the fireball area for each of thedloee
bands for events recorded during the Brilliant Flash | test series.
Figures (a) through (e) are for events 31, 34, 38-40.
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Figure 105. These figures represent the fireball area for each of thedloee
bands for events recorded during the Brilliant Flash | test series.
Figures (a) through (e) are for events 41-45.
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Figure 106. These figures represent the fireball area for each of thedloee
bands for events recorded during the Brilliant Flash | test series.
Figures (a) through (e) are for events 46-50.
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Figure 107. These figures represent the fireball area for each of thedloee
bands for events recorded during the Brilliant Flash | test series.
Figures (a) through (c) are the blue, green, and red spectral bands,
respectively, for event 51.
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Appendix G: Scaling Laws, NIR features, BFI & BFII

Each extracted feature derived from the near-infrared image is exhfoine
weight scaling relationships. The first figure presented in this appenalixagerall
summary of all the features while each of the individual plots is given in theniaegai
figures. The data points marked as “x” are the enhanced novel explosive (EEXE) e
(Types B through E) and marked as “0” are Type A (TNT) events. The weightO
kg, 50 kg, and 100 kg. The least square fit lines have error bars which are described in
Chapter IV, Section H; the errors associated with ENE are dotted linds tiadse
associated with Type A are dash-dotted lines. The following is a list oéfidar this
appendix:

» Figure 108. Each feature extracted from the fireball NIR image is plottechbe
a function of weight, showing potential scaling relationships.

» Figure 109. Potential scaling relationships exhibit fireball area &satur
dependence upon weight (W). Figures (a) through (f) contain fe#&utresdian,
ot_pedlav, Amedian, tmp, andAmp.

» Figure 110. Potential scaling relationships exhibit fireball area &satur
dependence upon weight (W). Figures (a) through (f) contain features
oA _puedlav, .cl,c2, c3, 1, andul.

» Figure 111. Potential scaling relationships exhibit fireball area &satur

dependence upon weight (W). Figures (a) through (b) contain feafieesij4
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Figure 108. Each feature extracted from the fireball NIR image is plottecabe
a function of weight, showing potential scaling relationships.
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Figure 109. Potential scaling relationships exhibit fireball area &satur
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Figure 110. Potential scaling relationships exhibit fireball area satur
dependence upon weight (W). Figures (a) through (f) contain features

OA median, -C1, C2, Ca, £h, andza.
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Figure 111. Potential scaling relationships exhibit fireball area &satur
dependence upon weight (W). Figures (a) through (b) contain features

H3 and Ha
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Appendix H: Scaling Laws, 3-Chip features, BFI & BFII

Each extracted feature derived from the 3-chip color image is examined for

weight scaling relationships. The first figure presented in this appenalixagerall

summary of all the features for each color while each of the individual ploteeis igi

the remaining figures. The data points marked as “x” are the enhanced nowsivexpl

(ENE) events (Types B through E) and marked as “0” are Type A (TNT) events. The

weights are 10 kg, 50 kg, and 100 kg. The least square fit lines have error barsghich a

described in Chapter IV, Section H; the errors associated with ENE are ldodte

while those associated with Type A are dash-dotted lines. The following i®h list

figures for this appendix:

Figure 112. Each feature extracted from the fireball color image is ploted$e
a function of weight, showing potential scaling relationships.

Figure 113. Potential scaling relationships exhibit fireball area fsatur
dependence upon weight (W). Figures (a) through (f) contain the red band
features forA, tmedian, ot_pediav, tmp, Amedian, cA_pediav.

Figure 114. Potential scaling relationships exhibit fireball area fsatur
dependence upon weight (W). Figures (a) through (f) contain the red band
features forAmp, cl, c2, c3, y1, andu2.

Figure 115. Potential scaling relationships exhibit fireball area fsatur
dependence upon weight (W). Figures (a) and (b) contain the red band features
for the third and fourth moments, while Figures (c) through contain the green

band features foh, tmedian, ot_pediav, tmp, andAmedian.
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Figure 116. Potential scaling relationships exhibit fireball area f=atur
dependence upon weight (W). Figures (a) through (f) contain the green band
features fotmp, cA_pediav, Amp, cl, c2, andc3.

Figure 117. Potential scaling relationships exhibit fireball area f=satur
dependence upon weight (W). Figures (a) through (d) contain the green band
features for the four moments, while Figures (e) and (f) contain the blue band
features forA andtmedian.

Figure 118. Potential scaling relationships exhibit fireball area fsatur
dependence upon weight (W). Figures (a) through (f) contain the blue band
features foot_pediav, tmp, Amedian, JA _median, AuTt, and cl.

Figure 119. Potential scaling relationships exhibit fireball area fsatur
dependence upon weight (W). Figures (a) through (f) contain the blue band

features forcl, c2, and the first four moments.
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Figure 113. Potential scaling relationships exhibit fireball area &satur
dependence upon weight (W). Figures (a) through (f) contain the red
band features foh, tredian, Ot_median: tmp, Amedian, OA_median-
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Figure 114. Potential scaling relationships exhibit fireball area &satur
dependence upon weight (W). Figures (a) through (f) contain the red
band features fof\y, C1, Cz, C3, M1, andyl.
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Figure 115. Potential scaling relationships exhibit fireball area &satur
dependence upon weight (W). Figures (a) and (b) contain the red band
features for the third and fourth moments, while Figures (c) through
contain the green band featuresAQtyedian, Ot median, tmp, @NJAmegian.
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Figure 116. Potential scaling relationships exhibit fireball area &satur
dependence upon weight (W). Figures (a) through (f) contain the green
band features fdky, Oa median, Amp, C1, C2, andcs.
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Figure 117. Potential scaling relationships exhibit fireball area &satur
dependence upon weight (W). Figures (a) through (d) contain the
green band features for the four moments, while Figures (e) and (f)
contain the blue band features foandtegian.
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Figure 118. Potential scaling relationships exhibit fireball area &satur
dependence upon weight (W). Figures (a) through (f) contain the blue
band features fov; median, tmp, Amedians OA median, Amp, andcy.
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Figure 119. Potential scaling relationships exhibit fireball area &satur
dependence upon weight (W). Figures (a) through (f) contain the blue
band features far, c,, and the first four moments.
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Appendix I: Scaling Laws, Spectral Data, Radiant

Each extracted feature derived from the spectra collected on the Radiatst isv

examined for weight and scaling relationships. The first figure presented appendix

is an overall summary of all the features while each of the individual plots isigitiee

remaining figures. The data points marked as “Xx” are the static evehtsaaked as “0”

are dynamically dropped events. Each of the plots abscissa axis is labHe&@sand

100, which are actually numerical symbols for Type A Small, Type B Medium, and Type

B Large, respectively. The least square fit lines have error bars whichsaribee in

Chapter IV, Section H; the errors associated with static events are dutednvhile

those associated with the dynamics events are dash-dotted lines. The foloaviisg of

figures for this appendix:

Figure 120. Each feature extracted from the fireball spectra iscolute as a function
of weight, showing potential scaling relationships.

Figure 121. Potential scaling relationships exhibit fireball arearfemtiependence upon
weight (W). Figures (a) through (f) contain the spectral featuréegHporfL, /, cTH,

oTA, andoT .

Figure 122. Potential scaling relationships exhibit fireball arearfemtiependence upon
weight (W). Figures (a) through (f) contain the spectral featuresfoASwitch, Aka,

AB, Akb, andAC.

Figure 123. Potential scaling relationships exhibit fireball arearfematiependence upon
weight (W). Figures (a) through (f) contain the spectral featurest®w/u77, tmp,

Alo/t, Al2/t, andA/0.5T.
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» Figure 124. Potential scaling relationships exhibit fireball arearestiependence upon

weight (W). Figures (a) through (c) contain the spectral featuré®foy R2/0.5, and

Rmp/0.
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Figure 121. Potential scaling relationships exhibit fireball area &satur
dependence upon weight (W). Figures (a) through (f) contain the
spectral features fdry, Ty, /, Oy, O7L, andor.
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Figure 122. Potential scaling relationships exhibit fireball area &satur

dependence upon weight (W). Figures (a) through (f) contain the
spectral features f&¥a, Asnitch, Akas A, Akp, aNdAC.
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Figure 123. Potential scaling relationships exhibit fireball area &satur
dependence upon weight (W). Figures (a) through (f) contain the
spectral features fako, Almp/T, trp, Alo/T, Al2/T, anddlos/t.
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Figure 124. Potential scaling relationships exhibit fireball area f=atur

dependence upon weight (W). Figures (a) through (c) contain the
spectral features fdRxo, Roos, andRupio.
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Appendix J: Spectral Features from Radiant test series
One method to represent each recorded event spectra from the Radianetest ser
is by a Planckian multiplied by an appropriate atmospheric transmissiorofunthe
result generates area and temperature temporal profiles along wstualdetween the
fit and the data. Extracted feature values from these profiles and residistedran the
following tables included in this appendix:
» Table 34. Temperature fit values to the Radiant data.
» Table 35. Area fit values from Radiant data.
» Table 36. Features derived from the residuals for the Radiant data. The residuals
are the differences between the Plankian fit and the data. These residuals are

integrated from 1950 to 2250 &m
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Table 34. Temperature fit values to the Radiant data.

Event ID Type Angle Test Ty T, r Oy O7L or
K (K (s) @) (%) (%)

e214 03b A(S) 155°Perpendicular RB3A 1439 357 063 28 39 7.0
€214 04b A (S) 155°Perpendicular RB3A 1736 331 0.70 17 39 44
e214 05b A(S) 155°Perpendicular RB3A 1625 373 085 23 41 6.0
€214 06b A (S) 155°Perpendicular RB3A 1690 386 089 16 20 3.7
e214 07b A(S) 155°Perpendicular RB3A 1485 405 113 26 27 6.4

e215 22b A(S) 335°Toward RB3A 1845 384 0.81 1.1 21 28
e216_30b A(S) 65°Away RB3A 1449 367 081 1.2 19 3.2
e216_32b A(S) 65°Away RB3A 1214 381 0.81 08 1.0 2.2
€216 33b A(S) 65°Away RB3A 1288 381 095 08 09 21
€298 04b A(S) 45°Tower RB3B 1687 331 069 1.0 11 21
e298 05b A(S) 45°Tower RB3B 1783 338 070 1.0 1.0 2.0
e298 06b A(S) 45°Tower RB3B 1685 324 081 1.7 15 3.3
e298 07b A(S) 45°Tower RB3B 1660 337 0.69 09 1.2 20
e298 08b A(S) 45°Tower RB3B 1580 300 0.78 1.0 10 21
e298 10b A(S) 45°Tower RB3B 1584 302 0.72 1.0 1.0 2.0
e301_12b A(S) 45°Tower RB3B 1602 315 067 1.2 13 24
e301_18b A(S) 45°Tower RB3B 1577 361 092 07 09 16
e301_21b A(S) 45°Tower RB3B 1451 309 060 08 09 17

e214_10b B (L) 155°Perpendicular RB3A 1375 345 042 23 6.0 7.7
e214 13b B (L) 155°Perpendicular RB3A 1589 410 068 14 24 39

e215 18b B (L) 335°Toward RB3A 1648 700 068 13.7 27.1 67.9
e215 20b B (L) 335°Toward RB3A 1788 302 038 1.7 7.7 55
e215 21b B (L) 335°Toward RB3A 1752 351 054 08 27 26
e216_43b B (L) 65°Away RB3A 1190 416 1.06 24 19 65
e301_15b B (L) 30°Elevation RB3B 1485 313 066 1.8 25 4.0
e301_16b B (L) 10°Elevation RB3B 1526 373 1.34 16 13 35

e214 14b B (M) 155°Perpendicular RB3A 1707 423 089 32 114 126
e214 15b B (M) 155°Perpendicular RB3A 1574 442 150 23 18 54
e216_39% B (M) 65°Away RB3A 1175 407 116 16 13 43
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Table 35. Area fit values from Radiant data.

Event ID Type A_A A_Switch  A_Kk, A_B Ak, AC At
(cm®  (unitless) (s (cm? (s (crpz (s)
S
e214 03b A (S) 8.0E+07 8 6.4 7513800 1.0 1.5) 13008000
e214 04b A (S) 1.1E+08 7 6.3 6000000 0.8 0.6 8500100
e214 05b A (S) 6.0E+06 37 13.0 5300000 156 0.6 16000000
e214 06b A (S) 7.0E+06 1000 2.8 5500000 0.6 0.5 4000000
e214 07b A(S) 7.0E+06 445 341 7958100 88 1.0 0
e215 22b A (S) 3.0E+06 281 25.8 10000000 3.5 0.5 8000100
e216_30b A (S) 1.5E+08 12 7.6 12892000 103 1.0 10541000
e216_32b A (S) 3.0E+07 12 6.4 16000000 36.0 0.5 12000000
€216 _33b A (S) 2.0E+07 0 1.6 13000000 9.6 1.0 25000000
€298 04b A (S) 2.0E+07 85 2.1 26000000 7.4 0.5 45000000
€298 05b A (S) 5.1E+07 21 1.8 14540000 1146.4 0.4 29778000
€298 06b A (S) 1.8E+07 39 2.3 34253000 6.5 0.1 38222000
€298 07b A (S) 2.7E+07 42 1.4 30000000 59 0.7 52000000
€298 08b A (S) 2.0E+07 12 2.9 50000000 105 0.8 80000000
€298 10b A (S) B8.0E+07 16 17.9 60000000 57 1.0 85000000
e301_12b A(S) 1.0E+07 228 7.6 30000000 7.6 0.3 23000000
e301_18b A (S) 7.1E+06 34 2.0 13782000 169 0.7 26736000
e301_21b A(S) 10E+08 6823 17853 25578000 13.6 1.3 56353000
e214 10b B (L) 3.5E+07 581 253 19364000 9.8 1.3 15204000
e214 13b B (L) 1.8E+07 113 3.1 12000000 5.2 0.8 13000000
e215 18b B (L) 4.2E+06 9 43 1034300 54 03 382070
e215 20b B (L) 1.5E+07 9 0.7 13475000 21.1 1.7 10962000
e215 21b B (L) 9.1E+06 120 11.3 13543000 4.3 1.0 15000000
e216_43b B (L) 1.3E+08 608 225 98547000 6.4 0.8 197780000
e301_15b B (L) 7.0E+07 253 5.3 20000000 53 0.9 20000000
e301_16b B (L) 9.8E+07 590 16.6 24755000 8.7 0.5 101070000
e214 14b B (M) 6.0E+06 56 21.0 8500500 17.8 1.2 10000000
e214 15b B (M) 6.0E+06 203 5.1 12000000 5.8 0.3 20000000
€216 _39b B (M) 20E+07 486 53.3 17968000 467.0 0.5 20576000
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Table 36. Features derived from the residuals for the Radiant data. The residuals
are the differences between the Plankian fit and the data. These
residuals are integrated from 1950 to 2250'cm

Event ID Type CO CO CcO CcO CcO CcO CcO CO CO CO
Imp tmp lo t2 I2 tos los Rizio R2i05  Rmpio

(W/Sr) (sec) (WI/sr) (sec) (W/sr) (sec) (W/sr)

e214_03b A(S) 6.2E+05 0.000 6.2E+05 2.041 1.7E+05 0.522 2.9E+05 0.27 1.74 1.00
e214 04b A(S) 1.0E+06 0.048 9.1E+05 2.045 1.4E+05 0.523 6.1E+05 0.15 4.36 1.13
e214_05b A(S) 1.2E+06 0.000 1.2E+06 2.044 24E+05 0.523 8.7E+05 0.21 354 1.00
e214 06b A(S) 1.3E+06 0.000 1.3E+06 2.044 6.0E+04 0.523 4.9E+05 0.05 8.21 1.00
e214_07b A(S) 1.1E+06 0.000 1.1E+06 2.041 9.1E+04 0.521 3.8E+05 0.09 4.16 1.00
e215 22b A(S) 1.6E+06 0.707 7.9E+05 2.026 2.0E+05 0.518 1.5E+06 0.25 7.31 2.06
e216_30b A(S) 2.6E+06 0.333 1.2E+06 2.047 1.7E+05 0.523 1.7E+06 0.14 9.76 2.16
e216_32b A(S) 1.5E+06 0.048 14E+06 2.000 1.4E+05 0.524 1.0E+06 0.10 7.44 1.09
e216_33b A(S) 1.0E+06 0.286 7.3E+05 2.003 5.6E+04 0.524 6.9E+05 0.08 12.17 1.39
e298 04b A(S) 5.3E+06 0.196 3.0E+06 2.007 5.8E+05 0.538 4.0E+06 0.19 6.97 1.77
e298_05b A(S) 6.5E+06 0.440 2.5E+06 2.007 7.4E+05 0.538 6.2E+06 0.30 842 2.63
e298 06b A(S) 5.3E+06 0.344 21E+06 2.017 1.8E+05 0.541 5.0E+06 0.09 27.32 2.49
e298_07b A(S) 6.9E+06 0.296 2.8E+06 2.022 8.8E+05 0.543 6.4E+06 0.31 7.27 245
e298 08b A(S) 8.8E+06 0.197 3.9E+06 2.024 5.6E+05 0.542 6.7E+06 0.14 12.07 2.24
e298_10b A(S) 7.8E+06 0.443 3.4E+06 2.019 6.8E+05 0.542 7.6E+06 0.20 11.28 2.29
e301_12b A(S) 5.3E+06 0.294 3.2E+06 2.008 9.3E+05 0.539 4.5E+06 0.29 488 1.64
e301_18b A(S) 3.2E+06 0.147 1.7E+06 2.010 2.0E+05 0.539 1.9E+06 0.12 958 1.90
e301_21b A(S) 3.9E+06 0.147 2.7E+06 2.021 6.5E+05 0.542 2.7E+06 0.24 419 144
e214_10b B (L) 3.2E+06 0.047 2.7E+06 2.035 1.4E+06 0.520 1.6E+06 0.51 1.15 1.21
e214 13b B(L) 3.2E+06 0.000 3.2E+06 2.031 7.2E+05 0.518 2.3E+06 0.23 3.13 1.00
e215_18b B(L) 4.3E+05 0.609 9.5E+04 2.015 5.2E+04 0.515 4.2E+05 0.55 8.05 4.50
e215 20b B (L) 5.3E+06 1.360 2.3E+06 2.016 3.4E+06 0.516 4.3E+06 150 126 231
e215_21b B(L) 2.9E+06 0.988 1.6E+06 2.023 1.1E+06 0.517 2.3E+06 0.66 2.11 1.76
e216_43b B (L) 6.9E+06 0.000 6.9E+06 2.000 7.4E+05 0.523 3.7E+06 0.11 5.02 1.00
e301_15b B(L) 4.7E+06 0.000 4.7E+06 2.015 2.8E+05 0.540 2.2E+06 0.06 7.97 1.00
e301_16b B (L) 5.5E+06 0.000 5.5E+06 2.013 9.5E+04 0.540 1.0E+06 0.02 10.95 1.00
e214_14b B (M) 1.3E+06 0.142 1.3E+06 2.034 2.0E+05 0.520 1.0E+06 0.15 521 1.01
e214 15b B(M) 1.8E+06 0.000 1.8E+06 2.033 1.3E+05 0.520 8.6E+05 0.07 6.63 1.00
e216_39b B (M) 1.9E+06 0.000 1.9E+06 2.001 1.2E+05 0.524 6.3E+05 0.07 5.07 1.00

208

www.manaraa.com



Appendix K:
Comparison plots of MR154 and MR354 InSb spectrometer data
with radiometers for Brilliant Flash Il events
One method of comparing spectrometer and radiometer instruments is to entegrat
and scale the spectrometer data for each radiometer spectral band (s&eiif &hapter
lll. The scaling factor and the temporal profile provide a quantitative cosgpariT his
appendix contains the scaling factors for each event followed by the tempodalsdianfi

each individual event.
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Figure 125. Integrating the spectra over a specific radiometer spzntchand
scaling it such that the peak value matches the peak radiometer value
provides a simple instrument comparison. These figures contain the
results of scaling both the MR154 dai)(and MR354 datay) and
also show the 33% accuracy window for each spectral band (a) band I,
(b) band I, (c) band IV, and (d) band V.

209

www.manaraa.com



1 (WiSr)

x 10
— Radiometer M5 — Radiometer M7
3.5 Comparison Spectrometer M5 x 1.1441 121 T Comparison Spectrometer M7 x 1.9226
— Your M5 x 1.4088 1 — Your M7 x 6.0387
LAY
3F ! 10F \
N \
N I \
251 \ 8 ! \
\
I \ !
!
\
2r i . 6 I
\ 5 0
| N 3
" 2
\
[
! ! 2
05 ! A .
l 1 | i [ ‘ ‘ l“ i | ‘ 0
ST
0 ' |
| 2k
-05 I I I I I I I I I I
59:45.169 59:45.419 59:45.669 59:45.919 59:46.169 59:46.419  59:45.169 59:45.419 59:45.669 59:45.919 59:46.169 59:46.419
t (MM:SS.sss) t (MM:SS.sss)
x10° x10°
N — Radiometer S4 — Radiometer S7
2r N N Comparison Spectrometer S4 x 1.1622 251 Comparison Spectrometer S7 x 0.83921
N — Your S4 x 9.4408 — _Your Spectrometer S7 x 5.5112
15 . |
N\ 1Y
I N !
1F § \ 2F
| N )
! \
05r | ~| 1 I
' !
I A [ - | 1sp |
off | | ’ _ !
| 2 I
o5l , H ,
. 1F i
\ ! |
-1k . | | \
I y \
!
-15¢ : 05 .
Vol
-2r vl
V! ol | -
-2.5- v h
‘ ‘ ‘ ‘ ‘ | ‘ ‘ ‘ L'l
59:45.169 59:45.419 59:45.669 59:45.919 59:46.169 59:45.169 59:45.419 59:45.669 59:45.919 59:46.169 59:46.419
t (MM:SS.sss)

t (MM:SS.sss)

Figure 126. Band comparison for event 1. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.

210

www.manharaa.com



20

15

10

| (WISr)

5

)

5!

14

12

10

-2

-4

-6

59:5:

x 10 x 10
L — Radiometer M5 . — Radiometer M7
Comparison Spectrometer M5 x 1.3627 Iy Comparison Spectrometer M7 x 6.6754
N — Your Sp MS5 x 3.9784 8l (B3 —  Your M7 x 33.3165
o\ I
1 / A
. | \
\ 6 \
1 N .
t . \
I E \
L \ 4
! \ \
/ = \
@
! \ 2
; £
L ! N
) \ N
i N l l . 1
f L
1N | (AT
-2
L 4k
1 I I I I I I I I I
1.039 59:51.289 59:51.539 59:51.789 59:52.039  59:51.039 59:51.289 59:51.539 59:51.789 59:52.039
t (MM:SS.sss) t(MM:SS.sss)
x10" x10°
— Radiometer S4 258 — Radiometer S7
[ Comparison Spectrometer S4 x 2.1939 Comparison Spectrometer S7 x 5.1409
o — Your S4 x5.7004 15 — Your S7x24.4676
F k H Ik
il 1
L o [
! \ 150 g
\
L I \ ‘
. \
L \ 1F .
I _ \
L j 2 \
| ? 05H \
! i~
' , ' 4 |
[ ‘ -05 J
=
I I I I I I I I !
1.039 59:51.289 59:51.539 59:51.789 59:52.039 59:51.039 59:51.289 59:51.539 59:51.789 59:52.039

t (MM:SS.sss)

Figure 127. Band comparison for event 2. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 128. Band comparison for event 3. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 129. Band comparison for event 4. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 130. Band comparison for event 5. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 131. Band comparison for event 6. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 132. Band comparison for event 7. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 133. Band comparison for event 10. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 134. Band comparison for event 11. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 135. Band comparison for event 13. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 136. Band comparison for event 14. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 137. Band comparison for event 15. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.

221

www.manharaa.com



x10
5k N — MRC Radiometer M5 5 — MRC Radiometer M7
MRC Spectrometer M5 x 1.0975 MRC Spectrometer M7 x 2.0594
— AFIT Spectrometer M5 x 1.6847 e —  AFIT Spy M7 x 3.2308
8r \
\
\
\
6 \
/ \
—
— !
I i
E !
N I\
- !
N
2L
1|
N
0 l
/ ~
k! S~ | - -
| -
\“ Il Il Il Il -2t Il Il Il Il Il
59:59.879 00:00.079 00:00.279 00:00.479 00:00.679 59:59.879 00:00.079 00:00.279 00:00.479 00:00.679
t (MM:SS.sss) t (MM:SS.sss)
x10° x10°
r — MRC Radiometer S4 — MRC Radiometer S7
251 f MRC Spectrometer S4 x 1.0714 251 \ MRC Spectrometer S7 x 1.6736
i —  AFIT Spectrometer S4 x 1.4233 ! — AFIT S7x2.5074
fl [\
201 i
\| 20 \
\
1
I o
151 151 \
| \
!
= = : \
N 10b N 2] h
E \ = 101
S | \ s
_ ! \ = |
- N ! N
5 | N sk
, \
\
N
N
0 . ol 1
! N o -
-5 I A BN b R .
i REETE N -5
- -
I I I I I I I I I I
59:59.879 00:00.079 00:00.279 00:00.479 00:00.679 59:59.879 00:00.079 00:00.279 00:00.479 00:00.679
t (MM:SS.sss) t (MM:SS.sss)

Figure 138. Band comparison for event 17. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 139. Band comparison for event 18. “Comparison Spectrometer” is from

the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 140. Band comparison for event 19. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 141. Band comparison for event 21. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 142. Band comparison for event 22. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 143. Band comparison for event 23. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.

227

www.manharaa.com



-4

59!

1 (W/Sr)

— MRC Radiometer M5
MRC Spectrometer M5 x 0.95865
M5 x 0.40109

| (W/ST)

— MRC Radiometer M7
MRC Spectrometer M7 x 0.79551
M7 x 0.27086

~ ARITSp

“ AN
! ~
i N
I N L/ \
! N o -2 1 \
: ~ 1 RN N
I -4 T - o S
Lo -
. S
59.724  59:59.924  00:00.124  00:00.324  00:00.524  00:00.724  00:00.924  00:01.124 59:59.724  59:59.924  00:00.124  00:00.324  00:00.524  00:00.724  00:00.924  00:01.124
t (MM:SS.sss)

t (MM:SS.sss)

N — MRC Radiometer S4
MRC Spectrometer S4 x 0.85512
S4 x 0.31892

— AFIT

I (W/Sr)

!

2k

— MRC Radiometer S7
MRC Spectrometer S7 x 0.77154
— AFIT S7 x 0.28509

L L L L L L L L
59:59.724  59:59.924  00:00.124  00:00.324  00:00.524  00:00.724  00:00.924  00:01.124

L
59:59.724

L L L L L L
59:590.924  00:00.124  00:00.324  00:00.524  00:00.724  00:00.924  00:01.124

t (MM:SS.sss)

t (MM:SS.sss)

Figure 144. Band comparison for event 25. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 145. Band comparison for event 26. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 146. Band comparison for event 27. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 147. Band comparison for event 28. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 148. Band comparison for event 29. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 149. Band comparison for event 30. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 150. Band comparison for event 31.
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“Comparison Spectrometer” is from

the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 151. Band comparison for event 32. “Comparison Spectrometer” is from

the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 152. Band comparison for event 33. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 153. Band comparison for event 34. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 154. Band comparison for event 36. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 155. Band comparison for event 37. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 156. Band comparison for event 38. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 157. Band comparison for event 39. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 158. Band comparison for event 40. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 159. Band comparison for event 41. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 160. Band comparison for event 42. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 161. Band comparison for event 43. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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Figure 162. Band comparison for event 44. “Comparison Spectrometer” is from
the MR354 FTIR and “Your Spectrometer” is from the MR154 FTIR.
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