Air Force Institute of Technology

AFIT Scholar

Theses and Dissertations Student Graduate Works

3-2005

Classification of Battlespace Detonations from Temporally
Resolved Mutli-Band Imagery and Mid-Infrared Spectra

Anthony N. Dills

Follow this and additional works at: https://scholar.afit.edu/etd

6‘ Part of the Atomic, Molecular and Optical Physics Commons, and the Nuclear Engineering Commons

Recommended Citation

Dills, Anthony N., "Classification of Battlespace Detonations from Temporally Resolved Mutli-Band
Imagery and Mid-Infrared Spectra" (2005). Theses and Dissertations. 3639.
https://scholar.afit.edu/etd/3639

This Dissertation is brought to you for free and open access by the Student Graduate Works at AFIT Scholar. It has
been accepted for inclusion in Theses and Dissertations by an authorized administrator of AFIT Scholar. For more
information, please contact richard.mansfield@afit.edu.









I Obs(o-’t)

o(cm™)

Figure 64. Typical Radiant spectral data is olesgintensitylos as a function of
frequencyo (cmi*) and timet. The data shown here is downsampled to

simplify the view.
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Figure 65. Radiant spectra from two time stepshatehPlanckian radiation law
characteristics for when the atmospheric transionssi accounted.
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Figure 66. Temporal profiles of two types of enuas from Radiant test. Figure
(a) shows an emission with a single exponentiahgéehavior, while
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
absorption species' concentrations to match therptisn features seen
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.



911

Temperature Data for Type A(S)d

Temperature Data for Type A(S)s

2200 2000
2000
1800
1600 1500
~ 1400 —~
% <
F 1200 -
1000 1000
800
600
400 I 500 Il Il Il Il Il ]
0 . 35 0 0.5 1 15 2 25 3
t (sec) t (sec)
Temperature Data for Type B(L)d Temperature Data for Type B(L)s
1800 1600
1
600 1400
1400
1200
1200
— —
N4 N4
< 2 1000
= =
1000
800
800
600 600
400 Il Il Il Il Il Il Il J 400 Il Il Il Il Il Il Il Il Il J
0 0.5 1 15 2 25 3 35 4 0 0.2 0.4 0.6 0.8 1 12 14 16 18 2

t (sec)

t (sec)

Figure 70. Radiant temperatufesas a function of timg as derived from the Planckian fits.
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Figure 71. Radiant integrated residudlg1950-2250cn) divided by the atmospheric transmission funciias a
function of timet, 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_kp (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.

122



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)
To 89%
A to 89%
Al /T 100%
A/t |_8_6°_/o I

L e erruernmrnm e .
Ayt 100% :
Remio 90%:
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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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