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PROCESSING SYSTEM FOR REMOTE

CHEMICAL IDENTIFICATION
BACKGROUND OF THE INVENTION

This is a non-provisional application claiming the benefit of provisional application
serial number 60/382,435 filed on May 22, 2002,

Technical Field

The present invention relates to devices and methods for identifying unknown
chemical compounds under field conditions. In particular, the present invention relates to
devices and methods of using remote passive infra-red spectroscopy, in addition to spectral
data, to identify the chemical compounds.

There are often instances where emergency response personnel ("first responders") or
military personnel are called to an accident scene or other incident where some type of
chemical has been release and are confronted with gaseous cloud or plume, the chemical
contents of which are unknown. Such situations can occur when railroad tank cars or
highway transport tank trailers carrying chemicals are involved in an accident or when an
accidental chemical release occurs at a chemical manufacturing facility. Obviously, knowing
the contents of the plume is critical to decisions concerning how to contain the emergency,
what protective gear is required, and whether there is a need to evacuate the local population.
Methods of using remote passive infra-red (IR) spectrometers to attempt to identify the
chemical compounds in a gaseous plume are known in the art. As used herein, the term
“passive” implies that the spectrometer employs no specialized source of infrared photons (as
opposed to ‘“active” systems, which employ photons from optically optimized, high-
temperature sources). The term “remote” indicates that the sample gases of interest are
external to the spectrometer such as a plume at an accident site. Closed path spectroscopy
may include extractive systems, which interrogate samples in an absorption cell, or use a well
known photon source and a well known path length.

The general concept of IR spectroscopy in this situation is illustrated in Figure 1. A
passive spectrometer 101 will be positioned such that the gaseous plume 103 is between the
spectrometer and some background object 105, which will provide a source of IR energy. In
the case where the background 105 is significantly warmer than the plume 103, IR energy
emitting from background 105 will pass through plume 103 and be recorded by
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spectrometer 101.  Because different chemical compounds tend to absorb different
wavelengths of IR energy, a measurement of the relative intensities of different frequencies
of IR energy received at the spectrometer will provide information which may be used to
identify the compounds in plume 103. In some cases, where the plume is warmer than its
surroundings, the compounds within the plume may themselves emit (rather than absorb) at
these IR frequencies. This absorbance is linearly related to the gaseous concentrations
through the Beer-Lambert relation, or “Beer’s Law.” When infrared radiation passes linearly
through a gas sample for a distance L, its initial intensity (Ip) is decreased through gaseous
absorption to the level (I) measured at the spectrometer. Beer’s Law states that the

absorbance at each infrared frequency is defined by the relationship:

A= —logm[—ll—j Eq. (0)

0
The detailed function of a conventional spectrometer is explained in references such as U.S.
Patent No. 5,982,486, which is incorporated by reference, and need not be detailed herein. It
is sufficient to understand from Figure 2 that the spectrometer will initially create an
"interferogram” (step 107) representing the space-domain response of its detector to the
infrared radiation incident on the detector. The application of a fast-Fourier transform to the
interferogram will form a sample single-beam (step 109) representing the total power incident
on the infrared detector as a function of infrared frequency, the latter usually being expressed
in units of “wavenumbers”, or reciprocal centimeters (cm™). An illustration of a sample
single-beam spectrum is seen in the lower trace of Figure 3.

Because passive IR spectroscopy employs a background source of IR energy, the
signals of real interest, namely the relatively narrow absorption and/or emission bands of the
gases located between the spectrometer and the backdrop, are superimposed upon the smooth,
broad emission spectrum of the background IR source. It is therefore necessary to develop
some type of background spectrum. While the present invention's method of forming the
background spectrum is described below, the middle trace of Figure 3 illustrates the
background single-beam spectrum graphically which will aid in understanding conceptually
the invention's background.

Once the sample single-beam spectrum (step 111) and background single-beam

spectrum (step 112) are determined, the sample absorbance spectrum may be calculated. In
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the notation adopted below, the sample absorbance spectrum (step 117) is defined in terms of

the single beam sample spectrum SB; and the single beam background spectrum SB as:

A= -loglo(s—;J Eq. (1)

The upper trace of Figure 3 illustrates the sample absorbance spectrum.

Once the absorption spectrum for the sample ("sample absorbance spectrum") is
created, it can be compared to the know absqrption spectra for various chemical compounds
("reference spectra") which may be represented in the sample absorbance spectrum. The
reference spectrum of a compound may be considered the graphical representation of the
degree of absorbance a chemical compound exhibits at those frequencies at which the
compound absorbs IR radiation. Figuratively speaking, the reference spectrum is the IR
"figure print" of a chemical compound. There are many methods for determining how
closely a part of the sample absorbance spectrum matches a reference spectrum and thus with
how much confidence it can be concluded that the reference chemical (i.e. the compound
represented by the reference spectrum) exists in the sample gas. One method of comparing a
sample absorbance spectrum to one or more reference spectra, is the utilization of a classical
least squares analysis.

The use of Classical Least Squares (CLS) analyses is known in the art and has been
used in spectral analysis as evidenced by publications such as D.M. Haaland and R.G.
Easterling, “Improved Sensitivity of Infrared Spectroscopy by the Application of Least
Squares Methods,” Appl. Spectrosc. 34(5):539-548 (1980); D.M. Haaland and R.G.
Easterling, “Application of New Least-Squares Methods for the Quantitative Infrared
Analysis of Multicomponent Samples,” Appl. Spectrosc. 36(6):665-673 (1982); DM
Haaland, R.G. Easterling and D.A. Vopicka, “Multivariate Least-Squares Methods Applied to

the Quantitative Spectral Analysis of Multicomponent Samples,” Appl. Spectrosc. 39(1):73-
84 (1985); W.C. Hamilton, Statistics in Physical Science, Ronald Press Co., New York, 1964,
Chapter 4 and references therein; and U.S. Patent No. 5,982,486, all of which are

incorporated by reference herein. While a full mathematical description of CLS is disclosed
in the above references, a brief description, particularly in terms of matrix manipulation, will

provide a useful background.
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CLS analyses are generally useful in estimating the solutions of an over-determined
system of linear equations; such a system of equations can always be represented by a matrix

equation of the form

A=DX+E Eq. ()
where:

A = |aset 6f N measured data, represented by a row vector

X = a set of M parameters to be estimated, represented by a column vector

D = | The “design matrix,” with N rows and M columns, describing the linear mathematical
relationship between the measured data A and the parameters X

E = | The error in the linear model for each of the measured data, represented by a row vector
of length N.

As it relates to the comparison of a sample spectrum to one or more reference spectra, the
matrix:
A=[A5AS . AP,
will represent the sample spectrum with each member 4° of A representing an intensity
10  value at the wavenumber v; over the frequency range [vy, vz, . . . vy]. In the design matrix:
AL Ay . AN 1 vy

Ay AN . . 1 v,

D= Eq. (3)

AN AN - A 1 ovy
each column will represent a reference spectrum, with each member of a column 4;/% (using
the first column as an example) representing an intensity value of the reference spectrum over
the same frequency range as the absorption spectrum.
In the case N > M (that is, when the number of measured data exceeds the number of
15  parameters to be estimated), the system of equations described in Equation 2 is referred to as
“over-determined.” In this case, which pertains to all the CLS applications described here,

there is no unique solution to Equation 2. Howeyver, it possible in this case to form estimates

of the parameters X and to characterize the accuracy of those estimates. Such estimates and

characterizations may be based on any chosen set of mathematical criteria and constraints. A

20  widely used criterion is to form estimates of the parameters X that minimize the “weighted

sum of squared residuals™ for the model of Equation 2; this sum may (or may not) be defined
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in such a way as to account for variations in the quality of the measured data Ai. Such
estimates are broadly referred to as the results of “least squares” techniques, and only such
estimates are described in this work. The term “classical least squares” refers to least squares
techniques based solely on the linear model described in Equation 2; other least squares
techniques, e.g. those referred to as “partial least squares™ analyses, often employ additional
processing of the data and result in more complex approaches to estimations of the desired
parameters X.

Formally, “classical least squares™ estimates are based on the assumptions that the

error vector E possesses a joint distribution with zero means and a variance-covariance
matrix that M of rank N. Many CLS estimates also include the further assumptions that the

matrix Mr is known to within a (non-negative) scaling factor 67, i.e. that

Nll N21 : NNI

02 NIZ N22 — (5'2N Eq. (4)

M; =
Ny -+ Ny |
Practically, Equation 2 embodies the assumption the relative quality of the measured data

Aiis known. The relative quality of the data may be quantified by assigning a non-negative

“weight” Pi to each Ai where the diagonal weight matrix P is (in general) the matrix
inverse of N, i.e.

P=N" Eq. (5)

and therefore, according to Equation 5, that
P.=— Eq. (6)

The type of CLS analyses commonly used in the prior art will be designated
“unweighted CLS” in order to distinguish it from a "weighted CLS" analysis described below
in the Detailed Description of the invention. Both types of CLS analysis employ the
assumptions noted above in conjunction with Equations 4, 5, and 6.

Unweighted CLS analysis is one in which all measured data are assumed to be of
equal quality; i.e. in the unweighted case, both the matrices P and N are equal to the identity

matrix I. For any estimated set of parameters X, the residual V is defined as:
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V=A-DX Eq. (7)
and the “weighted sum of squared residuals” is defined as:
V* = VPV = (A -DX) P(A -DX) Eq. (8)

where the superscript “t” denotes the matrix transpose.
The following estimate of the parameters X exists, is unique, and leads to a minimum

in V2 (the “weighted sum of squared residuals™):

X =(D'PD)'D'PA Eq. (9)

Equation 9 describes the basic CLS parameter estimates which are useful and accurate in a
number of applications. However, it is important to note that all CLS analyses also provide
useful statistical measures of the uncertainties in the parameter estimates.

In particular, CLS analyses provide a “marginal standard deviation” (MSD) for each

parameter estimate. Where the CLS estimate of the variance-covariance matrix is
A _ 12t -1 Eq. (10
M = V2(D'PD) 4. (10)

the marginal standard deviation (MSD) associated with each parameter estimate X is

A, =1/Mﬁ Eq. (11)

The MSD is sometimes referred to as the “ 1o uncertainty” in the associated parameter. The

relative magnitude of Xjand A is often used as an indicator of the quality of the CLS

analysis estimate of the parameter X,

Weighted CLS analysis, which forms part of the invention discussed below, is one in
which at least one Pi differs from the other values in the matrix P , that is, when at least one

datum Aiis assumed to be of better or worse quality than the other Ai.

In addition to the spectrometry aspects of the present invention, this invention also
relates both to novel methods for processing spectral data and novel methods of identifying
chemical compounds based upon the location of a chemical release and conditions (e.g.
colors, smells, and the like) observed at the site of the chemical release. This non-spectral
method of identifying potential chemical compounds may be used in combination with or

independently of spectral methods. When used in combination with spectral methods, the
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non-spectral methods will function to identify or aid in identifying an initial list of chemical
compounds whose reference spectra will be chosen for comparison with the undetermined
sample spectrum.
Background Art

One embodiment of the present invention provides a system for remote identification
of chemical compounds. The system includes passive infra-red spectrometer, a location
identifier, a range finder, and a user interface. The system further includes database having
data representing chemical reference spectrums, data associating observable properties with
certain chemical compounds, and data associating a location with certain chemical
compounds. A computer processor communicates with the spectrometer, the location
identifier, the range finder, the user interface, and the database. The system also includes
software for comparing data from the spectrometer, the location identifier, and the range
finder to data in the database in order to identify the potential presence and concentration of
one or more chemical compounds.

Second embodiment of the present invention is a method of determining the
temperature of a backdrop object against which a sample spectra is recorded. The method
includes the steps of: a. providing a predetermined relationship between a parabolic center
frequency and a backdrop temperature, wherein the parabolic center frequency is that of a
single beam spectrum of a reference backdrop at a known temperature; b. providing a
sample spectra recorded against a backdrop of an unknown temperature; c. determining a
best fit parabolic curve of the sample spectra; d. determining a sample parabolic center
frequency of the best fit parabolic curve; e. comparing the sample parabolic center frequency
to the predetermine relationship of center frequency and backdrop temperature; and f.
estimating a temperature of the backdrop based upon the comparison.

A third embodiment of the present invention is a method of generating a background
spectrum for use in spectral analysis. The method includes the steps of: a. providing a
sample spectrum and an estimated temperature of a background object; b. from a set of
known temperature spectra related to a known background temperature, selecting at least
two known temperature spectra representing a background temperature above and below the
estimated temperature; and c. comparing the sample spectrum to the known temperature

spectra in order to determine a sample background spectra.
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A fourth embodiment of the present invention is a method of generating a temperature
compensated absorbance spectrum. The method includes the steps of: a. providing a sample
spectrum and an estimated temperature of a backdrop object; b. from a set of known
temperature specira related to a known background temperature, selecting at least two known
temperature spectra representing a background temperature above and below the estimated
temperature; ¢. comparing the sample spectrum to the known temperature spectra in order to
determine a sample background spectrum; and d. calculating an absorbance spectrum from
the sample spectrum and the background spectrum.

A fifth embodiment of the present invention is a method of identifying a chemical
represented in an absorbance spectrum. The method includes the steps of: a. providing a
sample absorbance spectrum; and b. comparing the absorbance spectrum to spectra for CO2
and H20 and to at least one chemical reference spectrum in order to identify a chemical
represented in said  absorbance spectrum.

A sixth embodiment of the present invention is a computer system for identifying
chemical compounds using observable characteristics. The system includes a chemical
database associating predefined characteristics and properties with a plurality of
chemical compounds and a user interface accepting input of observable characteristics. The
system further includes a processor operating on software directing the processor to identify
chemical compounds in the database which correspond with the observable characteristics.

A seventh embodiment of the present invention is a computer system for identifying
chemical compounds based upon a location where the compounds are observed. This system
includes a chemical/location database associating at least one chemical compound with an
assigned map location of the compound and a location input for entering a system location
into the system. A processor operates on software which directs the processor to identify
chemical compounds in the database which correspond with the system location.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a conceptual illustration of a spectrometer, chemical compound cloud and
background temperature source.

Figure 2 figuratively illustrates the prior art signal processing steps for obtaining an
interferogram and converting it to an absorption spectrum.

Figure 3 represents three different spectrum curves related to the present invention.

Figure 4 is a conceptual hardware diagram for the system of the present invention.
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Figure 5 is a flow chart for the Chemical Properties Wizard of the present invention.

Figure 6 is a schematic representation of the chemical properties database of the
present invention.

Figure 7 is a flow chart for the Facility Wizard of the present invention.

Figure 8 is an example of container silhouettes utilized in the present invention.

Figure 9 is a screen-shot from a NFPA placard selection routine utilized in the present
invention.

Figure 10 is a flow chart of a Railcar Wizard of the present invention.

Figure 11 is a screen-shot of a DOT placards selection routine utilized in the present
invention.

Figure 12 is a screen-shot of a tank car silhouettes selection routine used in the
present invention.

Figure 13 is a flow chart illustrating the steps in taking a spectral reading.

Figure 14 is a flow chart illustrating the steps in aligning the spectrometer.

Figure 15 is a flow chart illustrating the steps in estimating an initial backdrop
temperature.

Figure 16 is a flow chart illustrating the steps in weight interative CLS.

Figure 17 is a flow chart illustrating the steps in estimating a final backdrop
temperature.

Figure 18 is a flow chart illustrating the steps in generating a background and
absorbance spectrum.

Figure 19 illustrate a series of black body temperature curves.

Figure 20 illustrates parabolic fits to two black body temperature curves.

Figure 21 illustrates a curve of parabolic peak positions to blackbody temperatures.

Figure 22 is a flow chart illustrating the éteps in a CLS search of the present
invention.

Figure 23a and 23b are analytical range representations.

Figure 24 illustrates the bases for analytical region selection and ranking.

Figure 25 is a flow chart illustrating the steps in a galactic spectrum search.

Figure 26 is a flow chart illustrating the steps in another chemical identification
spectral search.

Figure 27 is a flow chart illustrating the steps in an adjusted CLS procedure.
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Figure 28 is a curve illustrating contrast division factors vs. temperature contrasts.
Figure 29 is a flow chart illustrating the steps in the sample taking routine employed

by the present invention.

IV. Detailed Description of the Invention.

1. Non-Spectral Identification of Compounds

As mentioned above, the present invention relates not only to novel equipment and
methods for processing spectral data, it also relates novel methods of identifying chemical
compounds based upon "non-spectral" characteristics such as the location of a chemical
release or conditions (e.g. colors, smells, and the like) observed at the site of the chemical
release.

To carry out both the spectral and non-spectral identification methods of the present
invention, the invention employs a unique combination of hardware to form a system for
remotely identifying compounds present in a chemical release. Figure 4 is a block diagram
illustrating the hardware used in the remote identification system of the present invention.
Generally speaking, remote chemical identification system 1 will include a spectrometer 3 , a
location identifier 7, a range finder 5, a user interface 10, a computer processor 4, a weather
station 12, a video camera 9 and a database 13 of chemical reference spectra. While not
shown in Figure 4, it will be understood that a spectral search engine will be run on processor
4. One example of such a spectral search engine is described below in reference to Figures
15-27. In a preferred embodiment, spectrometer 2 will consist of a passive infra-red
spectrometer such as that sold under the tradename "Illuminator" by MIDAC Corporation of
Costa Mesa, CA. Location identifier 7 will be a conventional Global Positioning System
(GPS) such as sold by the Trimble corporation of Sunnyvale, CA under the tradename
"SVee8Plus". The range finder 5 will typically be a laser based ranger finder such as that
sold under the tradename "ImpulseXL" by Laser Technology of Englewood, CA. The video
camera may be of any conventional type with the "VK-C77U" sold by Hitachi corporation
being used in a preferred embodiment. The compass 14 can be any type providing an
electronic signal output such as the HMR3000 sold by Honeywell corporation. The weather

station is a device capable of measuring climatic conditions such as wind speed, ambient
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temperature, and humidity, one suitable example of which is the "1-Wire Weather Station"
sold by Texas Weather Instruments of Dallas, TX. User Interface 10 in one preferred
embodiment comprises a conventional touch screen 11 and an alpha-numeric keyboard. The
processor 4 should be at least a 1GHz processor and be installed with at least 512 MB of
RAM and a large capacity memory such as a hard disk drive. In one preferred embodiment,
the spectrometer 3 , location identifier 7, range finder 5, user interface 10, computer
processor 4, weather station 12, and video camera 9 will be organized into a single housing
(not shown) with this housing normally being adapted for mounting on a vehicle for
placement at a fixed site, or mounting on a support structure (e.g. a tripod) for standalone
applications. The database 11 may exist on the hard disk drive or may be located remotely
and accessed, for example, by a wireless data link or fiber optic link.

The database 13 will contain, among other information, a library of chemical
reference spectra. As mentioned above, the reference spectrum of a chemical compound
provides the absorbance of that compound at the particular wavelengths at which that
compound absorbs or emits IR radiation. Databases of reference spectra are well known in
the art and are available from companies such as Thermo Galactic of Salem, NH. However,
chemical compound identification based upon spectral data forms only one aspect of the
present invention. In one preferred embodiment, the database will include not only chemical
spectra data, but also a data associating observable properties with specific chemical
compounds and/or data associating a location with specific chemical compounds. Nor is the
term "database" limited to data on a single storage device. For example, the database could
include a portion of the information on a local storage device (e.g. the hard drive) and a
portion of the information located remotely (e.g. a remote server). Alteratively, the database
could exist entirely on a storage device remote from the other components of the system.

This disclosure first details a method of identifying chemical compounds based upon
certain properties, conditions or characteristics observed at the site of the chemical release.
This method will normally be implemented in a computer system having a processor, a user
interface executable software programs, and a database associating observable properties
with specific chemical compounds. The processor and user interface may be of the type
described above in reference to Figure 4. The database will comprise a plurality of chemical
compounds and for each compound associate a series of observable properties or

characteristics. These properties normally pertain to compounds in a gaseous state, but could
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in some instances pertain to compounds in a solid or liquid state. In the particular
embodiment described herein, these properties may include whether the compound produces
a visible vapor, whether the vapor sinks or rises, the vapor's color, any smell associated with
the compound, and any change in color and smell upon the exposure of the compound to
water (hydrolysis). A further property that may be included in the data are what secondary
compounds arise from the incomplete combustion of the compound in question ("products of
incomplete combustion" or PICs). Which of these properties various compounds exhibit is
well known in the art and may be found in references such as the Pocket Guide to Chemical
Hazards published by the U.S. National Institute for Occupational Safety and Health
(NIOSH), the Material Safety Data Sheet (MSDS) normally published by the manufacturer
of the chemical, and the Chemical Hazards Response Information System (CHRIS) published
by the United States Coast Guard, all three of which are incorporated by reference herein in
their entirety. The database may also include information relating to the health hazards posed
by various compounds and information on how to treat exposure to the compounds or how to
best safely contain and handle the compounds, as well as general and specific procedures to
follow for a chemical release incident. This latter information may be found in sources such
as the Emergency Response Guide 2000 (ERG 2000) published by the U.S. Department of
Transportation and the U.S. Fire Administration (USFA) Hazardous Material Guide for First
Responders published by the U.S. Federal Emergency Management Administration (FEMA),
both of which are incorporated by reference herein in their entirety. As an example, Figure 6
shows a conceptual diagram of a database of chemical properties. As suggested, different

compounds (represented as compounds A, B, C, etc.) will be associated with their respective

‘chemical properties such as whether the compound produces a visible vapor (at atmospheric

pressure), the density of that vapor relative to air, the color (if any) of the vapor, the smell (if
any) of the compound, the molecular weight (MW), and the hydrolysis state (i.e. exposed to
water) color, smell and density of the compound, if applicable. For illustration purposes,
Figure 6 is constructed as if compound "A" was ammonia and compound "B" hyperchlorous
acid, with the applicable properties of each being presented. In the simplest example, the
chemical properties database could take the form of a computer read look-up table. However,
those skilled in the art will recognize many more sophisticated database structures. For
example, in oﬁe preferred embodiment a computer would build a“database schema within a

case tool, such as Microsoft Visio, then create the database within a SQL relational database,
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such as Microsoft SQL Server that would allow for the unique relationship, cross reference,
query and display of the information contained within all guides.

Figure 5 is a flow chart of the method for indicating the potential presence of a
chemical compound or group of compounds based upon observable conditions at the site of
the chemical release. When this method is implemented on a computer, it will typically take
the form of a "Wizard" or program which seeks information from a user in a series of queries
and provides a solution or feedback based on the information entered. This embodiment of
the invention shown in Figure 5 may be referred to herein as the "Chemical Property
Wizard."

Beginning with step 20, the program will first identify for the user what Wizard
routine is about to be executed. In step 21, the program first queries as to whether water is
being applied to the chemical release (e.g. with a fire hose). If the response is affirmative,
hydrolysis conditions may exist and the steps taken are described in steps 30-37 below.
Assuming for the moment water is not being applied to the chemical release, the user is
queried in step 22 whether vapor is visible when the user observes the chemical release. If
yes, step 23 queries whether there is an observable color in the vapor. In the embodiment of
Figure 5, step 24 then presents the user with a choice of «color bars on touch screen 11. As
suggested above, the database will associate certain compounds with certain colors.
Typically the program will present the user with ten to twenty color bars with the name of the
color printed below the bar. It will be understood that more than one compound could be
identified by the same color. However, the identification of a color does serve to narrow
down the potential number of compounds likely to be present in the chemical release. Once a
color is selected, the program moves to step 24 and queries the user as to whether the vapor is
rising. If the vapor is rising, it is presumed in step 25 that the vapor density is greater than 1
mg/m’ (the density of ambient air). If the vapor is sinking, it is presumed that the vapor
density is less than 1 mg/m’. Additionally, chemicals that have the same vapor density as air
(1.0) tend to disperse uniformly into the surrounding air where contained and, when released
into the open air, chemicals that are lighter than air will travel up and away from the ground.
Step 28 next enquires if there is a smell associated with the chemical release. In a manner
similar to that described in regards to colors, descriptions of all chemical odors named in the
database will be presented to the user on touch screen 11 in step 29. For example, the USFA

HazMat Guide, which describes the smell of various compounds, describes ammonia as
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having a "pungent odor" or hyperchlorous acid as having a "bleach-like" smell. After the
user has indicated whether or not the odor of the released chemical matches with any of the
odors listed on touch screen 11, the program will advance to step 38. Step 38 queries the user
as to whether water is now being applied to the chemical release. If yes, a hydrolysis reaction
may have occurred giving the chemical release a different color and different smell. The fact
that the compound has altered color, smell or density upon hydrolysis may provide further
evidence concerning the identity of the compound. It can be seen that step 32 may be
reached by answering "yes" to the query in either step 38 or'step 21. The affirmative answer
in step 21 anticipates the situation where the system user first observes the chemical release
with water already being applied. The affirmative answer in step 38 anticipates the situation

where the release is first observed without the presence of water and water is later applied.

- Step 31 queries whether there is a new vapor color as a result of the hydrolysis. If yes, step

32 again displays to the user a selection of colors on touch screen 11 and allows the user to
select one of the colors, before moving to step 33. Thereafter (or if there was no color change
upon hydrolysis), step 33 queries whether the vapor is rising and steps 34 or 35 make a
decision regarding vapor density as discussed above based upon whether or not the vapor is
rising. Then steps 36 and 37 will make a new inquiry regarding the smell of the released
compound in the hydrolysis state. Step 39 will then query whether there is a fire associated
with the chemical release and whether there is accompanying smoke (step 40). If there is
accompanying smoke (the user must distinguish between smoke from the fire and any steam
from vaporizing water), step 41 will determine that the molecular weight of the substance
burning is greater than the molecular weight of propane (i.e. 44). This conclusion is based on
the premise that substances of greater molecular weight than propane will tend to produce
visible smoke when they burn.

Once all queries have been answered, the program will return a listing of all chemical
compounds for which the database has properties input by the user. In one preferred
embodiment of the present invention, a compound will only be indicated present when all
input properties match that compound. It should be understood that the program will not
always return a suspected compound and often may return several compounds which meet
the observed properties.

Another embodiment of the present invention relates to a database associating a

location with specific chemical compounds. The physical location at issue will typically be
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an industrial plant or other facility which houses chemicals as part of its business operations.
Information on what chemicals exist at what facilities may be obtained from Local
Emergency Planning Commissions (LEPCs) and State Emergency Response Commissions
(SERCs) or by other means entered into the database, for example, a fire departments pre-
planning data. The Emergency Planning and Community Right to Know Act (EPCRA) has
established that facilities storing, producing or using potentially hazardous chemicals must
submit annually an emergency and hazardous chemical inventory form to LEPCs, SERCs and
local first responders such as fire departments. Facilities provide this information in either a
"Tier I" or "Tier II" form. Most States require the Tier II form and this provides basic facility
identification information, employee contact information for both emergencies and non-
emergencies, and information about chemicals stored or used at the facility. This information
is publicly available and may be organized into an electronic database format. Tier I & II
information normally identifies the location of a facility in terms of a street address and the
address of the facility may be referred to as the "assigned map location" of the chemical
compounds stored at that facility.

Figure 7 illustrates a flow chart for the method of correlating location data input by a
user with a database having Tier I or IT data. Normally this method will be implemented by
way of computer software and will sometimes be referred to herein as the "Facility Wizard"
program. Step 50a represents initiation of the Facility Wizard program. In step 50b, the
program will receive an input representing the physical location of interest. When the
Facility Wizard is operating in a hardware configuration such as seen in Figure 4, the location
input will be automatically provided by the Global Positioning System (GPS) unit 7, thus
making the "system location" the location of the GPS device. GPS location data could be in
the standard National Engineers and Mechanics Association (NEMA) GPS format which
includes degrees and minutes latitude and longitude with the minutes being measure to a
precision of six figures beyond the decimal point. However, there are other well known GPS
message formats that will accomplish the same end. Since Tier I and II data normally
provide facility location in terms of a street address, the Facility Wizard utilizes a
conventional mapping program such as Microsoft Map-Point with an address geo-coding
feature to associate the longitude/latitude data with the closest corresponding street address

data.
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The Facility Wizard next gives the facility name the Tier II data associates with the
chosen location and queries the user in step 51 whether this is the facility in which the user
believes the chemical release is located or from which the release is emanating. If the user
responds in the negative, step 56 will automatically return a list of all chemicals reported in
facilities within a given radius of the input location. In one embodiment, this radius has a
default value of 0.5 miles, but the radius may be increased or decreased by user input.
Altemnatively, if the query in step 51 elicits a positive response, only the chemicals reported
for the identified facility will be listed as suggested in step 52. Next, step 53 will query the
user as to whether the release is from a known storage container. If the user can identify the
container from which the release emanates, step 54 of the Facility Wizard will present the
user with a selection of container silhouettes on touch screen 11. Fiéure 8 illustrates a four
examples of container silhouettes 61a-64d which could be presented to a user. The fact thata
release is emanating from a particular container type does not precisely identify the
compound being released, but it does limit the type or class of compounds which are likely to
be stored in such a container.  All information on storage containers and the types of
products for which the containers are rated is publicly available from sources such as the
United States Fire Administration (USFA) Hazmat Guide.

Regardless of whether the Facility Wizard branches to step 56 or step 54, the program
will next query the user in step 55 whether there is an information placard such as a National
Fire Protection Association (NFPA) placard as shown in the screen shot of Figure 9. As is
well known in the art, the NFPA placard 63 is divided into four diamond shaped fields
represented as 64a-64d. Field 64a is blue (heath risk), field 64b is red (flammability), field
64c is yellow (reactivity), and field 64d is white (special concerns). Fields 64a-64c will also
include a number from 0-4 in the field, where the numeral represents an increasing degree of
each of the categories of health risk, flammability, or reactivity. Field 64d will have special
alphabetical letter codes contained therein to indicate special concerns such as hydrolysis.
Step 57 prompts the user to select a particular NFPA placard. In the embodiment shown in
Figure 9, this will entail the user reproducing on touch screen 11 the placard he or she is
observing. This is done by touching the number or letters next to fields 64a-64b to reproduce
the placard values observed at the site of the chemical release. As with the container

silhouettes, the NFPA placards do not necessarily provide an exact compound, but there
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typically is a group of compounds which will correspond to a placard having a specific set of
numbers.

In step 58, the Facility Wizard will initiate the Chemical Property Wizard program
discussed above in reference to Figure 5 and the Chemical Property Wizard will present the
user with its set of queries and return any potential chemical compounds indicated based
upon its decision process. In step 59, the results of the Facility Wizard steps 50-57 and the
Chemical Property Wizard will be compared and chemical compounds common to both will
be presented as the final results of the Facility Wizard.

Another embodiment of the present invention relates to a method (typically computer
based) for identifying potential chemical compounds based on information observed on
highway container trailers or railroad container cars. Figure 10 illustrates a flow chart for
what may be characterized as a "Railcar Wizard" for use when a chemical release is
emanating from a railcar. It will be understood that while described in terms of a railroad
tanker car, the procedure is equally applicable to highway container trailers and such is
clearly contemplated by the present invention. Step 70 will initiate the program on touch
screen 11 (see Figure 4). In step 71, the user will be prompted to observe whether a U.S.
Department of Transportation (DOT) placard exists on the railcar with which the chemical
release is associated. Figure 11 illustrates several typical DOT placards which may appear on
touch screen 11 when the Railcar Wizard is in operation. Then the user will simply indicate
the placard observed at the site by pressing the corresponding placard displayed on touch
screen 11 as suggested in step 72. In some instances, the placard will specifically identify
the compound in the container car (see for example the placards for oxygen and gasoline).
However, in most cases, the DOT placard will only provide certain general properties (e.g.
combustible, flammable, toxic, etc.) which could apply to several chemical compounds as in
the case of NFPA placards discussed above. All compounds associated with the selected
placard will be noted by the program as potential results of the Railcar Wizard.

Regardless of whether an applicable DOT placard is identified, the railcar wizard will
next query the user as to whether there is an existing United Nations (UN) number. The UN
number normally appears as a four digit number within a circle and may appear on DOT
placards or a separate placard. The UN number is a unique number assigned to each

chemical compound and can typically be found in any published hazardous materials guide.
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In one embodiment of the present invention, the user will use the touch screen to select the
sequence of digits making up the UN number observed at the release site.

After inquiring concerning the UN number, the Railcar Wizard will next query the
user in step 75 concerning whether there is a railcar silhouette in the database which matches
the railcar associated with the release. The USFA Hazardous Materials Guide for First
Responders includes a series of rail tank car silhouettes typically used in the railroad industry.
The USFA Hazardous Materials Guide will indicate certain types of tank cars are designated
for certain compounds. For example, the DOT 105J100W tank car is designated for ethylene
oxide, liquefied petroleum gas and liquefied hydrocarbon gas, while the DOT 105J200W tank
car is designated for sulfur dioxide, vinyl chloride, and liquefied petroleum gas. Figure 12
shows a screen shot illustrating how the Railcar Wizard will direct the user to select the
proper railcar which is observed at the incident location. Using up/down selection arrows 81,
the user will scroll through different silhouettes in the database and compare the silhouettes
80 to the observed railcar. The user will sifnply touch the appropriate railcar to indicate that
this is the railcar observed at the scéne.

After a silhouette is selected in step 76, the Railcar Wizard will call up in step 77 the
Chemical Property Wizard discussed above and it will present the user with its set of queries
and will return any potential chemical compounds indicated based on its decision process. In
step 78, the results of steps 70-76 and the Chemical Property Wizard will be compared and
chemical compounds common to both will be presented as the final results of the Railcar
Wizard. Although the UN number, when properly updated on the container, is the most
accurate identifier of the compound, there is no way to assure the UN number has in fact been
updated. Therefore, a compound is only identified by the programs when the compound
identified by the UN number also corresponds to the chemical or chemicals identified by the
other indicators (silhouettes, DOT/NFPA placards, the chemical property wizard).

2. Spectral Identification of Compounds

Another major aspect of the present invention is the use of spectral analysis to
remotely identify unknown compounds in a chemical release. As discussed above, one of the
key parameters in performing reliable remote spectral analysis is an accurate background
spectrum. The present invention provides a novel and advantageous manner of producing an
accurate background spectrum. However, as a preliminary process to determining the

background spectrum, Figure 13 illustrates how the present invention performs several initial
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steps as it takes its first spectral readings. The first step 122 involves an "alignment mode"
procedure which is executed by existing software in the spectrometer. These steps are briefly
discussed in reference to Figure 14. In this mode, the spectrometer will take a single
interferometer scan and transform the scan (via FFT with triangular apodization) to a sample
single beam spectrum (SBSi ) over the frequency range of v = 650 cm™ to 4200 cm™ (step
141).

Next, the system estimates of the total incident infrared power in the signal by
measuring the difference between the minimum and maximum values (peak- to-peak value)
of the interferogram (step 142). The magnitude of the IR signal power may be represented by
any conventional numeric or graphical user interface. If the signal power is greater than the
recommended power range of the spectrometer, the user will place an IR filter across the
spectrometer lens and take another reading of the signal power. If the signal power is less
than the recommended range, the user will attempt further readings from different locations,
which may result in the transmission of more IR energy to the spectrometer. If no angle of
view provides sufficient signal power, then no spectral reading is possible under existing
conditions.

Once the system confirms there is sufficient signal power, the system perform several
further steps to provide additional data. As suggested in Figure 13, for each spectral reading
the system will assign the reading a specific identification number (step 125), take a compass
heading (step 126), take a range measurement to the backdrop object (step 127), take a
temperature and humidity reading (step 128), take a GPS reading (step 132), take a camera
zoom position (step 131), store metadata from the video capture (step 130), start video
capture which may be stored in a conventional JPEG format (step 129), begin video
timestamp (step 133), make a predetermined number of scans at a pre-selected wave interval
to construct an interferogram (step 134), end the time stamp (step 135), stop the video capture
(step 136), and then process the interferogram (step 137). In a preferred embodiment, thirty-
two scans will be made with the interferometer, at a 0.5 wave number interval, in order to
construct a composite interferogram. The operation of the interferometer and the processing
of the interferogram is well known in the art and need not be described further herein.

One of the steps shown in Figure 14 (step 143) is making an initial estimate of the
Background Temperature as described in Figure 15. Before exploring the steps in Figure 15,

it is important to understand that in order to make this estimate, the system will utilize a
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database of known sample single beam spectra of various gas mixtures with known gas and
backdrop temperatures.

In a preferred embodiment, forty-two single-beam backdrop spectra are used in
estimating the sample background spectrum. These forty-two spectra represent the backdrop
temperatures between 0.0 and 142°C, and are illustrated in Figure 19; they were recorded
using a Model 340 black body radiation source, manufactured by Mikron Infrared, Inc. of
Oakland, NJ.

Another experimental procedure used to generate absorption spectra includes a
heated, single-pass gas sample cell (with 10 centimeter absorption path length) and a solid,
gray, 25 cm diameter “hot plate.” K-type thermocouples attached to the surfaces of the hot

plate and the absorption cell provided measurements of the temperatures of both the sample

gas (TS) and the backdrop (Te). The spectra forming the set are recorded with the hot plate
filling the field of view of the spectrometer and the gas cell positioned between the
spectrometer and backdrop. These absorption spectra are used to generate the temperature
contrast AT = Ta - T%g discussed below in Equations 18 through 20.

After the initial absorption spectra are generated, these spectra are modified by
removing the gas-phase absorption features over a number (~200) of small frequency ranges
(largely corresponding to H20 and CO2) and replacing these absorption features with cubic
spline approximations to the relatively smooth, underlying emission spectrum of the
backdrop. The spectra are also scaled to set their maximum values to unity. Figures 19 and
20 illustrate the resulting background reference set over the wavenumber region 650 to 1400
cm”. While Figure 19 illustrates the entire set of backdrop spectra, for clarity, Figure 20
shows only the spectra representing the minimum and maximum temperatures of the
reference backdrop spectral set (0° and 142° C).

As illustrated in Figure 20, a parabolic curve is shown fitted to each of these spectra
(0° and 142° C) and the maximum height or parabolic center of these parabolas are
represented by Vc; and:Vc,. When numerous single beam spectra over a given temperature
range (e.g. 0° and 142° C) are generated (see Figure 19), the parabolic centers of these single
beam spectra may be estimated and the relationship representing backdrop temperature vs.
parabolic center may be plotted as seen in Figure 21. Using this relationship, it can be seen

how given the estimated parabolic center of a sample spectrum an estimated temperature may
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be obtained by reading the point on the temperature axis corresponding to the parabolic
center.

Now returning to Figure 15, to implement this process as suggested by that figure, the
system first obtains an analytical range from the spectrometer (step 146). The database
contains the parameters between v4 and vg , which in one common embodiment may be
defined as v4 = 650 cm™” and vg = 1100 cm™.  All the spectral information used in the
described embodiment exists in standard disk files of a format developed by Thermo
Galactic, Inc. of Salem, NH and referred to as the “SPC” format. The disk files consist of
several blocks of header information followed by an ordered list of the spectral y-values
representing either absorbance or infrared intensity, depending on the spectral data type. The
header information contains, among other data, the frequency of the first y-data point (FFP),
the frequency of the last y-data point (FLP) and the number of points in the file (NPTS). The
x-axis values associated with the y-data are not stored in the file, but are calculated as needed
from the positions of the data in the list, FFP, FLP, and NPTS. For instance, the frequency

FFP — FLP)
NPTS-1 /) Al the

spectral files used by the described embodiment have the same values of FFP, FLP, and

FFP +(13-1) (
associated with the 13™ y-value in the file is equal to

NPTS, so the SPC file format lends itself easily to the construction of the columns in the
design matrix D. From the upper frequency of the desired analytical range and the header
information, it is possible to calculate the position of the corresponding y-value in the disk
file list. This value is read from the disk file and placed in the first row of the design matrix
column. Subsequent y-values (down to that datum corresponding to the lower frequency of
the analytical range) are simply read sequentially from the disk file and placed sequentially in
lower row positions of the same column of D.

The system will then define the components necessary for implementation of the
matrix représented by equation 2. For example, Vector A is defined from SB; in the above
determined analytical range (step 147 in Figure 15). The vector components are the sample
single beam values over the analytical range: A; =(SB)S; from v; = va to vg. Then the
system will build the Design Matrix D as suggested in step 148 in Figure 15. The columns of

D consist of constants, the values v;, and the values (vi)2 to provide a matrix such as:
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1 v, (V1)2
2
D: 1 V2 (V2) Eq- (12)

1 vy (VN)2
The design matrix of Equation 12 represents a parabolic estimate of the sample single-beam

spectrum over the frequency range V1 to VN ; in current applications, V1 = 650 (cm'l)and

V= 1100 cm™. When the elements of the row vector A are set equal to those of the sample

single-beam spectra over this frequency range and the initial (k=0)P matrix is set to the

identity matrix I, Equation 9 yields estimates of the parameters ilﬁ L=012,...N)
where the estimated parabola is given by:
¥, 5‘3 + Xy, + XEy? Eq. (13)
and k denotes a "weight interative" CLS ("WICLS") iteration number.
The WICLS (step 149 in Figure 15) is a novel CLS analysis performed by the present
invention in order to obtain a more accurate estimated parabola (step 150) than would be

obtained with the prior art CLS method. The WICLS technique employs iterative adjustments

in the weight matrix P (Equation 5) on the basis of the residual V (Equation 7). In many

cases, the change in the weighted sum of squared residuals V? (Equation 8) in successive |
iterations eventually drops below a predetermined positive value, signaling an end to the

iterative process. This technique results in the effective rejection from the CLS analysis that
subset of the measured data A (Equation 2) that is not well described by the linear model

embodied in the design matrix D (Equation 3). As used in the present invention, the

Xjand their associated MSD values A; (Equations 9 and 11) are generally

WICLS estimates
superior to those provided by standard CLS analyses.
Figure 16 illustrates the steps performed in implementing the WICLS technique. The

matrices A and D are sampled in step 156. Prior to the first iteration in a WICLS analysis the
weight matrix P is set equal to the identity matrix I (step 157), that is, all the data involved

in the analysis are accorded equal weight. Next in step 158, the initial (k = 0) Parameter

Estimates v , Residual V, Sum of Squared errors V2 and Marginal Standard Deviations A

i

are calculated as disclosed above (See Equations 8 — 11). In step 159, the weights P are
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calculated and the iteration counter k incremented. Based on the residuals of the previous
iteration, the weights are redefined according to the equations:
k= V.Y 5.9

and their mean

o 1
g =Dt o (15)

k+l
where the superscript k> 0denotes the iteration number. The weights Pi" for the next

th

(k + 1) iteration are determined from the (non-linear) relations

EFif £ > akk

P = or

Efif EF <ag” Eq. (16)

and
Py =0 fori=j

where 20 is an adjustable parameter determined experimentally for each WICLS

application. In a preferred embodiment of the present invention, the value® =1. Employing

the latest weights matrix P, the Parameter Estimates X, , Residual V, Sum of Squared errors

V?, and Marginal Standard Deviations A are recalculated in step 160, again using

Equations 8 — 11. In many cases, repeated iterations using Equations 12 through 16 forces

< \k — Yk k
convergence of the values (XJ' ) ) (Ai) , and (Vz) , where, again, the superscript

k
k > 0 denotes the iteration number. In such cases, the values of (Vz) for subsequent values
of k obey

abs g—u—iz (v <L L Eq. (17)
(V"-)k+1
X,

<kl
When the condition expressed in Equation 17 is met (step 161), the values ( ) and

— \k+l
(AJ’) (and all other associated estimates) are taken as the values of the WICLS analysis. In

a preferred embodiment, the value L =0.01.
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Application of the WICLS procedure described in Equations 12 through 17 will
provide values for the Xk, X, X,* from parabolas described in Equation 13. A final

estimated center frequency V¢ for the parabola of interest (step 151) may be calculated as:
X4
2X%

VC = - Eq (18)

As discussed above, the plot of the WICLS estimates of V¢ versus the known backdrop
temperature seen in Figure 21 will provide the basis for estimating backdrop temperature. A
polynomial regression to the experimental data represented in Figure 21 results in a
functional estimate of the form:

y=a,+a,v.+a,ve +a,vy +a,ve Eq. (19)

When the procedures described in Equations 16 through 19 are applied to a sample single

8
beam spectrum of unknown backdrop temperature, they yield an estimate Vc of the center

frequency of that spectrum. The initial estimated backdrop temperature Tp of that spectrum

is given by

Ty =a, + al(vsé)+ az(vi)2 + as(vf:)3 + a4(v‘z)4 Eq. (20)

The system displays a numerical or graphical representation of the backdrop temperature.
This allows the system to present rapidly updated graphical outputs of IR energy and the
temperature contrast AT = Ty - T'g (see Equations 18 — 20 and Figure 28).

Once the system has determined the initial estimate of the backdrop temperature (step
176 in Figure 18), it will proceed to construct a background spectrum. The initial estimate of
the backdrop temperature, Tg’, is used to select a "reference background single beam (SB)
pair" which are the two background spectra which represent the closest spectrum above Tg’
and the closest spectrum below Tg" (step 178). For purposes of illustration, take the bottom
most spectrum in Figure 19, (0°C) and take the adjacent spectrum (6.8°C). If Ts" were
between 0°C and 6.8°C, these two spectra would be the a reference background SB pair.

The estimated background SB spectrum will be generated by fitting the sample SB
spectrum to the reference background SB pair by way the WICLS method described above
(step 179). Denoting the intensity value of the reference background SB pair at the frequency

1 2 . .
Vi as Siand Si, a design matrix is formulated over the frequency range Vi to V as
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S 8
1 2

D= 8. &, Eq. (21)
s, §?

While the corresponding values of the sample single-beam spectra over the frequency range
Vi to VN are used as the input row vector A (see equation 2). As noted above, current

applications employ the values Vi =650 cm™ and Yn= 1100 cm™. Application of the

WICLS procedure described in Equations 12 through 17 results in two estimates -1 and Xz;

the estimated background SB spectrum SB? is given by
SB? =X,S! +X,8? Eq. (22)

Figure 17, step 171 provides that a final estimate of the Backdrop Temperature ( 1s)
is ultimately made by the system. The above described method of determining initial

backdrop temperature, Tg’, (equations 12 through 20) is employed except that the row vector
A is set equal to the estimated background SB specirum SB; (Equation 22), rather than the

sample SB spectra as shown in Figure 19. The final estimate of the backdrop temperature s
(step 180, Figure 18) is given by Equation 23, which is analogous to Equation 20:

Ty =a, +a1(vf3)+a2(vi)2 +as(vg)3 +a4(vsé)4 Ba- (23)

Once the estimated background SB spectrum SB; is has been determined, the sample SB
absorbance spectrum SB;® may be calculated (Figure 18, step 181) as is well known in the art
using equation 1.

Once this sample absorbance spectrum is obtained, the present invention will begin
the process of identifying which spectra for individual compounds are present in the
absorbance spectrum. The system first uses a variety of methods to initially identify a set of
compounds which appear to be represented in the sample spectrum. Then the system utilizes
a second method to determine with increased certainty whether the compounds identified in
the first search are actually represented in the reference spectrum.

Initial Identification of Compounds:

One method the present invention shall employ in making an initial identification of

compounds which appear to be represented in the sample spectrum will be to compare the
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sample spectrum to the known absorbance spectrum for various compounds. The absorbance
spectrum for many compounds is known and available from sources such as Thermo Galactic
of Salem, NH. As mentioned above, the spectral information provided by Thermo Galactic is
compiled in standard disk files in a format developed by Thermo Galactic and referred to as
the “SPC” format. The construction of the design Matrix D is the same as described above.

With a database which associates a compound with a known spectrum or multiple
known spectra (hereinafter referred to as a "reference spectra"), the system of the present
invention may make a CLS comparison of reference spectra to the sample absorbance
spectrum and make a determination as to the likelihood of the reference chemical being
represented in the sample absorbance spectrum. Figure 22 illustrates one manner in which
the present invention makes such comparisons. In step 196, the system will define a search
compound, which may be the first compound in the database. Once a search compound has
been identified, the analytical range associated with that compound will next be identified.
This analytical range will be defined based over which IR frequencies the compound
evidences absorption. For example, Figure 23a illustrates the analytical range for a
hypothetical compound B, which possesses an analytical range consisting of two non-
contiguous sets of infrared frequencies. Compound B’s analytical range consists of the
frequency segments B1 (810 — 850 cm™) and B2 (880 — 900 cm™). Since there is only one
compound under consideration, the analytical range included in the design matrix (R1and R2)
will consist of these two non-contiguous sets of frequencies. However, the design matrix will
also include columns for H,O and CO, if the analytical range of either of those compounds
overlaps either R1 or R2. For example, if H,0’s analytical range is 1300 — 850 cm™, then
one column in D will consist of the H,O reference spectrum values for the two frequency
ranges R1 and R2. Likewise, if CO,’s analytical range is 650— 750 cm™, then the design
matrix for the compound B described above will not contain a column corresponding to CO,.
It is importént to noté that inclusion of H,O or CO, in the analysis does not affect the
analytical range used in the analysis (i.e. the rows of the design matrix), but only the number
of columns in the design matrix.

Associated with each compound that possesses at least one reference spectrum
included in the database will be some number of analytical ranges, and these analytical
ranges will also be stored in the database. The analytical ranges will be for the most part

limited to contiguous subsets of the IR frequencies at which both the compound evidences
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absorption and the backdrop spectrum evidences favorable infrared intensity. The selection
of the appropriate frequency subsets will involve, additionally, the set of frequencies over
which other compounds included in the database evidence absorption; of these other
compounds, H20 and CO2 are the most important, since their presence in ambient air is
ubiquitous. However, several other types of compounds may also be of particular interest,
those being compounds that are likely to be present in samples of interest, or that possess
particularly intense absorption characteristics, or that possess particularly broad absorption
patterns. The selection of the appropriate analytical ranges will also involve the intensity and
uniqueness of the spectral absorption patterns of each compound. Further, for those
compounds associated with two or more analytical ranges,_the analytical ranges will be
assigned a “rank” which distinguishes them from the other ranges associated with that
compound, and these ranks will also be stored in the database. Spectral searches and CLS
analyses will be adjusted to include all analytical ranges with ranks below an adjustable
maximum rank. This practice will allow use of additional spectral data for the compound, as
required, in the spectral searches and CLS analyses; such adjustments will be made in
response to the quality of the spectral search results and/or CLS analysis results during both
laboratory tests and field applications.

Figure 24 illustrates a possible selection and ranking process for the compound
ethanol. As seen in the lower trace, which represents ethanol’s absorbance pattern, there are
three distinct absorption bands, labeled Region 1 through Region 3, between 800 and 1300
cm-1. Between these limits, the backdrop intensity varies, but is relatively constant. In
conirast, the sharp H20 absorption features in the backdrop spectrum are seen to become
more intense in the higher wavenumber portions of the spectrum. The combination of these
factors indicates that, in the presence of water, Region 2 will yield the best analytical results
for ethanol and that Region 1 will yield the poorest results. This leads to the “Rank 17
designation given Region 2, the “Rank 2” designation given Region 3, and the “Rank 3”
designation given Region 1. In a preferred embodiment, the routine is set up to use only the
Rank 1 region in the design matrix. However, the analytical routine could also be adjusted to
include regions of both Ranks land 2; or, it could even be adjusted to include all the ranks for
this compound (1, 2 and 3). Moreover, those skilled in the art will recognize that every

compound will potentially have any number of ranges and each assigned any rank. Thus, the
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present invention is not limited to the three-rank, one-region-for-each-rank example
illustrated above.

Since the system is again utilizing a CLS comparison, the design matrix D for the
CLS procedure must be defined as in step 197 of Figure 22. At least one column of the
design matrix will represent the reference spectrum for the compound selected (and multiple
columns if multiple reference spectra are selected). The rows of the design matrix will only
include only those infrared frequencies in the analytical range of the Search Compound. As
this CLS analysis is not a WICLS analysis, the weight matrix is set equal to the identity
matrix (P = I) as in step 198. The Parameter Estimates X, Residual V, Sum of Squared
Errors V?, and the Marginal Standard Deviations A, for the search compound are calculated
as described above in relation to equations 8-11 (step 199). The purpose of finding these
values is that they can provide a "Quality Index" Q; which is indicative of the quality of a

CLS determination for the parameter X, Using the sample absorbance vector A from step

200, Q; may be defined as:

3, A
Q, =100x(1-R,)=100x 1= | =100 1-=5 Eq. (24)

J J

U and © are defined below and for now it only need be understood that in the present

invention, CLS values of X; with related quality indices Q; falling below specified values
are referred to as "undetermined." The value of Qj below which a compound will be
considered undetermined will vary for different CLS applications. One preferred

embodiment of the present invention considers a Q; of less than 90 to be an undetermined

value of X

i. This decision is represent in step 201 of Figure 22, where a Q; of greater than
90 is considered a positive ("determined") result (step 202) and a lower Qj is considered a
negative ("undetermined") result (step 203). Finally, the results of this search are reported in
step 204. Thus, this above described method, referred to herein as the "CLS Search",
provides an example of one procedure for searching and identifying compounds which may
be represented in a sample absorption spectrum.

Another method the present invention shall employ in making an initial identification
of compounds is that developed by Thermo Galactic of Salem, NH. While this method (the

"Galactic search") is utilized in the present invention, the Galactic search itself is not the
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subject of the present invention. The Galactic search method (see Figure 25) begins (step
226) with defining the analytical range for the chemical being compared to the sample
spectrum (step 227). As in the method of Figure 22, the Galactic search utilize a database
which relates absorbance characteristics over given ranges for various chemical compounds.
The system will correlate the absorption characteristics to the frequency ranges over which
that compound absorbs IR energy. This "analytical range" will correspond to the compound
which is being searched. Once the analytical range is determined, the Galactic search will
employ a number of different algorithms in making a search determination. An important
distinction between this search and that described in relation to Figure 22 above is that the
Galactic search does not include any data representing CO, or H,O. As suggested in step 229
of Figure 25, the Galactic search includes search types based upon correlation, first
derivative, Eucleadian distance, and first derivative Eucleadian distance.

The Galactic search initially is set to begin searching with one of the particular search
types listed above (step 228). The search will generate a list of all reference spectra in the
database in the order of each reference spectrum's strength of correlation to the sample
spectrum (step 230). If the reference spectrum for the compound selected is the first in
ranking, and there is N percentage separation between the first and second ranking (step 231),
then the compound selected is considered to have reliable result and a 1 is added to a
reliability index associated with that compound (step 232). The degree of separation N may
vary for different embodiments. By way of example the separation N could be zero percent
in one embodiment, twenty-five percent in another, or any other percentage found to give
accurate results. This method is then repeated for each of the five search types described
above and reliability index incremented (to a maximum possible value of 4) as the condition
of step 5 is fulfilled. Thereafter, this method is repeated for each compound in the Galactic
database (step 233). The ultimate output of the Galactic search will be a list of each
compound with a reliability index of at least 1 and the value of the compounds reliability
index (step 234).

By employing the CLS Search, the Galactic Search and the Wizard Searches, the
present invention will create an initial or tentative list of chemical compounds represented in
the sample absorbance spectrum. The "Wizard Searches" refer to the compounds that the
Chemical Properties Wizard, the Facilities Wizard, or the Railcar Wizard described above

indicate are potentially present. The present invention will then process this initial list of
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compounds in a novel manner in order to determine with greater certainty which compounds
from the initial list are most likely represented in the sample absorbance spectrum. Figure 26
illustrates how the first step (241) in this process is to create a Primary List and a Secondary
List based upon the correspondence of chemicals across these three search lists (242a-242c),
which will be referred to below as by the designations {C} for the CLS Search list, {G} for
the Galactic Search list, and {W} for the Wizard Search list.

The primary list {P} comprises all compounds identified in list {C} plus those
compounds which are found in both lists {W} and {G}. Expressed in set notation, {P}
equals {C} U {{W}"{G}}. The set {S} is the compiement of {P} within the overall union
{CYO{W}U{G}. In other words, {S} represents any compound found in either lists {C},
{W}, or {G} and which is not already listed in {P}. The list {P} represents those compounds
most likely to be represented in the absorbance spectrum while the list of compounds in {S}
are considered less likely to be present in the sample, but require some spectroscopic
attention. Next, in step 243, the system will define the CLS analytical range R, the design
matrix D, and sample input vector A from {P}. The analytical range R is the union of the
analytical ranges for all the compounds in {P}and as illustrated in Figure 23b, is determined
in a manner similar to that described above in reference to Figure 23a. By way of example, if
the list {P} has only the two compounds A and B (comprised of frequency ranges A1, A2 and
BI, B2 respectively), then the analytical range R will be those IR frequencies over which any
compound demonstrates absorbance.  As before, the compounds H,0 and CO, are also
included in the analysis to the extent that their analytical ranges overlap those IR frequencies
defined by {P}, but their frequency ranges are not otherwise used in defining R. The

components of the vector A are the sample absorbance values over the analytical range R.

R
The columns of D consist of the values for the reference spectra Ay , and the wave number

Vi, and Vi over the same frequency range. The design matrix D will thus appear as:

A% Ay LAY 1 v,

Alzll Agz . : 1 v,

D= Eq. (25)

Agl Allflz ¢ AEM 1 VN
It will be understood that each column in matrix D (except for the two rightmost) represent

the reference spectra A~ for a compound in list {P} over the analytical range vi to vy
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The next step in Figure 26 (step 244) is to perform an "Adjusted CLS" analysis on the
compounds of list {P}. Figure 27 illustrates the -steps taken in making an Adjusted CLS
analysis. The sample vector A and design matrix D are define as immediately above (step
276). In step 277, the weight matrix P (see equations 5 and 6) is set to the identity matrix I
(thus making this form of the CLS analysis an “unweighted” form). Step 278 next requires

the calculation of Parameter Estimates XJ‘, Residual V, Sum of Squared errors v? , and

Marginal Standard Deviations A; (see equations 7-11). The system also calculates Optical

S
Depths ©; and Uncertainties Us using the following relationships:
— — T
e =X, 6} p—;—R Eq. (26)
p Tj
Where:
@k = optical depth (ppm-m value) of a single reference spectrum of the (pure) j™
J
compound;
T: = . . A%
i absolute temperature (Kelvin) at which the **# were recorded;
R = . AR
P; absolute pressure (atmospheres) at which the "™ were recorded;
T° = absolute temperature (Kelvin) at which the AT were recorded;
p° = absolute pressure (atmospheres) at which the A were recorded.
. G Us .
Similarly, the MSD (1o uncertainty) in i is denoted by ~i and given by
— = R
U3 =3, 00 L Bq. (27)
p T

S
Step 279 then compares the calculated optical depth ®} for the sample spectrum and the

given optical depth for the corresponding reference spéctra ®? . Optical Depth is an
important parameter because its value, in combination with the optical path length through
the gas being sampled, will provide estimates of the concentration of the compound. For
many compounds, the infrared spectral database contains multiple reference spectra.recorded
at different optical depths, i.e. different concentrations. For such a compound, the most

accurate available CLS result is that based on the specific reference spectrum for the
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compound which has the closest Optical Depth to that found in the sample gas, and this
specific spectrum is not necessarily the same reference spectrum chosen for calculation of the
initial design matrix D.

To account for this source of potential error, step 280 carries out the following

S
0; must fall in

oS
one of three categories: a) an ® pelow the reference spectrum for that compound with the

e

S
lowest optical depth, or b) an ~J between the optical depths of two of its reference spectra,

or ¢) an 61'5 above the reference spectrum with the highest optical depth. These three cases
are described below. If the result is case (a), the current CLS results for the compound in
question is consistent and no further action is required. If the result is case (b), then for a
specific compound (j), it may be necessary to repeat the CLS analysis after replacing the

corresponding column of the design matrix with values from a different reference spectrum

R oS R
of a different optical depth for that compound. Where Ofow < O5 = ®J’,HIGH, the

following parameters may be defined:

as s
B= 9; = ®;
CH "= er
itow and i HIGH | Eq. 28

In general, the CLS result can be defined as consistent according to any appropriate

mathematical comparison of the values Pand ¥; this definition may be compound-specific,

and may require additional iterative constraints. For example, certain allowable ranges of

values for Pand ¥ could be predetermined (e.g. 0.5 < B<s5and0.5< 7 < 5) and this be used
to judge whether a CLS result is consistent.

In an alternative embodiment, the results will be defined as inconsistent if the current

R
reference spectrum does not posses the optical depth 9; uiGH, and only one change of

reference spectrum for any compound is allowed, regardless of the number of iterations
required in the overall procedure. The procedure of Figure 27 employs this embodiment
which may be best understood with an example. Assume that three reference spectra - S1, S2,

and S3 - with optical depths D1 = 100 ppm-m, D2 = 250 ppm-m, and D3 = 500 ppm-m
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(respectively) are available for analyses of a particular compound. Then assume that the

oS
current CLS analysis employs the spectrum S3 and returns a result 95 = 200 ppm-m. This

R R
results falls between D1 and D2, so ®f Low= D1 = 100 ppm-m and O 1on = D2 =

250 ppm-m. Using the standard given above, this is an inconsistent result because the results
falls between D1 and D2, so one of the reference spectra associated with these optical depths
(S1 or S2) is likely to provide a more reliable result that the reference spectrum (S3, with D3
= 500 ppm-m) used in the current CLS analysis. Step 4 in Figure 27 performs this function
and also checks whether previous results have been adjusted already. If not, the design
matrix will be revised to include values from S2 (rather than the current S3), and the analysis
would be repeated (step 281). If, however, in a previous CLS analysis the design matrix has
already been adjusted because of inconsistent results for this compound, further revisions
would not be made, despite the inconsistent result yielded by the current CLS analysis. This
practice is required to avoid the possibility of allowing the computer program to enter an
infinite logical loop.

If the result is case (c), the current CLS result is consistent, but the result is flagged as
a possible underestimate of the actual sample optical depth. Lastly, step 282 then performs a
further calculation by determining the hit quality index, Q; (Equation 26).

Returning to Figure 26, upon completion of the Adjusted CLS analysis in step 3, the

G

S
results of greatest interest are the ppm-meter estimates i and their related (new) quality

indices Q. All compounds with a Q; of less than some selected value (typically near 90 in a
preferred embodiment) are considered “undetermined.” If there are undetermined results,
step 248 will remove the chemicals with undetermined results from list {P} and add those
compounds to the top of list{S}. Using the new shortened list {P}, step 245 redefines the
CLS analytical ranges R, the design matrix D, and the sample input vector A in a manner
similar to Step 243. The iterative process of steps 244 and 247 is then continued until the
results for all the compounds in {P} are determined.

When there are no further undetermined results, step 246 will add the first compound
{S} at the top of list {S} to the latest list {P} and remove {S}o from {S}. With the new list
{P}, the CLS analytical ranges R, the design matrix D, and the sample input vector A are
redefined in step 249 and another Adjusted CLS analysis on the new list {P} is carried out in
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step 250. If the most recently added {S}o compound is determined in step 252, step 251 will

add the next {S}o to list {P} (and remove {S}o from {S}) and step 249 will be repeated. If in

step 252 the {S}o compound is undetermined, then step 254 will determine whether {S} is
empty. If not, step 253 will remove {S}, from both lists {P} and {S}and add the next top
compound {S}o of list {S} to list {P}. This process is continued until {S} found to be empty
in step 254.

Before making a final determination as to which compounds the system identifies as

represented in the sample spectrum, a determination will be as to whether any compound is

X

an IR emitter. Step 269 questions whether any Estimate “*i< 0. If all the CLS results (and

S
related ppm-meter estimates ®; ) are zero or positive, the last step in the analysis will be to

calculate the concentration estimates Cj and I'j as described below. If there are negative

estimates of XJ’, then steps 255 through 265 are performed to determine whether these
suspected emitters are spurious results or if there is actual evidence in the sample of that
compounds are emitting IR radiation. Step 255 will define {R} as a subset of {P} were X >0
and will define {N} as the subset of {P} were X < 0. The set {R} contains those compounds
that the last CLS analysis of {P} indicated as infrared absorbers in the sample, and {N}
contains those compounds indicated as infrared emitters. Step 256 will define a new design
matrix D from {R} without range redefinition (i.e., using the last range found in the last
iteration of step 249). The columns of matrix D thereby correspond to only those4compounds
indicated as infrared absorbers in the sample, but the spectral range corresponds to all the
compounds found to have well determined CLS results in Steps 241 — 254.  Step 257 will
perform Adjusted CLS on {R} in the same manner as above. If there are undermined results,
step 258 removes the undetermined compounds and steps 256-259 are repeated until there are
no undetermined results. Thereafter, step 260 will search the residual V for Chemicals in the
Set {N}. If the compounds indicated as infrared emitters (see Step 269) are actually present
as such in the sample, then the residual matrix V should contain evidence of them, so the
residual is subjected to the spectral searches preceding Step 1 (i.e. Galactic and CLS Search).
Step 261 determines whether any chemicals in set {N} are found. If yes, then residual
spectrum contains a recognizable pattern of at least one compound included in the database
but excluded from the CLS analysis used to generate the residual. The presence of such a

recognizable pattern indicates that at least one absorbing or emitting compound not included
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in the analysis is likely to be present in the sample. In this case, the results of Steps 241
through 254 using the set {P} are the best available, and step 266 reverts to the results for set
{P} identified at the point of step 254. If the search in step 261 does not indicate the presence
of any compounds from set {N}, then all the negative results in Steps 241 through 254 are
considered spurious. The current set of compounds {R} is considered accurate, but the
current analytical range needs to be reduced, so the method proceeds to steps 262 — 265. In
step 262, the design matrix D is redefined using compounds in {R} and ranges for
compounds in {R}. Adjusted CLS is then performed using this redefined range. If there are
undetermined results in step 265, then the compounds with undetermined results are removed
in step 263 and the process returns to Step 262. If there are no undetermined results, then the
current results are considered final and are forwarded to step 267.

As a final step in the process of identifying chemical compounds, the present
invention will determine the concentration C; for each compound and the uncertainty ;

associated with that concentration measurement. These values may be calculated from the

equations:
C.= © Eq. (29)
! LSFT
and
U,
Ls|Fy|

The quantity Fr in Equations 29 and 30 is a correction factor describing the variation of the
observed absorbance of ethylene with the temperature contrast AT = Tx - T%g. Figure 28

illustrates the measured variation and the third order polynomial regressidn used in this work

to define Fr. It can be seen that the sample absorption pathlength Ls must be known.

Ls will be estimated by the user and input into the system during the initial

Generally
measurements described in reference to step 127 in Figure 13 (step 268).

Figure 29 illustrates certain additional functionalities performed by the software of
the present invention. Part of the routine will involve obtaining a spectrometer reading of a

gas contained in a glass sample bottle or "cell". Taking a reading of a gas sample in a cell is
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procedure well known in the art. However, several of the steps, including steps 300-305 and
314-316 may be carried out independently of whether a gas cell is being utilized. Step 300
will initiate the routine and identify it for the user. Step 301 will query the user whether he or
she knows what chemical compound is to be identified with the spectrometer. This
contemplates the situation where a user arrives at the scene of a chemical release with prior
information concerning what compounds (particularly toxic or otherwise dangerous
compounds) may have been release. The user may wish to immediately take spectrometer
readings in several different directions to determine if the presence of the suspected chemical
can be identified. To this end, step 302 will query the user to select a known or suspected
chemical with 303 presenting an alphabetical listing of all chemical compounds in the
database on touch screen 11 (Figure 4). Once the known compound is selected, step 302 will
return the reference spectra for that compound to step 305. The principle behind selecting the
known or suspected compound is to greatly identify the spectral identification process. If the
identification software need only compare a spectral reading to one particular reference
spectrum, a confirmation of the existence of that particular compound can be made
considerably quicker. The user will take a spectral reading in step 314 (described in detail in
Figure 13), generate a background SB and absorbance spectrum in step 315 (see Figure 18)
and then in step 316 branch to the CLS search of Figure 22. After performing the CLS
search, the results will be sent to the routine shown in Figure 26. Rather than lists 242a-242d
providing multiple spectra, there is only one reference spectrum in lists 242a-242c. This
reference spectrum (along with those of the ubiquitous compounds H,O and CO) is
processed as described above in reference to Figure 26. The output of this determination will
inform the user whether the known compound was detected by the spectrometer.

Returning to step 305, if the user determines that he wishes to utilize the gas cell
(i.e. capture a sample of the gas in the cell and then spectrally analyze the gas within the cell),
the program will advance to step 306 and enquire as to whether the gas cell has been purged
(i.e. flushed with an inert gas such as nitrogen to remove any remnants of a previous use. If
no, the user is instructed to purge the gas cell or if the spectrometer is properly equipped with
the additional hardware to perform this function automatically, the spectrometer may do so.
When the gas cell has been purged, the software will query whether the background spectrum
is current. It should be understood that when a spectral reading of a sample in a gas cell is

taken, a known source of predetermined background radiation is utilized. This is possible
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because the gas sample is contain in the gas cell which can be easily positioned at any
distance between a spectrometer and a radiation source of the user's choosing. This is clearly
not the same routine used when estimating a background based upon a remote source as
discussed above in reference to Figure 18. If the background is current (i.e. the conditions
under which the background was obtain have not changed), the program will move to step
310. If the background is not current, a new background SB spectrum will be taken. This
typically entails filling the cell with an inert gas such as nitrogen and recording the spectrum
obtained when the cell is placed in front of the radiation source. Step 310 will query whether
the gas sample is in the cell. If not the program will instruct the user to introduce the gas
sample or if the spectrometer is equipped with the proper external hardware, the program will
automatically open the valve on the gas cell and a sample of the surrounding air will be
drawing into the cell. Steps 312 and 313 will then take a spectral reading of the gas in the
cell and generate the single beam spectra (see Figure 13) and absorbance spectra (see
equation 1) related to the gas in the cell. Thereafter, the program will in step 316 branch to
the routines of Figures 22 and 26 as described above. It will be understood that steps 306 to
313 are generally known in the art and do not in and of themselves form part of the present
invention.

While the foregoing disclosure has described the invention in terms of specific
embodiments, those skilled in the art will recognize many modifications which fall within the
scope of the present invention. For example, while the different "Wizard" routines are
described as being used in conjunction with spectral identification of chemicals, it is
contemplated that the Wizards could be used by themselves (i.e. involving no spectral
component) to provide a useful preliminary identification of a unknown chemical compound.
All such modifications and variations are intended to come within the scope of the following

claims.
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CLAIMS
We Claim:
1. A method of determining the temperature of a backdrop object against which a

sample spectra is recorded, said method comprising the steps of:
a. providing a predetermined relationship between a parabolic center frequency
and  a backdrop temperature, wherein said parabolic center frequency is that of a single

beam spectrum of a reference backdrop at a known temperature;

b. providing a sample spectra recorded against a backdrop of an unknown

temperature;

c. determining a best fit parabolic curve of said sample spectra;

d. determining a sample parabolic center frequency of said best fit parabolic
curve;

e. comparing said sample parabolic center frequency to said predetermine

relationship of center frequency and backdrop temperature;

f. estimating a temperature of said backdrop based upon said comparison.
2. The method of claim 1, wherein said step of determining a best fit parabolic curve
further comprises the step of using classical least squares analysis.
3. The method of claim 2, wherein said step of using classical least squares analysis
further comprises the step of using a weight iterative classical least squares analysis.
4. The method of claim 3, wherein weight iterations are continued until a fractional
change in a sum of squared errors is less than a predetermined fraction.

Background Spectrum.

5. A method of generating a background spectrum for use in spectral analysis, said

method comprising the steps of:

a. providing a sample spectrum and an estimated temperature of a background
object;
b. from a set of known temperature spectra related to a known background

temperature, selecting at least two known temperature spectra representing a
background temperature above and below said estimated temperature;
c. comparing said sample spectrum to said known temperature spectra in order to

determine a sample background spectra.



10

15

20

25

30

WO 2004/001374 PCT/US2003/016157
39

6. The method of claim 5, wherein said step of comparing said sample spectra to said
known temperature spectra further comprises the step of using classical least squares
analysis.

Chemical Identification.

7. A method of generating a temperature compensated absorbance spectrum, said
method comprising the steps of:
a. providing a sample spectrum and an estimated temperature of a backdrop
object;
b. from a set of known temperature spectra related to a known background
temperature, selecting at least two known temperature spectra representing a
background temperature above and below said estimated temperature;
c. comparing said sample spectrum to said known temperature spectra in order to
determine a sample background spectrum;
d. calculating an absorbance spectrum from said sample spectrum and said
background spectrum.
8. The method of claim 7, further comprising the step of comparing said absorbance
spectrum to at least one chemical reference spectrum in order to identify a chemical
represented in said absorbance spectrum.
9. The method of claim 8, wherein said step of comparing further includes using the
spectra for CO2 and H20 in order to identify said chemical.
10. A method of identifying a chemical represented in an absorbance spectrum, said
method comprising the steps of:
a. providing a sample absorbance spectrum;
b. comparing said absorbance spectrum to spectra for CO2 and H20 and to at
least one chemical reference spectrum in order to identify a chemical represented in said
absorbance spectrum.
11. The method of claim 10, whc?rein an analytical frequency range of said CO2, H20,
and chemical reference spectra are compared to said absorbance spectrum.
12. The method of claim 11, wherein a plurality of chemical reference spectra are
compared to said absorbance spectrum.
13. The method of claim 12, wherein a classical least squares analysis is made to compare

said CO2, H20, and said chemical reference spectra to said absorbance spectrum.
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14.  The method of claim 12, wherein said plurality of chemical reference spectra
comprise a primary set of chemical reference spectra and said primary set of chemical
reference spectra is formed from a plurality of chemical spectra identification methods.
15. The method of claim 12, wherein said plurality of chemical reference spectra
comprise a primary set of chemical reference spectra and said comparison of said primary set
of chemical reference spectra to said absorbance spectrum includes the steps of:
a. making a comparison of said primary set of chemical reference spectra to said
absorbance spectrum;
b. determining whether there are undetermined results for any of said reference
spectra in said comparison;

c. if undetermined results do exist in said comparison, then removing said

reference spectra having undetermined results in said primary set;
d. making another comparison of said primary set of chemical reference spectra
to said absorbance spectrum;
e repeating steps b-d until no undetermined results exist.

16.  The method of claim 15, wherein after step (e), further taking a new reference
spectrum from a secondary set of chemical reference spectra and adding said new reference
spectrum to said primary set.
17. The method of claim 16, wherein steps b-d are repeated until no undetermined results
exist in said primary step.
18.  The method of claim 17, wherein said step of moving a new reference spectrum from
said secondary set to said primary set is repeated until said secondary set is empty.
19.  The method of claim 17, wherein said comparisons comprise a classical least squares
analysis. -
20.  The method of claim 19, wherein all negative scaling factor values associated with a
reference spectrum form a residual set.
Wizards
21. A computer system for identifying chemical compounds using observable
characteristics, said system comprising:

a. a chemical database associating prede;ﬁned characteristics and properties with
a plurality of chemical compounds;

b. a user interface accepting input of observable characteristics;
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c. a processor operating on software directing said processor to identify chemical
compounds in said database which correspond with said observable characteristics.
22.  The computer system according to claim 21, wherein said observable characteristics
include color and smell.
23.  The computer system according to claim 22, wherein said observable characteristics
include vapor density and molecular weight.
24. A computer system for identifying chemical compounds based upon a location where

said compounds are observed, said system comprising:

a. a chemical/location database associating at least one chemical compound with
an assigned map location of said compound;

b. a location input for entering a system location into said system;

c. a processor operating on software directing said processor to identify chemical

compounds in said database which correspond with said system location.
25.  The computer system of claim 24, wherein said location input is provided by a global
positioning system.
26.  The computer system of claim 24, wherein said assigned map location in said
database is in a street address format. _
27.  The computer system of claim 26, wherein said system location is in a
longitude/latitude format.
28.  The computer system of claim 24, wherein said system identifies all compounds in
said database which are within a predetermined radius of said system location.
29.  The computer system of claim 24, wherein said system identifies one or more
compounds associated with an assigned map location closest to said system location.
30.  The computer system of claim 24, wherein said chemical/location database includes
information from Tier 1 and 2 sources.
31.  The computer system of claim 24, wherein said system further includes a container
database associating predetermined container shapes with a set of compounds and a user
interface, wherein said user interface displays container shapes for selection by a user.
32.  The computer system of claim 24, wherein said system further includes a placard
database associating a predetermined placard with a set of compounds and a user interface,
wherein said user interface displays placard information for selection by a user.

33. A system for remote identification of chemical compounds, said system comprising:
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a passive infra-red spectrometer;
a location identifier;

a range finder;

a user interface;

a database including data representing chemical reference spectrums, data

associating observable properties with certain chemical compounds, and data

associating

€.

a location with certain chemical compounds;

a computer processor communicating with said spectrometer, said location

identifier, said range finder, said user interface, and said database; and

f.

software for comparing data from said spectrometer, said location identifier,

and  said range finder to said database in order to identify the potential presence and

concentration of one or more chemical compounds.

34.  The system according to claim 33, further including a weather station and a compass

communicating with said computer processor.

35. The system according to claim 34, wherein said user interface includes a touch screen.



PCT/US2003/016157

WO 2004/001374

1/30

1

LUV IONd
| |

\\/\\'/»

NANLVHIdNEL
AaNNOYOMIVY

THLONITHLVd
‘ P

o

NOLLVHLNIONOD ',

FANLVHIdNTL
anond IN3OV
IVOINIHO

h

H31LINOYULOIdS
Adlld JAISSVYd

N



WO 2004/001374 PCT/US2003/016157
2/30

\0/‘\' \0
SINGLE-BEAM
INTERFEROGRAM - SPECTRUM
A
FAST :
FOURIER|
| TRANS- [© R
FORM R
Y
Y
-1 0 1 1000 2000 3000 4000
PATH DIFFERENCE
ENCE (cm) WAVE NUMBER (cm-1)
N\
SB;*
B .
SBi -
Chia
| -
=z g . $
Az -l %.ﬂ
FIG. 2

PRIOR ART



PCT/US2003/016157

WO 2004/001374

3/30

NS

0001 0061 0002
L ] 1

£ 'Ol

00G¢ 00oe 00se
4 ] 1

000v

wnipadg weag-sifuig sjdweg

wnoadg weag-ajbulg punotByoeg paulwisag-s1d

-0

ofiey punoibyoeg/e|diues woi4 wnioadg 8sueqlosqy




WO 2004/001374 PCT/US2003/016157
4/30

1 3 sl

1‘ & RO [
Z;Zdeom / / <P m’i{ )RA N6E Frivycy

,\ 4/‘* .

| 6rc
VATA RASE ]—-—‘ (rocessey [ /
13 .
osEp - weatheo,
INTERFACE |, ’ Statour /2
7@«/%95’ T Y
— I‘f-

FiG. 4



WO 2004/001374

/
s

/\

/

/

o5

5

Hydrolysis /
Vapor i/

Danlf'ty(np /

5/30

Vapor
Color(n)

Seow

\\_/

N/

P

~>
7 - 2\
Hydrolysis ~"is thers an observable
/ & Vapor Color //
/ _\r\ ™ 7 \\\
\

Color({n}

\V o \‘
\
\,

;/
Does the Vapor
have asmell? .~

Hydrolysis

Vapor

Density(nj<
1

Applied

FIG. 5

/' va Z
/ Dor\\llf?;('np 2L0

PCT/US2003/016157

L

is Vapor Rising?

NG

\«
\

/)DO Is Water Baing
’/1/ the Vapor Visible? N
s apor Visi > rb
e /,[/[\ p 1 —// _
/ 7 // s there an e i the Vapor Visible? _
observabile color? //
/ s
/ ~

\\
\
\

e




PCT/US2003/016157

WO 2004/001374

6/30

9 "OI4
D
punodwo))
2L
. -4oBalyg MO[[P A d
A é A ¢ juagung USTU231L) I>dA SOX .punoduro))
v
V/IN A ¢ A jualung V/IN I>dA ON punoduio)
Aysuag Io[0) [Pows Iojo) Aysuoq Iodep
SOId MIN SISAJOIPAH | SISKJOIPAY] | S1sA[oIpAL] [[ows Iodep Iodep JIqISIA

HASVEAVLVA ALYAdOUd TVIOINHHD




WO 2004/001374 PCT/US2003/016157
7/30

-

Facility Wizard

Receive — S Db

Location Data

-
Dlﬁ ~/ Use Chemicais / l Use only
in ali facilities chemicais —
within X search N reported for S ‘7—'
radius this facility
against query

S
s there an NFPA
Placard?

release from
known storage
Container?

Select
NFPA
Placard

.4
Select 5 \
Container

. S % Type

Chemical Property
Wizard

Result of /-:)O[
Facility
Wizard
Querty

FIG. 7



WO 2004/001374 PCT/US2003/016157
8/30

CRYOGENIC LIQUID STORAGE TANK

STORES LIQUID OXYGER, LIQUID NITROGEN,
LIQUID CARBON DIOXIDE, ETC.

DOME ROOF TANKS

FOR FLAMMABLE AND COMBUSTIBLE LIGUIDS,
FERTILIZERS, CHEMICAL SOLVENTS, ETC.

HIGH PRESSURE
SPHERICAL STORAGE TANK

STORES LP GASES

HIGH PRESSURE HORIZONTAL TANK : —¢lf

STORES LP GASES, ANHYDROUS AMMONIA,
HIGH VAPOR PRESSURE FLAMMABLE LIQUIDS

FIG. 8



WO 2004/001374 PCT/US2003/016157
9/30

FIG. 9



WO 2004/001374 PCT/US2003/016157

10/30

30

Highway Wizard
g
\ el
P
Is there a DOT Y Select DOT
Ptacard? Placard
/
13 -~

+4
Is there a UN Select UN
Number number

>
>

35

N

Is there a Rail
silhouette

Select
Silhouette

N/

I]Zq_ T Chemical
Property Wizard

) Result of
. Rail Wizard FIG. 10
Querty




WO 2004/001374 PCT/US2003/016157
11/30

CORROSWE

FIG. 11



WO 2004/001374 PCT/US2003/016157
12/30

AT IXTIT

FI1G. 12



WO 2004/001374

PCT/US2003/016157
13/30
“Take Spectral” Reading Flow Chart
1 - Initiate Spectral |—| 7.\
Reading Process
2- Spectrometer |-\ 7.0
Align Mode
Repeat.
3 - Check IR Energy No—————» 4- Flltfe:roc:; Move | \lﬂ\
Yes P -
l |22 VLl /\L*
yd
5- Take Readi < 128
- Take Reading
; . 6 - Take Compass 7 - Take Range 8 - Take Temp/
Assign Reading =" "o oGing | 7|  Distance ™ " Humidity
724 D 2\
a ~\D A\
g | [ st | Lo taacman, | ooramems 157
MPEG Database Zoom Pasition Lacation
VA S 2y
RS -~ B2 B
14 - Get interferagram
13 - Begin Number of Scans = 15 - End Time 16 - Stop Video
TimeStamp > (32) B Stamp ™ Capture
Wave Number = (.5)
FIG. 13 \
AT
17 - Process

Interfereagram




WO 2004/001374

14/30

“Align Mode Procedures ” Flow Chart

i

! Single Beam SBS, ‘

1 -Collect
Interferogram,
Calculate Sampie

H
-y
" 2-Calculate IR

Energy -
{Interferogram
' Peak- to-Peak
' Value)

. S
C . 3-Initial

! ! Estimateof '

, | Backdrop ‘
.+ Temperature :

—_—v

14|

42

Y74

44

PCT/US2003/016157

/ g

' 4 -Display Results ¢——— T,

}

FIG. 14



WO 2004/001374 PCT/US2003/016157
15/30

“Initial Estimate of Backdrop Temperaturé ” Flow Chart -

1 - Get Analytical
Range from

EmerTech \ I.N,

Database

Y

3
2 - Define Vector A

from SBSi in
Analytical Range , 'é —\L

A

3 - Build Design
Matrix D w
(Eq. IRR) ‘ %
¥ \ uc& 1§'O
¢ \./v}:?;:ttm /  Parabolic /
lterative &1 S | | Estimate
{Eq. 3-15) / (Eau\7)

)/

l 5 - Calculate Center
i\ Frequency V. /
(Eq. |8)

}, and Initial Backdrop

)

i
Temperature T {
(Eq. 20) ISt

FIG. 15



WO 2004/001374 PCT/US2003/016157
16/30

| |
“perform Weight-lterative CLS” Flow Chart
5% a / /18¢

' 1 - Set Weight Matrix Sampie Vector A
—————
P=1 ; / and Design Matrix D

h 4
. 2 -Calculate initial ik = 0)
Parameter Estimates X,
! Residual V, Sumof

Squared Errors V=, and
Marginal Standard X l S’ %
‘ Deviations A i
(Eq. 8-11)
- T . 3-ReCalculate 1 ﬁ

| weightsP -
- (Eq. 12145,
ncrement

i teration Counter k |

v

i 4-Calculate (teration k) |
¢ Parameter Estimates X, ]6 O .

Residual V. Sum of Nao
i Squared Errors V-, and '
Marginal Standard

Deviations A ; /
(Eq. 8-11) /

5 - Is (Fractional Change in V2) <L ?

Yes

6 - Exit . ,62—

FIG. 16



WO 2004/001374 PCT/US2003/016157
17/30

“Final Estimate of Backdrop Temperature” Flow Chart

i 1-Get Analytical

Range from !
EmerTech - 166

Database |

3

|

i
h 4

12 - Define Vector A,

from SB®,in ‘ L1

. Analytical Range I

N 2
i 3 - Build Design
' Matrix D ;
(Eg. 16) ? l é %

v %0
l i 61 / -
/  Parabolic ,"/

Weight- ' : (
' ' lterative CLS — ¥ Estimate  /

(Eq.3-15) . . / (Eq.17)

/

. 4-Perform -

Y

5-Calculate Center - /'
Frequency Vg /
(Eq. 18) '
and Final Backdrop

Temperature T,
(Eq. 23) 8 ’ z '

F1G. 17



WO 2004/001374 PCT/US2003/016157
18/30

“Generate Background SB and Absorbance Spectra” Flow Chart
(L

T ‘ } { l?é /’
— i 1-nitial ! ;  Sample Single - Beam
'/ 0 i | Estmatecf | " Spectrum SBS, from
Y B/ ¢ o Backdrop 1 | "Take Spectral
l i | Temperature ! II / Reading”
\ P i J
A4
i
! 2 -Select Reference |
" Background SB Pair ‘?8
f 1
-y @
, . 3-CLSFitto
. ) ; Sample SB Using :
; B — !
/ SB : Reference ; \ qﬁ
Ll t Background Pair |
N . 1
—_— !
\ |
\ Yy - ’
\.‘ ! [ ’
P C 4
\ " 14 - Final Estimatei ' ’ 80 /

' | ofBackdrop | ——— T, /

© ' Temperawre ° : .
v [
;
A 4

5 - Calculate Sample

e
Ve

Absorbance Spectrum S
. from SBS and SB®, | ) A%
{Equation 1)
181

FIG. 18



WO 2004/001374 PCT/US2003/016157
19/30

“Perform Galactic Search” Flow Chart‘

1 -Select Next
Chemical Being
Sought and Set
ScoreS=0

2 - Define Ranges
for Chemical Being

Sought
v
Correlation
3 - Set Search 1st Derivative Eucleadian Distance
Type Eucleadian Distance
Classical Least Squares

v

5 - Is the chemical being sought
the compound with highest hit quality
index and is there sufficicent seperation >
between the highest and next-highest hit
quatity-iFYess? i

No

Yes

~a

6- SetS =8+1

7 - Have searches of all
types been perfon'ned? P

8a - Add Sought
Compound to List

G}

9 - Have all 10 - Report Set
chemicals been ><Yes— (G} of Found >
searched? Chemicals

11-To
"Spectral ID"

FIG. 19



PCT/US2003/016157

WO 2004/001374

20/30

JaquINuaABAA "SA S}i4 dljogeled pue Ajsusiu| weag-a|bulg pazijeuwoN

07 "OId

00L 008 006 \ 0004 004} 00z}
1 1. I | i (-
|o
00=1
siid oljogesed
A
I N
\ B
. O
/ | g
® , oeyl=1
— !




PCT/US2003/016157

WO 2004/001374

21/30

17 Ol

066

(1-wo) uolisod Bead sljoqesed

086 0.6 096 0s6 0v6

1 1 1 L 1

10-32V86°6 = ;M
£0+396GZ ¥ + XL0+3LL0L') - . XE0-TLEGE'9 = A

0c
- Ob
09
08
ool
oci

ovi

suolisod jead sljoqesed o3
sainjeladwa} Apogyoelg o )14 jeiwouijod

0gi

(9) sanjeiadwa) Apogyoelg




WO 2004/001374
22/30

“EmerTech CLS Search” Flow Chart

! 1 - Define Search
Compound and
' Analytical Range

1
1
I
v
1

|
19

I
1

i
-y
i 2-Calculate l
'Design Matnx D for’
: Search Compound ,
* Plus H,0 and CO, !

197

'
1

v

; 3 - Set Weight Matrix
P=1 \

199

1
1
'

A 4

177

4 -CalculateParameter
Estimates X, Residual V.,
Sum of Squared Errors V2,

/
i Marginal Standard Deviations ¢————'

/

PCT/US2003/016157

%0

Sample Absarbance
Vector A

A, and Quality IndexQ. |
for the Search Compound.
(Egs. 8 -11, <6—37, and &y
a4 |

20!

5 - Is Q. greater than the "CLS Search
Qaulity Index Limit" in the Database?

_ % 203

5b - CLS Searchs

Yes

"Negative"

FIG. 22

"Positive"

-—

~—» 6 Report Resuits

20

. 5a-CLS Searchis *

204




WO 2004/001374 PCT/US2003/016157

23/30
“Analytical Range Definition”
1
!
i
B1 B2
; R1 =2
780 800 820 840 860 880 900 820
FIG. 23A
A1 A2
B1 B2
.5 R1 R2 i
" 780 800 820 840 860 880 900 920

FIG. 23B



PCT/US2003/016157

WO 2004/001374

24/30

vl O

joueyy3 Joj Bupjuey pue uonosjag uoibay [eonkjeuy jo uonensn|||

"SA 8oueglosqy/Alsusiu| Aleaqiy
oww omm oo_g 0014 oo_N 2 oo_mv 0obi
1 1

syjdaq [eondQ oaiy] e espadg aouais)ey joueyg

Zuey - ¢ uolbay €juey - | uoibay

L quey - Z uoibey

(pajess) wnippads weag ajbulg doipyoeg




WO 2004/001374

25/30

“Perform Galactic Search” Flow Chart

No

1 -Select Next
Chemical Being

Sought and Set zZé

Score$=0

L7

2 - Define Ranges a‘z 1

for Chemical Being
Sought

PCT/US2003/016157

Y 428

Correlation
3 - Set Search 1st Derivative Eucleadian Distance
Type Eucleadian Distance
Classical L.east Squares

!

4 - Perform

Search ¢$O

29|

5 - Is the chemical being sought
the compound with highest hit quality
index and is eperation
between the | 10 - Report Set highest hit

Zgé 23T
@UI’P z2s”

{GrolYesind Yes\
Chemicals
6- SetS=S+1 z
7 - Have searches of all
types been performed?
8a - Add Sought
Compound to List 2 gs’
{G}
9 - Have all 10 - Report Set 11-To
chemicals been >«Yes- {G} of Found > . "
searched? Chemicals Spectral ID
Vs va g8

i



WO 2004/001374 PCT/US2003/016157
26/30

“Identify Chemicals” Flow Chart- Part 1
- g4l

| / CLS Search
/ Resuits List

{C) 4

. 242q

1 - Create Pnmary List {P}
and Secongary List {8}
from {W}. {C}, and {G}

2d2b

Chemical Wizarg
Results List /
{w) /

/

Galactic Search ) /’ z 2 ¢

Resuits List
{6) y
A 4
i 2 - Define CLS Analytical Ranges, ) /./ Sample K
! Design Matnx D . and Sampte input L Absorbance S Z‘lL Z
: Vector A from (P} . Spectrum /

\ /Zu'q' /¢d§

‘ T
U . : ! 4b - Redefine CLS Analytical Ranges, Design Matnx D, and
i 3~ Perfom Agusted CLS on {P} II | 1 Sample input Vector A from { P}
' L i
1

i

[y

7247 | e

4 - Are There : 4a - Remove Chemicals with Undetermined Results from {P)

249

Undetermined Results? Yes— and Add Them to Top of {S}

5+ Add (S}, 10 {P) a—No

249

r — 250

[
6 - Define CLS Analytical Ranges, Design Matnx D, !

and Sample Input Vectar A from {P} 7-PerformCLSon (P} \

\n

\

2¢'\

8a- Add {S} to {P):

LB 8- Is the {S)
(s)ﬁg‘:ﬁs)' =2 result determnr:ed?
3 v
‘9a - Remove (S}, from: .Zg 25’4
{P} and {S}: - No 9 - Is {S} empty?
add new (S}, to {P}
Yes
v

FIG. 26



WO 2004/001374 PCT/US2003/016157

27/30

“Identify Chemicals” Flow Chart- Part 2

5%

10-is Any
Estmate X< 0 ?

11 - Define {R} = Subset of (P} with X >0 .
Define {N} = Subset of {P} with X < 0

v ?gé

% 12 - Define Destgn Matnx D Using Compounds in {R}

and Ranges For Compounds In {P} "\
s\
: 2 258

.- 143 - Remove Compounds |
13 - Perform Adjusted CLS -with Undertermined Resuits |
A ' From (R}

251 //
Yes 262

18 - Define Design

14 - Are There
Undetermined
Results?

Matnx D Using
Compoungs In {R}
No zéo ' and Ranges For
v No " Compounds n {R} No
. 15 - Search Residual V | / :
. for Compounds in {N} 1 g / ‘26 z . . Zé‘f
- / /
6 ‘ / 20a-Remove
Qf / Compounds with | 19 - Perform Adjusted CLS ;-
/ Undetermined Results ’
/
16 - Are Any / From {R}
Compounds Found? \\

Yes

Yes

20 - Are There
Unaetermined
Resulls?

" 17 -ReverttoCLS |
Results for {P}

26F

Y

" Absorption / g
/" Pathlength / Zé 21 - Calculate Concentration

LS from '/ Estmates C, and I,

v GUI: see {Equanons 31 - 32)
! above / .

/

FIG. 26 (cont.)



WO 2004/001374 PCT/US2003/016157
28/30

“Perform Adjusted CLS” FIbw Chart

7

Sample Vector A ’
and Initial Design / 2 %

Matrix D

!

¥ i
§ 1 - Set Vl\’le=ig;1t Matrix : 221
i ; '
Y !
e, | 298
)

i

]

! Sum of Squared Errors V2,

| Marginal Standard Deviations |
i

|

A, Optical Depths ©S, and !
Uncertainties U.
(Eq. 8 -11 and 26 -27) |

T
'

A 4
' 43 - Replace
! . *" Appropriate
! 3 - Compare Optical K :
* Depths @S and @R : 2 7? i Colur&ns; in ll;es:gn ' 28/
H atrix .
e e
/
1 ‘/’
2o y

4 - Are All Sample and
Reference Optical Depths
Consistent?

és-Report Resuits | %r Qs
icalC Q; !

FI1G. 27



WO 2004/001374 PCT/US2003/016157
29/30

Polynomial Temperature Contrast Factor
vs.
Delta T (C) + 100
1.0
0.9 1
0.8
0.7 4
0.6 A
- 0.5 4
8: 1 y = 8.46E-08x° - 8.19E-05x? + 2.64E-02x - 1.87E+00
= 2 -
0.2 - R¢ = 1.00E+00
0.1
0.0 T T . .
100 150 200 250 300 350
Delta T (C) +100

Frovre 78



WO 2004/001374
30/30

“Take Sample” Flow Chart

1 - Initiate
Take
Sample

2-Is the
Chemical
Known?

4 - Perform
Wizards

e,

§-1s the Cellln
Use?

|

6 - "Take Spectral
Reading”

4\

7 - "Generate
Background SB and
Absorbance Spectra”

A

2\o

A

16 - To CLS

PCT/US2003/016157

Yes\ ,501

3 - Select
Known
Chemical

8 - Is the Cell
Purged?

Yes

10-1s
Background
Current?

No
v

Known
Chemical
Wizard

List

11 - Record
Background SB
Spectrum

Yes

12 - Is Sample
in Cell?

210

Yes

v

207
9 - Purge
Cell
20%
13 - Introduce

No—m, 3’[

Sample

14 - "Take Spectral
Reading" (Steps 5- 18)

3z

15 - Calculate
Sample SB and

Search

Figure 29

Absorbance
Spectra

2\ %



THMBW(EF)

[ i (S RIR) A ()

RE(EFR)AGE)

FRI&RBHA

KRN

IPCH &S

CPCH¥S
REBHA(EF)
L5

H b 237 32k
S\EReERE

BEG®)

ERCZFEENE RS
EP1511981A2 K (2E)R
EP2003751766 iR

B—NEBRRERBERERIELT
PLUMMER GRANT

E-BRRSEMERERAT
PLUMMER , GRANT

BUTLER MATTHEW
PLUMMER GRANT

BUTLER, MATTHEW
PLUMMER, GRANT

patsnap

2005-03-09

2003-05-22

G01J3/00 G01J3/28 G01J3/453 GO1N21/35 GO1K1/00 G01J5/00 GO1N21/00 GO1N33/53 GO6F19/00

HO4N5/33

G01J3/453 G01J3/0264 G01J3/28 GO1N21/3518 GO1N2021/1793 GO1N2201/1211 GO1N2201/129

FOX-MALE , NICHOLAS VINCENT HUMBERT
60/382435 2002-05-22 US

EP1511981A4

Espacenet

AR\ EESE RO R EREMERBEN T E, RFEBEAT
HR :a. BHERNKROFEEXENGITRE, ZENEEATRREM
AN —AEHNBREEPERARGITREZ LN THERRENED
ANBEAREE, Co MEmAESEMREXEH# ITHRUBENRE
SHEMd, BEHREIENE A EITERBCLE,


https://share-analytics.zhihuiya.com/view/df6f7ef2-107d-4ea8-b6e5-f785fe03a3c7
https://worldwide.espacenet.com/patent/search/family/030000417/publication/EP1511981A2?q=EP1511981A2

