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CHEM CAL COVPOUNDS I N A GAS SAMPLE STREAM FI ELD OF THE | NVENTI ON [ 0001] The
i nvent i onrwgeneymbd7ry rel ates to nonitoring, detecting, ardrqsamtiiosossng
chem cal compounds in a sanple, and specifically to nonitoring a continuous
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of the interaction between el ectromagnetic radiation and a sanple (e.qg.,
containing one or nore of a gas, solid and liquid). The manner in which the
radiation interacts with a particular sanple depends upon the properties
(e.g., nolecular conposition) of the sanple. Generally, as the radiation
passes through the sanple, specific wavel engths of the radiation are

absorbed by chem cal conpoungEnm ORITHE heveERTROE. The specific wavel engt hs
of radiation that are absorbed are unique to each of the chem cal conpounds
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liquid or conbination thereof) to infrared el ectromagneti c energy.
Cenerally, infrared energy is characterized as el ectromagneti c energy
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lengths of the radiation are absorbed by chemical compounds within the sample. The
specific wavelengths of radiation that are absorbed are unique to cach of the chemical
compounds within the specific sample. By identifying which wavelengths of radiation are
absorbed, it is therefore possible to identify the specific chemical compounds present in the
sample.

[0003] Infrared spectroscopy is a particular field of spectroscopy in which, for example, the
types of chemical compounds and the concentration of individual chemical compounds within a
sample are determined by subjecting the sample (e.g., gas, solid, liquid or combination thereof)
to infrared electromagnetic energy. Generally, infrared energy 1is characterized as
electromagnetic energy having wavelengths of energy between about 0.7 um (frequency 14,000
cm™) and about 1000 um (frequency 10 cm™). Infrared energy is directed through the sample
and the energy interacts with the chemical compounds within the sample. The energy that passes
through the sample is detected by a detector (e.g., an electromagnetic detector). The detected
signal is then used to determine, for example, the molecular composition of the sample and the
concentration of specific chemical compounds within the sample.

[0004] For infrared spectroscopy, the infrared absorbance spectrum can be linked to chemical

concentrations by mathcmatical cquations (c.g., Beer’s Law, which relates the absorption of light



concentrations by mathematical equations (e.g., Beer's Law, which relates
the absorption of light WO 2012/036970PCT/ US2011/050887 to the properties
of the mawvenrnelost¢tnough which the light is traveling). Actristeiambossari abl e
in these equations is the "background spectrum (or "background spectra"),
whi ch can be used as a baseline fromwhich to detect and quantify new

chem cal conpounds. The background spectrumis often calculated to quantify
the infrared source that is being passed through the sanple of interest.
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instrument and/or the environment often change so frequently that a single background spectrum

does not accurately model the true background of the system. This can lead to inaccurate and/or

erroneous chemical compound detections (e.g., false positives or missed chemical compound

detections).

SUMMARY OF THE INVENTION
[0006] Spectroscopy can be used to detect, identify, and/or quantify trace amounts of chemical
compounds (or compounds) in a sample. Concentrations of chemical compounds can be
measured in-situ (e.g., at the site of, for example a building, tunnel, landfill) and in real time
(c.g., immediately and rapidly processing and analyzing the content of the sample at a site
without having to obtain a sample and analyze the sample at a laboratory at a relatively later
point in time). In some embodiments described herein, a multivariate multistage background

algorithm is calculated, including a first model (e.g., an evolving background model) and a



algorithmis calculated, including a first nodel (e.g., an evolving
background nodel) and a WD 2012/ 036970PCT/ US2011/ 050887 second nbde

(e.g., awolwivasi7at e noi se nodel ) that nodel s the renaiPaoirug20m0i0s@s? n t he
evol ution background nodel. The nultivariate nultistage background
algorithmis applied to sanple neasurenents (e.g., digitized sanple
spectra) to generate a background corrected sanple spectrum In sone

enbodi ments described herein, a nultivariate nultistage |ibrary search
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WD 2012/ 036970PCT/ US2011/ 050887 sanpl e neasurenent is greater than a
predeterm ned threshold, the sanple neasurenent including a digitized
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[ 0015] The invention features, in another aspect, a conmputerized nmethod for
detecting and quantifying chemcals in a continuously sanpled liquid or gas
sanpl e stweam2/0Bbeonet hod i ncl udes receiving, by a conpecirnus:demnsese; a
sanpl e measurenent including a digitized spectroscopic profile. The nethod
i ncl udes cal cul ating, by the conputing device, a nultivariate nultistage
background nodel including at least a first nodel that nodels a first tine
effect and a second nodel that nodels a second time effect that is
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quant i 10031 Tbe imoeheibn, if apethor ameetr, efs@tumhearnsyatmcfmptﬂtmdsgm densbtiegl | n
the sa asurenent . updati | east ane the mul.tivaria
S A R S R R b R S A T SR
sear chacquaditién dﬁ(bc&ﬂ:é ionfigabdl Quakkivki eatdngile nmeBlrenicht tih€nging Sa n@gﬁllzed m of
any interest chem cal conpounds in the sanple neasure not pdatlng
at | easPeCHREOBK Qrpf ﬁ‘% herg?rﬁYStt‘?”(} dpsludes Véflakjem%laeg ngﬁck@rwdtrﬂ%dulf
mul ti V%ﬂnﬁﬁﬁlca%ﬁ IeitrAgdRe |daRr 3EYLISEAT qnoduﬁ@%ﬁﬁglﬁ&@%l &dleul@pda %ﬁ‘lﬁ%ﬁdt@ ation
model . [0019] In some exanples, identifying a primary chem cal includes
det er mnmltrwgaaertep@reu@ medd lpcrluwag;a fohlemodel| that Medelsampit dimpeeldest.eneatoncan be
a back cOr t
mul ti V%ﬁoﬁg{]&{at nlglf)@fiqg %(igCOﬁgqpng?fgéEﬁgﬂ{ %g@ﬁ&eﬁtﬁth&y h% fgr?t t%g gf}ec? J%&tl% The
chem cahsdticaiateb@ultidept bhikeebund seciubn isacandiignicd -tb agedrawi mhhdl@nm@d&mm’rﬁar i son
including a | east squares regression. The | east squares regression can
i nclude cl assical |east squares, partial |east squares, inverse | east
squares, or any conbi nation thereof The one or nore candi date chem cal s can
be identified based on a nultivariate regression. The primary chem cal of
the one or nore primary chem cals can be identified based on a | east
squares regression. WO 2012/036970PC3/ US2011/ 050887 [ 0020] I n ot her
exanples, identifying the primary chem cal of the one or nore prinmary
chemi cal s includes calculating a root nean square of a digitized spectrum
of each of the one or nore candldate chenlcals calculatlng a concentratlon

Y b1 I T



[0023] In sone exanples, the nultivariate noise nodel is updated based on
an exponentially weighted nultivariate approach to mnim ze a residual
profil e oVothe/sesmect ed remai ni ng spectral variation, RIETS2OL10ES7
exponentially weighted nultivariate approach includes exponentially

wei ghted novi ng princi pal conponents anal ysis, exponentially weighted
novi ng 1 ndependent conponents anal ysis, exponentially wei ghted noving

mul tivariate curve resolution, exponentially weighted noving partial |east

sauar eSam X PAREALALY Youl] G 8 TR IntRLAmh e i AIUALESur SXPRDROLLEL | Y

wei ght ving continuum regressi on, exponentia nmovi ng fidge
r egr es dbackground rrmi;tl CBreiystai ingludds elrmldflvarla‘w)nztm;t@g@ Bﬁ@ﬁ}(ﬁ)@@fﬁhlﬁi@l@ ﬂdt/e@&@SS 7

[0024] The techni.gues i.ch _includ pparat uses esc

her o1 B0 FEOREN Shaodl Hor PR SO g% RaRIS FouyCaRih Boust v,
a mul t nsil@geiakaskisege dbashdeind Wotich @afghed ftoeguant lay muptatied) mekistags eat | y
decrease the systematic and spectral variatigon of .the detection system
(e.qg., bEHEparaeh tfaulaépﬁ?@wwnd gluantHippaonh alaeghan i) I<HEBL PUHP! MR PRINAY st age
bac kgr QHAHic AW iehe ﬁa@cl&roun'd REtEGENGnd1d hl%é?shre*ﬂ?c%{‘ %M@ltﬁ'&ﬁiﬁé rn%Hﬁﬂlg@ﬁbl%Py

evol ving background nodel and a second background nodel such
mul t i vagdrelt aulioletastion defl nufellltlrf"lgmnnm@lﬁr Bsree Qdetogdentlrﬁy ory @dnmam@’m nt s)

to b at: del
can be TpasEdR e e ROtk o”?ﬂorﬁu'l’em o7t PR AR Ph T hent
and/ or bhct‘l@r(ﬁmdl do@tlaﬁlﬁdiltsamﬁlet moButbeleay te ampbﬁraa@aﬂeteade thbrajrile Thackgitioarivde dat a

to prevent nmul ti st age background nodel and/ or aul detectl n nodel
from b@i%fgst%%ﬁtbaw ﬁa%rekagfwt ﬁ%cq’?flgﬂ’éil gh s gs sl IP' GPRIEIRHE ROEAMS 2br
gases Qfasf dﬂe%mﬂdenmﬂlgfa ﬁrgiprha%%&ﬁiaglm&ﬁd { Roclhed cREMRYRNABeGLPaakgr ound
nodel ) can be conputed as both an interferogramin the tinme domain and a
spect r @i¢ ioh nidie chrdidate shgmigalseir 1) Ausniifying the Sad edimere khereictlupased an the | ow

t he sy C inreal-time while
nodel 360 &&e% ol Xvaﬁl{h?gﬁlg%%é%g mbg c‘éﬁ&g&;{@ghéﬂgﬁé to the second nodel)
are caI[QﬂlBafrhd 1m\mnngn,bmcktg1ﬂwn ruﬂpqzut,oﬁemsa cbﬁh@ﬁtﬁﬂme@l muathod viar idateetinpubtd st age

i b h, fault. detect d tjficat b | th
packor SHFBEGE PREE Bl ieaet Bhoinbe e o f el RGn s L8 Bmirtpgt |

candi dategndapiidalrépcaitaly Abautinb I the cOGPITRNIEeU e fOomultiviiAeMuRlsREe %istang DY
the second stage using a digitized spectral reference library.
Advant aepedu$aujt defggtion,japd gu @@@I%lanhgcthrem identifgonp pym@rf‘epranarmh@n@@lﬁm dat e

chem c r ch of

t he ca%cflﬁlgilg%r}ge%em c &h ?ea&l Ee][ﬂ%ilil gﬁesg%b%e% em ca lgf r%ﬁ%é?%s? as
wel | agradhermcimkbd mlllraﬁhetti dhmwmlc amaa&nemﬁnteadhdmgandlgﬁlze@ spd%mwaic préfilzer
aspect s, and of . t resent | ven W | | p t from
Ehee L o e A RS Sty BRERT, shCHehedio e tBR v AR Rind
acconpany bln@lowcamulwa chérhichls id @bdnige h{ws@émm ibRde@®naf ribdiVEhd Qitaly Vay

of exanple only. [0026] The nultistage library search, fault detection, and
quant i MSSHIPBEN AP §SPEHRhTSTerencsdesary. clifemetstags l&reﬁye@@%rclﬁgfaa%éeﬁe@tfqnn Py

Advant ageaithion b0bEhEARCALLOMCHORd f gh{#ér;l BRLRERNIAR ORe OF rEReitAly

i dentification and quantification”for | arge scal e brary I ni ng

mul t i stchgeiciadiogr baede podere @mdldatemhbmlogtsatgeedl ooy ﬁlcysesie;mmh‘al ¢\amatlon of
detectlon and uantlf cati,on.i nproyves sensitivi ( e nI| t),
i thout™ B 0% SEcceneE] e TS R R T pigtn FEICELRNN, LR
2012/ Oaﬁ&mﬁﬁfdms&aﬂlﬂ{no S08&des Ed%ltdiﬁn[ﬂ@@ﬂidﬂi& Gﬂy@f MtdErdaM@\IGﬁe[ 8O0ho}le The
foregoi ng,.and ot her aspects, features, and advantages of the present

i nvent i°@ilidatechggyisalsare grrater H\?EFH‘?%FF%@%‘% thigghold-ne nore ful Iy understood
from t hepifyp frh@%%u@ﬁ%am&gl @D aﬁBth&ara's&'éﬁ £Haeh BRI Sotedifie rhl{deaéanrn@;gﬁg her
w th the acconpanying drawings. [0 illustrates an exenpl'a

bl ock ¢hemicalminfa godeueedy @@rnsly@tlamdf glr gmnmm@cusﬁgarandfbﬁr smr@cmln@esafnd
quantl e 02 u es_an
cxcorpl AURAENC T ifoa G TS, Sclyy S AU Gl B ol "G OTn D
and/ or cdetmaicktieh aiittl thelalatai fcyiiegion hesdutahnd dmpmuhﬁhrlata naulsaagal eackground



[0030] FIG 3 illustrates an exenplary conputer inplenented nethod for
generating a nultivariate nultistage background nodel. [0031] FIG 4

i Il ust ratwe 2ary/Breopl ary conputer inplenented nethod forcupadiiingsar

mul tivariate nultistage background nodel. [0032] FIG 5 illustrates an
exenpl ary graph of sanple spectra neasured using a single background
spectrum [0033] FIG 6 illustrates an exenplary graph of sanple spectra
nmeasured using an evol ving background nmodel. [0034] FIG 7 illustrates an

exenpl afqy H&rc%gﬁ?&}fe %a?e G&&gﬁtﬁlar{‘n’ﬁﬁ%&% Mﬁl‘tﬂé‘%@htﬁ?& dYR] 1%&1‘? dBdiddnSt age

backgr oun l'ustrates an exenplary conputer
i npl enend emannﬁtatt@d aﬂgmrlthmtp tdomtlfmgne dememtprmgara nhjem}udmn 4 samptle wrasofengheni cal

conmpoun in a tivariate .mul ti s e br ar faul t
ot bot miin b DB SR itk oF he S R s BB € Pl e S FRER Y
exenpl aieysatphputBaurchitpl @oRoingd d@tltwohpéafosccqaempnoﬁw MtheQMlti Gariafmeltisapsli dat e
chemcals in a sappl e, [0037] 10 illustrates an exenpl ary. graph of

test spPOEEY carehhsighls fletestion aélds?l%ﬁ?lﬁc%l% KgPHUn ddyss 1o famlt foertiel medyle 11

11 ust Ll @s - &NioCNENRY Ay BARE cglfldlaaﬂe %H&hﬁéhl@gn Q%ﬁﬂ[@ﬁh@&’suf@ﬂ%{ b&RE Ul At ed
for the test spectra: [0039] FIG 12 illustrates an exenplary graph of test

spect r somparsoneef thsi srgnpde rmﬁasurvmpmtatoe anypeetrad t peenisa ditgrryund herodeltivar040]

glo ?2 / é%%%%f}%&f%?BBéﬁ@e% 1éir(i)ulant(f\fh &fibn rnodufe EuaReS thrbgdry \Qg)arch

module in communication with the fault detection module configured to identify a first primary
chemical from the one or more candidate chemicals based on a focused chemical evaluation of
the one or more candidate chemicals, and determine whether any of the remaining one or more
candidate chemicals are greater than the predetermined threshold.

[0015] The invention features, in another aspect, a computerized method for detecting and
quantifying chemicals in a continuously sampled liquid or gas sample stream. The method
includes receiving, by a computing device, a sample measurement including a digitized
spectroscopic profile. The method includes calculating, by the computing device, a multivariate
multistage background model including at least a first model that models a first time effect and a
second model that models a second time effect that is different than the first time effect. The
method includes generating, by the computing device, a background corrected sample
measurement based on the sample measurement and the multivariate multistage background
model. The method includes determining, by the computing device, the sample measurement is
suitable for inclusion as an update to the multivariate multistage background model. The method
includes updating, by the computing device, the multivariate multistage background model based
on the sample measurement.

[0016] In other examples, any of the aspects above can include one or more of the following
features. Identifying the first primary chemical can include determining there are zero primary
chemicals. Calculating can include updating the multivariate multistage background model. The
multivariate multistage library search, fault detection, and quantification algorithm can further
include calculating a residual profile by subtracting the first primary chemical from the
background corrected sample measurement, quantifying content by estimating the first primary

chemical concentration from the background corrected sample measurement, identifying a



DETAI LED DESCRI PTI ON [ 0041] In general, chemcals at trace or |ow | evel
concentrations are detected and quantified by anal yzing, using a conputer
program wpeaetwmbtyzdata from a conti nuously sanpl ed | i quirdTars2@ass@sanpl e
stream The terns "spectra' and "digitized spectra” can be used

i nterchangeably to refer to digitized spectral information. The conputer
program conpri ses a nmultistage background algorithm a nultistage fault
detection, library search, and quantification algorithm and a data quality
di agnogtdsGq RN Ge Br%f"glsan-ﬁﬂﬁter@ﬂeﬁﬁ & thahS bl 3 f'ﬂgebapeglc&lgi (Hﬁﬁiarf's‘blggf i thm
nodel s system ¢ and/or environmental variations observed In spectra

profi | ¢= wvidnaltprefde tTHe spaéttal vefeicatelibratyt asd aﬂgetlibaxgkag$agomdjplanngquhtemmab an
precisel y and na caII ri be . the instr

B r oA R AR <SRN AR SR b B Simeicdt gor i ¢ i
i ncl udesn17f orscefmmhlglesahé bdnSitle MRaRIkeniet & detomirRd @b klet ﬁ@tabl@(f&ghauﬂdn feslel )
and a second nodel g a nultivariate noise node that nodel s the

remai ni frrgﬂwétrveeatenmtlhlé ags fhaekgtonne mogele apd the Jarlrla%ret%ﬁrlrlt%%gég@ctsar@r&g# ound
al gori iyiel & vpRhed 'bes@dtoqttﬁésberregneamrtﬁltﬁrarmtse Q%@é&ﬁt%nkﬂ?cﬁa%@l@&@d in
sonme enbodi nents, can apply to multivariate specpra profiles (which are
mul t i varpaghea dafd bufer tnproeant gowanreasor wyeling )fronfrﬁewmhbmoahdrtamelsnmhg it age
Pk Or OSSR A B P 4561845, 31 Rl LA SHARE! u RGBS RS
al gorit n 1nc one or nore to generate t nodel .
For exammb.e t he background al gorrthm can include a stage to caI cul ate the

first t o _nodel the bac roun In sone .ex | es,. t he bac roun
al gori Wfﬁsi it pthge sxamples, ga leﬁrtlﬁero soé‘ﬁétfa{{l‘éfefltl@%g%i‘lcq Rhemyels iy i tfmtﬁ fer

st ages)ndaQurbdéiul ?éd‘ﬁcédh@ab§@ 6RAUnARABhctiR. aGFOMNtofOfheARab Entéii@tntd SalBE
nodel ed by the first nodel. The system applies the nultivariate nmultistage

backgr adpmtified. geerir they asly fy@mwnecaﬁé@swdewénltaéect On g et anercaldpntiied rdgmeral

th
corT SChRAAATD 81 BERKEN B [0S dHAAREL BLE M SHRRRRARSOLRU AL gpr ] P
[0043] tie nmulttvamac naﬂtestargalttaclsgratgel rlnbcﬂni ar yll)stearrmhtwefrtatd muhheﬂag@tlbuary scarudl,

S s e g Sk o S R

chen caleasiémél]! @gREhg afl] fé@st rgak toff Vg rth@ @1t Hidte sﬁtaoaagel RCREBUREROEE, orf(ﬁ}” t
detecti on, and uantr%r cation algorithmconprises a nultivariate fault

det ect ithsn Herrltgv@rlat@ hiléndes libpex sparh. r fagit gigkection &Ws‘ﬂ@ntlt@%ﬁ@abl reodsf, fuAcEk! y
recogn i ce
| ovor s s BRI BbE RS ANADIOnLIRRGE wEAFA TR Bt of i
perti nelnft mohremma InsltisTdpe baokgrowalr maded om(ull)t hs tnadevdrialer mnlisisgatiblary $eacdht

det ecti.o quantifi 036970P Us2011/ 050887 al or| t hmis
et ot dits o5 R B Hof R o i B L A R T SRR RG] pn st

enbodi n niBﬂfeSsamgQﬂn@aI@ﬁﬂcﬁleﬁtQ ofrhtbttu[ptrarﬂgaett EeaSRRtITal) tiy aﬁlttveﬁate Hheristagetrhodar i at e
multistage library search, fault detection, and quantifjcation algorithmis

r ef er r @8UDShamulixptgie mylfistags {15y SwEsdaliyl dptesion @tﬁtqltaﬁtrﬁ%aérﬁn medelude one or
mor e SYRAYE It Qorhd BRI, tt@tlﬁtm?a rythén@ltarlﬁahdasde\retnhmag tﬁeh@a&agewl at ed
concentratr on of each identified chem<cal. For exanple, the brary search,
faul t demect r@nmloabd qUantstfhpleaticesurehgor cet‘nhrbpcanbaChgﬂoudda @nfepueétsasrtpage to
cal cul gle. ANk AT IR GANIAl £ AISTLCALA: LM% ARGROLLUAR GOIT feted
sanpl e neasur % n u(a % pAseq! ?ﬁnruo gﬁ r‘tggle ﬁé’ spectr al
r ef er ena@liddtoreenijcals! Eans oérademml m‘sed tdne al mbfrﬁtbas&ﬁaﬁﬂlhtanémﬁncdrﬁpa@@bﬂ on,

and fauk% detectron al gorithm can |nclude a second stage to deter ne and
ref i ne A least ABIRESCRE sl s 18F L5ast e passPiorrn Helugh &lasticahdrast

candi d@&&r&hﬁéﬂlﬂqca%t £cﬁ1a19:s  inPRREEasP BR8] SURY Sombm¥ @b BSreo NI one or more
concentratrons) he nultivariate nultrstage i brary search, fault

det ect rcotnhdaéﬁndleqrueaht ¢dnj bsateroviled bagsdionrmpkivariate regraspienr dbe pombrahiemicak a
"searc = n. [0044]
The d a{&g thgg)glg 8{ fngga' prﬂﬁaqg ?fit'egﬁ'itﬁ%t)lé u%baﬁe 18&1‘[&'1'68 %Hcrd Q)Wa 1&8{ %q%glk% gr@sglog sur ement
for data integrity prior to library search fault detectron and
guantitative analysis. The data quality diagnostic nodul e aIso qualifies
the sanple for inclusion in the background algorithm and further filters

t he background through a data buffer to prevent background contam nation
resulting fromslow chem cal poisoning in the sanple stream The conputer
programuses a multithread architecture to quickly analyze the sanple
nmeasurenents in real-tinme while remising capable of dynam cally updating
the nore conplex nultivariate nodels in a background-type process. [0045]

Al t hough the specification and/or figures describe(s) the techniques in
terns of applyrng a background aIgorrthntto generate a background corrected

o,

o o o o, "



WO 2012/ 036970PCT/ US2011/ 050887 In a sim |l ar manner, the magnitude of the
energy absorbed by or transmtted through the sanple can be used to

det er m newohe1xsserent rati on of a chem cal conpound(s) i mctrhms2eianpise? [ 0048]
I n various enbodi nents, the source of the sanple of gas 26 can be anbi ent
air. The sanpling system?22 (e.g., a gas sanpling system can collect
surrounding air and introduce it to a sanpling region of the sanpling
system 22. The sanple of gas can be introduced to the sanpling system 22 at
a pred I e C d an
out 1 ot T e S g RS rRn ee pE hs dne o Mo PPl o
30 can cheniaals indludes edculetimrd oot mean SQIEC eﬁmdlgltrmdlslsectmm@fcbetleof the 0BOoi s a
cool ed det ect (P&t Q e3S PN 4 can re e|v g ﬁtﬁ fromthe degﬁétor 30
and i dEWYY AT & %méag R N T R s geer“‘ﬁ o provivde ‘A ati ve
or abseh¢thiealscnatoanitinatai tcyﬂatfsm of hle di)@flﬁddCSpbafa arbdaeli batheWnk or Aindrb @ ariidapd €.
The processor 34 can be, for exa gnal processi gehardmare and

quant | CBeTigRlsanbargaithe Eptisisisbish pn Pl]’ﬁé‘m&fﬁ of thiatssemiaird eidsidteathemigie

Procesgr ¢ of aloleNEdnHRBtcAcIRINACES SAdD iddiifyin q{eoﬁrs%a)f hBRidarl %ﬁ%?}pr 34
can continuously acquire and process spectra while conpu¥|ng t he
concenthemicarfran thadneiopmergemndila dhismicaks, svanqgmethe firsé ppmetiedsorca mebglps
transmt t t spect rum of
tho. tr adgvBL SR BuaRE Rl R REN B oo s LG R GO T) U
The pr ¢@i2d$ 0 sodde ©ampsayhec Speatl dfaraoa teriy atdoﬁmﬁu tive sﬂSHc&thlﬁ:feealcb fibrary

graphi cal and tabul ar far s and asured ctrum and spectr resi dual s,
and t heekrgmieal ugiaesd toyagu Sdongaeu f’lﬂ?é“?)r"éi@g‘s SHheSClgh el g t%aa% ave

vari ouge Qb Reficsat algh%teaevmw&%&ivaﬁat@ Tols8 YW athBfidsedBllel tof R mii€astitS Pl ay
38 can be a cathode ray tube display, light emtting diode (LED) display,
flat serdiétigsi bpkaipundmaichespan sugludebpe yplypigahadkaronnd i aoddhe érbackgm@@]
FIG 2 t S r e cl tem
10 of &#4& rHt}- ?f’;‘{h% ITeDV%IR]tH% Smg?oé&{g (?cféia%gn fb«l—: 8%{\(&%%8 ulIé ﬁdt }“;“Q do%ﬁrﬁ fr&iheﬁg
conpourdsiainn oa bednlased dn %m)dpene(ndalﬂﬁ)mlght@hqmmgdamtagé 02[1(( ehegba,ckgnoand
detector 30 of FIG the data uallﬁﬁédla nostic ul e 204

i
pre- pr GREELBSCAhRE MRfiide b 83 g, the SXRABFRYYIYY Wl T PSR S PRAre nt
and/ or p{dael sam Mlltivkfiath hﬂulﬁgt@gepbm ooh D A1 REEN Ak iBdeEes Shutilyiavahbidat e
the sanple and/or the instrunent, then the data is discarded. If the
pre- pr Hdski ng at step 206 successfully val i dates the sanpl e, detection
syst emgPiaf Yi Bk, RLREEHS fulfdli@RBIk GbdbhE ARBLKGLANA HDARL ndhcl?
generate groun orrecte sanpl e to renove any known backgroun n0|se
from t hengainp Ispqubmr@tlelp oBth@ rmﬂtlﬁir@e 1B)ise nokledh it @geod byscetl v abacllngarmnfnd
corrected |l e,allows the d ctl to _ana Yz
nknoviPORETIBEReR reee RS iR sn SRR SRR e L R
2012/ 03@1913QE’QM‘(MSZ@&ﬂfaﬂ@&&?qu[ﬂ@@%hgﬂ_ﬂ@@ lé@ﬁ@@ﬁresﬂ@dtﬁcﬁeh@ Nsquardd continuum
quantificatjon nodule 210 anal yzes the background corrected sanple to

searchr%%?“@ﬁ%“&?ﬁﬁﬁ?ﬁ“@h@ﬁﬁ&éP@bU@U@Pteﬁﬁ@nlcals that are of a sufficient
Concent[m@; SM@EXM@@@%@%&%@%%@@ I%Qdéi fid 99@4&&1 %e@loﬁra'ﬁ] e&lgan&lt@m

nodul e 224 In sonme enbodi nent s, background nodel 1s not applie
208, andightel rselalv@rtate derech ﬁ(bmlmmnzd aqaadnall piadidt diche nerthgted rmanpng@p@@@és
uncorr ect. search tec uantlflcatl nodu

e 0
per or v copss VB SRRl omRERa bl LR AT
det er mwgshiddeinbeing thidcaBt@nBumgntd ranagsiy, epenimtialls v(eegllged, mdeihg, indupenduht up t o
"n" chem cals, where. n can be, redeternlned by the detection sy s&gnllo

The it EPRPPRFEISanHEEYSISs FeRagCRi] YIé&%Et@ﬁu&FaggrdﬁPEQ%?%ﬁ G eerdutgnecut ed
usi ng %Qﬁonleﬁﬁa?lé/ ﬁ@lgﬁé@%&ﬁ&rﬁ%%l %asmﬁulleﬁ &héncamell{ %1&%'&0\9@% RAd111843t model
application no 214. These two nodul es are described in further detai

bel ow. 5{11@@@2Pxpmgntyélarvcdnght@ﬂeme@mg@nntuawm tpgeassip.i axaoncotialipodelgbted rgoving
transmf | r y chem cal search to the data quality
dlagnosp'ckgﬁﬁ ?@qﬁéﬁ¥8%¥ﬁg%ggjb%®&hata qual ity diagnostic nodul e 204
determ nes whet her the sanple should be incorporated into the background
nodel (BGW and/or the fault detection nodel (FDM. If the determination is
yes, the data quality diagnostic nodule 204 transmts the sanple to a tine
delay buffer 218. If the determnation is no, then the data quality

di agnosti c nodul e 204 di scards the sanple. For exanple, if the search
detection, and quantification nodule 210 identified zero primary chem cals,
then the data quality diagnostic nodube 204 transmts the sanple to the
buffer 218 because updating the nodels (e.g., via the background nodel 220
and the fault detection nodel update 222) with the sanple woul d not
|ncorporate any prlnary chenlcals |nto t he sanple If, however, the search

. a o ~NA N "



[ 0054] Cenerally, the main thread 201 is configured to calculate the first
nodel update (e.g., via the first nodel update nodul e 220A), analyze rea
ti me specwoaesapswonmeasur ements through the search, det @ctriuse)11anass?
gquantification nodule 210 conprising a fault detection nodel to identify
one or nore chemcals of interest (e.g., via the fault detection nodel
application 214), and report the one or nore chemcals of interest (e.g.,
via the alarm nodul e 224). The main thread 201 outputs a set of processed
absorb %%ﬂ% S

backgrgﬁﬁﬁ gﬂgg%%gm%&;gﬂ?dgﬁgﬁgéa to ghgs gﬁ%8§%p %%g@%ﬁg§gg ﬁ%OWde
nodel ) onamd rmrblcﬁtth@ffollxh’eng edvantages.i Midreggeoanly, ahemltista%bm'kgtoedd model

concentr atj ons tect n arm ng i nfor nfor for
cxcanpt S0 Pish 287 pETREGHS PRl Bh Myt et Shepdlty St B GAPYRRF PEc o
for redle Uetsdiohl sptery (agq/ eWmpargduto tudingh@stuf figtle 231181(@6@1{&1 tsﬂib@truﬁlb‘le The
background nodel 220 and the fault detection nodel update 222 can retrieve

the i nfitiitecobRokgouptadch i niigbilge § GodspeckaEpwamegel 15k 33aMafioslng hr ead

226 i s pgQntd@HRshct %&@lsgdéh@ﬁﬁcﬁgﬁﬁma%éﬂw stRARla MRERLSE BoSe moULIR allNEs
second nodel update nodul e 220B) and to update the fault detection nodel

(e. g., measurethents deilzt mcﬁl@teéctnﬁ@mrermm@l) todtacadcupated ov@us tlpieg peridve tipigr allhe|
thread 0 r f n e run
R e S R N T

can exeéotimesoar!/druhe tenoin@lnhdny. desiedd desly cm bhappladdatoquhalhatlggr@lhﬂgatm to c

nodul e, such as determ g the pe nce o detection s ste I n
some eRS¥predic (RUliNags Hrglfgf?‘rﬂdeé‘&t’dﬁg@q@@ﬁ Eie{aéf‘nﬁ?téctﬁ’ﬁ &Hﬂﬂ*ﬁ]t K Big; the
baCkng&ﬂ%nHﬁﬂﬁbeRM@a@ﬁﬁr&HchQ%hﬁﬁiﬂﬁan @@Hmﬁﬂ@@ﬂg&k§&khﬁﬁn%{90ﬂkthﬁt or
bot h (e qq via the data quality dhv%nostlc nodul e 204, based on an actual
drift backgramndumedsl fausctanonveragsd ebackewing inodebn ghn |tt9n comput%tqﬁ) botho@E6]

Ref erri. @ e l.so t ext
dat a @Iﬁgfféff?%lm e B R L
10, si grihitedteeehs a(lewghc sysferrt fwa@ilgﬁmlmmmstmgﬂ lsz&kgibombﬁld))iel ietrealytimeTwhilelat a

acquisitio ul e 20 s Qqn, ter rogr and/.or

o agnostael WARI 6y FeReTBrBeE sl by ik 18 Roragnbubrs ag e ToTne itk e,
for ex%mg%gmnalﬁgﬁﬁkpterferograntpeak to-peak (PP), interferogramdirect
current nodul ation_efficiency, |aser peak-to-peak (PP) (Volts (V)),

| aser d9% btA Euktiviate ppthistage/jibraghecarcBpigalt detagtionggnd ChJén"(Hfé‘taél@tl 0 lpeaapglicd

det ect f e n),
ooy 3 b RER STFEIRA LMy Oelp e RS TIE i),
a gas cbﬂhmdeuhm)meﬁn§E$mﬁ@nﬁaﬂmydi@mﬁpﬂﬁepQX@%nmﬁbpmmpsﬂhadsmgpumsgtme

o Kt TRE A TR T DT ERREr o R TR oL (s SRRy 8RR

the dethegsé canlidyséRmidds, ahdenddRasddl StafFpahabd @atérﬁmga whiéth@ dreisp eicat dfrtee Of

t he circurt board conponents, of the detection system 10 are i npl enmented
on), etendidatpshamiggls g??rlﬁdvet igentiied st a chemicplt 9F g g8 tvd! Apdisl erlodued ¢ he
modul © fekfilRAGT ISR AnrialdTifiod AL HE aQ@Mgg%t BPthg éﬁés@rﬁ‘u(&éhﬁo@om
and whether to incorporate the data into the nodels (via 208). The data
qual i t yilditmgeros tapparens dudre t@@ﬁolba&nng)detamdodesepmqm éalteerlogqoamctiqmr witkghby
other oAl &R hOgANEL 2R R REORSSACHI LILGLS I QORRRY (Ll EXATRL €yt e
pre-pro o 8’%3 WIS | 38 oF ]%lﬁé’éenterﬁv &A% ﬁ nt %%nent scan
di r ect ij@026pIThg mmtﬁtagesmﬁarydmem Ifecult d:aaasdneﬁt mlnquarnnﬁearttoﬁrabgrranmvlﬁéluﬁersczat ion
inits Elngle | engt h ang gnltude g%dltlon f two ED

interfé ea%trﬂ%@éeeamg a5 &¢ &a%g*cwea%epu r Biss@g FEAYi iy aqutC PRICBEREHRY |

hi gh pe% %hémlttrqa@ntﬁfagﬁ&r arld dtﬁﬁﬁﬁ@a%h P a H& stateamﬁ%l | tom@n oA AGmGREL C
modul e 204 can be configured process single sweep interfero granms (10

i nt er f éackgreund /medis) alah@l/rmﬁtwé@eatdmw searclarfhdt defeciion, andcquantifieagionompteees
applic i ] r ata quality and
dlagnog%?%gﬁgpﬁﬁgg%ggkl %)Q%ﬁaﬁemggﬁ%e&igﬂ¥%ﬂt%ﬁ?&P%ggégggglnterferogram
to generate absorbance spectra. For exanple, the data quality diagnostic
nmodul e 204 qualifies the processed interferogram by detecting and | oggi ng
the interferogramglitch and centerburst junp. The data quality diagnostic
nodul e 204 can tabul ate the diagnostic data (e.g., the interferogram PP,
interferogram DC, etc. as described above). The data quality diagnostic
nmodul e 204 can transformthe qualified interferogram which is in the tine
domain, into the frequency domain. Fow exanple, the data quality diagnostic
nodul e 204 transfornms the qualified interferograminto a transmttance
spectrum The transformation process into the frequency domai n can incl ude,
for exanple DC and sl ope correction, apodlzatlon Fast Fourler Transforns

[ e —— o o Y —— .



[ 0062] The | east squares regression nodul e 212 executes the second stage,
whi ch includes performng nmultivariate residual analysis on the top

i denti fi estochemisemhs cal cul ated by the fault detection modalS2@pjpobissati on
214. The second stage can include detecting (or identifying) the primary
chem cal with the highest residual reduction. For the detected chem cal,
the second WD 2012/ 036970PCT/ US2011/ 050887 stage (which is also referred to
as -residual analysis") can include calculating a t-value (that neasures

t he detection confi denc@%@gﬁgR@mﬂqﬁn@H@D wiakdshe chenical. The
second stage can also inc or exanple ating the residual spectrum
based ®#027h 5 heldoregommend oHeniasrakts, %Ia,elrfu;pdmt edtvanelga&jqﬁthesmmntr mmr(ttOhe as
spectru ack aul t
ot ect T OH trottsrEafit SRR oFMST, SRk RARPUREM PR ohE Ty Rite pReBphdRg!
second vsltuagaealbbemgants vheraread rugothat @ul@ﬂermcccahpansmgh@avan@s predeterm ned

t hreshol d iteration, a single chemcal gﬁr chem cal conpound) can

be | dert?ql)ﬁi Ei0- uhtlﬁf‘Strafeé ranesxemplasy tlogk diagiam pa EPP cHAsTBEST (RNgOring o
chenmi C%hé/o@di&ec‘tlﬁg Bhd ada%qf}){‘ﬁg hemidl BRsduntie R LUdpid eduction), and/or a

maxi mum nunber of chemcadls are determ ned. The search det ecti on, and
quant i 1028t F¥a Podusdtretes 10 meam tpsoagst owofor tthee detResianr systsie of IFéx Edbs of

intere (e..q. e t ge i to the alarm
nmodul e%%fgfsﬂ%taend%} de%ece{% l#}% g l%g E ‘lgn([:n%fgrlnc lg%ﬁ‘tgg%ﬂ 5o buffer the data
from t hed39paich3 dﬁts&@tbs ain, eﬁmﬁblqgtantmﬁmtaatlmpnmﬂul ecthdd fon gdmeradnf fer
218. Ad%@nta eouslg t.he tmo(@%aggs in the search, detection, and

quant i fPEEYarigle muly tagq RagkerRe dfaededt i on system 10 to quickly deternmine if a
fault eggsi} s1G.and 1Hu£&tﬂafé§narf efxcRBla ecddfufert Anplehefitd NBcthbe RSt Wlatigf f £Ct
(e.g whether to identi rimary chemcal and to trigger an alarm.
[0063]ﬂﬁéﬁeﬁmwﬁgmﬂﬁﬂgﬂ@w§HQWWﬁﬁ@ﬁﬁIe 224, this nodul e makes a deci sion,
based i o] i nt t,
ohet he 6b3tzf‘%1<§’ Fam{a&?a‘? egﬁ aneﬁ%;%tltfglmgbaﬁ)fh ?ﬁ s% 1@% ct?eld.'ﬁﬁqg 8%% Lgnlg 1 s%{ ?é

al ar m badtkgremnd yp&troan aI so be configured to det ermne an alarm confl dence

ot ar m MBERLFIG D TRE vy Seabi B CHEEIRL Oheciio B G e BEaf s ot .

For ex%mg@anmghﬂngarntnndule 224 can determ ne whet her the current
concentration of a chem cal of interest exceeds a user-defined threat
concent 9B K| Bubstrtes gn exgraplayaraple af sade seecih énqapyred Woing acawtiseiaet to
0, for pia, the threshold can be set to many ppm. The
alarntnné&$%¥§%4 g%%duse different alarmthresholds to calculate the alarm
confld@MBé]FﬁﬁefﬂhmugasMIheH@kEYHMHDMEﬂemﬂ@ﬂﬂmahnw®edﬁmmnmnwdngnmamdn$|gh
confiden medi u al.ar ns cti Vari ous
cr it er ot dur G 8l TERBn TP oyt B GRSt ) o
For exa&p&eﬁﬂ@x&u%a@yen@qmmmﬁcﬁkﬁqggﬂﬁ@ﬂred for an alarm an "n and in"

val ue can be se é& "n" out the last "ni' spectra exceed the t-val ue,
an al al¥30k FiG| %g sEaes aarf‘e}ﬁlaplaat RRPPYPL R epeted nttﬂeénf%éde@efwmgge%ar The
aIarntgggyggmggé(%agﬂakqgaggtpyt an update flag indicative of the type of
detection (e.g., which can be used to determ ne whether the current spectra
shoul d [¥B7LEEd fler ilasiraésgoni exemplpydagreph  dFotestexperphemeaduecdupdiag ea fiizgde can
be an te er tha is set to 0 if there was no WO

2012/0 11/ 050887 chenical detection (e.g., including

i nt er f ¢00381 FKﬁtdl’ loflutthat&ain empN@sph of ahfevbR@igebaskgronal hbd& atlcdRteddbi on
(but there was an interferent detection), and 2 if there was no alarm
(theretmb§“éH“Wﬁterferent and/ or threat conpound detection but no al arm was
tri ggengh) Fi@omnﬁetet lah NGe ?mt;h?raeﬁ%m&a%@ctfmgehsu@mﬁ & rtlmtﬁtndtpdel
updat e nodul e 220A conputes a tirst nodel of 'the backgroun

(e. g., noytisiegervgckrgerndinaeded as descri bed bel ow), based on the data |n buffer
218. T f resulting from sl ow
cheniciﬁmggkg}gglégﬁ?ﬁé% %gggﬁﬁrgﬁtg,%&&ﬁgﬁ&&ggggﬁplary pur poses only,
assunme sanples are taken every tenth of a second, and that a chemcal is
slowy introduced into the sanple such that the system can not detect the
chem cal for the first four m nutes because the anobunt of the chemcal is
too small to cause it to be classified as a primary chem cal (e.g., by the
search, detection, and quantification algorithm. Further assune that at
five mnutes the | evel of the chemcal is |large enough to cause the system
to classify the chemcal as a primryiichemcal. |f the background nodel is
updated with each sanple, the background nodel nay slowy begin to

i ncorporate the new chem cal during the first four m nutes when the system
can not det ect the chenlcal ThIS could cause the systentto not detect t he

Y T . o " T Y 1



[0067] Referring to the parallel thread 226, while the main thread 201 can
be configured to execute in a high priority to assure that the detection
system lOwenaiysswoneet s t he desired processing speed, rhe/ysasalosess7 t hr ead
226 can be configured to execute in background (e.g., with a relative | ow
priority to update data in the buffer 218 as is necessary for the main
thread 201). The spectral data used by the parallel thread 226 is updated
by the data quality diagnostic nodul e 204 as descri bed above. The parall el
thread 226 can receive data rom buffer 218). [0068]
Referring to the background 2§%r ﬁ%%%bﬁ %gﬁggggid nodel update nodul e 220B
cal cul 400ed] & g@r@mhdchmmd@ls dtdrace heloo/akeerooucrmhtmmmlarQQ@ec(t@i gnd, quantified by

nult|varuate noi se nod as descri ?q*%E gw%» e sec WQch can be

i ni tialf'2&d" by "ot C"én% 3 Péog%mpP%ecc%l P el W%f 5 A& Hol' T8 DEET or a
f ew or denplpelrymonTh fermd hesec and “dﬁgd@bd sieded’ ecandulsed h20haaacubbabaticat e

(or recalibrate) the second nmodel (e.g., by using Equatiaon 8 below. WO
2012/ 0359t/ S0l 1nfosemtien Athrash UEPEram; ¢RI ISEO A B Rge ‘aa&hgrﬁénd

updat edidoQtHne!d f?lYMthﬂEe %[dltf det@bioh h@orérgissreﬁﬂéﬂeﬂltd {@nficatibh @I BRHRE AN $¥stem
10 through | aser PP and Laser /or the environment (e.g., ambient

t enper qvalite dagdospe exxlylee) . [0069] For infrared spectroscopy t he |nfrared

absor b ‘;ﬁﬂg?] SLL ﬁwg}yv égtt n%ul{% age b(a%kg_ol'ur}dzdé%oriﬂ%m?ﬁqdeﬁ stfyfﬂkd%g/o% gnvig%méﬁ

concentr ons uati on
1i=0, &ariatiom@jbeervﬁ = slbd’c&alspmﬁll@ See ainics MThi gmlhyarsane mdlﬁmagaalﬁdcggrounitd
spectru nal ; = the . e gt over which the_.chemical is observed
(e.g., alsqALhry g Bé@csslty apd <§Y"e SEEE the Gramerh EPFToRe AR ¢ ehviranmiental

conditions. The multivariate multlstagc background algorithm includes, for cxarnplc, a first
model (e.g., an evolving background model) and a second model (e.g., a multivariate noise
model) that models the remaining noise in the first model. The multivariate multistage
background algorithm is referred to as being “multivariate” because the approach, in some
embodiments, can apply to multivariate spectral profiles (which are multivariate and not
univariate measurements). The multivariate multistage background algorithm is referred to as
being “multistage” because the algorithm can include one or more stages to generate the
background model. For example, the background algorithm can include a stage to calculate the
first model to model the background. In some examples, the background algorithm includes a
stage (either separate from or in addition to other stages) to calculate the second model to
account for noise that is not modeled by the first model. The system applies the multivariate
multistage background algorithm to sample measurements to generate a background corrected
sample spectrum. The multivariate multistage background algorithm is often referred to herein
as a “background algorithm” for abbreviation.

[0043] A multivariate multistage library search, fault detection, and quantification algorithm is
applied to the background corrected sample spectrum to calculate the probability of the presence
of one or more chemicals of interest. The multivariate multistage library search, fault detection,
and quantification algorithm comprises a multivariate fault detection algorithm and a spectral
residual analysis, capable of quickly recognizing and quantifying a broad range of chemical
compounds at trace levels, while referencing a large computerized library of spectra of pertinent

chemicals. The multivariate multistage library search, fault detection, and quantification

12



Ei = the absorption coefficients (as a constant array) for the chem cal i
(where i=1, 2, ... , 111 chemcals in a chemcal library); = the
concent r avoan2zi3ed7one t; and et= the white noise term [PQOABRoIFOS0SEUAt i ON
1, St, stm and si are all functions of the |light frequency, v (v = 1,
2,n). Therefore, by neasuring absorbance of a chem cal (a species) at a
known concentration, it is possible to determ ne the absorption of the
chem cal for the known concentration and a gi ven wavel ength (e.g.,

wavenu Fi)hé? ith eﬁ@&ﬁfﬁtﬂeﬂ& %Hﬁﬁx‘éa"rfal{g %@&u?@th@%ﬁ@%@%ﬁﬂl Mné@ﬁ%ﬂfrif;é?ﬂs the

absor barnce em cal s, known concentratio r a ran

wavel eragpllyisto Equltastan@tn Specaad befitawr ﬂﬂt:emultwamrmultlfstagtmltbrarﬁ scardho @@t So) =
CK +E rbance .spectra,,.S = | e
spect r etegbon dl%(g(éUdB 5} é(r‘(dtllpg rg&rlghrr)%hs r?fgrre(?__.go e bele 3 u %ge b&cause ttﬁe dISgOIr”THl

2012/ 039 HRAE/ ddSZQkﬁél@i‘fh%Sg to identify the chemicals of interest as well as the calculated

concentration of each identified chemical. For example, the library search, fault detection, and
quantification algorithm can include a first stage to calculate one or more candidate chemicals
from the background corrected sample measurement (e.g., based on control charts generated
using spectral reference library). In some examples, the library search, quantification, and fault
detection algorithm can include a second stage to determine and refine the one or more
chemicals of interest based on the one or more candidate chemicals (e.g., based on residuals, #-
values, an/or concentrations). The multivariate multistage library search, fault detection, and
quantification algorithm is often referred to herein as a “search, detection, and quantification
algorithm” for abbreviation.

[0044] The data quality diagnostic module screens the current sample measurement for data
integrity prior to library search, fault detection, and quantitative analysis. The data quality
diagnostic module also qualifies the sample for inclusion in the background algorithm, and
further filters the background through a data buffer to prevent background contamination
resulting from slow chemical poisoning in the sample stream. The computer program uses a
multithread architecture to quickly analyze the sample measurements in real-time while
remaining capable of dynamically updating the more complex multivariate models in a
background-type process.

[0045] Although the specification and/or figures describe(s) the techniques in terms of applying
a background algorithm to generate a background corrected sample spectrum and using a search,
detection, and quantification algorithm to analyze the corrected sample spectrum, these
techniques do not require the algorithms to be used in conjunction. In some embodiments, only
the background algorithm is used to generate the background corrected sample spectrum (e.g., a
different algorithm is used to detect faults). In some embodiments, only the search, detection,
and quantification algorithm is used to detect faults (e.g., the search, detection, and quantification
algorithm is applied to an uncorrected sample measurement, an evolving background corrected
sample measurement, or another background generated by a different background correction
algorithm).
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C=anr x mconcentration matrix; K = an in x n constant matrix including
path |l ength and absorption coefficient information; and E = an error

matri x. [WO2aj2v086enitical variable in Equation 2 is oftenT&s2¢itlososs7
"background spectrunt or "background spectra”), which is comonly

approxi mated by a single background spectrum However, in practice when
using a single background spectrum the systematic variation and spectral
fluctuation can change over tine such that the changes are non-negligible

(e.g., r 5)f 4 |
Sy b el REIOHERG | AREllel nf CRRHRRE AR TGm s o U SIPSRIAP KR BhRorine 0
accur atlefeyting; edi/@tquanidybgckgmeahenypendsrinmsakple(e.8., fqnmtpan@g trage @ errpl ary

conput er i npl e 00 for generating a background nodel . Wil e
SRR b e R (g B AR R Mt R
304 anduB@mcestsneh hmﬁk@mupld srmdeﬂablﬁa BorhG; kulfle namyard) uﬁbe/rx adrvS Ry es sonrOr
exanpl e, .the background npdel .can include just stage é gT an evol vi ng
backgr SHBadiFsaR| yapops @ selidgelicarrsybstapee cag bﬁﬂ?&@?%ﬁlrdawnﬂ 7 el egletion
and/ or ?ﬁé&n Q9 Hah nat fo?%x%pl%t@rg%o%&%ﬁ&fu%le% 3080804 & § P8hrid! BB Hm | N
conbination with other stages (e. ree stages, four stages, etc.).

[ 0072] spectigscepy 302, optival deetceeioopysmﬁraedeip@etsosaomafﬂa@liolliffd\ll%asﬁifr -Bampn),
(e.g., su e

i roadRaa Bt PrefhEACNEM SRR MERheRT 0GP A Fle WMBERERSBs ana
306, t hesbaskgomnend aﬁﬂ)dﬂdtﬁ)nCs@hﬁmlS(ﬁtaﬁ&: spebtmsk@mo gredinsoshe lenbsdingentst chre FT

exanpl e, a backgrou | g for a spectroscop nent ess
(e.q., S{ReHORIEY {54s Pe rfﬁaer?f%ﬁyg & #aar YZZ‘/?OR("&HBA e MR3o dat e
nodul e ‘37291511%161‘? Srmt;twrﬁah yg deef@ﬂ@d Ragbat PHAE:tahg %hﬂtfchH&Hﬂéél‘ a%%ﬁ% Caadi i@t i ng
a first nod based on the bac kgr ound measur enment to nodel first tine

ef f ect I(dystaigl gpgicas {Ter§i ak pergegr-blkh@n (eREngsinecntiatien tb%légrbdh@l cgibgemonhm
cal cul g g5 ?t%@ t@%@éﬁ@t{i&ﬁ 9%&596?&&’19135'99&&@@ %]@ Pi{ﬁ@%?%%&s&g&gnt nit 27

measur enen ackgroun ori rirses calculating
a secondectrowe B0, tahabdcassnd 84 sand aIdmﬂa;eSSf dntvatlblestemts)ddnénftg [I@rttetetchamsystem fd r st

time effect te 306 a sec sta The hackgr oun ori,th
cal oul SPE0T FESERERG HEUeAMBULEE * GRY HiEOATETES i AdREA ORI OP TR’ £ r st
nodel . afRIfaleXpdtRves oﬁﬁ@abaggkgr ound al gorithmcan calculate a multivariate

noi se nodel (e.g., P sy, from Equation 3) based on the background
measur egony Tﬁ@galﬁlnﬁl fs'y§t§ﬁ1 Mﬁ |mc1ﬁe ﬁir%i?an%% anl iR ridRLRE O Th@%téx?&&h&%ﬁ a
sanpl e nmeasurenent (e.g. the environnent after the sanpl e nmeasur enent

was t akeadyle ¢eat mras@remileeptwab ffgﬁllteilﬁléﬁd PEitpidebys pe soyrograndifraginged nlmouahhe

Phe. sanareteBC TR AbRe 2 0050 1 ANycRG SRR S50 FaEoRe P PR E e b na

nodel . céi besp(eped&hﬂgugh te semplegitomd dngupdtud by detdetanion88. Whepiesect bedisiarpt e
measur emen Sui or inclusi dat to.the multiv

ol ¢ s CHBRCbleear Bl e £ For Rt Bt BEHID AR BebtniAcs s e

sui t ab'd@tectﬂ?@dloﬂh&ﬁ@plﬂ P AR &P cail R BlidbleAim&ldeRnddd, ThR&uRREKghQund

nodul e updat es the background nodel based on the sanple neasurenent. |f the
backgr GanigsabeeRs detrprerasam + The ivsfereginmaasn de aiessiedI00 plebebegsvethck t o
step 3Q8.apchdhg e '(EP A0 ttharThee 6 i 5P
wth rgsegggt t(%tg QIl:n%?s:arste (nogl?a'% g t%@lag . tefﬂe%graﬁgs:crllgeb% o
differ eﬁ(aevdrreiﬂoi/eeepnctah@arhmdléﬂesencéz@rodaxmt’& mdveblélmstorm dieplafeheat). i §han
aver age e.d., long-ter del of th e b ound drift nd noi s

o expdtetip e R ghaTbad bl By Sundi SrAChE B HET: oRE PP

nmodel s tig doufcstand %}ﬁ@ecﬁﬂ’hf(ﬁfgh tHeSsafhple. aﬂlsn@%/ﬁhé agettnticd pagret edfiRoafiéeTbnsfhacause
when the curve of the first nodel is otted agai nst the curve of the

act ual (BBl R §PHDOMET OTtHRCCHIF S0 FRYYET th lrlrerfér%gder Pt prestinme b 1 HRsEERES ound
but wi lok t}{éolrlgh@%f)io%ctdldf tﬂﬁhﬁﬁteﬁ hﬁo@%ﬂﬁ%‘a BQ ﬂ-&'ﬁug' 15311@1’&‘15‘1 eqb(ﬁ{dﬂ@ﬁ'ibat he
first nodel CTurve and the background curve are referred to'as the residuals
(e.g., compodrds sbsarbdgkcifiarweecleagthhof abwe, oris b?@lmwetthedeseampieethbychamlcahount
time crpDheobFinkisE f g LR PELRER el RErRRERR o TER iR Edpe SRaPRE"
di fferences between the fi rst m)del and t he act uaI background) [0075]
Generally, the detection system 10 neasures one spectrum (e.g., the sanple
measur enent) but uses the background corrected sanple spectrum for
detection (e.g., as described with reference to FIGS. 8-9). The detection
system 10 can al so average the sanpl et4neasurenent (e.g., if it does not

i nclude threat chemicals) into the existing first nodel (e.g., an evolving
background nodel ). For exanple, because an evolving background nodel may
onI y descrr be the mean vol ume of spectrum t he evoI Vi ng background rmdel

re T oy M.



t hrough hi gher performance |iquid chromatography (HPLC), liquid

chromat ography(LC), gas chromat ography (GC)), and nucl ear nmagnetic
resonancewQNWR)036470077] Referring to step 304, the firstcrdediiosessbe an
evol vi ng background nodel. The evol vi ng background nodel can be updated
frequently to correct any changes (e.g., significant changes) in the

i nstrunment and/or the environnment that occur over tine. Advantageously, the
evol vi ng background nodel allows infrared nmeasurenents to be cal cul ated

over ah QRGhiPg 'iﬂaﬂgert T8 doRitde of tRE e@e)‘?g;l Xt%bﬁ)e@ﬁ% o'r ﬁ@ﬂ%ﬂﬂﬂéd th%{%ﬁus e%?%lval% "

continuously nmonitofing polnt senso evol vi ng
res pectcatt be tde tced@é:mnmfgthbam@gntwm ofre ¢b¢mircal qocmm}d(as)hathetmmpbac kgr ound
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background. nodel (e, gl novi ng averag]E back roynd nodel or an un-wei ghted
aver agSuMBHE RSNG| eﬁ?élpé‘égéé’ﬁtF@nzsys e gty %gﬁ g rsar deantradiced dp \ﬂﬂfhg

backgr QuaRlidPRdSlenY> 414 ﬁ@&étaﬁufp@%w PHO iR AT RS ln\equtdhlgaan lﬁwf REaRd

filter to smooth the spectrum(e.g., In tine seri'es, such as filtering in
one spegonilghdS0ef the saop IEH}SMS@MZSDO) The evol ving background nmodel can be

cal cul %(ﬁ‘%l ﬂﬂ&{n&;@ ed% %l’& el | Id%lece’; gbegantbh%n 115%6(9(?6@?%& @8 scgnrllee 8-56 i@lﬁgﬂg )ﬁll—fi G 4.

domai n ribed er Wi th respec step
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nodel E Y TR 438 Pl i RECTHR %erPrr“HrﬁrtH‘i ARG REROSGYP CENERBTIen Pbe

backgr %wgaﬂﬁ@&ih!ﬂ Enabcridl Rdeh tﬁ@@arhﬁl@ﬂv%é f}ﬁod’é@do‘%%ﬁ Eé}mbbhﬁorf éﬁaﬁpl&%@@al usi ng
a multivariate noise nodel. The nultivariate noi se nodel can be, for

exanpl @rocassing/kardwed andidpinviativataaalyss seftwoddhat raessemd ngrsen C@@mﬁem hBe noi se

be. 1 owPreEShr SRR, e e AprAESELL Rt ot il YRR IR SF eon FSHERLRY 2"

absor baoqmerespric proagss Gpectan whils congportiag nhe abna@ntrarainr ok mulkipte aasds- withim a
const ant

trix tr|x of scpres n by ro ectlng
of "t ho SHBRET i oPepEstr 3 bl e R aRieR et (e BB A P s o
2012/ 03pRAQRCIHT WUS20ct/ @503&%&@%&@@&@6@0@%& aeek pay, tb \éad1b1§111§3 33ub$ﬁ?@ce
matri x that describes the remnaining syss%s systematic noise of the first

nodel (PrQsESSOF dheipoirag SRSt cpagegtration; thag Ristoaes Wyeraphigal ard tabyly: fogngfs md= an

error mRbLiXd spectrum and spectral residuals, and these can be displayed as well. The processor 34
can collect and save various other data for reprocessing or review at a later time. The display 38
can be a cathode ray tube display, light emitting diode (LED) display, flat screen display, or
other suitable display known in the art.
[0050] FIG. 2 illustrates an exemplary process flow 200 for the detection system 10 of FIG. 1 for
monitoring, detecting, and/or quantifying chemical compounds in a sample. A sample (data) is
acquired at 202 (e.g., via detector 30 of FIG. 1). At 206, the data quality diagnostic module 204
pre-processes the sample (e.g., to verify the integrity of the instrument and/or the sample). If the
pre-processing does not successfully validate the sample and/or the instrument, then the data is
discarded. If the pre-processing at step 206 successfully validates the sample, detection system
10 (via the processor 34) applies the background model at 208 to generate background corrected
sample to remove any known background noise from the sample (see step 310 of FIG. 3).
Advantageously the background corrected sample allows the detection system 10 to analyze the

sample for unknown/unexpected chemicals and to ignore known/expected chemicals.
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[0079] Referring to Equation 3, ns.j.,s is an integer constant. The val ue
for nmsys can be determned apriori (e.g., by a calibration dataset). The
val ue carwels/B3ev7dynam cal ly determ ned by a cross-val ipdatisesi1apspach
based on a spectral matrix obtained in real-tinme. P sys, the nmultivariate
noi se nodel, can be solved for using Equation 3. The nultivariate noise
nodel can be defined using nultivariate nethods based on the absorbance
spectra, diagnostic data, the first nodel, and other data. The nultivariate
met hod e F@({T&; SR

I ndepe;ii?j(fsql1 Th@géagﬂlerﬁltetfg&%ﬁa ys a%?ﬁatg(ﬂ%&ﬁ% var i gpgg%?re ég&!%@glaucg) ﬁgﬁé (% MCR) ,
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o enis HEtes T bR T EEPRS AR B Y rnERbalt: R25, TRNER SRESRER. n®

envi r obagktousid agsiebis inot ghpliad 41208, andtthmaﬁiha@es@ﬁmn adndiqenitiflcaigemnatwe 210
tenperatures related to the system t he. detection s stem 10),
sour ce®rqeEssgs Uncogispied doBy  Thergarght Bfm aéldgluanttfrf@ﬂ%p@étﬂsr QFrioray & e

el ect r gRfa6ivChfafiid df)¥he BlcRerbufPEbrRetcH ISP R0 b{et&%{lh@@h@cﬁerttgeré 4520 ?%nﬁﬁ%‘ nst
the renmmi ni ng noise of the first nodel, the x-variable. ivariate

noi se wheeicals éng. b@ermmatoedpas ‘dechiemidslsdwhire iy qae@pemdeteun@@fébstwtecﬂ@s of
FI G 4 a t hod
200 f o ung%’j "Fﬂec?teﬁ% ive a!rl%l §1£ §e§3heﬁ easi esaré%&s% mﬁ&ﬁ;e is écu 51%% tgg

nmodul e l&gﬁ)ﬁﬂﬁﬁb%gﬁﬁm aloﬁulresztIZdetheuﬁdlatdewbaaedwdel amﬂlcﬁmcrrsmodmdeﬂmand

t he sanpl e neasuy rrent rel he f| nodel update conprises noi se data
(e.g. ﬁ@t?‘(&”é@u AP ‘{eﬁ‘}l\@’efiéﬂ r{hF ‘Pﬁﬁdel ed and cancel | ed-out usi ng

the seqam mad§dakeh, &teétto%paxﬂ%anﬁh@mt)h &Iﬁiduré%@ltramqag ﬁem@lué 8f %@%ﬁn%dat es

t he background nodel based on the first nodel update. At st

second chedist! ypghte theolita @Jailzo@agtwsaa medals 2945 deotd. thedista qislitt dagnestindel
the no'n?o%u%ai(ﬁ c}]@erﬁlﬂ%sf&d{ ag%ds%lgﬁp&%ﬁi ef% %g%teﬁqgtﬁ tﬁg'%ﬁgfg%o%%'n?&ews'[ em

10 (e ) e secon ate rm or t I rst nodel
updat e (Bﬁﬁl{)l emdlbz (]3] faundwte&som Irteadbla(HQMDu mitthoaiderminased isoyest the dwcantymdel

updat e,,. wherei n oi se data fromthe fir te s reduced usin
he s AT bl A bR R R e it e by PR A0 Aok CTHBRRIRED modor
updat e nBDe g1 3R UERlyCHARbS S Bodilé 304 ABERds tHPSahfe. For SQIPILTHIRELARML S,

the first model can be an exponential | y wei ghted noving average WO

2012/ 0369vtmcIrdUBRo ¢ a9 agAulcRANY cFgé Ferp m&mamcltfma Seéhe@\ﬂé@r daty gigalityrhe
first f&gagﬁ&tﬁ%d%f‘e HRAAhEid glrufnpﬁrto i BulfflE Fé)ﬂ?cb@se(l@ thé‘f]rg,)Einger.@., tinme

domai n ate 1t the first no S an |nter er ogram rou

freque Ni:aythd bmklgmu@é ngpdel b%)samd tha faaltfdleemimnmyd@i apdate 2212)dmttethiefsample wauldt
nodel is rum bac und xa the, first del update
Todul & 195 BASRRIR TS RYPEUS Al PiprlE ndl BEMER It T JRrE Br Bl
can be dﬁﬁﬂchﬂ&ﬁﬂn@ﬂulel 110 idefificd( bneod mote primary Ich&didalks) ﬂi’én“th&\/ftﬁfaequdhtyh

tinme; |t+L0 = the tinme domain interferogram background update g., the
first ﬁtﬁ@a@S}w quuie 204 discasdscthe; smkf@ﬂég}wh#ﬁ%@w} Bgripfist 249 Fﬁepl{e"qntlthe t he

gﬁgn hir3thAk GmikdN GHMEERY ALHRBRKAN R e G8ei@rount HRodel (whicheaal kadk thi Me t;
detection system 10 to improperly ignore the primary chemicals).
[0053] The main thread 201 executes in real-time as the detection system 10 acquires data (e.g.,
on interferograms transmitted from the detector 30). The parallel thread 226 executes in the
background (e.g., in non-real-time) to update the detection system 10 algorithms for detection,
quantify and alarm of chemicals or gases of interest. The main thread 201 and the parallel thread
226 can execute as separate computer program threads, separate central processing unit (CPU)

cores, separate computing systems, and/or the like. For example, the main thread 201 and the
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Xo = is an update constant that determ nes the speed of the background
update, where O<X0 1. [0082] Referring to Equation 4, the first nodel
updat e nowtol2e122B69%0can cal cul ate the first nodel based eoTaArs20pPONise7
constant or an update constant array. In sone enbodinments, X0 is an update
constant, where the sane value of X0 is used across the entire
interferogram For exanple, if an interferogramis used for the first
nodel , the sane constant (e.g., X =0.9) is used for every point in the

inter f? gélatg?eaé\ﬁ@rcgﬂef)e }6{1‘%& eftfd X0, 'ﬁl Hir R AR Rit rgmzhctr?tﬁe aih 8L

backgrou ervations ess wel g to those that are further renoved
in ti néOllsasffmaltlhmadwdtlnebmngwndalrrregi?v% llsessconéﬂgmd to the recent

backgr seryat.i ons. . e a const ant
DT i SRR RSN hiBed PTE SRBFUTE B el i Moy HRER G St
i n ti mehedfrBrinbdel Iﬁpdatemﬂwlleezoan angighad Ralcins t@ntrosaf)plxmea@n&nerﬁs tlﬁ@ighftb)é sone
i nterferogram poi nts, an update constant of sed for so

i nt er f &586¢k Aficpiimmpad q%t@ﬁﬁwe%%g%fomﬂw&a fﬁuit 4e§ecug%81°fi%lrt0§6%1fy

i nterf gpogr ABRALAIAIS &Hﬁ?tere'srt*‘(@ gCISha %lt%ef&ﬁo&ﬁ@d@%pﬂ?éah@&él43)/an’a 1%(9%3 ess
that differentiates signals from noises. [0083] The value(s) for can be

pr edet éherwm:e@ parsedhemiratshel inlesesem pariarke eltagn (r@dgle 2Has élaleonalmt]@rgwbé}@l C
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val ue( $ackigesun, s@eaaan(eb@ sheoiaarite ak luged &t epdutned (aekgroesdhedkidl &d) a tivt of

optimz for ar.ation between ectral varlatlo of .

i nt er eSHERIGHS s‘PgPFﬁ% ﬁfﬁ Bﬁaﬂ? frtRt C&Pﬁefltramér(fegée&ﬂp%i alging ipRFasiggel
updat e THRARIemMAZR vad Adr Va1 XGcRasaEda0 tﬁeh(ﬁblﬂé)l 3¢ SMAG A€ S 05 ubd? Fr‘nterface)

i nstrument, environnent functions, or bot h (e.g., determ Red by the data

qual i t yordieadies displaygedipeinpgay thq:birffeé%é&w@ thptfthe heckerpung orodeni20ianddbabl e a
val ue of 1?%1efecg r?m%ééldﬁgat?%ﬁ‘%c br‘é{ne% *}E oﬂfn'?\{'tlongﬁa %htte g%ﬁgﬁ%ﬁ worse, then X

can be change rom tO re envi ronnent .
[ 0084] [(ubs] Genmllymdelpamﬂdaﬂleeaml ie cﬂﬂﬁ)g?urahm nEculdtaithe sévend imsdel opdbed 1 n a

et S IG IRTR Ricond mecBlvrii R B o Wi pinh 16 pBTES et B kRt Bl (SR o

nmodul e v2204 raandceation hitidel dgaetefionpt Fivade thé Parking thieQODBNE KEITRFiBured &
exanple, the first nodel update nodule 220A can calculate the first nodel

in the pﬁﬁf@au@théﬁ/fua@tm@htydb@trf@n &e pasin masallel &y the mpis thagah 2(0¢Ff)0r cxgepledhey

qual i t aﬂllé‘ig oS! %U L&ecafddsdnan QH&Yah[ghﬂef chi B_Tdm;lﬁ ?eﬁ qgl “&a&ﬁ)tsﬁ‘c

processi ng o the groun |nter er ogr I'nc

| i near inmluleosuchapdctﬁmnmgnhef pantrmane gf iasdetaoon &ystanoih() hltsome‘lélxemples the

transt %rarnﬁ 1I ilkad %6 can (E: e%r%{nleba% upgate rate for the background model, the search, detection,
and quantification algorithm, or both (e.g., via the data quality diagnostic module 204, based on
an actual drift in instrument function, an environment condition, or both).
[0056] Referring to the data acquisition 202, the module can also acquire context data (e.g.,
timestamps, temperature, information about the detection system 10, signal levels (e.g., if the
signal-to-noise dropped), etc.). The data acquisition module 202 operates on, for example,
interferograms and/or diagnostic data for the detection system 10. Diagnostic data can include,
for example, time, interferogram peak-to-peak (PP), interferogram direct current (DC),
modulation efficiency, laser peak-to-peak (PP) (Volts (V)), laser direct current (DC) (V), the
temperature of the detector (e.g., detector 30), laser frequency (cm™), flow rate of the sample
gas (L/min), temperature of the cell (Celsius (C)) (e.g., within the sampling system 22, a gas cell,

etc.), pressure (atm), pump (e.g., the pump that inputs the sample), temperature of incoming
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st+1,0 -(it+i,0)Equation 5 where: = the background spectrumin frequency
domain at tinet + 1; it+LO = the interferogramsignal in tinme domain at
time t + wWp2amb3sw7bhe transformati on operati on process ®esarspéeds@ssove.

[ 0085] Advant ageously, by using a first nodel (e.g., an evolving background
nodel ) that can be frequently updated, the systematic and spectral
variation can be significantly reduced conpared to using just a single
backgr ound spectrun1 The first nodel update nodul e 220A can calculate a

first @Bﬂ Hpg Erafifes f’stlﬁfn%hi% ecé)i"ér@ %10 t(?Z) bife g& Fin@ ﬁ%e"'djeteggbt{l the

frequency donaln base on |rst on 1
sanplesmﬂasdﬂEWEMDmthwp@BWMINegfﬁmxmnmﬁﬁemeub@amemmohwﬂdsempmnm@sﬁdhaa
t he. noi se Ithately nodel ed and cancel | ed- out usi ng

e SR R b B Y oo o B oot The Tl r ot Mo el

al one (@053] Referring to the data quality diagnostic module 204, the module determines whether to let
data into the detection system (via 206) and whether to incorporate the data into the models (via
208). The data quality diagnostic module 204 can pre-process interferograms for use by other
modules to generate a processed interferogram. For example, the pre-processing can include
performing centerburst location alignment, scan direction alignment, scan direction correction,
interferogram verification in its single length and magnitude, co-addition of two or more
interferograms (e.g., averaging two or more sequential interferograms), high pass filter, and/or
linearization. The data quality and diagnostic module 204 can be configured to process single
sweep interferograms (10 interferograms/sec) and/or co-added interferograms, according to the
application specification.
[0058] Referring further to the data quality and diagnostic module 204, the module can qualify
the processed interferogram to generate absorbance spectra. For example, the data quality
diagnostic module 204 qualifies the processed interferogram by detecting and logging the
interferogram glitch and centerburst jump. The data quality diagnostic module 204 can tabulate
the diagnostic data (e.g., the interferogram PP, interferogram DC, etc. as described above). The
data quality diagnostic module 204 can transform the qualified interferogram, which is in the
time domain, into the frequency domain. For example, the data quality diagnostic module 204
transforms the qualified interferogram into a transmittance spectrum. The transformation process
into the frequency domain can include, for example, DC and slope correction, apodization, Fast
Fourier Transforms (FFT), phase correction, and/or other transformations. The data quality
diagnostic module 204 can use the transmittance to calculate absorbance spectra. The data
quality diagnostic module 204 can transmit the absorbance spectra to the apply background
model unit 208.
[0059] Referring further to the data quality diagnostic module 204, the module can store data
and statistics that reflect the actual performance of the detection system 10 under the currently
calibrated conditions. The data quality diagnostic module 204 can monitor the system
performance (e.g., based on a system design specification). The data quality diagnostic module

204 can provide the detection limits for the target chemicals (e.g., the detection threshold for a
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WO 2012/ 036970PCT/ US2011/ 050887 just the first stage of the background
nodel) may still not whiten all the noise. For exanple, the systematic
change mayonoi2/i3e9megl i gi bl e when using just the singl epPoaaisgrionsuss?
spectrum [0086] Referring to steps 406-408, the second nodel update nodul e
220B cal cul ates a second nodel update. The second nodel update nodul e 220B
can filter the second nodel based on the first nodel. The second nodel
updat e nodul e 220B can correct t he remai ning spectral variation of the

Ul i VaniALe OBk 2 IRAE PaRRHABr U | VAV 4 Q. ARPEABR. TRAuISUEEL On

apparatus 10 can equent y up te t secon to re fect i nst runment
and envilcdnteghet dcthetwg@stub@ront uingert{iatygbasedh onh Hhes aligotithmaergcatbd bpule staethges) .
For ex le. th de tus 10 c n e coordi nate axl es of
the sedoRimopBrafEhEG oR RaABRSAE PR iR BRLRA RIS “Tre decect on
appar at{ﬁ%ﬂﬂ.ﬁeﬂ:ﬁfhgil’tcﬁﬂlees‘éﬁllch edétmloﬁ emmjumﬂedtm@vmddle me0,( e gnodu&)/&eft&ged
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mul t i vérrheﬁl@éthﬁ@t lﬁécf’s‘ ”B@sg:frlaécfa%%wtmg RTOSEH: Ahiber PRRERHS 2 letrréfyeéesrﬁép nodel

updat e 8 niRlkdHaft 8e 4inN G cABra W §ddrcd, B94SiBn %@%H%ﬁic@ﬁfcﬁﬁﬂg@lﬁe byo fife
second nodel using Exponential |y Weighted Moving - Principal Conponents
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ComcherRidy Her i SinABYHIE: 1o ST SB e 2SS e o b e
Exponentiyad by BdehSht @dndMy iROgroatk ﬂlg%?grgr 188 O Var(aBMM RR) mad0 rgxaoPal y
description of EWM PCA is provided bel ow wi th Equations 6-12. Further
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by cal quimifichgboripealied] Phes esscuttsdlaUssich,Nlcchi@X tand hi@htifChttn NSRBI N thhe
digiti zed spect roscopic profile é@e usi ng Equatl on 6). In the second
part, &bPosdnsepsirumeor tThe shardhy cgtpeceﬂ@é fuantfcetiont eeodaid fdgeerates 0087]

Referr 35'1%&1923} Ph&ﬁi Pe‘:slfdtualOfantdhﬁvﬁw E&Aaf'ﬂr lféctelankhe[?llilg eﬁoc‘m (ﬁ%ﬁ? oftf €

updat e ase e current process val ues an forecaste next tinme
poi ntschdzmﬂ:als)accor ding to: tt| -asysEquatl on 6 WO

2012/ Oi@%ﬁ&gﬂ 2%%1/ .0508 an vect repr nting
the fo RO GRARLOT A0 R or D st Sy PR SRR Bl BB R o
t+1; arBermcasSURS Piag 8tagk cihchas kigF exkmehl8 qjeSiBrrmﬁg ehultigefat@grelyort ARinst
Ioadln%e of the EWW PCA ) ) ] )
e spectral hbrary 228 (e.g., a library of chemical spectra) to calculate regression coefficients
for each chemical in the library (e.g., using Equations 13-14 below). The first stage can include
calculating a control chart based on the regression coefficients (e.g., using Equation 15). The
first stage can include identifying top chemicals (the candidate chemicals) with the highest

G‘ 2

coefficients (e.g., the top “n” scores, where the number n is predetermined), which are passed to
the second stage of the search, detection, and quantification module 210.

[0062] The least squares regression module 212 executes the second stage, which includes
performing multivariate residual analysis on the top identified chemicals calculated by the fault
detection model application 214. The second stage can include detecting (or identifying) the

primary chemical with the highest residual reduction. For the detected chemical, the second
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nodel at tine t. [0088] The remai ning color noise is estimted by Equation
6 and the final sanple spectrumis calculated by: 1t+1 =a - Lir sysEquation
7 where: wot/36i7ne final sanple spectrum corrected bycrhmsenobossng
background nodel and the background noi se nodel; a t+1 - a sanple spectrum
at time point t+1, corrected by the evol ving background nodel; and = the
transponation of Pt, sys . t, sys [0089] Referring to the second part of
the EWM PCA al gorithm the second nodel update nodul e 220B (a) initiates

(or calal sheh it iy heichialo secauguiomiel RV LbhaRIRhER AP, 95R0d D

ect the instrument and environnent uct uati on Regar di ng
i ni ti amecaatresghe detb¢tmn cohfeddnice )sindjop d ebndestrgmh ot tiwtcbdmas . dBececdddtagbose, t he

sanpl e aissgen(iél{u?e, E)r iexsangp e(ioup 'c(t)t%n%dt:heAr‘es__fdlllgl?si[)éctr%}{lsgalzsg& on th& ld%t%%lill%te& %Rerr%cal.
The updated residual spectrum (the spectrum with the primary chemical removed) can be fed
back into the fault detection model application 214 for a next iteration of the first and second
stages (e.g., if a candidate chemical is above a predetermined threshold). In each iteration, a
single chemical (or chemical compound) can be identified until, for example, there are no sudden
changes (¢.g., no chemicals are identified with a highest residual reduction), and/or a maximum
number of chemicals are determined. The search, detection, and quantification module 210
transmits data for the one or more chemicals of interest (e.g., the z-values and detected
concentrations) to the alarm module 224. The data quality diagnostic module 204 can also buffer
the data from the search, detection, and quantification module 210 in the buffer 218.
Advantageously, the two stages in the search, detection, and quantification 210 allow the
detection system 10 to quickly determine if a fault exists, and to then refine the data to determine
the actual effect (e.g., whether to identify a primary chemical and to trigger an alarm).
[0063] Referring to the alarm module 224, this module makes a decision, based on the data
associated with the one or more chemicals of interest, whether or not to trigger an alarm. If the
alarm module 224 triggers an alarm, the module can also be configured to determine an alarm
confidence level (e.g., low, medium, high). The alarm module 224 can define a separate alarm
decision structure for each of the one or more chemicals of interest. For example, the alarm
module 224 can determine whether the current concentration of a chemical of interest exceeds a
user-defined threat concentration level (e.g., for chemical agents the threshold can be set to 0, for
TICs, such as ammonia, the threshold can be set to many ppm). The alarm module 224 can use
different alarm thresholds to calculate the alarm confidence level (e.g., the alarm module 224 can
use low, medium and high confidence levels for low, medium, and high alarms, respectively).
Various criteria (either alone or in combination) can be used to trigger an alarm. For example, a
t-value can be preconfigured for an alarm, an “» and m” value can be set (e.g., if “»” out the last
“m” spectra exceed the #-value, an alarm is triggered), and/or other alarm criteria can be
configured. The alarm module 224 can also output an update flag indicative of the type of
detection (e.g., which can be used to determine whether the current spectra should be used for an

algorithm update). For example, the update flag can be an integer that is set to 0 if there was no
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where: At = an c (cal) x n matrix of sanple spectra, whereT(cal) is the
nunber of sanple spectra used to calibrate the nodel (e.g., to build the
second noael2p12/0B6s70an r (cal) x in matrix of scores; Sy®CTRISR)IIPS0SS7

| oadi ngs of the initial second nodel; and E = an error matrix. WO

2012/ 036970PCT/ US2011/ 050887 [0090] The initial second nodel, 't,can be
cal cul ated using PCA, 1CA MR PLS, TLS, WS, CR and RR as descri bed
above with reference to step 306 of FIG 3. The second nodel update nodul e

220B c %Heﬂ'fl@gia&e cﬁ&‘? (ég? Cﬂ?ﬂdfﬁg %Erf&,@ﬁt éﬁ/o? ﬁlﬁ’e%@%@h@ﬁd@f gl ﬁl)erexwﬁk & thaappl e

spectra I's rea g., Is rea The second
nodel dptdetian ﬁmd theee m@moutnrfcrpmadﬁeqtlhe) sednd thtrdewastly) alaltnat(nhng Whreamxes

o ek o ARG PSR P BRI, 510D 0.8 S o

profi | ¢00eapRctesrittedi thebadiyrofd alodelr2202the first model update module 220A computes a
first model of the background model 220 (e.g., by using Equation 4 as described below), based
on the data in buffer 218. The data buffer 218 can prevent contamination resulting from slow
chemical data poisoning the sample stream. For exemplary purposes only, assume samples are
taken every tenth of a second, and that a chemical is slowly introduced into the sample such that
the system can not detect the chemical for the first four minutes because the amount of the
chemical is too small to cause it to be classified as a primary chemical (e.g., by the search,
detection, and quantification algorithm). Further assume that at five minutes the level of the
chemical is large enough to cause the system to classify the chemical as a primary chemical. If
the background model is updated with each sample, the background model may slowly begin to
incorporate the new chemical during the first four minutes when the system can not detect the
chemical. This could cause the system to not detect the chemical after five minutes because the
background model has incorporated the chemical. Advantageously, by setting the data buffer to
a sufficient size (e.g., five minutes) to store data before incorporating it into the background
model, the background model would not be updated to incorporate any of the measurements with
trace amounts of the chemical. Once the system detects the chemical after four minutes, the data
stored in the data buffer is discarded and not incorporated into the background model. In
addition, the data quality diagnostic module 204 can be configured to allow the sample to be
streamed into the buffer 218 based on one or more conditions. The conditions can be, for
example, the sample did not cause any alarming, the sample did not include any detection of
interest chemical(s), and/or the sample did not include any detection of interferent(s).
[0065] The size of the data buffer 218 can be calculated based on a delay time, such as two
minutes (¢.g., an amount of time the detection system 10 waits before updating the evolving
background model). The data buffer 218 can be configured to continue updating when a
background update flag is set to “ON.” When the background update flag is set to “ON”, the
first model update module 220A retrieves the last sample (e.g., an interferogram) from the data
buffer 218 and computes the first model into a spectrum (e.g., by using Equation 5 below). The
first model update module 220A can flush the data buffer 218 when the background update flag
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T1+1 = Al+11)f, sysEquation 9 where: Tt+1 = Scores at tinme t+1, estimated
by projecting the sanple spectra at tine t+1 into the subspace of

backgr ourstornoizsesmodel defined at tinme t; At+l = the samrphlrass@aeosrsas at ti me
t+1; and A Pt, vys. = the | oadi ngs of background noi se nodel, defined at
time t. Pt+i, sys = Al 1+1Tt+1(Tl t+1lrrt+1l) 1 where: Pt+i,sys= |oadings at
time t+1; A t+l - the transponation of the sanple spectra at tinet + 1;
Tt+1 = an i X nmeys matrix of scores at tinet +1; andt +1 - the

transponat { PO/ 7 Afheldath vhbtr PR {;v.ﬂf(n(ﬁfﬁlfsé\ggfnetﬁltiﬂhettjaﬂ?gr&un"d Lgpdat%mg 18 set to

the “ON” status. The second model can be calculated by the second model update module 220B.
Advantageously, the first model update module 220A can update the first model of the
background model 220, while the second model (or portions thereof) is calculated by the parallel
thread 226.

[0066] The models used by the detection system 10 (e.g., the background model and the fault
detection model) can be updated to factor in any instrument and/or environmental fluctuation (or
drift). Advantageously, by buffering the evolving background data, the detection system 10 can
prevent sample measurements (e.g., sample spectra) that are identified as having detected
chemicals (e.g., interferent and/or targeted compounds) from being incorporated into the
background model. Therefore, the spectra stored in the buffer 218 (and thus incorporated into the
background model) can be considered “clean” spectra. The time delay applied to the data buffer
can prevent the models from being contaminated by spectra which contain chemicals or gases of
interest. For example, all spectra in the data buffer can be rejected when the detection system 10
detects chemicals or gases of interest from any spectrum in the buffer. Further, the detection
system 10 can be configured, since the update of the algorithm models can involve time-
consuming matrix operations, to update the models (e.g., by the parallel thread 226)
independently from the analysis of chemical identification and quantification for individual
sample (e.g., by the main thread 201).

[0067] Referring to the parallel thread 226, while the main thread 201 can be configured to
execute in a high priority to assure that the detection system 10 analysis meets the desired
processing speed, the parallel thread 226 can be configured to execute in background (e.g., with
a relative low priority to update data in the buffer 218 as is necessary for the main thread 201).
The spectral data used by the parallel thread 226 is updated by the data quality diagnostic module
204 as described above. The parallel thread 226 can receive data and results (e.g., from buffer
218).

[0068] Referring to the background model 220, the second model update module 220B
calculates a second model for the background model 220 (e.g., a multivariate noise model as
described below). The second model can be initialized by, for example, a pre-calibrated
multivariate noise model or a few order polynomials. The second model update module 220B

can calculate (or recalibrate) the second model (e.g., by using Equation 8 below).
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A Equation 10 Pt +1,syssyslt+1,sys (1 -sys)Pt,sysEquation 11 where:

Pt +i,sys - the second nodel update at tinme t+1; ksys = a constant, O<Xsys
1, that dwoenmymewot he speed of rotation for the secondpromdmsbko11dEdss?
2012/ 036970PCT/ US2011/ 050887 1t +1,sys - Sane from Equation 10; and /N
Pt,sys = Sane from Equation 9.

Advantageously, the second model can be updated to follow the drift of the instrument (e.g., the
detection system 10 through laser PP and Laser DC) and/or the environment (e.g., ambient
temperature and pressure).
[0069] For infrared spectroscopy, the infrared absorbance spectrum at time ¢ (=1, 2, ..., 7), a;,
are linked to chemical concentrations by Beer’s Law:
m

a,=-log(s,/s,,) = l. Ozllgicz',z Te Equation 1

i=0,1...
where:

sy = the sample spectrum signal;

¢ = the background spcetrum signal;

[ = the path length over which the chemical is observed (e.g., this can be set as a constant for a

given instrument);
¢; = the absorption coefficients (as a constant array) for the chemical i (where i=1, 2, ... , m
chemicals in a chemical library);

¢; + = the concentration at time f; and
e; = the white noise term.

[0070] For Equation 1, sy, ¢, and ¢; are all functions of the light frequency, v (v=1, 2, .., n).
Therefore, by measuring absorbance of a chemical (a species) at a known concentration, it is
possible to determine the absorption of the chemical for the known concentration and a given
wavelength (e.g., wavenumber). The absorption spectrum can be generated by measuring the
absorbance of chemicals, at known concentrations, for a range of wavelengths. Equation 1 can

be rewritten in matrix format:
A= _log(S / SO) =CK+E Equation 2

where:
A = an 7 x n matrix of absorbance spectra;

S = the sample spectra;

S = the background spectra;
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where: tt+l = an elenent of matrix Tt+1 ; Pt+1,v,sys - an elenent of matrix
Pt+l,sys ; n = the nunber of variables in a sanple spectrum and T = the
nunber ofweanmewpectra at tine t+1. [0091] Referring toTESa@Eiiosrssil,

Pt +1, sys (the second nodel update) nodels noise data A associated with the
first nodel. P,,sys was calculated using nultivariate techni ques; Equation
11 allows new data to be incorporated into the second nodel. Pt+1,sys is
cal cul ated based on the residual profile for the initial second nodel using

Eq“ati%ﬂ=%@rx%?ﬁn§&nﬁﬂkﬁhh. .the axes of the -Es's initial second nodel I
t, sys to mnimze the residdal profile. The residual profile is calcul ated

K = an m x n constant matrix including path length and absorption coefficient information; and

E = an error matrix.
[0071] A critical variable in Equation 2 is often S (the “background spectrum” or “background

spectra”), which is commonly approximated by a single background spectrum. However, in
practice when using a single background spectrum, the systematic variation and spectral
fluctuation can change over time such that the changes are non-negligible (e.g., as described with
reference to FIG. 5). In some embodiments, the systems and methods described herein generate
a background model to more accurately predict the background spectrum. FIG. 3 illustrates an
exemplary computer implemented method 300 for generating a background model. While FIG.
3 depicts calculating a first and second background model in stages 304 and 306, the background
model can include any number of stages. For example, the background model can include just
stage 304 (¢.g., an evolving background model), just stage 306 (c.g., a multivariate noise model),
and/or any combination of stages 304 and/or stage 306 cither alone or in combination with other
stages (e.g., three stages, four stages, etc.).

[0072] At step 302, the detector 30 receives a background measurement (e.g., measured in a
clean environment before a sample of interest is introduced) comprising a digitized spectroscopic
profile. At steps 304 and 306, the background module calculates a background model using, for
example, a background algorithm for a spectroscopic measurement process (e.g., via the first
model update module 220A and the second model update module 220B, respectively). The
background algorithm comprises calculating a first model based on the background measurement
to model a first time effect (step 304, a first stage). For example, the background algorithm
calculates an evolving background model based on the background measurement.

[0073] The background algorithm further comprises calculating a second model that models a
time effect that is different than the first time effect (step 306, a second stage). The background
algorithm can calculate the second model based on the sample measurement and/or the first
model. For example, the background algorithm can calculate a multivariate noise model (e.g.,
P’y from Equation 3) based on the background measurement and the first model. At step 308,
the detector 30 reccives a sample mcasurcment (c.g., of the cnvironment after the sample
measurement was taken) that includes a digitized sample spectrum. At step 310, the processor

34 generates a background corrected sample measurement based on the sample measurement and
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usi ng Equations 9-11. Referring to Equation 11, the same val ue of Xsys can
be used for the entire EWM PCA process, or Xsys can be cal cul ated based on
t he syst ewopemisdte7eati on (e.g., diagnostic data) and/ or pperfSesimmsese’ monit or
data cal cul ated by the data quality diagnostic nodul e 204. The di nensi ons
of the I- t sys subspace can be configured to be constant or determ ned on
the fly. Advantageously, using the background nodel (e.g., the first nodel
and/ or the second nodel) can significantly reduce the spectral variation.

[ 0092] 4 &ck?rgiu (g gﬁg%@t Q% AP AR Ko BLAP hoa (i d%ﬁe%ﬁﬁﬁg'vﬂleﬁﬁ??ﬁer s?‘a,ngp‘?@sur ed

using a sing round spectrum (or interferogra he time axis 502 is
r epr esemagdement b nuitabde {ariinglysigpanpn ngdzte to thcomgbivenath umdtsazenback grohed
wavenunber i,.S,504 is re sented in inverse -1- ntimeters )

epannt NP dhEd s fuiRlas Sl B P ERRE michiod BN EEbdn T 3R At

WO 2012{cp3607 ORETHAdRZQUdd Gh&BBy updhiks -tAbSckhaserl Wiodes based. bh ) the Spaiphd Ng
from-2 to 5. The_ single background spectrumwas cal cul ated prior to taking

measur dHeptremenyindf R daskstound dardstidsvatngsi s nopgiisblec arethgf 409 arpeesds back

backgr eugey SREId tHMrobhe rdRhGect i on system measured ambient air for ten
hours. For the anbient air, the only chem cal changes are H20 and CQO2.

Howev el 007gt dpt (SO0 tehpolect histused anthtrespepiotgrthe firyh raeiigl endhetsocandemedsb e r al
1t gt i e e 005 TR, Gl YALIRL LR s 2 acyahag
Even i e.gheorfd-tesh) t@delholitie bakgroundelrifeent hoivege.Q., andeddagntiatlfeveighted
] uctuat on Hecams o nenl! GL0he, Ao LTe Pragr Setedi(F 3, 1 PELIEEN 400
long-term effect) because when the curve of the first model is plotted against the curve of the
actual background, the first model will closely approximate the background but will not perfectly
match the background. The differences between the first model curve and the background curve
are referred to as the residuals (e.g., the first model curve may be above or below the sample by
an amount “delta” at a particular time period). The second model models the second time effect
- the short-term residual profiles (¢.g., the short-term differences between the first model and the
actual background).
[0075] Generally, the detection system 10 measures one spectrum (e.g., the sample
measurement) but uses the background corrected sample spectrum for detection (e.g., as
described with reference to FIGS. 8-9). The detection system 10 can also average the sample
measurement (e.g., if it does not include threat chemicals) into the existing first model (e.g., an
evolving background model). For example, because an evolving background model may only
describe the mean volume of spectrum, the evolving background model may not describe the
difference between the actual system to a current measurement. This difference can be further
modeled by the second model (e.g., a multivariate noise model). For example, a multivariate
noise model can model noise residuals of the evolving background model.
[0076] Referring to steps 304-306, the background model can include and a digitized
spectroscopic profile in a frequency domain (e.g., a spectrum generated by data quality
diagnostic module 204). For example, the background model can include Sy in equation 2. The
digitized spectroscopic profile can be any type of spectrum. For example, the spectrum can be a

spectroscopic spectrum (e.g., measured through FTIR) and/or a mass spectrum (e.g., measured
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[0093] FIG 6 illustrates an exenplary graph 600 of sanple spectra neasured
using a first nodel. The time axis 602 is represented in mnutes (mn),
spanni ng weno1zmssweven hundred min. The -1 wavenunber aPCI/UG06l1i050887
represented in inverse centinmeters (cm1), spanning from500 to 4500 cm 1.
The absorbance axis 606 is represented in mlli-Absorbance Units (nmA U.),
spanning from-2 to 5. The first nodel (e.g., an EWVA background nodel) was
calcul ated prior to taking neasurenents (e.g., as described in step 304 of

FIG 3) O%ﬁgh&a{)&w ﬁd%gh(hp Cpl%%w%ﬁﬁﬂ?,(?%?@mg@ld tchﬁmga‘%%ggt eg&rtv)z%% em

measur e nt air or ten hours was up tinme
as the CU@nemgrétphyﬁ(}@)emdmmrmdgnduer%nmrea(NMiR@ (e.g., as described in

st eps 404 .of FI G 4) cal cha

S ePe 107 Bk i b G, 45, Vo NG RRgE T,
peri odevélhdgacedrowld Maddl ath 68 uweﬁecbﬁb@mﬂy fAcddrechdiviatiangeole s, ysignifidang t he
first npdel in place of the single background spectrumgreatly reduced t he
spect r 41anggyi lattF HISEYEFt anger thioGdiepmertyiaat, 4ol AV §imss éfimtagﬁe%s xtihe e
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illTustrates an exenplary graph 700 of sanple spectra nmeasured using a
backgr @mem)cfetl anaffises appheatigns, §um a gom@mtééemp@@rmrg neimseRsor)( nihg)term
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spanning from-2 to 5. The background no i ncl udi n a_first nodel
and a $ %Hﬁ%wﬁﬁdgpf?lescaeﬁeageragﬁ%ma%a@ﬁ e&m&OﬂﬁBEmeaHa SarS Ewp BRIt

backgr %éngvcﬂﬁgg lpacMBSuR ol atseth BYdr edt&ck%hﬂw nifRES W EMBNhSvih€ aleragd
described in steps 304 and 306 of FI fter calculating the bac%ground

nmodel , be¢kerqiad enodahpr saylsu@me@@éw@@gama@lmmmdb fThe dasertigyp system 10 can

20121 O3RGFGU LSRRRHTERAN ARy NP aREh S sl e

i n Fl Gfilt4) to shmoth th sﬁc@n (&.gandtiie sdries, soolh ys ﬁllmmgambne:h&mgt&ﬁ d.@r800 up to
4000). The evolving background model can be calculated and/or updated in either the time
domain or the frequency domain, which is described further with respect to steps 402-404 of
FIG. 4.
[0078] Referring to step 306, to more precisely model the background (e.g., to facilitate
continuous analysis over a long period time), the second model models the remaining noise from
the first model. For example, the background module can model and remove the noise from the
first model using a multivariate noise model. The multivariate noise model can be, for example,
an averaged multivariate noise model. Assuming the remaining noise of the first model can be

described by a multivariate model, Equation 2 can be rewritten as:

A=CK+TP'  +E Equation 3

where:
A = an 7 x n matrix of absorbance spectra;
C =an m x x concentration matrix;

K =an ¢ x m constant matrix;

T = an 7 x mgy,s matrix of scores, obtained by projecting of the remaining spectra from the first

model into the subspace Pgys;
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anbient air are H20 and CO2. G aph 700 shows that over the full ten hour
period, the spectral variation was still further reduced than using just
the firstwondelol¢es shown in FIG 6). \Wile approxi nmat elpgTAB26010/05088% t ot al
spectral variation was renoved by the evol ving background, approximtely an
additional 27% of the spectral variation was renoved by using the second
nodel (such that the final spectral variation is less than 3% . The reduced
spectral variation decreases the detection limt (mhich i ncreases the
sensitivity of the detecti.on,s r exa rage detection
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charts). Advantageously, the fault detection stage generates a |list of
candi date chem cals that are highly recommended for further processing by
the second stage. [0098] Further referring to step 804, the one or nore
candi date chem cals can be identified based on a matri x-based sinultaneous
conparison conprising a | east squares regression. The | east squares
regression can include, for exanple, partial |east squares or inverse |east
squares. FIG 9 illustrates an exenplary conputer inplenmented nethod 900
for identifying one or nore candidate chemcals in a sanple during the
I|brary search stage of the search detecti on, and quantrfr cati on
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(e.g., at, of Equation 13 below) based on a sanpl e absorption spectrum
(e.g., at+, of Equation 14 below) for the sanple neasurenent. At step 906,
t he sear coNp 20et864700n, and quantificati on nodul e 210 calpculust@d/060387 or nore
library matrix entries. The search, detection, and quantification nodul e
210 calculates the library matrix entries based on the background corrected
sanpl e spectrum the spectral reference library, and a regression
coefficient vector WD 2012/ 036970PCT/ US2011/ 050887 (e.g., using Equations
23,200 (i A) flodSl @B RAfaBRECRREN TIRALSCHOAY coft I MK ARG BMipdul €
I e regres effi
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mat ri x Y& ch i ncl udes sanpl e chem cal absorbencies. For exanmple, if K

Li brary-ijpgd-udes 366 |library matrix entries, k

Library - 365. Each library matrix entry includes data for a sanple (or

nodel  $pegH thanime domamhglife@dklam FRRkgR¥dPRte (€RChhd fildf @bdelyyat ri X entry can
i ncl ude absorbance data for a chem cal over a range of -1 wavenunbers

(e.g.,ig?sthﬁ&g%ng@&@gﬁﬁnmﬁgygagﬂygh§taﬂg-1200 cm, and therfore n = 400).
The spectral reference |ibrary can be constant. In sone exanples, the
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spectr
based on an update constant or an update constant array. In some embodiments, A is an update

constant, where the same value of A is used across the entire interferogram. For example, if an
interferogram is used for the first model, the same constant (e.g., A = 0.9) is used for every point

in the interferogram. A larger value of A can give more weight to the recent background
observations and less weight to those that are further removed in time. A smaller value of A can

give less weight to the recent background observations. In some embodiments, A can be an

update constant array that provides various speeds for updating the variables of background in
time domain. For example, an update constant of A = 0.9 is used for some interferogram points,
an update constant of L = 0.8 is used for some interferogram points, an update constant of A = 0.1
is used for some interferogram points, etc. The constant array can be defined by a process that
differentiates signals from noises.

[0083] The value(s) for A( can be predetermined based on the system parameters (e.g., based on

diagnostic data for the detection system 10 and/or information collected by data quality
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a t+i= b t+1KLi braryEquation 13 where: at+l1 - the nultivariate nultistage
background corrected sanple spectrumat tinme t+1; bt+l = a regression
coeffici embd 20036970 (W t h di nensions 1 x kubra,),) at timeTiosor1asasKLi brary
= the spectral reference library. [00101] Advant ageously, by using the
spectral reference library, the systemcan achieve a fast inplenentation
tinme to identify the candidate chem cals. To increase the robustness of the
WO 2012/ 036970PCT/ US2011/ 050887 |ibrary search, the |inear regression shown

[ E ti 13 di tl ied to,the. ban. t t+i =
bt +1[ 1 (ARl 2541 Etat i Bh Ao b iy SRR e R ek e
SPECtT UR{80: ford SATRLE BRECLLMMAEOTEEELET Byl Susla g Darkar ouns
model at 1S furthér corrected based on a +)5 bt% ‘=4 regression

coef fi Gl @Ak NRGHRbnth¥ttdRirdi PENSIRRe, KMOEAE Yitlel fpdaRYRbd@t 200 AR ah try A

based on the drifting rate of the instrument, environment functions, or both (e.g., determined by
the data quality diagnostic module 204). For example, if the environment is stable a value of A =
0.9 can be used, but if the environment becomes worse, then A can be changed from 0.9 to 0.8 to
reflect the change of the environment.

[0084] The first model update module 220A can maintain the first model in a frequency domain.
If, for example, the first model (and update process) is maintained in the time domain as
described above, the first model update module 220A can calculate the first model in the
frequency domain. For example, the first model update module 220A can calculate the first
model in the frequency domain using a Fast Fourier transform (FFT). The data quality
diagnostic module 204 can apply the FFT after performing data processing of the background
interferogram, including filtering, linearization, apodization function, phase correction, etc. The

transformation can be described as:
Sr+1,0 = § (lt+l,0) Equation 5
where:

s¢+1,0 = the background spectrum in frequency domain at time £+ 1;
iz+71 0 = the interferogram signal in time domain at time # + 1; and

§? = the transformation operation process described above.

[0085] Advantageously, by using a first model (e.g., an evolving background model) that can be
frequently updated, the systematic and spectral variation can be significantly reduced compared

to using just a single background spectrum. The first model update module 220A can calculate a

first model update (e.g., either i+ ¢ in the time domain or sy g in the frequency domain) based

on the first model (e.g., based on i) and the sample measurement, wherein the first model

update comprises noise data (e.g., the noise data this is ultimately modeled and cancelled-out

using the second model). However, in some embodiments, using just the first model alone (e.g.,

29



KLi brary = the spectral reference library; and Pt ,sys = the second nodel
(e.g., calculated in real-tine as described with reference to step 304 of
FIG 3 amlo0epB69706- 408 of FIG 4). [00102] Referring t ®CEqsatiiomsg?d, the
search, detection, and quantification nodule 210 augnents Kubrary with P,
the second nodel, to generate an augnented spectral reference library. For
exanpl e, assune there are 365 chemcals in the spectral reference library,
where each chemi cal includes a chem cal spectrumwth 1, 000 vari abl es (so

Kubr ar ?us't ﬁlekfﬂgrs?ﬁ% oF th%Gcét l@foﬁhd mé&q))or}lay Egﬁn(?%@{]t%ﬂ all‘#l?et gﬂ&r le, t ¢

quanti fication augrrents e seco into t
spectr aystemeeftemém rna}brcm by negi@tblewamphseng jukt thhengle (b@d@rqmdspeo@unpr is es

e AR5 P8 BB RSl AR S SR SRS,

and quatddef wpRiatel cxrhem‘edmuen&iﬂ)ulbdafaﬁbdlme Qm;B' essfiiser thescsamidinedd ba e pini the

spectr %rggt nzliodef- 1Tﬁe sg?()snddmgc?el El}r)](?atea rllegcrirlﬁg t2%(()le %:e?negc;[r{e%‘! thg ?gn?£1§1r1}g espectral variation
of the multivariate noise model based on a multivariate approach. The detection apparatus 10
can frequently update the second model to reflect instrument and environment changes over time
(c.g., both subtle and obvious changes). For example, the detection apparatus 10 can rotate the
coordinate axles of the second model based on changes in new spectral data. The detection
apparatus 10 can also evolve the second model over time (e.g., averaged, EWMA, ¢tc.). For
example, EWMA can be used in combination with the multivariate methods described above. In
some embodiments, the second model update is calculated using an EWMA in a noise subspace
expanded by the second model using Exponentially Weighted Moving - Principal Components
Analysis (EWM-PCA), Exponentially Weighted Moving - Independent Components Analysis
(EWM-ICA), Exponentially Weighted Moving - Multivariate Curve Resolution (EWM-MCR),
Exponentially Weighted Moving - Partial Least Squares (EWM-PLS), Exponentially Weighted
Moving - Total Least Squares (EWM-TLS), Exponentially Weighted Moving — Weighted Least
Squares (EWM-WLS), Exponentially Weighted Moving - Continuum Regression (EWM-CR),
and Exponentially Weighted Moving - Ridge Regression (EWM-RR). An exemplary description
of EWM-PCA is provided below with Equations 6-12. Further detail on EWM-PCA can be
found in S. Wold, Exponentially weighted moving principal components analysis and projection
to latent structures, EWMPCA and EWMPLS. Chemom. Intell. Lab. Syst. 23, p. 149-161 (1994),
which is hereby incorporated by reference herein in its entirety. The EWM-PCA can include two
calculation components. In the first part of the EWM-PCA algorithm, the second model update
module 220B calculates the second model by calculating updated process values in a next time
point based on the digitized spectroscopic profile (e.g., using Equation 6). In the second part, a
PCA model for the drifting process is initiated and updated.
[0087] Referring to the first part of the EWM-PCA algorithm, process values are updated based

on the current process values and forecasted in the next time points, #+1, according to:

A ~

tt+1 :at+lPt, sys Equation 6
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library. The |inear regression can be inplenmented using regression nethods
such as, for exanple, PLS, PCR @GS, CLS, WS, CR etc. [00103]Referring to
step 908,we20m3swh chart is built for each spectral |ipcans2@ntososs? The
search, detection, and quantification nmodule 210 can nornalize regression
coefficient vector: b'-b 16 t+1- t+1b(cal), t+1 where: Equation 15 WO
2012/ 036970PCT/ US2011/ 050887 b ' t+1 - the normalized regression
coefficient vector to build the control chart; bt+t- the regression
coefficjgpt vector (with dinmensions kubrary+kt, sys) at time t+1; and a g
b(cal),t+1 - a 1 x (k

tH] =an 1 x myy, vector representing the forecasted process values at #+1;

ds+1 = a sample spectrum at time point #+1; and

~

Pr, sys = a subspace of the background noise model, defined by the loadings of the EWM-PCA

model at time ¢.
[0088] The remaining color noise is estimated by Equation 6 and the final sample spectrum is

calculated by:

~

— . A' .
a1 =" t;+1P 1, sys Equation 7

where:

~

a,,1 = the final sample spectrum, corrected by the evolving background model and the

background noise model;

a ., =asample spectrum at time point 7+1, corrected by the evolving background model; and

~ ' ] )
P ¢.sys = the transponation of P;, sys -

[0089] Referring to the second part of the EWM-PCA algorithm, the second model update
module 220B (a) initiates (or calculates) the initial second model and (b) updates the second

model (e.g., to reflect the instrument and environment fluctuation). Regarding initialization,

after the first model is calculated as described above, the sample spectra A, is decomposed:

A, =TP', +E (1 =cal) Equation 8

, sys
where:

A;= an 7 (cal) x n matrix of sample spectra, where 7(cal) is the number of sample spectra used to
calibrate the model (e.g., to build the second model);

T = an 7 (cal) x my,,; matrix of scores;

A

P't, sys = loadings of the initial second model; and

E = an error matrix.
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...Library+ kt, sys) vector of the normalization factors for the control
chart of tine t+1, which is updated over tinme through Equations 16 by using
an exponewbi2aidogcomei ght ed novi ng average update, descri lpew/uss0119bissal ), t +1-
Li brary6 b(cal),t+1+ (1- Alibrary)S b(cal),t where: '"Library = the update
constant; and b(cal),t = the normalization factors for control chart of
time t; and Equation 16 b(cal),t +1 =(k a 1 x .-Library+ kt, sys) vector
of standard deviations for updating normalization factors at tinme t+1,
whi ch is cal cul ated accordingﬁgo Equation 17 as bel ow

[0090] The initial second model, ' g, can be calculated using PCA, ICA, MCR, PLS, TLS,

WLS, CR, and RR as described above with reference to step 306 of FIG. 3. The second model
update module 220B can update the second model when a new matrix z{cal+1) x n of sample

spectra is ready to use (e.g., is ready in the buffer 218). The second model update module 220B

can update the second model by rotating the axes of the P',, sys subspace established in the

initiation step (e.g., Equation &) according to Equations 9, 10 and 11 below to minimize the

residual profile that is defined by Equation 12:

A

T. = At+1Pt,sys Equation 9
where:

THI = Scores at time #+1, estimated by projecting the sample spectra at time #+1 into the

subspace of background noise model defined at time ¢;

A,.; = the sample spectra at time #+1; and

Pr, sys = the loadings of background noise model, defined at time ¢.

— A 1 -1 .
Pt+1,sys =A 1+1 Tz+1(T t+1 Tz+1) Equation 10
where:

Pt+1, s — loadings at time #+1,
A ¢+1 = the transponation of the sample spectra at time 7 + 1;

Tz+1 =an 7 x gy, matrix of scorcs at time 7+ 1; and

T'z+1 = the transponation of an 7 x Mgy matrix of scores at time #+ 1.

~n

Pt+1,sys — /lsysPHI,sys + (1 _)lsys)Pt,sys Equation 11

where:
N

Pt+1,sys = the second model update at time #+1;

Asys = a constant, 0<A,< 1, that determines the speed of rotation for the second model;
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r (cal) t=t+1,...,t+1+r (cal) «c(cal)-2/ Y,bh- (cal) t+1(cal
t=t+1,...,t+1+r (cal) where: bt-wcao(k-
WO 2012/036970 PCT/US2011/050887

Pt+1,sys = Same from Equation 10; and

~n

t,sys = Same from Equation 9.
n T )
mln Z Z (aHl,v - tt+1pt+1,v,sys )k nt Equatlon 12
Pervays| y 92 4210

where:

{,,1= an element of matrix T.;

~n

Pii1,v,sps = an element of matrix Pt+1,sys ;

n = the number of variables in a sample spectrum; and

7 = the number of sample spectra at time 7+1.

A

[0091] Referring to Equation 11, P,H,Sys (the second model update) models noise data

A

associated with the first model. PZ’SYS was calculated using multivariate techniques; Equation 11

A

allows new data to be incorporated into the second model. Pt+l,sys is calculated based on the

residual profile for the initial second model using Equation 12, and by rotating the axes of the

initial second model P'tjsyg to minimize the residual profile. The residual profile is calculated
using Equations 9-11. Referring to Equation 11, the same value of Ay, can be used for the entire

EWM-PCA process, or Ay can be calculated based on the system specification (e.g., diagnostic

data) and/or performance monitor data calculated by the data quality diagnostic module 204.

A

. . ' .
The dimensions of the P t,sys Subspace can be configured to be constant or determined on the

fly. Advantageously, using the background model (e.g., the first model and/or the second model)
can significantly reduce the spectral variation.

[0092] FIG. 5 illustrates an exemplary graph 500 of sample spectra measured using a single
background spcctrum (or interfcrogram). The time axis 502 is represented in minutes (min),

spanning zero to seven hundred min. The wavenumber axis 504 is represented in inverse

. -1 . -1 . . .
centimeters (cm ), spanning from 500 to 4500 cm . The absorbance axis 506 is represented in
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- alx k-Li brary+ kt, sys) vector of regression
coefficients of sanple spectra in a calibration dataset at tinme t+1; and
T(cal) = worbeyosed7osanpl e spectra in the calibration daraTamso11/050887

[ 001041Referring to Equation 16, the update constant 'Library can be
cal cul ated based on instrunent drift and/or environment drift. If the
search, detection, and quantification nodule 210 determ nes that any val ue
fromthe nornalized regression coefficients, b "' t+1, is larger than a

det ash IfLgati
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second hgt,3G8 aaamtaﬁleo $eap&htal BeEREbA Qle toARE nAYVBRE] KiaAkirRE Wrafsd thMmisd he
fault detection stage. The search, detection, and quantlflcailon nodul e 210

conf i r wBscriee (6&l, ehd ficteinsnParinoo, rmsdo D000 hed Betﬁv&én 330R0e4006wm ex angl @,thé he
search, detection, and quantification nodule 210 determ nes whether a
candidéﬁﬂf@hénmsatgfbdmmmhémmméaod1%@;&mdhmdmdeubamhenhoahgh@hbu%dtb&:

identified as SOne es, the h, detection,
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candi dag®3¢ remi 6:1a1h§ra$éscauleaerb plahyd@ast d00est sadple sﬁédtrﬁ&xﬁdésﬁb@ﬁalﬁgﬂi firsT fodelcan
occur, for exanp on the flrst execution of method 800 on the san&le

measur digiine yis 6%2 B 1SO58@¢ReiRt MinuEs AN SRHNIRE ZRtogsEen hundikd @an
detecti on, and ificatio dul e 210 dete nes the.re i dat e
Cher cartenflty A48 Bl s RoteSle Bt B Cad bt Bt bbb oD 808! “Fhe
sear ch, detectlon and quantification nodule 210 can cal cul ate a residual
that i $MusedDf bsqrignog@aisnolld isHeptsEate rl@c@HPﬁbSe@%@rﬁJﬂ%(fﬁén%rsya@}ﬁ% cal

quant | FREREB. doaars e8! (e Bar A PEE T PipgSl G o1/PTeB ) eUBeried i ng

the i dedvabiré@ehtré.pRRY @heiE ah sfo?0304t BEFEAND| € AfleASUE@IRIY theAbacki®inB04,
the search, detection, and quantification 210 jdentifies a second set of

one or SPRSHEMe BSdicatien ThisH I@aasgrqdﬁn%bh@t pis &erdemboyss-of e Brshmede] vy ugdated
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step 806, the search det’ection, and quantif nodul e 210 |dent|f|es a

second op FIGTBI?Y Ashath oa. sb@as @Hly@ﬂcﬁlcap&uﬁgg fehanbicalaire¥@Hyetinewcmf d¢hbsh
second set one or nore candidate chenicals (or determnes that none of

t he camdd dhdes ahanvwealthe ifall tthe hoec (paldods ethe aspectm IvaiatyonC hesribedvs ). mpon
conpl eti on of tqe met hod

tin chenjcals can b
r epor t eWVEAgEOUSY o Ui et 1 ?“r%tdnaé] df oS ficc B 5. Yk SReCBY Risally
chem cadduc&f the Bp&uBYariafloh BEr3mP! @dwever, the remaining is still not white noise (e.g., a
spectral variation of less than 0.1 mA.U.
[0094] FIG. 7 illustrates an exemplary graph 700 of sample spectra measured using a

background model. The time axis 702 is represented in minutes (min), spanning zero to seven

. . . . . -1 .
hundred min. The wavenumber axis 704 is represented in inverse centimeters (cm ), spanning

from 500 to 4500 crn_l. The absorbance axis 706 is represented in milli-Absorbance Units

(mA.U.), spanning from -2 to 5. The background model (e¢.g., including a first model and a
second model, such as an EWMA background model and an EWM-PCA background model) was
calculated prior to taking measurements (e.g., as described in steps 304 and 306 of FIG. 3).

After calculating the background model, the detection system measured ambient air for ten
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[ 00107] The search, detection, and quantification nodule 210 can use vari ous
netrics to gauge each candi date chem cal. For exanple, the search,

det ecti onwoantk/goemt i fi cati on nodul e 210 can use a scor @CT4lsedl1Aas0sa7 T2
residual reduction, a t-statistic (e.g., the first stage can al so use a
score, but the first stage can be configured as a prelimnary library
search to speed up the first stage). The search, detection, and
quantification nodul e 210 can be configured to select a WO

20121 O363COPIT biSREHAD ARG WS ub R0 BUARRHC B (R A CDRBCAL Surcl Ohe

exanpl e, the searc etection antl | cat1 on D 10 can
config ambibnt gt (e nasi dogeritied ith Flﬂnéét Afswél Klesd eadl 6, the onyt dhemecahdliad gsefor
chemcals (e.g., the five chemcals with the highest regression

coef fi @F@Wﬂ’k?” apdi2@eagrbOs; Graph A shomstthag oxgrethp gl fea dout paviodatigisaeatie!

chem cal s, the se ond, st age n identjfy to f mar, e from
Che 't onicdin i u gk caneed At oS g rasdel ?aSéFWn i EFCEnaRbls o
chenm capsroriutdlge0td bf 8l toh] kh@ihl (Hlatidh A88, reld@ed 6% eI Rde bﬁél{gr&ﬁﬂdy
return a maxi mum of four primary chem cals. [00108 ferring back

Equat i @pprexingately @ar@dﬁm@ﬂ@l e wf dag @W@éﬂt’ﬁ%ﬂ@@i“{w r@rneverdu by usigg éJgfese&p@d
furt hermo% %s}/laf%a'f'ﬁ{en er S ?&r'afv%#at@p%% ghatnast%’flTh(?rédu%edTg{ V\ﬁ&l' \(J'él{l t +C

t+1, I nt er nter +éEquation 1
t he samtpctreasspdcet deumt@h limirgwhieh, mcmasreecth@deﬂsynfutheofcuhe r@tdcnm/@yauetmbn For

backgr %}lilall‘]nqple tﬂe a{ferage Je%écIlon %ari}n V_\/hénhlrls%?é Justoe? (ﬁres?t ! %tell r%rrllgses%tetvslelelqﬁm 151 Parts-
per-billion (ppb), whereas the average detection limit when using the background model (e.g.,
also using the sccond modcl) rangces between 1-5 ppb.
[0095] FIG. 8 illustrates an exemplary computer implemented method 800 for detecting and
monitoring chemical compounds in a sample using a search, detection, and quantification
algorithm. At step 802, the processor 34 receives a sample measurement comprising a digitized
spectroscopic profile (e.g., from the detector 30). The search, detection, and quantification
algorithm can be repeatedly executed each time the system receives a sample measurement. The
search, detection, and quantification module 210 calculates one or more primary chemicals for
the sample measurement using a search, detection, and quantification algorithm for analyzing
and interpreting real time spectroscopic measurements. Specifically, the search, detection, and
quantification module 210 calculates, using a multivariate library search, one or more candidate
chemicals from the sample measurement based on a plurality of control charts generated based
on a spectral reference library (step 804, the library search stage executed by the least squares
regression module 212 of FIG. 2). The search, detection, and quantification module 210
calculates, using a fault detection algorithm, a primary chemical based on the one or more
candidate chemicals (step 800, the fault detection stage executed by the fault detection model
application 214 of FIG. 2). While FIG. 8 depicts two stages in the search, detection, and
quantification algorithm, the search, detection, and quantification algorithm can include any
number of stages (e.g., just step 804, just step 806, or steps 804 and 806 in combination with one
or more additional stages).
[0096] At step 808, the scarch, detection, and quantification module 210 determines whether any

of the remaining candidate chemicals (e.g., of the candidate chemicals with the exclusion of the
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K Threat - a matrix that includes the spectra of known chem cal threats; C
+.,Interferent interferent concentrations at tine t+1; Kinterferents,t+1l =
a matrix wbavizaedades t he spectra of known chem cal i ntrerfuse@nosmss? updat ed
at time t+1; tt+l - scores of the background noise nodel; )sys,t+1 = the
second nodel at time t+1; and Ct+1 - the spectral error at time t+1.

[ 00109] Referring to Equation 18, the equation is formatted to include four
terms: the threat chemical term (C t+1, ThreatKThreat), the interferent term

(C t "'%aﬂcmla% fcﬁé | %t%r\ﬁlllﬁe%r ﬂ(oeISethp%m cﬂer}ncaf) heogig! tﬁ;e%ﬂiaﬁ {%?,in It?(j] the .

t-PP sys, t+1 te nolse ter mat | cal uati on

18 can smcldabmctlmedatﬁeqwlﬁcamndmn@lt ciZlEquEdm axarm@@, the reickral, ddgcdEguavndns 1
and 2: quantfﬁcatci:on m(])'(il'lfle 6 !:a%qdje?etrhl%pe ti%a?t one or more of the remaining candidate chemicals
are above a predetermined threshold, and therefore should be further evaluated to determine if
there are any remaining primary chemicals. If step 808 determines one or more of the remaining
candidate chemicals should be evaluated, the method 800 proceeds to step 804. Otherwise the
method 800 proceeds back to step 802 to evaluate the next sample measurement.

[0097] Referring to step 802, the sample measurement can be a background corrected sample
measurement calculated based the background model (e.g., calculated as described above in step
310 of FIG. 3). Referring to step 804, this step is the first stage of the search, detection, and
quantification algorithm: the library search stage. The search, detection, and quantification
module 210 can execute a multivariate library search (e.g., against a spectral library 228 of
known chemicals) using regression (e.g., PLS). The search, detection, and quantification module
210 can, based on the regression, build control charts for each chemical in the spectral library
(e.g., if there are 365 chemicals library, the search, detection, and quantification module 210
builds 365 control charts). Advantageously, the fault detection stage generates a list of candidate
chemicals that are highly recommended for further processing by the second stage.

[0098] Further referring to step 804, the one or more candidate chemicals can be identified based
on a matrix-based simultancous comparison comprising a least squares regression. The least
squares regression can include, for example, partial least squares or inverse least squares. FIG. 9
illustrates an exemplary computer implemented method 900 for identifying one or more
candidate chemicals in a sample during the library search stage of the search, detection, and

quantification algorithm. At step 902, the search, detection, and quantification module 210
receives the spectral reference library (e.g., Kpibrary of Equation 13). At step 904, the search,

detection, and quantification module 210 calculates a background corrected sample spectrum

(e.g., @y of Equation 13 below) based on a sample absorption spectrum (e.g., @ ;41 of

Equation 14 below) for the sample measurement. At step 906, the search, detection, and
quantification module 210 calculates one or more library matrix entries. The search, detection,
and quantification module 210 calculates the library matrix entries based on the background

corrected sample spectrum, the spectral reference library, and a regression coefficient vector
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WD 2012/ 036970PCT/ US2011/ 050887 where: a t+1l - the termin Equation 18;
Cr-El = [C+1, ThreatC t+1l,Interferent+i 1; and K = LK ' Threat
K'interfeaewel2ae/BsywoJ [ 00110] Vari ous regressi on net hods eam/useoiussust o
calculate the residual analysis (e.g., PLS and the other regression nethods
previously nmentioned). Equations 18 and 19 can be generalized to sinplify
the mat hematical cal cul ations: Equation 20 where: Cl1 - the estinated
parameter vector; a t+l - the sanple spectrum sane as in previous two

equat i Q88 using Equations 13 and 14]). At step 908, the search, detection, and quantification module

210 normalizes the regression coefficient vector to generate a control chart (e.g., o', of

equation 15 below) that includes a plurality of normalized regression coefficients. At step 910,
the scarch, detection, and quantification module 210 identifies and quantifies the one or more
candidate chemicals based on the regression coefficient vector. Each of the one or more
candidate chemicals is associated with a corresponding normalized regression coefficient that is
larger than a predetermined control threshold (e.g., determined using Equations 15 and 16
below).

[0099] Referring to step 902, the search, detection, and quantification module 210 receives the

spectral reference library Kpiprary, an kLibrary X 7 matrix, which includes sample chemical

absorbencies. For example, if Ky jpryry includes 366 library matrix entries, Ay jprary = 365. Each

library matrix entry includes data for a sample (or model spectrum for a chemical). For example,

cach library matrix cntry can includc absorbancc data for a chcemical over a range of
wavenumbers (e.g., absorbance data for wavenumbers 800-1200 crn_l, and therfore n = 400).

The spectral reference library can be constant. In some examples, the spectral reference library
can be updated to include or exclude spectra. For example, the spectral reference library can be
dynamically updated to include or exclude spectra.

[00100] Referring to step 904, the search, detection, and quantification module 210
calculates a background corrected sample spectrum based on a sample absorption spectrum. The
multivariate library search algorithm is applied to the background corrected sample spectrum at

time #+1:

~

a,,=b z+1KLibrary Equation 13

where:

~

4,1 = the multivariate multistage background corrected sample spectrum at time #+1;
bt+1 = a regression coefficient vector (with dimensions 1 X At jprary) at time #+1; and

KL ibrary = the spectral reference library.

[00101] Advantageously, by using the spectral reference library, the system can achieve a

fast implementation time to identify the candidate chemicals. To increase the robustness of the
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". + t+1 = the conbined matrix, conprising spectra of identified chem cals
fromthe library, known interferent spectra, and the | oadings of the

backgr ourstoreizssesmodel ; and t he superscript "+" indicat @sTiUse01pHs0sdDi nver se
of the matrix. [00111] Referring to Equation 20, the nunber of factors used
In Equation 20 is determ ned by the nunber of singular values in matrix K
that are larger than the tolerance threshold (e.g., which can be cal cul ated
during run-time or preconfigured in the systen). Based on the floating

poi nt ili@ra}p%em,rf- % i€ éé?!es@foﬁrﬁl%wfnofn tﬁaﬁa&f}g ;n?ﬁ E)Qﬂ q)le][ &ﬁré&ﬁ& e%)?i&? 6 hﬁelr ank

of the matrix Is eflnedras: Tol erance = xI'I KI IxCEquat 1 on 2

wher e: absprbanpe Jecwan: (t he nunber of threat chemicals) minterferent (the

nunber of intber}‘{erent CAhemﬁcaI s) + nmsys (the nunber of factors used for the

col or nai ser:b i HK2; noln of Matrix K, and ¢ = the smallest, flgakiiGgi4oint

nunber that can belrrggregyent ed by the variable type used for E%ﬁlation 21.
where:

a,,1 = the sample absorbance spectrum (e.g., a sample spectrum corrected by the evolving

A

background model 4, is further corrected based on as+1);

bt+1 = aregression coefficient vector (with dimensions A jbrary Ay, gy5) at time #+1;

KLibrary = the spectral reference library; and

~

P

t,sys = the second model (e.g., calculated in real-time as described with reference to step 304
of FIG. 3 and steps 406-408 of FIG. 4).
[00102] Referring to Equation 14, the search, detection, and quantification module 210

augments K jprary with Pt,SyS , the second model, to generate an augmented spectral reference

library. For example, assume there are 365 chemicals in the spectral reference library, where
each chemical includes a chemical spectrum with 1,000 variables (so KLibrary 18 kLibrary = 365

by » = 1000). The search, detection, and quantification module 210 augments (or adds) the

second model into the spectral reference library. For example, if the second model comprises

three vectors, then the second model is augmented to Ky jprary to achieve dimensions of (ALibrary

+ Ky, sys) = 368 by n = 1000. The secarch, detection, and quantification module 210 lincarly

regresses the sample absorption spectrum, & .1, based on the augmented spectral reference
library. The linear regression can be implemented using regression methods such as, for
example, PLS, PCR, GLS, CLS, WLS, CR, etc.

[00103] Referring to step 908, a control chart is built for each spectral library entry. The

scarch, dctection, and quantification modulc 210 can normalizc regression cocfficient vector:

4 f— .
b t+1 _bt+l /5b(ca]),t+l Equation 15

where:
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[00112] The accuracy of the estinmated paraneter vector, Ct +1 , can be
cal cul ated: WD 2012/ 036970PCT/ US2011/050887 t+1 =t+1 (K K) 2 where: Et+1 =

a mat ri x wbi2ete/cbemact eri zes the accuracy of C+i ; EquaCirars2®2/054¢8% t he
conbined matri x, conprising sanple spectra, interferent spectra, and the
residual spectrum K = the transponation of K, and 2

b',., = thc normalized rcgression cocfficient vector to build the control chart;

b+ = the regression coefficient vector (with dimensions [ jbrary &7, sys) at time #+1; and

~

o b(cal)+l = al x (kLibrary+ ks, sys) vector of the normalization factors for the control chart of

time #+1, which is updated over time through Equations 16 by using an exponentially weighted

moving average update, described as:

~

5b(cal),t+l = ;th'brary5b(ca1),z+1 +(1- A’Library )6b(cal),t Equation 16

where:
A Library = the update constant; and

8 b(eary, = the normalization factors for control chart of time #; and

Opteatyiss = 8 1 % (KLibrary™ ki, sys) vector of standard deviations for updating normalization

factors at time #+1, which is calculated according to Equation 17 as below:

7 (cal) 7 (cal)
5 — b t+1(cal) - th+1(m1) /Z- (CCZZ)
b(cal), t+1 t=1+1,....1+147 (cal) r=1+1,....0+147 (cal)

T (cal)~1 Equation 17

where:
brvi(eal) = @ 1 % (KLibraryt Kz, sys) vector of regression coefficients of sample spectra in a

calibration dataset at time t+1; and

7(cal) = number of sample spectra in the calibration data set.

[00104] Referring to Equation 16, the update constant A Library Can be calculated based
on instrument drift and/or environment drift. If the search, detection, and quantification module

210 determines that any value from the normalized regression coefficients, b',. . is larger than

a predetermined control threshold, the search, detection, and quantification module 210 identifies

the associated chemical as a candidate chemical (e.g., identifies the chemical as having a sudden
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at+lt+1 the root nean square (RM5) of the residual spectrum cal cul ated by:
where: at+1= the residual spectrum Ct+1 - the estinmated paraneter vector;
K = the cwotmadeyrat ri x, conprising sanple spectra, i ntectaseot/ oseTtra,
and the residual spectrum and me total nunber of conponents, sanme as in
Equation 21. [00113] The search, detection, and quantification nodule 210
cal cul ates, using Equation 23, an accuracy matrix for the estinmated

par amet er vector based on the root mean square val ue. The search,

det ect icﬁﬁrgeﬁnﬂle%ﬁ&‘ihﬁtte icﬁé}ﬁiicﬁlg afgqgl%’& Gy QG s&%!: ?djlié%&ﬁlinéc @Eetﬁ&qge gid%ﬁ i zed

spect rum
change is due to the instrument and/or environment fluctuation or due to other reasons (e.g., due

to a chemical release).

[00105] Referring to step 806, this step is the second stage of the search, detection, and
quantification algorithm: the fault detection stage. The search, detection, and quantification
module 210 confirms the calculations performed by the first stage. For example, the search,
detection, and quantification module 210 determines whether a candidate chemical from the one
or more candidate chemicals should be identified as a primary chemical. In some examples, the
search, detection, and quantification module 210 may determine that none of the one or more
candidate chemicals should be identified as a primary chemical. This can occur, for example, on
the first execution of method 800 on the sample measurement, or on a subsequent iteration of
method 800 if the search, detection, and quantification module 210 determines the remaining

candidate chemicals should be evaluated (step 808).

[00106] Referring to step 808, the scarch, dctection, and quantification module 210 can
calculate a residual that is used in step 804 has the most recently determined primary chemical
removed from the data. For example, the search, detection, and quantification module 210 can
calculate a residual profile by subtracting the identified primary chemical from the sample
measurement. At step 804, the search, detection, and quantification 210 identifies a second set
of one or more candidate chemicals in the residual profile based on a comparison of the residual
profile to the spectral reference library. At step 806, the search, detection, and quantification
module 210 identifies a second primary chemical based on a focused chemical evaluation of the
second set of one or more candidate chemicals (or determines that none of the candidate
chemicals in the second set are primary chemicals). Upon completion of the method 800, the
listing of primary chemicals can be reported (e.g., to a user, to a database, etc. to keep track of

the chemicals of interest in the sample).

[00107] The search, detection, and quantification module 210 can use various metrics to

gauge cach candidate chemical. For example, the search, detection, and quantification module
2 . . ..

210 can use a score, such as a T residual reduction, a z-statistic (e.g., the first stage can also use

a score, but the first stage can be configured as a preliminary library search to speed up the first

stage). The search, detection, and quantification module 210 can be configured to select a
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of each of the candidate chem cals, a root nean square. The esti nmated
concentrations of the primary chemcals are the first nmlhreat elenents of C
tfi , derwDedi2@B¢4761, MThreat The vari ance of the estimeCcedsc@nososs8T ati on
is the matrix element, jj (i =1,2,mlhreat). The search, detection, and
qgquantification nodule 210 can calculate a t-statistic, which can be used

t hroughout the algorithmas a confidence netric (e.g., for calculating a
primary chem cal). The t-statistic can be cal cul ated for each candi date

chenm C%Emﬁ@iﬁﬂlbeﬂ“oﬁﬂﬂﬁﬁﬂya&féﬁn&ﬁs t P @éa%ﬁﬁé %h@@ga?&mfefé@ﬁ&l %ﬂ&’%uﬁﬁiﬁcaﬁ&‘?

t-statistic is give trireat, Equation 2
2012/ 0389WMEPZIO Ldazdakltcﬁﬁ“@aeﬁ anieetlfyt Hhe— hllghgt tfivst gidngtdle ffoor thd eamhdate at

time t cﬁ'émlcals (e.g., the five chemicals with the highest regression coefficients). For example, if the

first stage provides ten candidate chemicals, the second stage can identify up to five primary
chemicals from the ten candidate chemicals. As another example, if only four candidate
chemicals are identified in the first stage, the second stage can only return a maximum of four
primary chemicals.

[00108] Referring back to Equation 3, the candidate chemicals identified by the first stage

are further analyzed using a residual analysis:

a 4l = c t+1,ThreatKThreat + ct+1,]nterferem‘KInterferem‘s,Hl + tt+1Psys,l+1 +€ t+1 Equation 18
where:

a ;.1 = the sample spectrum at time #+1, corrected by the current evolution background model;

C 41, 1mear = threat concentrations at time #+1;

KThreqr = a matrix that includes the spectra of known chemical threats;

C (41, Interferen: = interferent concentrations at time #+1;

~

Interferents ++1 = @ matrix that includes the spectra of known chemical interferences, updated at
time 7+1;

L., = scores of the background noise model;

A

Psys ++1= thc sccond modecl at time #+1; and

€ .1 = the spectral error at time #+1.

[00109] Referring to Equation 18, the equation is formatted to include four terms: the

threat chemical term (C t+1,ThreatKThreat )a the interferent term (C t+l,]nterferentK]nterferents‘,t+l )a the

A

color noise (£ t+1Psys,t+l) and white noise term (€ ,,;). Mathematically, Equation 18 can be
described below according to Equation 19, similar to Equations 1 and 2:

a1 =C t+1K R Equation 19
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ct,t+1 - the concentration of elenment i at tine t+1; and Et,t = the
variance of the estinmated concentration of elenent i. [00114] As descri bed
above, raWernnimgei7o Equati ons 18-24, the search, detectipamusand/ 050887
quantification nmodul e 210 refines the primary chem cal cal cul ati on by
calculating a residual analysis of the one or nore library matrix entries
based on a residual spectrum (e.g., Psys) to generate an esti nated
paranmeter vector (e.g., Ct+1l ). The search, detection, and quantification
nmodul e (glQ.iteratively processes each candidate chemi cal using Equation 23
to calculate a RM5 of each of the one or nore chemcals. The search

det ectigpn, _gpdipHanthidioatikon nodul e 210 cal cul ates, using Equation 24, a
t-statistlc ?of eac%hé#lthe’chenicals. The t-statistic is based on a

varianc oi_[$e associated chem galy of the one or more chemicals.

[ 00115] Refler 'ﬁQ”ﬁ@'sFéﬁJQW@?ﬁtheﬂs 4Pth, detection, and quantification
modul e 210, conpares, all of thg RV5 and t-statistics. The search, detection
and qudﬁffhﬁ@a&joﬁ(mmauhe P19 Jr.etains the cheni cal (or multiple chem cals,
dependi ng how t he detection systemis configured) with the | owest RVS and
hi ghest0#118} at i sVprousTisereasion Mcthoduren boasedaln @helafethrHetite anyysingk-gate a

det ect ippR ApdfQ rotgl_%fere R nR¥Rlds gjgéﬁgus?}p n{eﬂﬁo%p'dya]hﬁ%ﬁ?ﬁso 0d 164 Ref l?lr ié@g

further to step 910, e search, tection, and qua Ication no 210
guant i fgeesalizad tonapbfy thomethematiéal atleuletiewi cal s based on the concentrations
obtained fromthe | east squares regression using Equation 20.
[00117] &dyanpagOusly, the first stage of the search, detecti apquaB&ie20
guantification process

where:

A

C, .1 = the estimated parameter vector;

a ;.1 =the sample spectrum, same as in previous two equations;

o+
K;+1 = the combined matrix, comprising spectra of identified chemicals from the library,

known interferent spectra, and the loadings of the background noise model; and the superscript
“+” indicates the pseudoinverse of the matrix.

[00111] Referring to Equation 20, the number of factors used in Equation 20 is determined
by the number of singular values in matrix K that are larger than the tolerance threshold (e.g.,
which can be calculated during run-time or preconfigured in the system). Based on the floating
point in the matrix, the tolerance for the threshold to determine the rank of the matrix is defined
as:

Tolerance = max(m, n) x||K||xe Equation 21
where:

M = Mreq (the number of threat chemicals) + mperperens (the number of interferent chemicals) +
mgys (the number of factors used for the color noise);

|IK|| = the 2-norm of Matrix K; and

¢ = the smallest, floating point number that can be represented by the variable type used for

Equation 21.

[00112] The accuracy of the estimated parameter vector, CA, +1» can be calculated:
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(e.g., described with reference to step 804 of FIG 8) can quickly identify
the one or nore candi date chem cals. The second stage of the search,

det ecti onwoantk/goemt i fi cati on process (e.g., described wcrhiseefi®smsate to
step 806 of FIG 8) can then determ ne whether or not each of the candidate
chem cals should be identified as a primary chem cal. The data generated by
the second stage can be used to determ ne whether to trigger an alarm (and
to determine the |l evel of the alarn). [00118] An exanple is provided bel ow
to dem)ﬁtratezt h&ggﬁsire processes inplenented by the detection system 10.
A dat aset: roflva chem cal test (collected on Dec. 2, 2008&amtien 23\0
2012/ 036970PCT/ US2011/ 050887 nati onal experinment test center) is given. In
t he expéeigrent Cyanogen chloride (CK) was rel eased 10 tines at inmediately
dangerous to life or health (IDLH) concentrations (e.g., 20 ppnm). The

i nt er f Sperit @ BRIy el eivpetaizet thowergesey ©H8.+and i sopropyl al cohol (1 POH))
was introduced at the second 5 CK rel eases. [00119]FIG 10 illustrates an
exenpl &y Hreapgtnblogo msfriy, compsipast e pHe sRGHaJINGS forgt $peitisglaed Bhe kepdahd
spectr%%ﬁ&e time axis 1002 is represented in mnutes (mn), spanning zero
-1lto mhn (two hours). The wavenunber axis 1004 is represented in

i nver s&’ cetht iramspengiof oKl ind spanni ng from 1000 to 4500 cm 1. The absorbance
axis 1006 is represented in mlli-Absorbance Units (mA U ), spanning from
-10 t o A, AthesbawicanBq@iradMEPOtthe thluisppenis colt0i24by1010B) have been
heavily interfered by big peaks of the NH3 and |IPOH at second 5 chenmi cal

rel eases ,(se¢ond—lrouK (s mefg ale) shown by 1020A, 1020B). The first
spectruﬁﬁfﬁr-‘oc L LI amCE, )errpl oyed as the background spéptatiom?3
[00120] FIG 11 illutT4tes an exenplary graph 1100 of a first nodel

cal cul gige-for the test

ay+] = the residual spectrum;

A

C ;.1 = the estimated parameter vector;

K = the combined matrix, comprising sample spectra, interferent spectra, and the residual
spcctrum; and

m = total number of components, same as in Equation 21.

[00113] The search, detection, and quantification module 210 calculates, using Equation
23, an accuracy matrix for the estimated parameter vector based on the root mean square value.
The search, detection, and quantification module 210 can calculate, for each digitized spectrum

of each of the candidate chemicals, a root mean square. The estimated concentrations of the

primary chemicals are the first m.cq; clements of C ., denoted C;, ;s i= 1727”'7mThreat.

The variance of the estimated concentration is the matrix element, %; ; (1 =1,2, ..., myppeq). The

search, detection, and quantification module 210 can calculate a -statistic, which can be used
throughout the algorithm as a confidence metric (e.g., for calculating a primary chemical). The
t-statistic can be calculated for each candidate chemical based on a variance of the associated

candidate chemical. The #-statistic is given by:

o =l ((=12,m,,)

i+l 5 * "hreat

i,i

Equation 24
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spectra. The tinme axis 1102 is represented in mnutes (mn), spanning zero
to 120 mn (two hours). The wavenunber axis 1104 is represented in inverse
centi nmet ewe 20B6979 spanning from-1 1000 to 4500 cm . Phe/sbsionbesare axis
1106 is represented in mlli-Absorbance Units (mA. U ), spanning from-10 to
100. The first nodel (in interferogran) was estinmated according to Equation
4. The first nodel was then transferred into the frequency domai n by
Equation 5. Graph 1010 shows the absorbance spectra of the first nodel. As
can be s %? about 5 mA U. background has been estimated and renoved.
[00121] FI 12 illustrates an exenplary graph 1200 of test spectra nmeasured

usi ng %tp@ﬁﬂﬁﬁ@uﬁ@u@ﬂﬂ@knwﬁhﬁnhhﬁﬁ+ﬁxIS 1202 is represented in m nutes
(mn), Spanning zero to 120 -1 min (two hours). The wavenunber axis 1204 is

represent ed g JnPMRfREEN GEALHORY 8 Pné #M dd¢ Spanning from 1000 to 4500 cm 1.
The absoT bance axi s 1206 s represented in mlli-Absorbance Units (M. U.),

spannl B9 L'ﬁ%rgangugceo?t mgf%acgﬁc%ﬁﬁatgo%%(%’ele‘ﬁ{% Second model was applied to

enove “Phe remai ning groun variation ¢ obtained final spectra

' Il ust nggiq4) i n g%@%s@rﬁgg db%v@rl‘%ﬁ:?ﬁlll%/ 6 UG8 84 Ghe RREH.CARRBn] BRYL
into the search det ecti on quantification). [00122]FIG 13 illustrates

an exeqpiniifigatiamnmodile cHArefingobe fmnnamghergpelccai@latm@scgﬁwlaﬂng a residual

analysis of the one or more library matrix entrics based on a residual spectrum (e.g., Pgys) to

generate an estimated parameter vector (e.g., C,,; ). The search, detection, and quantification

module 210 iteratively processes each candidate chemical using Equation 23 to calculate a RMS
of cach of the one or more chemicals. The search, detection, and quantification module 210
calculates, using Equation 24, a ¢-statistic for cach of the chemicals. The z-statistic is based on a
variance of the associated chemical of the one or more chemicals.

[00115] Referring to step 910, the secarch, detection, and quantification module 210
compares all of the RMS and #-statistics. The search, detection, and quantification module 210
retains the chemical (or multiple chemicals, depending how the detection system is configured)
with the lowest RMS and highest z-statistic. The alarm module 224 can decide whether to
indicate a detection and/or the alarm level based on the #-value.

[00116] Referring further to step 910, the search, detection, and quantification module 210
quantifies the one or more candidate chemicals based on the concentrations obtained from the
least squares regression using Equation 20.

[00117] Advantageously, the first stage of the search, detection, and quantification process
(e.g., described with reference to step 804 of FIG. 8) can quickly identify the one or more
candidate chemicals. The second stage of the search, detection, and quantification process (e.g.,
described with reference to step 806 of FIG. 8) can then determine whether or not each of the
candidate chemicals should be identified as a primary chemical. The data generated by the
second stage can be used to determine whether to trigger an alarm (and to determine the level of
the alarm).

[00118] An example is provided below to demonstrate the entire processes implemented

by the detection system 10. A dataset from a real chemical test (collected on Dec. 2, 2008 at a
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hart 1300 was generated by applying the nultivariate fault detection
(Equations 11 through 15). WD 2012/ 036970PCT/ US2011/ 050887 The dash I|i ne
1302 is twe2witwmsdtol d to detect the system changes. As ®hows2dy/ 056387 | i nes
ext endi ng above the threshold, the changes were identified as candi date
chem cals. The candi date chem cals were then passed to the second stage of
the fault detection and library search to cal cul ate residual analysis (and
determ ne the primary chemicals). The residual analysis was applied to

i denti fy.. i Leal s sivbhenc ] : S
(Equat 1 iaiaE SRRy SR B b R Op ST e P BE EVRESE) vas
pr ocesscleGad 16 Hemdscat| imngdiatdy tdahgesalisandifadd daalin (I LtHhecongeratatioms (eem.c?0 t i ne.

Th ' il eith .sud h d h
i RO gE BT s it ¢ R REG Y BE TR HERRERE BRIk Do

syst ensntayddcdtielt fedscanars O rélepkenented in digital electronic circuitry, in
conputer hardware, firmnvare, and/or software. The inplenentation can be as
a conpl®®!br ogr gm-plr%tll}’éftratﬁ alp cxergplangiapler 0BY G4 rteamspeetai BIYUERBBIREY i n
an inf @fn@ﬁtﬂa@%r & dpBkttum. TR lifR . SRFBODALY RFrc AR ih Hin®X &R E 1spz9ﬁﬁiﬂgr;'ze?o
machi ne- readabl e storage device, for execution by, or to control t €

oper at it®Mm®hin @b Aok )P CRS SRS ARRA bk U604 Ehepridrplce et adsé OdhtieRfors fcal ),
exanpl e, be a programmabl e processor, a conputer, and/or mnultiple

conput ghshnidgdkL 40 t%Ql_rSBG)'Eﬁrl_. PHRAHATLERR aRB 1006 sti8frcidAt@NY nfidt Ab@kbance
progranm ng | anguage, including conpiled and/or interpreted | anguages, and

the conmik @mAQUQYERANIGATrdIE -URpd 09®d Asnshaiy ihqfraph 1000 U OB ®aka(1010A,
st and-al one program or _as a subroutine, elenent, and/or other unit sujitable
%ﬁ%‘& hﬁﬁlﬁll

for usa0itP)daye BHUSESRHRR 01 peaky pb thedYH apd IR @k seard debrmNsel t o

be exegtLds g&ﬂi&%&ﬁ‘”ﬂﬁﬁ& GranRl sREWAL 1 R0R, A0IBBY €The FlrstO§R i Srom the
[ 00125] Met hod steps can be perforned by one or mnore programrabl e processors

execut iengerananbwputreploprdoggrthmbackgioend speptrdmanct i ons of the invention by

operat 'r[r@gz@() | nppl; 43tA, ANf 48 agy 15&%11;%% A4h of ML A0S GRE 1SRt AN %esPE

per f or and an apparatus can ‘be”’i emented as spécial purpose ?oglc
Ci r cui paetraTHEheCtirhe akik riy 02 anreptadentek anmplitytedo@nia), spiahidd r&b do pLoaiianed| e
gate array) and/or an ASIC (application-specific integrated circuit).

Modul edpoursybFlouviveesmbenrrdis biftdvareprageaed & oserse efémetess (gor t)i smeniof fitohe
conputer program the processor, the special circuitry, software, and/or
har dwarl@0a toad500 el erfErtabsdrbaice hixind i 0B aéprésgntefl AOMAG} AsobassdisitsymA Bl e f or
t he execution of a conputer program i nclude, by way of exanple, both

gener alspamdhgsiyewi d0 fout@bos 8 hri fostomodele@s ontstferagmany aso pginmtedraccorgmd e@ssor s

.Of any E{alua gonojl. ﬁl%eg h%s?lr?ocd%mlég %ﬁe‘n trGe?n% e'i‘raéldl iXto %e F}E{‘ecc)]%e(:"nscs Oc'i n'ia%? I V]:e(iuation S
i nstructions and data froma read-on y menory or a rgn om aneS menory or
bot h. TheptesE@®nshbak tiel shivemdhsceahearacamipelt @ist mobeela As can be seen, about 5 mA.U.
background has been estimated and removed.
[00121] FIG. 12 illustrates an exemplary graph 1200 of test spectra measured using a

background model. The time axis 1202 is represented in minutes (min), spanning zero to 120

. . . . . -1
min (two hours). The wavenumber axis 1204 is represented in inverse centimeters (cm ),

spanning from 1000 to 4500 cm_l. The absorbance axis 1206 is represented in milli-Absorbance

Units (mA.U.), spanning from -10 to 100. For graph 1200, the second model was applied to
remove the remaining background variation. The obtained final spectra illustrated in graph 1200
is properly corrected (e.g., and can be input into the search, detection, and quantification).

[00122] FIG. 13 illustrates an exemplary control chart 1300 for test spectra. The control
hart 1300 was generated by applying the multivariate fault detection (Equations 11 through 15).
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WD 2012/ 036970PCT/ US2011/ 050887 processor for executing instructions and
one or nore nenory devices for storing instructions and data. Generally, a
conput er wanoimsbarde, can be operatively coupled to rececrasdatasdsspm
and/or transfer data to one or nore nass storage devices for storing data
(e.g., magnetic, magneto-optical disks, or optical disks). [00127] Data
transm ssion and instructions can al so occur over a conmuni cations network.
Information carriers suitable for enbodyi ng conputer programinstructions

and datrgeldicd e 13bh if AT ChooR: yalaY ngcs NCAUGRAGH BY MEYin

18 B Qg
exanpl e sem conductor nenory devi ces. h 'nformation carriers can, ?or
exanpl extehdinERPRON tIREERGMOLL, | ths rchmmr\yerdeldmté"s‘d arsagmeindatﬁ dhaisals.i nTke nal

i sk iy STRUER: aluR i TEROR SRER R obhs B TR An g

i ncor pas aztlaﬂatb Restqu@r arallyspuaind 8&eintigd theQringady bli@tmcz{l@)() 23] r?ﬁdlﬂﬂ Qﬂdl?@s vas
interaction with a user, the above described techni ques can i npl enent ed

on a canpisdete st ghe PEMepy sherpisyls cetheTthemigalythat, W&Eﬁ‘vreé@swa@qurla?mek%np| e,

be a catbederdayal Wb&ribERIoRNHiOfs ftér%edpr%ééﬁt@ﬁe E'ﬁe?rﬁl:eﬁﬁs (dRliedrand tor .
The interaction wth a user can, for exanple, be a di splay of information

t 0 t he adéadr intinidie 2qkatipbp arad tamel EY hp@rqur@ntjemscmtlt eitlyr noguadrnsehanges gre

trackDR o P HELERIhIE pHSRL SR ALY SRR Y cha, Lhe conputer (e g

i nteract a user hi'errace e i nds of devices can be used
to provyee3f or i Mherabotd-desciibddn sestéserand Gnbeibddexh Ces 1ﬁ1@h:mei1ﬁ:ﬂ ax aiigitak, be
f eedback pravided to the use i

i form of sensor edba Vi sua
f eedbaleCr At CYIHYY-F1B SABRLKT L%{Fiwf‘r&c g SRR p'ﬁ&el ﬁeﬂfe@ Bsat can,
for exagpiea &ﬁnﬁﬁ&e ﬂm@l hrédict fEMa ichepei Deo@&AURLEBIy SRB6GRd AngH or
tactile input. [0012 % he above descri bed t echniques can be inplenmented in

a di st ﬂﬁfbm?é@nd@ﬁmﬁl be syrlemantation cannécprmmpé@ thadk Agnechensms hﬁtstoritﬁ@
back- e’&%&@%%%@éutﬁﬁ“bgﬁf&r CEAR Ghe Q)?er%tll. 7 ? 3&hY BCesﬁng‘eggé& m ques can

conponent, “and/or an application serve “above deser

be i nplimpentedtiom can, dos txanipit, i iega pargpanimage pysessor,thedmpuniad uod'sr auftipdnt - end
conponent The front-end conponent can, for exanple, be a client conputer
havi ng CAMPPEShi cal user interface, a Wb browser through which a user can

i nteragoo1pif h anAex@nplt& prapragimRit dki WhtterdaRHARY Ol [F6@RRER] dhge1ge,
interfaces for a transnlttlng devi ce. The conponents of the system can be
i nt er c drrhetreepmryiicd fpdPpvisrorctadd AR ayaRest Al GE campiar Brogim e Rédapkyed éng. | a

COTT SRR AL ERYNE ) SHRLRLRS R U BBl 05] e O

net wor lkui(dpANJqr tshenlatenpéing wiviredmerdt wir éesnpudandirogrami cal bs depleyadotokise
executed on one computer or on multiple computers at one site.
[00125] Method steps can be performed by one or more programmable processors
executing a computer program to perform functions of the invention by operating on input data
and generating output. Method steps can also be performed by and an apparatus can be
implemented as special purpose logic circuitry. The circuitry can, for example, be a FPGA (field
programmable gate array) and/or an ASIC (application-specific integrated circuit). Modules,
subroutines, and software agents can refer to portions of the computer program, the processor,
the special circuitry, software, and/or hardware that implements that functionality.
[00126] Processors suitable for the execution of a computer program include, by way of
example, both general and special purpose microprocessors, and any one or more processors of
any kind of digital computer. Generally, a processor receives instructions and data from a read-

only memory or a random access memory or both. The essential elements of a computer are a

46



[ 00130] The system can include clients and servers. A client and a server
are generally renote fromeach other and typically interact through a
conmmuni cavoamwssewr k. The rel ationship of client and secvars2@niosess? by
virtue of conputer prograns running on the respective conputers and havi ng
a client-server relationship to each other. [00131] Packet-based networ ks
can include, for exanple, the Internet, a carrier internet protocol (IP)
network (e.g., local area network (LAN), w de area network (WAN), canpus

?{_&a NSERRLKy fo?%cutﬁ%%%@\,\%% Sl c%%?n{b?é %ﬁ?ﬁl%p( Ws 7 Qﬁ'ﬁngﬁ(ﬁﬁu& WaRK

, a private an P private b exchan I PBX), a
Wi rel eslstanélewmally,(aecoglputerraeh mcmde,e@s baepeetikely RAm)e,d tSGchM daetti\‘mnland/eoz 16
net vor k., gengs 2 ol Qs BT CR OB St o LN
ot her packat db%s"e&“%é’f \}\%‘%I% e 0&%’3 “Based nt r\}\% ¢ dé%ﬁ Hh“éfl% emdfgS? o
exanpl @ptléamelspyb{‘blﬁlcﬁll\dhﬂ@bl(i‘d t el ephone netvvork (PSTN), a private branch
exchan?e éPBX) a wWwreless netwrk (e.g RAN, bl uet oot h, code-di vision
mul ti pl WiZdkess P@NKW%?W I@ndt‘Flﬁ*’EJC&P% §F‘%n’“‘ PRUIOCF B @V%cée%m(‘q*m%l)o

net wor ker@e b @l fodyR o MafrRes SRR ISor OMPMiEALdrdfRe (A mNRLWREKA s arﬁln&ie(tep r

other circuit-based networks. [00132] The transm tting device can include,
for exarmhds, allafoummﬁnoemvoletﬂ@mmnennwctmgbylmamwéexa we&elcoradut:fer gphone, an
| P pho l. e IIuI p ita i st ant
(PDA) g\\llllc(%em%‘ﬁé ffog%at s (ng?rg c’a]ilect roni € lef’rlrai%lgl eV| C ; 7%1? gho %l%%]
comu mdeatetsomagmncccﬁm ﬁlitmlalb hﬁlﬂ&ﬁﬂ’ks,dﬁﬂio@ﬁolt disksy mnetbaupuem alighk ecDa{GtM[rput er

(e.g., r conpu wWth a bro

(e.g., E?Qﬁ?w 4ﬁierf§§ PESTe6r é‘Pis 53 aFrATaste V\fﬂ“é’i‘t\ég Pt and/a

Cor por @{do%at@@gﬂbbg@g patRE RsicAYRUiabl e from Mzil | a Cor por ation). The

nobi | e con‘gutl ng devi ce i ncl udes, for exanple, a personal digital assistant

(PDA) . [9103388B3] Colprirgdde farcintesrstionnvifior useruihsl atiowe issastbed dehnigues eaebe ended
and i “%ﬁ@%@@& ohlaSfS %u%?glna %lesﬁf’agl Gl ugg. &gﬂ%%g%é‘é a%aﬁotr%fi ft'i\% r& not

listed I'S ope es one re o arts
and corbthodkdt ragrtsban(CRTl)eanldrcﬁtaelchupthtystal @1@@&3841}@¢n&h1td>ﬂ €bha mtdra‘rtJeoamlthvm |1

realize the i pvention ed i.n ot ecific forns vmtho

epar ¢ 13§ FPol-EREMS: BT ¢ Bl SeSalorartenfr B efTEr ¢ Kevniiond * brgtne

f or egoide@ice @ di MNtSord BadkBeIed o Bich @hdEscE 0 hid@ide Anpud tétte JoRPRRE K@
illustrative rather than limting of the invention described herejn. Scope

of thetpipeinwithrp pser irfggagenelpagited Qhert Hadaphdaveds eqnabergsed fpoprovide for
2012/ 03RQ7ARG P2 ALY ORRE%Evices can, for example, be feedback provided to the user in any

form of sensory feedback (ec.g., visual feedback, auditory feedback, or tactile feedback). Input
from the user can, for example, be received in any form, including acoustic, speech, and/or
tactile input.

[00129] The above described techniques can be implemented in a distributed computing
system that includes a back-end component. The back-end component can, for example, be a
data server, a middleware component, and/or an application server. The above described
techniques can be implemented in a distributing computing system that includes a front-end
component. The front-end component can, for example, be a client computer having a graphical
user interface, a Web browser through which a user can interact with an example
implementation, and/or other graphical user interfaces for a transmitting device. The
components of the system can be interconnected by any form or medium of digital data

communication (€.g., a communication network). Examples of communication networks include
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rat her than by the foregoing description, and all changes that come within
t he nmeani ng and range of equival ency of the clains are therefore intended
to be enbwecerk/hwnei n. [00135]What is clained is: W PCT/US2011/050887

2012/ 036970PCT/ US2011/ 050887 CLAIMS 1. A conputerized nethod for detecting
and quantifying chemcals in a continuously sanpled |liquid or gas sanple
stream conpri sing: receiving, by a conputing device, a sanple
nmeasurenent conprising a digitized spectroscopic profile;

cal cul 30109 rdhehi1 SPARYLL BRIARYL ok (VAN YRE bWl HeAgR paglseF ound
ARSI IR AR o

nmodel conprising a fir at no first tinme effect, a second
nodel Whammnmdwbéma second tinme effect that is different than the first

time ef t|n by the ,conput i devi ce,

backor SR or r ed R st aLiaS (TSR Bihbl o AL PE S esPambne and
t he nmukémotar frehecdrt| bihet age hpickyr antbdcimadelgh anommunicattneattiniong, e t he
conputing.device, .a nultivariate nultistage library search, fault

det ect FeIRionshin of GLsHH PRY seEY T SHISE RYOFTTHhAR TOBNNVERE RFGIMHHEN R ORgherespSorsT v

chem cahsnirst aheh%ﬁggm&m%&%rﬁ%ﬁﬂmﬁa@@émﬂ&asurerrent the al gorithm
conpri si ng: dentifying one or nore candidate chemcals in the

backgréWHélborreBuéét@anbm@wmé@s@mendndeHQSéﬁmuﬁeahw@nmmWamuanéﬂsn@ant|ca
proces ro‘%&{%tl t(1‘% n%two%?f@o o2& neﬁwgr}(l{ggﬁﬁrv‘%&%q‘ %Or{e'iﬁ&k?gv&ﬁ%laﬁpus arca

measur o’a’spec reference orm’ng
| east abievodit (CAN)IﬁéﬂMpohWnteaﬁnéthﬂi (NMANYRlYME blemmaztorbasladi)pm prnfams:IEed

33221 f%ﬁ“%?iaﬁ bipat bawﬁﬁgf RERE B bRSEIOR TR o EHeNPEaork

eval uatRAN)0Rot e RAGR! S0PN6 £ANHIKIALBahatIGR! Bdio service (GPRS) network,
HiperLAN), and/or other packet-based networks. Circuit-based networks can include, for
example, the public switched telephone network (PSTN), a private branch exchange (PBX), a
wireless network (e.g., RAN, bluetooth, code-division multiple access (CDMA) network, time
division multiple access (TDMA) network, global system for mobile communications (GSM)
network), and/or other circuit-based networks.
[00132] The transmitting device can include, for example, a computer, a computer with a
browser device, a telephone, an IP phone, a mobile device (e.g., cellular phone, personal digital
assistant (PDA) device, laptop computer, electronic mail device), and/or other communication
devices. The browser device includes, for example, a computer (e.g., desktop computer, laptop
computer) with a world wide web browser (e.g., Microsoft® Internet Explorer® available from
Microsoft Corporation, Mozilla® Firefox available from Mozilla Corporation). The mobile
computing device includes, for example, a personal digital assistant (PDA).
[00133] Comprise, include, and/or plural forms of cach are open ended and include the
listed parts and can include additional parts that are not listed. And/or is open ended and
includes one or more of the listed parts and combinations of the listed parts.
[00134] One skilled in the art will realize the invention may be embodied in other specific
forms without departing from the spirit or essential characteristics thereof. The foregoing
embodiments are therefore to be considered in all respects illustrative rather than limiting of the

invention described herein. Scope of the invention is thus indicated by the appended claims,
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2. The nethod of claim1l1l, wherein identifying the first primry chem cal
conprises determning there are zero primary chemcals. 3. The nethod of
claim1l, wbenelamewal cul ati ng conpri ses updating the nul Pcrarsc@ti®sosst ti st age

background nodel. 4. The nmethod of claim1l, wherein the nmultivariate
mul tistage |ibrary search, fault detection, and quantification algorithm
further conprises: calculating a residual profile by subtracting

the first primary chemi cal fromthe background corrected sanpl e

measur ?/{fﬁé}tthan by the fcgégy &}é cie)é& 1oﬁ0£1td%qtch91¥ € fifat B¢ 5\} hinhRe {nlﬁ:zﬁﬁﬂg Bldit

chemi cal concentrati o ron1 e back roun correcte sanpl e neasure
identibﬁbmgwam3906WGC§ems@ktbne%nﬂnwndﬁhoéndm@&mai@hem1cals in the reS|dua
profil d on arison of the residual profile to the spectral
refere gﬂgsfbraryawgﬁ§duna§ “identifying a second prinmary chem cal based on
a focused chem cal evaluation of the second set of one or nore candidate
chemcals. 5. The nethod of claim1l, further conprising: det er m ni ng
the sanpl e nmeasurenent is suitable for inclusion into the multivariate

mul ti st age background nodel ; and updating the multivariate nultistage
background nodel based on the sanple neasurenment. 6. The nethod of claim
5, further conprising filtering the sanple neasurenent through a data
buffer to prevent contam nation resulting from sl ow chem cal data poi soning
in the sanple stream
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CLAIMS

1. A computerized method for detecting and quantifying chemicals in a continuously
sampled liquid or gas sample stream, comprising:
receiving, by a computing device, a sample measurement comprising a digitized
spectroscopic profile;
calculating, by the computing device, a multivariate multistage background model
comprising a first model that models a first time effect, a second model that models a
second time effect that is different than the first time effect, or both;
generating, by the computing device, a background corrected sample measurement
based on the sample measurement and the multivariate multistage background model; and
executing, by the computing device, a multivariate multistage library search, fault
detection, and quantification algorithm to identify one or more primary chemicals in the
background corrected sample measurement, the algorithm comprising:
identifying one or more candidate chemicals in the background corrected
sample measurement based on a multivariate statistical process control in comparison of
the background corrected sample measurement to a spectral reference library;
performing at least one of (i) identifying a first primary chemical based on
a focused chemical evaluation of the one or more candidate chemicals or (ii) quantifying
the first primary chemical based on the focused chemical evaluation of the one or more
candidate chemicals;
calculating a residual profile by subtracting the first primary chemical
from the background corrected sample measurement; and
identifying a second set of one or more candidate chemicals in the residual

profile based on a comparison of the residual profile to the spectral reference library.

2. The method of claim 1, wherein identifying the first primary chemical comprises

determining there are zero primary chemicals.
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3. The method of claim 1, wherein calculating comprises updating the multivariate

multistage background model.

4. The method of claim 1, wherein the multivariate multistage library search, fault
detection, and quantification algorithm further comprises:

quantifying content by estimating the first primary chemical concentration from
the background corrected sample measurement; and

identifying a second primary chemical based on a focused chemical evaluation of

the second set of one or more candidate chemicals.

5. The method of claim 1, further comprising:

determining the sample measurement is suitable for inclusion into the multivariate
multistage background model; and

updating the multivariate multistage background model based on the sample

measuremernt.

6. The method of claim 5, further comprising filtering the sample measurement
through a data buffer to prevent contamination resulting from slow chemical data

poisoning in the sample stream.

7. The method of claim 6, wherein a size of the data buffer is determined based on a

data poisoning rate value.

8. The method of claim 5, further comprising reducing an influence of one or more

interference chemicals in the sample measurement based on a mask function.
9. The method of claim 8, further comprising:

identifying one or more chemical interferents; and

updating the mask function based on one or more identified chemical interferents.
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10.  The method of claim 5, further comprising defining one or more update
conditions, comprising:

updating at least one of (i) the multivariate multistage background model or (ii)
the multivariate multistage library search, fault detection, and quantification model, if
zero chemical compounds are detected in the sample measurement;

updating at least one of (i) the multivariate multistage background model or (ii)
the multivariate multistage library search, fault detection, and quantification model, if
zero interest chemical compounds are detected in the sample measurement;

updating at least one of (i) the multivariate multistage background model or (ii)
the multivariate multistage library search, fault detection, and quantification model, if
there is no alarm of any interest chemical compounds in the sample measurement; or

not updating at least one of (i) the multivariate multistage model or (i) the

multivariate multistage library search, fault detection, and quantification model.

11. A system for detecting and quantifying chemicals in a continuously sampled
liquid or gas sample stream, comprising:
a data acquisition module configured to receive a sample measurement
comprising a digitized spectroscopic profile;
a multivariate multistage background module in communication with the data
acquisition module configured to:
calculate a multivariate multistage background model comprising a first
model that models a first time effect, a second model that models a second time effect
that is different than the first time effect, or both;
generate a background corrected sample measurement based on the sample
measurement and the multivariate multistage background model; and
a multivariate multistage library search, fault detection, and quantification module
in communication with the data acquisition module and the multivariate multistage
background module configured to execute a multivariate multistage library search, fault
detection, and quantification algorithm to identify one or more primary chemicals in the

background corrected sample measurement, configured to:
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identify one or more candidate chemicals in the background corrected
sample measurement based on a comparison of the background corrected sample
measurement to a spectral reference library;

perform at least one of (i) identifying a first primary chemical based on a
focused chemical evaluation of the one or more candidate chemicals or (ii) quantifying
the first primary chemical based on the focused chemical evaluation of the one or more
candidate chemicals;

calculate a residual profile by subtracting the first primary chemical from
the background corrected sample measurement; and

identify a second set of one or more candidate chemicals in the residual

profile based on a comparison of the residual profile to the spectral reference library.

12. A non-transitory computer readable medium containing computer instructions
stored therein for causing a data processing apparatus to:
receive a sample measurement comprising a digitized spectroscopic profile;
calculate a multivariate multistage background model comprising a first model
that models a first time effect, a second model that models a second time effect that is
different than the first time effect, or both;
generate a background corrected sample measurement based on the sample
measurement and the multivariate multistage background model; and
execute a multivariate multistage library search, fault detection, and quantification
algorithm to identify one or more primary chemicals in the background corrected sample
measurement, the algorithm being configured to:
identify one or more candidate chemicals in the background corrected
sample measurement based on a multivariate statistical process control in comparison of
the background corrected sample measurement to a spectral reference library;
identify a first primary chemical based on a focused chemical evaluation
of the one or more candidate chemicals;
calculate a residual profile by subtracting the first primary chemical from

the background corrected sample measurement; and
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identify a second set of one or more candidate chemicals in the residual

profile based on a comparison of the residual profile to the spectral reference library.
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