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MULTI VARI ATE SAMPLE ANALYSIS. - Field of the.

I nvention 5 This invention relates to anal yzing a sanple of
unknown constitution, and nore particularly to a process for

anal yzing a sanple by constructing a calibration fromnmultivariate

signal respon hdgurbed by random 10  nultipliers. PCT/US97/01185
Backgr ound ofgﬁﬁlﬁﬁﬁientlon Calibration refers to the process

of using 15 enpirical data and prior know edge to determ ne how to
estimate quantitative anal yses from new neagurenents via sone

mat hemat i cal process. Many anal ytical instrunents provide
responses t hat do not directly relate to desired quantitative 20
measurenents. For exanple, a chrMHAIVARIATE SAMPLEI ANALYSIS. series of peaks
that-relate to the anounts of conponents I njected for analysis, but
each conponent may have differing response factors that woul d bi as

t he anal ysi s unl ess a calibration were perforned to determne and 25
correct for these individual resp&ieddfaftthe Invention Simlarly,
spectroscopi g neasurenents such as those frominfrared spectroscopy
pr-ovi de a vibrati onal run1tg rel ates .to .the nnlecglar not i ons

of the : |nd|V|duaTht% i i%a §0 E5ch vfb?%l?%ﬁ%ﬂzﬁnﬂn off2fRs®
certain response nalsngwnd@qmrdémtlon t prdchere@antisylarly to aopr@&hfess

nol ecul e. For examakean ﬁi@"a fsléﬂ@IIEOB?' béﬁ@@rnctlng R Q-\é'l@ﬁrﬁ%i@ﬂg
vi brati onal featuresm car_hon- su i s %ﬁg ge
vibrational featuf&8 |ﬂ %ﬁ%ﬁ% sighag EeFres ﬁﬁu?%ﬁﬁﬁf ¥ alBBRS™ af f ect

the relativa®s mulhinhs¢15es of each vibrational band such that direct

Background of the Invention

Calibration refers to the process of using
15 empirical data and prior knowledge to determine how to
estimate gquantitative analyses from new measurements via
some mathematical process.
Many analytical instrumentsg provide responses that
do not directly relate to desired guantitative
20 measurements. For example, a chromatogram contains a
series of peaks that relate to the amounts of components
injected for analysis, but each component may have
differing response factors that would bias the analysis
unless a calibration were performed to determine and
25 correct for these individual response factors.
Similarly, spectroscopic measurements such as those
from infrared spectroscopy provide a vibrational
spectrum that relates to the molecular motions of the
individual componentsg. Each vibrational motion has a
30 certain regponse factor dependent on the characteristics
of the molecule. For example, hydroxyl functionalities
provide strong vibrational features, while carbon-sulfur
bonds yield weak vibrational features in infrared
spectra. The response factors affect the relative
35 intensities of each vibrational band such that direct



WD 97/ 28436 PCT/ US97/ 01185

-2- anal ysis of vibrational intensities will not yield
accurate quantitative nmeasurenments. Calibration provi des -t he nmeans by
whi ch the relative response factors are accounted for in the

transformation of the 5 vibrational spectral data to quantitative
measur enent s Near infrared spectrometry (N RS) Ldes.
mol ecul ar vi YRYT8#% notion data that is indirect] y rg{:%g%%?gst he

desired quantitative measurenment for many rel atively conpl ex chem cal
m xtures. NIRS 10 instrunmentation, datagcollection, and calibration are
di scussed in Stark et al., "Near-Infrared Anal ysis (NFRA) : A

Technol ogy for Quantitative and Qualitative Anal ysis, "Appl. Spec.

Rev. 1986, Vol. R.W1ywis39s- ¢brational Mrtemsitiregawilhf nat epiptct r oscopy
of Synthetic 15 accvﬂ@dé”%ﬁﬁn'ﬁlte@@ive %ﬂsnz@ewntslggéalyﬁjratf&n pp 227-339;
o the?

and Martin, "Recent , Ne)@rg I}pf rar% 1 Ref | ect ance
Spectroscopy, " ARV eRggans whigh the relative pespenams pe
di scl osures of waaiors are accounted plomatied ther tranbforedeiemasf teRS

measures the 20 v1bﬁl%§%hﬁnﬁge8£réfcdﬂ?d‘ttcf@ﬂ Eaeatﬁ, Vﬁééé\k‘ﬁe ‘&l engt hs

to ascertain a vibrationa ectrum apsor pance at I on at

di fferent wavel engt hé“qaﬁdlieg Ege?h%pe"tr°me§|ré(séﬁé§sbfPﬂ?’f’?“é?%nt vi brati onal
noti ons, which implamular vibrathoh®l rmedtbitced dadat hbatiessr badipeattliyt at i ve

measurenents. 25.¢1adddR8d $he Begllda Ltﬁféﬂénfa%ek}e' ﬂEQs?P@&eﬁ@nfcﬂr Rere

qui ck and reC|se nultlv riate sj responses on-l1ne or
in situ process SAyied¥n £SmP Tex cheni iR;!H’é‘l"?’ BEct rBfBEry is a
conpl emrenta0y aniaistixurentation, t datmi cpld dar iinRSahBataaisvapiayides

mol ecul ar 30 ci’lélfxﬁtéeﬁ?ﬁﬁkx bELQE”@E'QP %@nfﬁggg%gn&t‘éyygﬁasures

the inelastic scattering_of Inci entéad'lalo | e and

conpares t he i nel™ & cal Py TEERpPLPEY for Quantyt éFF?fﬁ FBdtﬂ%aHﬁﬁ"d'é’
radi ati on ener gyAradlysieyi dapph. Spec. RV .gWnI86ssVepecRRunpph3ds+3ismtes to
the vibrational 9 jer, Mied?-ohs PP SShdBRBEBY of TBGnEREELY | 0SS

spectrum Polymers," Appl. Spec. Rev,, 1991, Vol. 26, pp 227-339;
and Martin, "Recent Advances in Near-Infrared
Reflectance Spectroscopy," Appl. Spec. Rev., 1592, Vol.
27, pp 325-383, the disclosures of which are
incorporated herein by reference. NIRS measures the

20 absorbance of incident radiation at various wavelengths
to ascertain a vibratiocnal spectrum. The absorbance of
radiation at different wavelengths indicates the
presence of different vibrational motions, which in turn
can be related to the desired quantitative measurements.

25 NIRS is a highly useful technique that can provide quick
and precise multivariate signal responses for on-line or
in situ process environments.

Raman spectrometry is a complementary analytical
technique to NIRS that also provides molecular

30 vibrational information. Raman spectrometry measures
the inelastic scattering of incident radiation from a
sample and compares the inelastically scattered
radiation to the incident radiation energy to provide an
energy loss spectrum that relates to the vibrational

35 motion of sampled molecules. The energy loss spectrum
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- 3- can be related to the desired quantitati ve nmeasurenents.

Ranman spectronetry can al so provide a quick and precise mul tivariate
si-gnal response. Because of the contrasting nature of the scattering
process in Raman 5 conpared to absorbance process in NIRS, different

quantitative gRasnsLEeENt problens can be sol ved by t hemeErnbsh901185
t échni ques. There are often several interfering systematic or

random effects that can disturb a representative 10 mul tivariate signa
response acquisition. Such effects -rarely carry information that
relates to the desired quantitative neasurenent. These effects nay be
caused by poor signal throughput, unstable radiation sources,

unst abl e detectoﬁaéhhﬁa§?¥§¢%ﬂ|Q95thﬁaﬁé§ﬁ¥§ﬁo@%&ﬂ?9?ﬁ§lve ERRSUTEASNT By

vari-ous interfer RaflahasketOtonbtyOe@RnSa3so providé d uEdeMandt preedsee the
| npact of these efﬁgﬁygrggkéi ﬁqpq&a§%gsegugnt ég%é&géﬂlfogh%éocess by

preprocessi ng t h&v riate Si response
pr epr ocessi ng ContrééﬁhmﬁunﬁiqrﬁcPﬁdéhﬁf§Fa§§%F¢ﬂQaPEQQ$%§Ii§nBéWﬁPng such
20 as now ng awﬂbagedftéta@wc&pbraeeésIhermmlomlfeerent beam

ref erence correctlong ggggvgs t %gggrdkggiégg can béﬂgoﬁgg db closed in

U. S. Patent No. cent r|n erentr al errvati ve
processing, i.e. these twgntkﬁhnkgqgsflrst or second derivative; spike

filters; 25 axi s CQRYLE sam&:ft%uplge&armtbnﬁ@fféﬁﬂy@@@t@m&uc or

I nstrunental response co sati.ons; I cative si gna
correction est|n%FP§ﬂ efPedts thg% ﬁaph FggﬁﬁétaLﬁﬁﬁ{ﬁs%ﬂ§ ft¥&ti ons, both
NIRS and 10 Rasdhivpriéatentignalr gggbrasehacdei®ltoimment sychggffects
calibration rmde'r%ré'.’l!?t c&PFY eir¥cmiatd cAC@Hbt edelates tB!|thev Aelsatredasi gnal

responses to quantlt neasuremen bt ai he a teferen
t echni que. k?g h° andcain Pg't [ oIrI{ﬁ(e) < cqh'sg?l? e%em?:?usgg

descri bed in, fobYéEaﬂplé}gﬂiﬂeﬂthNgh@MF; upshable Zpdigrivn souzpes.
Scatter-Correcti QastablblegétddtidreicdarBete@s5806€, random sporadic

15 emissions, or various interfering background processes.
It is common to reduce the impact of these effects on a
subsequent calibration process by preprocessing the raw
multivariate signal response. Useful preprocessing
techniques include, for example: signal smoothing such

20 as moving average filters and spline filters; double
beam reference corrections such as the standardization
method disclosed in U.S. Patent No. 5,455,673; mean
centering; differeﬂtial derivative processing, i.e.,
computing a first or second derivative; spike filters;

25 axis conversions, such as with spline functions;
instrumental response compensations; and multiplicative
signal correction estiwmation.

In their most useful applications, both NIRS and
Raman spectrometry require the development of

30 calibration models that correlate the acquired
multivariate sigﬁal respongses to quantitative
measurements obtained by a reference technique.
Correction and calibration of NIRS measurements is
described in, for example, Geladi et al., "Linearization

35 and Scatter-Correction for Near-Infrared Reflectance
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-4- Spectra of Meat," Appl. Spec., 1985, Vol. 39, pp. 491- 500;
| saksson et al., "The Effect of Miultiplicative Scatter Correction
(MSC) and Linearity Inprovenent in NI R Spectroscopy, " Appl. Spec.,
1988, Vol. 42, pp. 1273- 5 1284; Aastveit et al., "Near-Infrared

Ref | ect ance Eégp.\%ct roscopy: Different Strategies for Lac

Calibrati onsv‘{(?ts’7 nal'ysis of Forage Quality," Appl. Spegbrmf”éoéws

47, pp. 463-469; I|saksson et al., "Piece-Wse Miltiplicative Scatter
Correction Applied to 10 Near-Infrared-gffuse Transm ttance Data from
Meat Products," Appl. Spec., 1993, Vol. 47, pp. 702-709; and

MIller et al., "A Pathlength Correction Method for Near- I nfrared

Spect roscopy, " ARgictrgpeé. Meayph) Anpl. Spec.. 198pp. VEDE-BDS PR 91-
di scl osures of wWyoegh I%l’aﬁsbaﬁoéf)oém ed"rlﬁ Effece beMuI@{ﬂﬁiEﬁ

All NIRS and Ra pectra_ of h are affected by
particle size a%a&syetrh °6F8§'éh% EM&E) 36’?5 riﬁ'&ﬁﬁﬁétYnﬂP%o ERffte.
exanple, in |iqNIR Spectrogapb¥s" tApplamsinec.of 1888bi Wl y, 4a),arppcmzevt3es, and

20 bubbl es, orlmangteewalthe:sei ut '%arxe-fIh%‘}E!cQE nafifeemce change
the strength of the ‘obser ved the sanpl e

shape, uniform ,eczfﬁ&sFﬁngnségPﬁﬁﬁm Strac?ﬁgr’rﬁé fRE JS‘?‘]r? ahgth of the
observed si gnal .Caldbrationspinddnatysis qfaforagedQuatptys" Avplparticle

si ze, shape 25 5_@;&/0&9@5? vatkifp, qansidas -Qls ot hesaRESsh ade Y. change
t he observed si | es do notzézﬁt}la e wth

time, o if the 1e°e-§’§8§t9515+Pt+<f?etla'eep%éﬁﬁr§§ﬁ5ts§t=a9ré & in a
mul ti pl exelP f asNeas,- Infearedhbi f fepm oot taahcgODat aafabe Nstdts ar e

measur ed si mul t 3R, ntﬁﬁp__g‘r_’pﬁgf 1993, velanges . opseryad siggal
g T AR Kee3E0 rh, pachid %ﬁ"@%&sﬁm“@%@eﬁf”m Sres
t hat have been rﬁnfmqmeldeépbytaﬂsmﬂdeWbE”QB Volhy eedhot suitable
for calibrationgf.reeisl-voesi fHet@Psclosures of which are incorporated
15 herein by reference.
All NIRS and Raman spectra of llght diffusing
solids are affected by particle size and by the presence
of liquids in the sample. For example, in liquid
samples the amount of turbidity, particulates, and
20 bubbles, or changes in the solution refraction index may
change the strength of the observed signal. For solid
samples, the sample shape, uniformity, and thickness may
change the strength of the observed signal. For
powdered or granulated samples, the particle size, shape
25 and/or the packing density of the material may change
the observed signal strength.
When samples do not change with time, or if the
spectra of time-dependent samples are collected in a
multiplexed fashion, i.e., the responses at all
30 wavelengths are measured simultaneously, the impact of
changes in observed signal strength is to multiply each
spectrum by an unknown constant that is unique to that
individually collected spectrum. Spectral responses
that have been multiplied by an unknown random number
35 are not suitable for calibration directly using the
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-5- usual multivariate statistical approaches such as PCR or

PLS. Several approaches to dealing with normalization probl ens have
previ ously been proposed, for exanple, in Mart ens and Naes,

Mul tivariate Calibration, John Wley & 5 Sons, New York, 1989, pp.
336- 351, the diygQhesss € of whi ch is incorporated her ei q,cq%{sg%ﬁgsence
These approaches include normalization by closure, inte
standards, and nultiplicative scatter correction (MC). The
normal i zati on by cl osure nethod divides thes10 original instrunent
responses at each point by the surna%ion of ?II instrugentaltrfsponse
oints. This mef hod is nmpst usefu en a relative instrunenta
Pesponse i s adequif®r} JultHyazdptei shabistird b asnrogches suchip@RFR qm
situations where Ph&. r Ssonsds apprbhehds to Qe Iimige Mg hvAbYmgL £24d don t he

e
normal i zation by ﬁéwwrﬁs have HEEKE_(S}EISQH{ ag{% %‘é‘& 8Lt Ligh éi e r al

i ntercorrel ations providrng

set in mhlc%a¥?ﬁPﬁeiﬂﬂ) dibivariate, (3 ~~ga»~¢nch@ﬂh%dwlley &
conposi ti onssof tsmsamwsrorxo 1939 pmean-sasmf maganhewevrit@mhdard can
be ef fective AoSRUEAORIRLL £ Hy UheRLa 1p this

nmet hod, an addltlve ﬁEV|ng ﬁ% ?gg Q@é QE} arac%erls

i ntroduced into tRARPERARNSS Iﬂ%%“de n°rm?&¥%ﬁﬁkﬂﬂ¢ﬁﬁ Gioﬁﬁéeadﬁmt¢xnakWOV|des
a nmeans to obtai ns@dndards nunﬂahuzaipbi\cm atatiterWbbeBe&boulMdmar i at e

signal response can beneOlicahbadsolLh bt Nl S MLHAN, arvs qo PG CTY

under some circunstances, it
into the satPle, QWﬁQﬁPq4afmﬁ$Fuﬂént YeSPORIRS ixtal®3Ch ROpRbdRLttRm
envi ronment . Thussurtret izt of aﬂﬂeinstruménukaiem@bhed ﬂGEﬁtQQt fHﬂ&“de a

gener al SO'*géﬁgﬁff§ %ﬁ&qahbéfamave tive 1nstru?e?t NBC met hod

i s based on the fact ependeéenc
scattering is di ffYefRAfse is adPHBﬁF?h§9rcﬁhﬁﬂﬁﬂﬁuﬁappyOSaEQG P#Qﬁiem
absorbance. Becawsewster, imf stibaseidepertiencimte rebpoflseés &f tHeY

wavel engt hs;§an  components vary greatly, the normalization by closure
procedure can introduce artificial intercorrelations
that makes it unsuitable for providing a spectral set in
which the responses are proportional to the chemical
compositions of the samples.

20 The use of an internal standard can be effective
for solving some normalization problems. With this
method, an additive having known response
characteristics is introduced into the sample. The
introduction of the additive provides a means to obtain

25 a normalization constant by which the multivariate
signal response can be corrected. While this method can
be useful under some circumstances,it requires that an
additive be introduced into the sample, which may not be
practical in a production environment. Thus, the

30 internal standard method does not provide a general
solution to normalization problems.

The MSC method is based on the fact that the
wavelength dependency of light scattering is different
from that of chemically based light absorbance. Because

35 of these dependencies, the data at many wavelengths can
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- 6- be used to distinguish, for exanple, between |ight

absorption and light scattering. MSC may be suitable for anal ysis of
an unknown sanpl e containi ng sever al conponents, all of which have
simlar spectra, but it 5 would not work well in situations where the
spectral wo §iRgise represents several conponents varyi Ngcey8snoiiss

wi de conpositioh range. ' For the acquisition of quantitative
measurenents in production environnents, one commopn approach to
on-line 10 nmonitoring is the continual_r@npval froma streamof a

smal | amount of material that is then processed through a "sanpling
systent to prepare it for the anal ysis. Commonl y, the sanpling system
woul d conditionh&hasednpbedistinggqsﬁAnfoaxaxpmplerehawwmgnbhhﬁhes

parti cul at es, a%sl:r'}pubﬂr Bhdl {Yght ﬁ%‘%"?‘t&nﬂ gﬂ&gﬁﬁ\%&r%e Ky q:lgqﬁr eal 1y

prOV|d|ng a const ant observatlon CcO

anal ytical apparZfu@ned¥figsof %I‘f’i"?}%ﬂ“!"alsémp e c?’@%%ﬁ‘h%%oﬁﬁ?’%rfslt emto
col | ect a spect raonpionentis; all of ewliirhuhiaviee stimilAe spéetta ndagsdary to

relate to t‘f'e 2Qvoulﬁ091§ﬁ:' kgkkoaafi :El{"esﬁ%%ﬁ.%ns where the é;{ééﬁ%ﬁr abl e

cases, the streamto be spectr al i gnature" that

‘enabl es the re%ﬂﬂqﬁﬁlFfBFPSﬂnBV ??ﬁ??ﬁ&e@Pﬂ&PnFEEEdﬁ%Eyl¢§n°WEEaﬁpIe
one of the nmaj owitleeompositdion| dalgere a di stinct 25 spectral response

that does not interf%%ﬁé@hhhaEaﬁtfltloSSUCh%ﬁaﬁh1E§§P@Qsﬁé£§ufgﬁgﬂis in

conmponent s in the sa cl rcunst

variations in Pr°dﬁﬁ§ﬁﬁPeH§th°Pﬂﬂ¥ﬁﬁm19?¢0F°FﬁenlPRErﬂ¥§FntQK?Qﬂ%¥n§cted by
ratio methpols t ancprietitd@ga isobhet comtinuat removhlt f+émsa dcresmppifoach woul d

ot be_appl i 0ablgu MHAknddShitaliay cnacPiRINELhOBrSLLHAL Vkauen

It is also possible t6 estimte a ca synt
sanpl es fornul at®ed ﬁar'f‘Ptlﬁélgl 8YSFENOr§P tR¥epare J-§| kK atRe iR X%“t hought to

be in a process imreaily,3the BawpVing srsacm o@uldxpendivien itk camgd et hat
it is by, for example, removing bubbles, particulates, and
15 turbidity; regulating temperature; or generally
providing a constant observation condition. This would
allow analytical apparatus such as a multivariate
spectroscopy system to collect a spectrum that is
reproducible to the extent necessary to relate to the
20 constitution of the sample.

In favorable cases, the stream to be analyzed may
have a spectral "signature" that enables the
normalization of the spectral response. For example,
one of the major components could have a distinct

25 spectral response that does not interfere with the
spectral response of other components in the sample.
Under such limiting circumstances, variations in
pathlength, turbidity or the like might be corrected by
ratio methods to produce a robust calibration, but this

30 approach would not be applicable to many industrial
production situations.

It is also possible to estimate a calibration by
using synthetic samples formulated in the laboratory to
simulate what is thought to be in a process stream.

35 However, practical experience indicates that it is
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-7- usual ly better to calibrate the nmultivariate signa

response in situ by neasuring the nultivariate signal response in the
process and conparing it with - quantitative neasurenents obtained from
material sanples 5 renmoved fromthe manufacturing stream In this
situation, theygoefsdssea woul d contain all- the variations rcfusb PR gseal
system of interest. Problemto be Solved by the Invention
10 Anal ysis of a sanple of unknown constitution by an

anal ytical apparatus often produces data thdt-are perturbed by
conditions prevailing at the data collection site. For exanple, if

t he sanpl e under IS ' t in distillation colum or
reactor, the pr es%%%ael%‘?‘r%}b*b%keggg%g%gﬂ?ﬁ%uIetg}eesmu?'&ﬁlvana.e StERe random
variability in t hESSRORSS Hig Wditunby measurinetde mvdtiveuiate signabis of
the sanple. CZngﬁeépmnse ﬁq ghbigreééggtaﬂ& damyaygﬂgaghahgghtr reqrires
construction cQnnens or _sa VO

di scr epanci es or %‘f‘%ﬁet.?f‘_?aﬁfie‘}ref qe“r%%%ggg"'%%? o%@eﬁfé’fﬁ%t Zﬁm magﬁ’gg?ic?amp%rees
quant it ati veSanal jenevedr{firemshg manwfactyring stream.pr §netBinf the present

invention. 25 sjituation, the speStF@BiouXd cBMalifvenli €Re variation The

present invention_is égr t-e ocess faqr anal yzing a sanﬁie of
unknown constitut?%nF 3/%%%1 gyggeﬁngfy%ﬁﬁﬁﬁes paratus. The process utilizes

a set of 30 anal ytical neasurenments and a set of reference

measurenment s obt ai ned fronpfolsiim ®o BaTBbEFed The €8¢ Biventionanal yti cal
measur enent which is obtained fromthe set of sanples using a first
anal ytical apparatus, conprises a first set of nmultivariate signa
responses that is 35 Anaysisted @ osampis ©fpmkaowongbnstitabion thyesn

associ at ed analytical apparatus often produces data that are

perturbed by conditions prevailing at the data
collection site. For example, if the sample under

15 analysis were situated in a distillation column or
reactor, the presence of bubbles or particulates could
cause random variability in the sampling volume,
preventing accurate analysis of the sample. Overcoming
this effect of random variability requires construction

20 of a calibration that compensates for sample volume
discrepancies or other interferences that prevent a
correct quantitative analysis. This need is met by the
process of the present invention. .

25 Summary Of The Invention

The present invention is directed to a process for
analyzing a sample of unknown constitution by an
analytical apparatus. The process utilizes a set of

30 analytical measurements and a set of reference
measurements obtained from a set of samples. The set of
analytical measurements, which is obtained from the set
of samples using a first analytical apparatus, comprises
a first set of multivariate signal responses that is

35 adjusted to remove operational variabilities associated
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- 8- with the first anal ytical apparatus, thereby providing a

first matrix of adjusted signal responses. The set of ref erence
measurenents, which is obt ained fromthe set of sanpl es using a second
anal ytical apparatus, conprises a second set of nultivariate signal

responses Bﬁk S adjusted to remove operational vari apifikdiRsiss
associ at ed mnfh e second anal ytical apparatus, thereby providing a

second matri x of adjusted signal responses. One of the two
matrices of adjusted signal 10 responsegs -i s deconposed into a matrix
product that conprises a matrix conprising a set of principal factors
and a matrix conprising the amounts associated with each of the
princi pal factovsthnehe dedstn angd ysdral Aapparatuspmphesedy prgvadingsdonse

matri x product f§r§@ﬁﬁétfﬂi§l&£f L@justbhablﬁﬂﬁprtésiﬁ:rﬁe@.-t”I‘heCQQErbﬂ ng a
subset of the set

h
ANt s ~Eetererey e rEneRts PRLSh 1D TR A e PRt 0BT
in the subset. ©fiagmples |uaing angecord analy}ieal @rpparatuswat rixis

conputed. 20  comprifsdsd rastséwdaalsbéeefmaxtxvarwtsfg@mr &‘é'.s Bn8es
normal i zati on adjusted

signal res ponsrergf‘?éxﬁ%n%q:‘r‘{%te% t°FF8WPFﬁe°peratl%%'t" aﬁd‘ta?'?ﬁllllféﬂ matrix
product and t heapsofeatedwith thengecordaanahyticsse dpporatiisz edhraeby x

product is 25 peohsingtLbecold HASrek bBeasdPidtld Zsa@n@ri &%ts baskhat
mnimze the dl?fereg e q$§§§§ he flrst no#na | Z&( ri x product
and the conpressed n 9 %éﬁﬁ? §Peségﬁﬁga t her eby
produci ng1&n oprespdnses is niﬂqmim&dl sntaed riaerig product Ahsgcond
nornal i zed nat rbémﬁf?é’é@ta 'nﬁat(‘zQ&SchH@TrQng a sdthalf 1%:%& ebet8pki mal

non L a1 on TRl AR e adle S, Sho Bl AR yaERORRRES, "
of the first sepfotherprmivigaalf factorsandcindedtin 3Bhe segssodiated wit h
each of them Ushpfetfed BitflalMHeshbbn8t matrix product is constructed

15 that comprises a matrix comprising a subset of the set
of principal factors and a matrix comprising the amounts
associated with each of the principal factors included
in the subset. Using the latter matrix, a projection
matrix is computed.

20 A first normalized matrix product comprising a
normalization matrix and the other of the two matrices
of adjusted signal responses is constructed. From the
first normalized matrix product and the projection
matrix a compressed normalized matrix product is

25 constructed. Values of the normalization matrix that
minimize the difference between the first normalized
-matrix product and the compressed normalized matrix
product are computed, thereby producing an optimal
normalization matrix.

30 A second normalized matrix product is constructed
that comprises the optimal normalization matrix and the
matrix of adjusted signal responses that had been
decomposed into a matrix product comprising the matrices
of the first set of principal factors and amounts

35 associated with each of them. Using the other matrix of
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-9- adj usted signal responses and the second normalized

matri x product, a calibration useful for analyzing the si gnal
responses obtained fromthe sanple of unknown constitution by the
first analytical apparatus is 5 constructed. The calibrationis
applied to thayeogials responses fromthe sanpl e, enabl ipggnisbfioiiss
constitution to be accurately determ ned. '

Advant ageous Effect of the Invention 10 The process of the
present invention, which i ncludes an@rralization step that
conpensates for variability in sanple volunes or scattering

efficiencies, or oéher i@terferences that ma qause a 15 nultiplicative
variation in the PREPIHELSIIW¥ dePPepane and the; aacond permaligedsi cant
i nprovenent over matdixiprrduct, a callibratiomtusetalll ioat analyeihgdshe Thi s

process provi des signal flapbifasAbseaingi! Hr6fl iy YaflcObeduflbhblyar i at e
anal ysis of a sanpl e of nknovﬁvr;f %glgs%l,tutlon In the presence of
| a

turbidity, bubbl eZoPErti ¥ Bh eEst analytigadi ePBA¥atugt iare

encount ered Bn nafynewwruated. Thei pdlisbratiompricc eppddedsuohthe dighall ation
col umms, I 8&kibrt e Eron %St Bhhb 6! SendiidlgN g cli Gy

vari ety of heter enpse)d(,)us re (?tions. 25b € enalfYi thlnggglg?%ﬁ%%%r%%tion
of the Invention ¢ 3ccurately getermined,| approaches for the construction
of calibration functions are known in the art. For 3 exanpl e,

0
mul tiple linear regressionyVaReagBbhBCiPRlct of theOFRG egressi on
(PCR), and Egrt ial | east squares g regressi on %PE%R?ﬁg%?%i I
statisticall'y based processes that utilize nmultiple nmeasurenents of

the multivariate The process of the present invention, which

includes a normalization step that compensates for
variability in sample volumes or scattering
efficiencies, or other interferences that may cause a

15 multiplicative variation in the responses from different
samples,is a significant improvement over traditional
multivariate calibration methods. This process provides
for accurate in situ calibration of a multivariate
analysis of a sample of unkmnown constitution in the

20 presence of turbidity, bubbles, and/or particulates,
conditions that are encountered in many common
industrial processes, such as distillation columns,
precipitators, crystallizers, boiling liquids, and a
variety of heterogeneocus reactions.

25

Detailed Description of the Invention

Many general approaches for the construction of
calibration functions are known in the art. For
30 example, multiple linear regression (MLR), principal
component regression (PCR), and partial least sguares
regression (PLSR) entail statistically based processes
that utilize_multiple measurements of the multivariate
signal responses to derive the "best" calibration model
35 for the particular calibration approach employed. These



signal responses to derive the "best" calibration nodel 35 for the
particular calibration approach enployed. These WO 97/ 28436
PCT/ US97/ 01185 - 10 - appr oaches
requi re that signal responses such as spectra be col |l ected under
substantially the sane observation conditions. Thus, for exanple,
transm ssi on transfl ectance NIRS spectra nust be c Lt h
the 5 sarre&%agglﬁwgngth in the sanple, diffuse reflect anc?tﬁ‘f@éﬁﬂu‘ﬁ& nmust
be collected on sanples with the same scattering efficiency, and Raman
spectra nust be collected with constambp excitation intensity and a

r epr oduci bl e sanpl e vol une. 10 The sinplest formof a
calibration is often referred to as unjvariate regression, in which
one var i abPEP¥SaRBas Fedhifl thaE Piepatt JeFROMRf[8MFh fge spectra
solution of suchba eallbetéd aindewHub@tanbiabldeckd idmfe observation

determ ning the .Lelepts 4 q ' 1 R
Vot bmE x GORkEEELAD! i‘ﬁ‘use,( %@)tzj %Qa&éiemtgxr-aeneilmlsssat%eofef or ence
quantitative nea$yprBrEhectanes NIRS speghzpypushibe mraklentedamwdtin the b are

constants thmat 2@ame patht Peddteh iiﬁﬁttﬂiéﬁﬁahglle!;eaﬂﬂﬂ&fé Yrdfleldt@nce NIRS
yw

constitution. This is.easily sql suring x at rious levels
of y and fitti ngm§s§t%§iﬁﬂfl?fﬁé§t9¥'%ﬁ§%§5 a.gfﬁ'#¥ﬁsé£m§ %caggﬁﬁﬁPFied
case, if a randofffdmbencyul ang|Raman spgetra musedes sqidieptedawithnpl e or

observation, it icongRRAteskc2Batior NtehBEEP ARANY ¥PrdaucIPILe shap1a and b

W t hout adq%a%%nal I nformati on. Further, univariate regression

techniques are |i'mted when nore than one conponent has an influence
at a given dthstrunent her eimekesrt form of a caljbrafiomries gftenal case,
several conponenggfélred tESAONEhRiardALR Yeycesssd, IO wHikhe@malion

becomes: variable is measured and one property is modeled. The
golution of such a calibration problem can be described
as determining the coefficients in equation (1).
15 . '
Y=b+m*x (1)

where y is the reference guantitative measurement of the
analyte of interest, and m and b are constants that

20 relate the instrumental response x to the constitution.
This is easily solved by measuring x at various levels
of ¥y and fitting a straight line to the data. 1In this
simplified case, if a random number multiplies x for
each individual sample or observation, it is apparent

25 that there is no way to solve for m and b without
additional information. Further, univariate regression
techniques are limited when more than one component has
an influence at a given instrumental response.

In the more general case, several components
30 respond at each wavelength, so the equation becomes:

Yy=Db,+b, *x, +b, *x, + ... + b, *x, (2)

where the subscripts identify the constants and
35 analytical responses for different wavelengths, delay



= b[err] + b[err] * x[err] = b[err] * x[efr] + ... + blerr] + x[err]

(2) where the subscripts identify the constants and 35

anal ytical responses for different wavel engths, del ay WO

97/ 28436 PCT/ US97/ 01185

- 11 - times, shifts, or the like. This fornulation of the

probl em al | O\A/sw‘t,bﬂzspjd mary response(s) for one conponent PCTHUS9 1A 185
corrected for Interferences by of her conponent s t hrough t he use of
addi tional analytical response 5 information. In this case, enough
sanpl es with known conposi tion nust- et measured to enabl e the
solution of a set of equations for the b[err] constants.

When each nultivarjate si respo se. |S . i ed by n unknovvn
random nunber, eqtHtFHn }%)r}tfe or' f %oln’e]%e mhid ¥ornbla hronpPe the 4 | +

(b[err] * X[err] pr&plaw |ar¥loksechp primary Bfsparise(sX] épr] 9me ccéxﬁs)onent
where L is a diffesei &ondel EBE fﬁ@é‘rﬁ@fﬂiﬂ&s wdoisﬁer cé.haaueﬁ@ each

equatlon in a set of equati ons. at,i o robl em

provi des a set of ERETHYY fhg use o @éﬁh’ﬁ%‘ml ﬁ”ﬁyﬁ&cﬁﬂoﬁﬁsﬁ%ﬁ
sol uti on. 5 inforamttiter. agpr bhid ¢case heersmight |sempd\ésequah|kmm(12) i's
multiple |inear ré%ﬁééi%rﬁ MBt - bé/'-tﬁei:’égfedi 1252 drfab1ef tA0 so1fBidh of a

inversions to arrive at nknovvn c ation constants. Because of
mat henat i cal conpPPeLF d-‘r%‘aitﬁms for the,PargPPPkaPRYer si ons, serious
difficulties may be When emchuntidtivarintdcsiappl casponsef i&LR when
conponent s of : 8 3258 Gﬂkhbﬁ?afand&n wﬂmrcasauéewﬁngzﬁor the
25 calibrati on coe Icients with be i npossi b

Anot her genéPal aB‘b?%‘&"c‘h to constructl ng a cal i br atlon nodel makes
use of data conpression. Exanpl es of data conpression techni ques

i ncl ude: Yy=b+L* (b*X, +B, *X, + ... +B, *X) (3)

where L is a different constant for each sample, and
15 thus, for each equation in a set of equations. This
formulation of the problem provides a set of non-linear
equations with no known general sclution.
Another approach to the solution of equation (2) is
multiple linear regression (MLR). MLR uses a series of
20 matrix inversions to arrive at the unknown calibration
constants. Because of wmathematical complications in
using matrix inversions, serious difficulties may be
encountered in the application of MLR when components of
the data are collinear, in which case scolving for the
25 calibration coefficients with MLR may be impossible.
Another general approach to constructing a
calibration model makes use of data compression.
Examples of data compression technigques include:
principal factor analysis (PFA), principal component
30 regression (PCR), and partial least squares regression
- (PLSR) . |
PFA, a least-squares technique that is sometimes
referred to as principal component analysis (PCA), is
described in Malinowski and Howery, Factor Analysig in
35 Chemistry, John Wiley & Sons, New York, 1980, pp. 8-22,



princi pal factor analysis (PFA), principal conponent 30 regressi on
(PCR), and partial |east squares regression (PLSR) . PFA, a
| east - squares technique that is sonetinmes referred to as principal
conponent analysis (PCA), is descri bed in Mlinowski and Howery,
Factor Analysis in 35 Chem stry, John Wley & Sons, New York, 1980, pp.
8- 22, 97/ 28436

ot Uso7/ 01180 9728486 “12- PCTpREoLIss

di scl osure of which is incorporated herein by reference. The use of
this technique will be descri bed sulhsequently. I n general,
constructing a calibration requires one 5 to obtain a set of

i ndependent, nultivariate signal responses froma set of sanples
using a first arndleytiealosure ofppurcht us andozpesraved ateinf kyesponses from
the set of refRERhEs . USTRY §oo IOUi8NREKRhEGhe APPET BdiNtetRd bl N0
the rel ati onshi p bet ween t hem e process of thé present 1 nvention
utilizes a set (ﬁ"béﬁgfl?f‘ﬂ&r measurenents conprising a first set of
mul tivariate siIighgénershpnsesstoiuctiingdaf cabibrasttomfrefneas cnel ng
the first afalyideYcdPRILAYE. of ORidiRNALLD Rubflvaiiate sidfierence

measur enent’s conprising a_second set of 15 mu tlvarlate Sig _
responses, whi clFeSPENSEEafRen 3 8k of samplesUFing  Jjrsss W]é’@é’@&nd
anal yti cal apparaqipm—atus and Taesdcorsl sttt ofif remponses i fatam silgnaletr efponses,

whi ch t Y, @&89 he

renove effects 0 ?ng‘igr%at'dlégﬁg Qv%é |t| &Hgé%oéﬁgﬂaf&wg%} Uéﬁ{de%llt!u1 lﬁlg first
anal yti cal appart&’teu§e lakdreslhin baivyesn khem. The RERERIBPEitIal responses
i S obtai nexb Th@m@@mdmventmmtum‘lme@naj seespbnaesiwhieaned fromthe set

of sanpl es Qﬁeﬁ??oggmﬁ'ﬂﬂa}ﬁcd Q@Ea}%§£u§f'r§uf@id’§fa¢ 0 renove
operational vari TEbi 1Lty effects associ af e& second appar at us,
t her eby gi vi ng rﬁiﬁnia} yesponses obtajpngd from g fiehCHRYMREISIRD matri x
product AB, theafifrek| anglytical apparatus, together with a set of

reference measurements comprising a second set of
i5 multivariate signal responses, which are obtained from
the set of samples by a second analytical apparatﬁs.
The first set of multivariate signal responses, which
may be perturbed by random multipliers, is adjusted to
remove effects of operational variabilities associated
. 20 with the first analytical apparatus, whereby a matrix X
of adjusted signal responses is obtained. The second
set of signal responses obtained from the set of samples
by the second analytical apparatus is adjusted to remove
operational variability effects associated with the
25 second apparatus, thereby giving matrix ¥.
Matrix X can be decomposed into matrix product AB,
as follows:

X = AB (4)
30
where matrix B represents a set of principal factors and
matrix A represents the amount of each of these
principal factors. Each of the principal factors, alseo
known as eigenvectors, that comprise matrix B is
35 mathematically orthogonal to the remaining principal



X = AB (4) 30 - where matrix B represents a set of

principal factors and matrix A represents the anmpbunt of each of these
princi pal factors. Each of the principal factors, also known as
ei-genvectors, that conprise matrix Bis 35 mat hemati cal |y orthogonal to
t he remai ni ng princi pal WD 97/ 28436

PCT/ US97/ 01185y0 97128436 - 13 - pCirasbs1885and
represents a specific variance in the mul tivariate signal response.

The first several princi pal factors conprise a subset that contains
significant structural information, but suddessive 5 factors contain

di m ni shi ng anounts of information and nore random vari ation, or

noi se. By selectign of an opri ate subset of r|nC| factors,
d vat Bnth

Struot ur & RSO, A1 TeBE CHRAGR cA PR 116 YBTIARFS! £BnEPT educed
As di scussed in t tvel piearticusl wigeali vesponss cr Shec fiPst sévémalnowski and

Howery, pp. 72-87 riz’i‘&;&ﬂlscf‘a%%ksﬁ 8bm nse Vﬁ"sﬁﬂ;s'e% LRaer Behehedsherein by
ref erence, varlous riteria m E tg sel ect the nunber of

factors to %iQ%jc%’r‘i?éH‘ |sﬁrf"ﬁ§“ a%?é’l'y RE. sEf'GFﬂ%?"Y‘Fy, a
sel ection i ssmudefa¢teoneantatier défiipishing dmduntisons ihformatadn camd ribute

most to descri bi nﬁo{-Qera\&?ddn@%%:.hEzBﬁe 39: no.'l.sémt 53 seIQEthstrbf ddat

represents a sel ected supset f) ors I's nated by a
"hat" over the 3PPTRRYiate @ setpof Pprincipal éﬁﬁﬁFéssFBﬁuﬁF The
mul tivari ate signearissimsean?be enhynbed aaxcbnplisehedribat $ehectedgcddie

principal factors Astéfﬁbd@gﬁﬁuﬁﬁekﬂe 'Jﬂ%l&h eht3BhE er&@%%%ﬁke

m ni num of noi se., The sel e t|on of ‘princl actors
conpr essed 10bset OF MpLincwskie 72 9"’6’53§er1?ﬁﬂg7 8 - £pg disclogyrepfhge of
vari ance as conpowkicdls i emmddpdratbdnh@bein dynxiefectnng, avanbses of t hose

factors that provigerdhe, mdg b@%e&ht’é'&é‘iéaﬁ %'h@n!nfzhﬁé tof”%QEE@{-é% From

this anal ysis, matr resenting a principal rs
y bé retalne in t e subsequen [%nalysg 9

selection is made of some number of principal factors
15 that contribute most to describing the variance in the X

Or inarily, a

matrix. The matrix that represents a selected subset of
principal factors is designated by a "hat" over the
letter, e.g., B. -
Compression of the multivariate signal responses
20 may be accomplished by selecting the principal factors
' that adequately describe the response with a minimum of
noise. The selection of principal factors for the
compressed subset can be achieved by observing the rate
of change of variance as components are added, then
25 constructing a subset of those factors that provide the
most physically significant information. From this
analysis, matrix B, representing a principal factors
subset, and matrix A, representing the amounts
associated with each of the principal factors subset,
30 are constructed, the product of matrices & and B forming
a compressed signal response matrix: '

X = AB (5)



subset, and matrix A, representing the anmounts associated wth each of

the principal factors subset, 30 are constructed, the product of
matrices A and B form ng a conpressed signal response matri Xx:

X = AB (5) WD 97/ 28436

PCT/ US97/ 01185 - 14 - Thi s

appr oxi nat i oRy gheal | ow the calibration problem to bFC{‘,%g!E,fmilfkgd to
overcome coll'itnearity limtations and woul d be useful Tor e

devel opnent of a calibration provi ded t hat each acquired spectrum had
a consistent 5 normal i zation nultiplieenq -In many industrial process
streans and/or with certain analytical instrunmentation, however, it
woul d be extrenely difficult to nmeet this criterion. The process of

this invention (Jihds @ppraximatiomwepld sdilem shet galieratd ¢mbrerakdrenpr obl em
t hat . dorf‘s n?}] |1Q:o bel %ﬁbf@nédCwsé\ﬁéﬁi&nemé'dl'lﬂhéﬁi‘ityelﬂk‘iﬁétﬂdﬁ and €.
spectral pa e e

Cal i bration proc’@g’g@z b§y 8682851 f #g§§°P@%Pﬁa?¥ a caljhration o set of

spectra have r epeiticied @hanteashtawlred spelchrunr bagrapoonsieteEntt o t he

constitutiog of ﬁ&l%uai&%‘t%nlﬁulti’%iféf al .1n Wang mﬂaaserpél R SdAl Y
usef ul appl.ications Nb S and Ramaa?w& are obtal ned

that are of hi gf"F&a ™ ?ngff?’ép‘f’l CRTRA L AR 1nstrum%ta\|qn,
intensity vari eshdwewerspdtt would oos petirremelyl Idlfflcult heo alsstnddhis a

nmet hod to restorg iithe-iemOPeins pﬁf&éé’is %% thiisNi@08ht Yon L HESEiIddY &Si ty

vari ations vvouldfrust(r?&& s%%’ hi eve cur te i bration.
When t he neasur A 4then 'F?o‘f‘ﬁ%rﬁ? &‘a%.ﬁpgapro %ﬁfa &f% 0 a
sanpl e ar el | t teagudgeam epdeigteskeimylftiplicativebenitiphiler he mul,tivariate

si gnal response%ﬁer&rpaq Eﬁth léﬁgé’tﬂéj &:naédétt't‘é@lnapﬁéiﬁ‘rhé@ r@sﬁ? Wy ten as an
addi ti onal (rai{ag'ﬁ set .of nhunbers, these s

1 (o] e ﬁ aate X éﬁ‘t l.nct
nul tivariate represe PERELGR PRRCSAARF PIOPLESITHE %%1"? A5
probl emis one dfhef iwhdilegsetnefhepectra hasres reproducible intensities

that are proportional to the constitution of the sampled

15 material. In a number of potentially useful
applications, both NIRS and Raman spectra are obtained
that are of high gquality except for the fact that the
overall intensity varies from spectrum to spectrum. 1In
the absence of a method to restore the proper spectral

20 intensity, these intensity variations would frustrate
efforts to achieve accurate calibration.

When the measurements obtained from one analytical
apparatus for a sample are written as an ordered set of
numbers, and the multivariate signal responses from a

25 second analytical apparatus are written as an additional
ordered set of numbers, these sets provide two distinct
multivariate representations of the same sample. The
calibration problem is one of finding a method that uses
reference measurements on samples obtained with one

30 apparatus to find both the normalization constants and
the calibration coefficients that can be applied to
informaticn: contained in the multivariate signal
responses obtained from the samples using the other
apparatus, thereby making both sets of analytical

35 measurements equivalent. Prior to this invention, there



reference neasurenents on sanpl es obtained with one 30 apparatus to find

both the normalization constants and . the calibration coefficients
that can be applied to i nformati on contained in the nultivariate
si-gnal responses obtained fromthe sanples using the other
apparatus, thereby making both sets of analytical 35 measur enent s

equi val ent . 5{16979281& this invention, there WO 992 B4 1185
PCT/ US97/ 0118 ' - 15 - has been no
solution to this problemto provide calibration that enabl es useful
anal yses to be acconpl i shed. - 19he first step of the process

is to acquire a set 5 of ram/nultivariate signal responses froma set of
sanpl es using the first anal ytical, ap responses can be
acquired with a VARFJPSETHMYSRLELET 2 l%dﬁ%ﬂiﬁﬂbt°f8F°¥%§ﬁple Ranan
spectronmetri c, neaalibratidmfthatednabkesruseful @nallyseaviol be

spectrometric, 10,..oMHd Slg Magnetic resonance spectronetric, VISIb|e

spectronetric, mass spectronetric, gas chromatographic,
chr omat ogr aphi ¢, gr avi Th#® 535t §E§RePF| Ehe Pr°°e§qtﬁﬁ ﬁBtPF@“‘Eﬁda e
vi sconmetri c gpparafusaw kets variatei asgnaherneéspormesc dapmi aesettdfr t he

first or the secoggm%re erreéyQ#%aglgggaggg %e:ﬁ%ﬁﬁkQQEEg rLEQ?éQe

i nventi on. i ment i nVent i on [ TSt
apparatus is a FﬁﬁﬁﬂP?FS%§rﬁ%ﬁ’bFnPFSP%Hegp%%??cﬂnﬁQQJetY of agalytigrkecond
apparatus i s a nuspparatmgndidrc examphancRaman speqnmdmenrﬁterneara liquid or

gas chromat ogr aph e lreq AALBErscl Nul BERE ST YRR Smet b | 75t set

of anal ytical neasur énent.s conpri ses a Raman spectrum of
near-infraréd speEP?lﬁﬁrEWRFQQ%écsééﬁﬁﬂagﬁ? pectHuetrds, visibleantitative
nmeasur ement s conpspeesrametucicsamasagepettrometric e yazarheospeoyraphie, a

liquid or gas chrg f@réﬁgqﬁgﬁograﬁhlc,hg:@@?&%&%f%' ggqgﬁg%% Ff t he signal

responses is of critica exanpl e, the ength of a
Raman or NI RS neabiFEHRekTifce @S ViFEOMRENIC ARRAKA WS or TheSe i fferent
spectral acqui sitinasrurérts amayTebimpriseaékther thesifjrak oesphasescamd t hen

adj ust ed tO1§ennvgnéfftfgifﬂgﬁiaratus in accordance with the invention.
In preferred embodiments of the invention, the first
apparatus is a Raman or a near-infrared spectrometer,
and the second apparatus is a nuclear magnetic resonance
spectrometer or a liguid or gas chromatographic
20 apparatus. In these embodiments, the first set of
analytical measurements comprises a Raman spectrum or a
near-infrared spectrum, and the second set of reference
quantitative measurements comprises a nuclear magnetic
resonance spectrum or a liquid or gas chromatogram.
25 The absolute intensity of the signal responses is
not critical; thus, for example, the path length cof a
Raman or NIRS measurement need not be held constant for
different spectral acquisitions. The raw multivariate
signal responses are then adjusted to remove the effects
30 of éperational variabilities associated with the
- analytical apparatus. Such adjustments may include, for
example, adjusting baselines, taking derivatives,
selecting a portion of the total response for use, and
the like.



30 of operational variabilities associated wth the anal yti cal
apparatus. Such adjustnments may include, for exanpl e, adjusting
basel i nes, taking derivatives, selecting a portion of the total
response for use, and the like. WO 97/ 28436

PCT/ US97/ 01185 - 16 - A PFA

enabl es the .variance in the spectral set to be Hﬁﬁﬁﬁ nd
partitioned gﬁ%ﬂg“*ﬁe various pri nci pal conponents, tgéie % p?%iiding

a basis for conpressing matrix X. Matrix Y may be described ina 5
simlar fashion. In accordance with the process of the i nvention,
the anobunts A of each principal factor are constrained to be the sane
in both representations. Thus, the definition of Y becones: 10

Y = AC A PFA enablps the totélmafa&ifahﬁepﬁhnﬁhéaé?éé\@iﬂs for Y
are represented b I on Y. has been

: Tradi | I i.he c ressi o)

done i ndep%n%tca%n? Ibf" SPtXTe ge‘trie?%'?rp %ﬁ%lnttlicfnaet | v8P§}gugg? uYaﬁja?lés 15
cont ai ned i n natP¥incindd compoppntssi Meerelti@navdddag a basisicfewer, in the
process of the peemsrdsdiigEtiateix Xhe Matrix GOHRALHE gBseFiNed SiRased
entirely on |nfornaiionﬂgr3$1 1 mat ri x, X . B¥ using_A.n the
factor anal§sis B35 F 38 ORat e IB03CCOTH2R5R Wt EPFaPTPERED SE (IR
descri be t he neatuventims the awpynteakiof@nsite tdningipadofidctounl 3x¢ cal
apparatus can beconstraidfiditecte TheSshé@ChIWRh WabeBskhebdsoamtirix C as

t he conpregsed sybs f.the pringipal factors of Y, devi at es
fromthe usual a ?%adﬁ&%%kﬁgPAEPSP 3#2?y§#%?@7?‘25 that it uses a PFA on

one matrix as the basis for factoring a different, but presunably
rel ated, nmaprix. Anot her i npogtargeingredient in the sol pgy on of
t he normal i zati on problemis the determ nation of an

where the principal factors for Y are represented by C.
Traditionally, the compression of Y has been done
independently of X to retain quantitatively useful data
15 contained in matrix Y while suppressing random noise.
However, in the process of the present invention, the
compression of ¥ is based entirely on information from
matrix X.
By using A in the factor analysis of ¥, an estimate
20 of the principal factors that describe the measurements
for each sample by a second analytical apparatus can be
obtained. This procedure, which yields matrix € as the
compressed subset of the principal factors of Y,
deviates from the usual approaches to factor analysis in
25 that it uses a PFA on one matrix as the basis for
factoring a different, but presumably related, matrix.
Another important ingredient in the solution of the
normalization problem is the determination of an
appropriate way to include the normalization multipliers
30 into the formulation of the process. If matrix Y is
adjusted with a multiplicative diagonal normalization
matrix N, then a normalized reference measurements
matrix product W is obtained:

35 W = NY (7)



appropriate way to include the normalization nultipliers 30 into the

formul ati on of the process. If matrix Y is adjusted with a

mul tiplicative diagonal normalization matrix N, then a nornalized
reference neasurenents matri x product Wis obtained: 35

W= Ny (7) WD 97/ 28436
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units proportional to the relative intensities in the rows of the X
matri x and represents the normalized second matrix set for
calibration. The i nverse of the N matg¥xis the matrix needed to 5
normalize the rows in the X matrix so that they have the correct
intensity to match matrix Y. A projection matrix S whose product
with matrix W pri®\isidn andssppropeyt yeonah i dder FRAAEAR¥E neasurenent s

Fﬁtrix Wecan be CQﬁg?ﬁﬁiEfééﬂﬂnAmhéSrﬁﬁé|@ﬂﬁggéiﬁaﬁatrix and represents
err . n_equatio rrl..represents t '
transpose of A, aﬁée Imrma](:'[zeerc{r ]B)Efgpg]_ m?gﬁ‘(?’ésée% steqfh]ecaﬂ'ﬁ'gg?géogf (?’Eerr] ).
15 ° The conpresinverse of dde thagtidxr &8rthe matyias neghrduntso

[err] 5 normal{Z8 the rows M@t €héhRimdEFid do1ehddeenbyf RAVAL£18
related to the 20 onen i X The "di fference

x g@irgﬂéggs' 9 magghlﬁ trix ¥
bet ween W and [er(r‘:f Feeh e _currufl &t i-Ve o Festf ¢ of errors in measurenment
of both the X and Y 2 proimctiicss mahzax| §rebese iprpduct wipbnwatrizrig
di fferences pP¥ded G difnphrasseliNAbrhdEi éd Se fAIdnTRCARBHsESbMeRts

matrix W can be computed from A, as follows:

10
8 = A(AA)* AT (8)
In equation (8), AT represents the transpose of A, and
(A’A) -* represents the inverse of (ATA).
15 The compressicn of W can then be represented as follows:
W= 8w {9)
Note that W includes information related to the
20 principal components in X.

The difference between W and W is the cumulative
result of errors in measurement of both the X and ¥
matrices, non-linearities in responses, and differences
owing to the fact that the first and second sets of

25 measurements are not proportional and have different
normalization constants. Determining the set of
normalization multipliers that minimize the differences
between W and W produces an optimal set of normalization
multipliers, which may be designated N,.

30 The normalization constants found by this process
are the inverse of those needed to normalize the
multivariate signal responses, so the inverse of the
optimum normalization matrix is used to adjust the
multivariate signal responses to produce matrix X,:

35



25 measurenents are not proportional and have different

normal i zation constants. Determ ning the set of normal i zati on
multipliers that mnimze the differences bet ween Wand * produces an
optimal set of normalization mul tipliers, which may be desi gnated

N err]. 30 The nornmalization constants found by this process

are the invergg ophgsdr0se needed to nornalize the mul tigal /lksg‘}@u% gnal
responses, so the Inverse of the opti mum normal i zati on rirX s used
to adjust the mul tivariate signal responses to produce matrix X err]:
35 WO 97/ 28436 - 18 -

PCT/ US97/ 01185 - 18 -

Xerr] = Nerr] X (10) X[ err] may be used
with Y in any of the common mul ti %ars &E ZFnal ysi s techni ques, (Xkch as
MLR, PCR, or 5 PLSR, to construct a calibrati | on useful for the
quantitative determ nation f the can t&t ytion a unknown sanpl e
by the first analytic® "a¥pat in agy PB ‘QIF? ofPTREP be appl i ed,

for exanple, to BuRainariate analyaeartecrﬁnm\ak.smhr as MLR{ hBCRammte to
correct thegl0 pstt%Iadn%%ﬂEtsageaiiwmﬁ hYeRlEueN b f Eabur es and

thereby al |l ow an accurate %U%Ft itative, ana% n_accor dance
with the processTHRtHRGIY Fgxmination g é"é‘eofc"PﬁélﬁBFPrﬁPl 95t3®n matri x
N are det er m nedunkmown sampienbyi thet fHibrst famlandeaicappanatviand Ther] .

Several 15 posééﬂlﬁréﬁtdd ﬁt%ycﬁa ﬂmerEJzDreaééﬂ'ipiepUEBoﬁeRaman or
i ncluding: a sumof_ the ab ues t he I ndividual_ errors, a

sum of the squar®edHfiRia §%r 5P§° Fum o o'fh?/aﬁﬁ% *8i GREZASE RS of t he
errors. An¥Opartigtensities ofselignifbeant |Vibmtdanala fpattivesl amd esti nat e

of the 20  norgRlidi LN KPR aeaératé pdadt &fR1ed a3RRYB2EN, a sum
of the squared errors_1s chosen zation, metric. As

noted above, the optiTRIARSEA L‘?@nce wif f&??lep’fﬂﬁerﬁﬂ |°?att#’8nlﬁﬁF?Fk °Rhat
mnimzes the values fdﬁrtémceomaﬂxemthamht‘rm:s Nlegiegdetedmbifed rihat

minimize the difference between W and W. Several

15 possible metrics can be chosen for this purpose,
including: a sum of the absolute values of the
individual errors, a sum of the squares of the errors,
or various weighted sums of the errors. Any particular
selection will lead to a particular estimate of the

20 normalization constants. 1In a preferred approach, a sum
of the squared errors is chosen as the error
minimization metric. As noted above, the optimum value
of the normalization matrix that minimizes the
difference between W and W is designated N,.

25 Optimization of the normalization multipliers can
be accomplished by any of several methods, including
iterative estimation or minimization procedures, or,
preferably, by use of a set of derived equations. 1In
one useful approach, a set of normalization constants is

30 produced that provides a least root-mean-square
minimization of the difference between W and W, which
may be mathematically represented as minimizing
expression (11) with respect to the N,, for all k’s



25 Optim zation of the normalization nultipliers can be
acconpl i shed by any of several nethods, including Iterative
estimation or mnimzation procedures, or, preferably, by use of a
set of derived equations. In one useful approach, a set of

normal i zati on constants is 30 produced that provides a | east
root - mean- squay@emessss M Ni m zation of the difference betweepcasforiss

whi ch may be mathematically represented as nininizing

expression (11) with respect to the Nerr] for all k's. WO

97/ 28436 - 1BC¥/ US97/ 01185

19 [err] (11)

In expression (1), Mrepresents the nunber of sanples in the set, and
n represents the numbers of responsew nmeasured by the second analytlcal
apparatus for each Y sampl &, p- B, N,y ¥ red way of perfdeming the
m nimzation of = eipression (1l¥2is to obtain the partial derivatives
with respect to Nerr] for all is up to the nunber of spectra, and set
the result equal to zero. The foll owi ng equations result: 10 [err]

[err]

10

15

20

In expressibh?)1l), M represents the number of samples
in the set, and n represents the number of responses
measured by the second analytical apparatus for each
sample.

A preferred way of performing the minimization of
expression (11) is to obtain the partial derivatives
with respect to N; ; for all i‘’s up to the number of
spectra, and set the result equal to zero. The
following equations result:

M 2 N
0 = E Np o {E Yo1 Y% E (gj.q - 5J.¢') (gj.k - 5.1,2)}
1 = 1=

E (- 4 'lk (12)

q‘

where there is one equation for each sample. The term

in equation (12) enclosed in braces defines the elements
D,,x. The symbol 3, is the Kroeniker delta function,
which has a value of one when j=k and zero otherwise.
Because any arbitrary multiple of the X or Y matrices
would also provide a solution to the equations, the
degrees of freedom in these equations is one less than
the number of samples. Thus, another equation is
needed; a suitable choice is to have the sum of the
coefficients equal the number of samples, M, or:



where there is one equation for each sanple. The term I n equation (12)
encl osed in braces defines the elenents 15 Dierr] The synbol [err] is

t he Kroeni ker delta function, whi ch has a val ue of one when j=k and
zero ot herw se Because any arbitrary nmultiple of the X or Y matrices
woul d al so provide a solution to the equations, the degrees of freedom
in these equ one | ess than 20 t he nunber of sanpl

anot her equaf‘%ggﬁlfsgbss needed; a suitable choice is to ha ?‘H?@J'Eﬁ?ﬁ of

t he coefficients equal the nunber of sanmples, M or:

97/ 28436 - 20 - PCT/US97/01185

- 20 - M = [err] (13)

Equations (12) and (13) nay be conbi ned by augnenti ng the D matrix
with a row having each el enent egual to one and by defining a new
matrix P which is a colum ngtsiy having zero ipgpach el ement except
for the last row, 5 whi ch haggw i it. Then, the value of N err] may be
conput ed as: Mew] (ﬂew]m[mr]

(14) 10 p o er e esent ed

expr essi on (11) Ie’lgrs\d?\%% 5‘,{,&‘ ereh’cg’ i § SRbiRed, i B ‘%lﬂeébnﬁ’rﬁj

explicitly incl d’d’@snt RetEdXnELED A i XaW hava.ngrrmaphpeil.gmgnt AR lexiw @38 on,
which is deri vechrm/by defifDNgi & 0héw MHBxAx PAWALEE 08 & N@SBurddiad dual
errors, 15 engR) 3dr gﬁyéé&?lef@r{%zg&ﬁﬁg QPﬁtpﬁ Spis fmsq.??gﬁd

errors that is repre ente equatio
provi ded i r® equathich pes)¥; snatfkied Th?fass‘-lheevalue of i malyebequations are

sol ubl e, a |ineajonpeitedf as: equations is found to describe the solution
for the
N, = (D'D)"'D'P (14)
10 In the particular operation represented by

expression (11), each individual difference is
identified and explicitly includes the normalization
'multipliers. This expression, which is derived by
forming a sum of squares of those individual errors,

15 enables an analytical minimization of the sum of squared
errors that is represented by equation (12). When the
condition provided in equation (13) is added to assure
that the equations are soluble, a linear set of
equations is found to describe the solution fér the

20 normalization constants. The approach represented
by (11)-(14) provides a closed form solution using a set
of linear equations for the normalization constants.

The described method is symmetrical in X and Y.
The process of the invention has been described using

25 matrix X of responses perturbed by random multipliers,
with matrix Y representing reference measurements of the
samples by a second analytical apparatus. However, the
process of the invention can be applied equally
beneficially in the situation where matrix Y represents

30 the set of perturbed multivariate signal responses.



20 normal i zati on const ants. The approach represented by

(11)-(14) provides a closed formsolution using a set of linear
equations for the nornmalization constants. The descri bed net hod
is-symretrical in X and Y. The process of the invention has been
descri bed using 25 matri x X of responses perturbed by random
multipliers, wwoomnddséh matrix Y representing reference neasusaigeoied the
sanpl es by a second anal ytical apparatus. However, the process of the
i nvention can be applied equally beneficially in the situation where
matrix Y represents 30 the set of perturRé&d-nultivariate signal
responses. WO 97/ 28436

PCT/ US97/ 01185 The
process of the present TRRVRFRFHHF ﬁ?foﬁki?egresentat’&ﬁ?%"t’&’? PraVESeSal i brati on
of nultivariate amgioysasei in situ tdel ibrasdoneobf mtlrbraitiate Ensllyses and
particul ates, th%uggegén@é e?f rﬁﬂfﬁ@ﬂtxr eRGBHIL S 6thd 'bdxqﬂl!ﬁ\tl ale@ls, ©

processes, for exarrpl I St atlons ol'ymeri zati ons, e-;lterogeneous
reactions, precipiftehi BAsare re%% IelnfSPPBﬁgeda’rﬁl vgtgdal thys, a
sanpl e of 5 unlpmssesstfontexumﬂtat mstnmlbelmsmcﬂ@nlgrmtlons,
anal ytical apparatiliesd en%gﬁse{fé@ﬁnsbep§étc¥?§€§ti@ns, within a

distillation colum or g ernalve)é nay be a solid or a
solid/liquid mxtf¥stepdizakiprs, and Fhe dikeri sThife 2 AAHIECE of a
reacti on m xture sunkinown coastitutrimxahalte isatetbeaneagurded by @t i nuous

reactor. The gy 3%&891”&&&&‘&&?56&10”1§%S€f€mﬁé”aéé té’:.th.f ses 15

-- solid, liquid, aseoqu OW. Ng exa urt her

illustrate t Wlt*ﬁlﬁvénii%%ﬂlatmn CORRIELPE ‘ieadCal%tr%W}%"&ﬂYM *Ed
Xyl ene Raman Spectway B& a solidTiwe xamddid/ligudd hivecyrecestheofsatripde

I nvention_was gfﬁfaﬁg?isgemséc% ni¢ ' é fé&@éf‘oxﬁtﬁ] 10T %Gdn

xyl enes. The sanpl e prepared care varyl ng
anounts of each C@WboﬁeﬁteFﬁT @ Stream w1th n a contin ous reactor
The reaction mixture may comprise a plurality of phases

15 -- solid, liguid, and gaseous.
The following examples further illustrate the
invention.
a e -~ Calibration of Mix Xylene an Spectr
20 The capability of the process of the invention was

further demonstrated using a sample set of mixed
xylenes. The samples were prepared by carefully
weighing varying amounts of each component into the
mixture. The molar concentration percentages of eleven
25 samples containing p-, m-, and o-xylene, where the
concentration of each component ranged from 25 to 40
mole percent, were calculated and used as the reference
measurements (matrix Y).
A Raman instrument containing a 2.0 Watt multimode
30 diode laser operating with 800 nm excitation and
- pigtailed to a 100-um silica quartz core, fiber optic
cable {(Spectra Diode Lab, Inc., San Jose, CA model
number SDL-2372-P3), was constructed. The incident
radiation was split into two beams with a fiber optic
35 beam splitter (0z Optics Ltd., Carp, Ontario, Canada,



m xture. The nolar concentration percentages of eleven 25 sanpl es

containing p-, m, and o-xylene, where the concentration of each
conponent ranged from 25 to 40 mol e percent, were cal cul ated and used
as the reference measurenents (matrix Y). A Raman

I nstrument containing a 2.0 Watt nul ti node 30 di ode | aser operating with
800 nm excit pigtailed to a 100-[errJmsilica re,
firber optic w&%ggagl e {Spectra Di ode Lab, Inc., San Jose, Egﬂﬁn%%@fﬁg
nunber SDL-2372-P3), was constructed. The incident radi ation was split
into two beans with a fiber optic 35 begmp splitter (Oz Optics Ltd., Carp,
Ontari o, Canada, WO 97/ 28436

PCT/ US97/ 01185 nodel nunber

FOBS- 12- 555- MM TRBte 5 apaber ERBShd2 hS pedRel-750- Wﬁé)ioenéehomtbﬁams

i ndi vi dual 200- [wérd NEccused pakyi Mhdevidual twd-@diredorauapbzyﬁmia@a fiber
optic cable (H

sfries rI|n tmo f ber
optics 5 trans‘fné}‘étJ éitr%lafgﬁl ghilcat%ub PR %anp% I
reference probe Industries, Sthzlingi &47lon |'1Fh9ez¥c“|¢ fiber @pt:ifes cabl e was
filtered prgor t@:e&mneirﬁm ttlae radiyt bRl e PNRNES 2 BhRple probé |48 s (Omega

Opti cal, Brattlebqi nunber 800 10 BP10) were designed to
transmt only a TS ngF'§ band and were inserted into a fixed
fiber optic filter The ﬂﬂ@ll@tﬂgndwlwl( dAbgn iopsicl rablepwas nunber

T? 200- |5|5 750- Mﬁﬂﬂtereldl prior théﬁtéﬁi@gemee ifxidwmqanl Fr@f’é@e fge usedht 0
i um nat e S A di ano S the
B F&S%E %ratfy{'eborr% . dﬁ mé"‘lée_]_% BOaD

reference materi %\ teﬁ_Fe gom
stai nl ess &Peel BRI ewemﬁb@lamgmdcho transnite anlyead xxyréqe ererdes were

pl acrsd- . band f%&@%ﬁee&aéefagaauw 4 r%mémtfthBeoﬁeiermzagd 20
closely about 1 RS T ASarer BB g8t Lo MR oy schrtered
radi ati on was finumrper NRy 200m5%c750-M-3Qkarly all the Rayl ei gh scattered
radiation prior to The reference fiber optic probe was used to
15 illuminate a small diamond fragment, which was employed
as the reference material. The sample procbe was
inserted into a 316 stainless steel sample tube in which
the mixed xylene samples were placed.
The scattered radiation from both the reference and
20 sample was collected by individual 200-um fibers
positioned closely about the excitation fibers. The
collected scattered radiation was filtered to remove
nearly all the Rayleigh scattered radiation prior to
entering the return fiber. The filter (Omega Optical,
25 model number 800 REFLP), which was held in a fixed fiber
optic filter holding device (0z Optics, Ltd. model
number ND-200-55-750-M-30}), was designed to pass the
desired Raman scattered radiation while efficiently
rejecting the unwanted radiation.
30 Both return fibers were directed back towards an
Acton SpectraPro spectrograph {(Acton Research
Corporation, Acton, MA). The spectrometer was
constructed with a turret-style grating system with
three dispersive gratings. A 300 grooves/mm grating was



entering the return fiber. The filter (Orega Optical, 25 nodel nunber

800 REFLP), which was held in a fixed fiber optic filter holding
device (Oz Optics, Ltd. nodel nunber ND- 200- 55- 750- M 30), was
designed to pass the desired Raman scattered radiation while
efficiently rejecting the unwanted radiation. 30 Both return
fibers were di‘%@%@,‘back t owar ds an ~ Acton SpectraPro poeokymatssph
(Acton Researc Cor poration, Acton, MA). The spectroneter was
constructed with a turret-style grating systemwth t hree di spersive
gratings. A 300 grooves/mm grating was - 23 - WD 97/28436

PCT/ US97/ 0l 185 - 23 - used for the
anal ysi s and provi ded approxi mately 1700 cnferr] spectral coverage.

A fiber adapter fassPofied Whe rAralymis2end preyiiedARRYoximatgdy connect ed
to the entrance ofi7obechpespectdrcdverage. enable up to ei ght Raman

channel collection. TRecfiber re . g alinear . and
posi tioned di rect1ny|§'ir)1(£)$ra?)drﬁptoe‘rr ?ﬁgﬁéﬁprggﬂgggglél%&tﬁlg%?ﬁt ﬁgé{élég

ei ght spectronet evapj sepaeqesd dohtdie ERtEaNEReOS aFPR eSPectropesed tPber and
anot her was gonnegna®hleoupheo reig&ftﬁmhochaaﬁebecéimdtiontheIdxiesaeb)sed
radi ati on was detected . Pringeto ru ts. (;Tr.entaon, NJ

t her noel ectri c- CO(V)"'I?réc egéa%%?decjt%tro aang‘(i(r:%ﬁ\gerg?iéyi %st?% paons(ltloge el ectronic
signal . The CCD cliiFemtdyairecbranto i theoepprance shiih. piOng of these
baCE-i Ihl um %t Sd @ttt bpBcEysheiBr Jﬁ.be]grs wasTBthé%ﬁédJ[)EQﬂtFt;,h\éa%aQ@&br ol led
with the CS ata .acquisition.software provi rinceton

| nstrunment s, pr?B?sgégﬁg asrbéec%r}oghv?ér é’\é%(;a& ?%ﬁ?etiq:cou)t%hce §5%Fﬁ§nce

i nterpol ati P as @xobei bébern Fhesdigpeypsed Kpdirtien was detrsgefedy Fhe
Art of ScientificpEaapetbAgIndO8Mmert® (Trealbhi dge) Uni versity Press, pages
86-89, was used t Lde I (o] d h

st andar di zati on p%gggg\gegéggirq? e%bﬁ%%%?oggggﬁﬁgé Aéé%qnq}é%}?é, §?§°w8§
applied to renove®B3&F§rsRapesIRbandhe CCOpEBLP| ¥as varTaahitaienixTRa2 by
resul tant standar giize@ixel, back-illuminated detection system.

15 The instrument was controlled with the CSMA data
acquisition software provided by Princeton Instruments;
30-second spectra were acquired. A cubic spline
interpolation as_described in Press et al., Numerical
Recipes: The t of Scientific Computing, 1986,

20 Cambridge University Press, pages 86-89, was used to

provide equally spaced abscissa data. The
standardization process described in U.S. Patent
No. 5,455,673 was applied to remove band shape and band
position variations. The resultant standardized

25 waveform was smoothed in the Fourier domain by a three
point half width, Gaussian broadening and two point half
width, Lorenztian narrowing function. The eleven
standardized waveforms that correlated to the eleven
reference weasurements (matrix ¥Y) were used as the

30 multivariate signal responses (matrix X).

These values of X and Y were used to construct

three calibration models. Calibration 1-1 utilized a 23
factor PLSR, and calibration 1-2 employed an MSC prior
to construction of the PLSR. Calibration 1-3, in

35 accordance with the process of the invention, combined a



25 waveformwas snoothed in the Fourier domain by a three poi nt
hal f w dth, Gaussi an broadening and two point half w dt h, Lorenztian
narrow ng function. The el even st andardi zed waveforns that correl ated
to the el even reference neasurenents (matrix Y) were used as the 30
mul tivariate signal responses (matrix X). These val ues of X and
Y were used o #mRRakruct three calibration nodels. Capéfpgdlopizsl- 1
utilized a 3 factor PLSR, and calibration 1-2 enpl oyed an MSC pri or

to construction of the PLSR Calibration 1-3, in 35 accordance with the
process of the invention, conbined a - 24 - WO 97/ 28436
PCT/ US97/ 01185 - 24 - 3 factor

normal i zation with a 3 factor PLSR to construct a calibration nodel.

An i ndependent 3efaetoxinoxmaligation wikhud s factomBESRgtei rPEsLHYChH-, m,

and o-xyl ene cogpeslipensiowemddelr. fornul at ed from wei ghed amounts of the

conponents. The ]gi(ﬁ%ns nvvtiangsa‘tcal cul ated and
% e 5 hE®

conpared with the qu%tlr%%p%%’e&%a%?g gfo

cor r espondi ng shamlmoﬂtﬁz&?mmnn@-anan@a%mﬂeﬂm@omp%l@abnbruerens 1-1,
1-2, and 1s3. Tbsnﬁﬁ&@é@rmfnd walig8edlBmouh©s 6ﬂ1|t%1eV@d|%%gbﬁEsSEt THES

determnedfor eaf ec ataec con E.I ent and in nTgbIeIA
Table 1A ar per entag oncen. ereRﬁg eﬂ 26
Calibra- St andaPma&@mld the: guagncdtative applyner obtgiped fxrewror of
Error of ErroreRé corresporddidy staBhb@dzed dvefbrms ¥ad dach o¥athéda-
g?gig 0. 094ca11£5a5}ﬁps l.tloch 5Pélfn 2O‘The RMS stan%ard erE%?R

10 for this validation set was determined for each chemical
constituent and included in Table 12a.

Table 1A
P S RN S
15 RMS RMS RMS “
26 Calibra- Standard Standard Standard
{ Calibra- tion Error of Error of Error of
tion Method valida- valida- Valida-
Model . tion tion tion
20
1-1 PLSR 0.118 0.094 0.147
Compar-
ison
] 1-2 MSC/PLSR 0.420
25 Compar- - .
ison
1-3 Normali- 0.082
Inven- zation/
tion PLSR

30

The data in Table 1A show an overall improvement by
use of the process of the invention (calibration 1-3)
over use of a 3 factor PLSR (calibration 1-1} and a

35 substantial improvement over the MCS/PLSR method

(calibration 1-2).

It should be kept in mind that the spectra in this
example were obtained under well-controlled laboratory
conditionse. To simulate a bubbling/turbid stream of a

40 production environment, each of the eleven standardized



i son 1-2 MSC/ PLSR 0. 420 2.980 3.840 25 Conpar -

i son 1-3 Nor mal i - 0. 082 0. 096 0.134 | nven-
zation/ tion PLSR 30 The data in Table | A show an
overal | inprovenent by use of the process of the invention

(calibration 1-3) over use of a 3 factor PLSR (calibration 1-1) and a

35 subst ant iya) .;,ﬁp{]overrent over the MCS/ PLSR net hod peeushidigson
1-2). ? ould be kept in mind that the spectra in this

exanpl e were obtained under well-controlled |aboratory conditions. To
simul ate a bubbling/turbid stream of a 40- 2freoduction environnent, each of
t he el even standardi zed WO 97/ 28436

PCT/ US97/ 01185 calibration
wavef orms and eacKadib¥rpeien wasiefiermsdppdgeach °ﬁ/eﬂh€tj£1|"oﬁt\ﬁ@@éréiﬁﬁdv\ere
mul tiplied by randamigation Wmdwwétm@hmie& b;»OI‘.t%Trﬂlairﬂyr angi ng from

0.5to L5 b UB S LIIGSY T he Yoand X

g
matrices data aft en?ﬁ%t?%(rﬁh& Mer € een
Cal i bration 1-5 w&sSeonstructed fromthe perturbed matrl ces in

accordance wsth the prosﬁsm-a:ﬁldxha 4 wasi 8uedt rwdted drtom ItRec@nbadnx t he

standard errors o 8‘]:’?]‘%"9&/%56? ardl Zg(rjgég?%ar{‘& % | %gdcgl | gr ations

1-4 and 1-5 Ne~Si X or s an
conparing them w anﬂhedcon?ﬁ)bihﬁﬁ#‘:@allcﬁl H@%dcqllﬁtme‘i froﬂbl’ihﬂl at ed
m xtures. erﬂ]ﬁbé@&hﬁﬁlﬁldd’s I@bhechdsh@e@r»simttmet @&o@@b@r ac the

effect of the applie duf e%"c‘j B'%r gtggn;hghi itar}%gr el

calibration 1-4; co I'on stan rd error of
val i dati on Vs fawaggﬂg§1¢@rdetermlned after applying calibrations 1-4

and 1-5 to the six standardized validation waveforms and
comparing them with the composition calculated for the
formulated mixtures.
The results in Table 1B demonstrate the adverse
15 effect of the applied random multipliers on the

capability of calibration 1-4; compared with calibration
1-1,
each constituent.

the standard error of validation was far worse for

In contrast, calibration 1-5, in
accordance with the process of the invention, produced

20 essentially the same results with the perturbed data
sets as were obtained by calibration 1-3 for the

unperturbed matrices.

Table 1B
25
Calibra-~ | Calibra- Standard Standard Standard
tion tion Error of Error of Error of
Model Method Valida- Valida- Valida-
30 Numberxr tion tion tion
p-xylene | m-xylene o-Xylene
1-4 PLSR 8.03 8.66 9.34
Compar-
= ison
1-5 Normal- 0.084 0.099% 0.132
35 Inven- ization/ .
tion PLSR




each constituent. In contrast, calibration 1-5, in accordance with the

process of the invention, produced 20 essentially the sanme results with
t he perturbed data sets as were obtained by calibration 1-3 for the
unperturbed matrices. Table 1B 25

RVS RVS RMS Calibra- Calibra- Standard Standard

St andar d tion Error of Error of Err

vodel  vetRSF"BB, da-  valida-  Valida- 30 N pEeTESsLsas
tion tion tion p- xyl ene mxyl ene o0-xylene 1-4
PLSR 9.03 8. 66 9. 34 - Zeormpar - I son

1-5 Nor mal - 0. 084 0. 099 0.132 35 | nven- ization/
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situati on, coné; Igﬁgnuatlons in process conditions cause

10 Ex le 2 - On- anufacturing Calibration
an al

To demonstrate more fully the benefit of the
process of the invention in a production situation,
where fluctuations in process conditions cause

15 disturbances in sampling volumes, a Raman instrument,
constructed as described in Example 1, was placed in a
polyester manufacturing facility. An optical probe was
installed so that the sampling tip protruded into the
flowing, molten polyester stream. A sample port was

20 located within a few feet of the sample probe, and a
small sample of the oligomer was removed every four
hours. This sample was analyzed by nuclear magnetic
resonance (NMR) to determine the extent of the first
stage (transesterification) reaction.

25 The corresponding Raman spectra and NMR analytical
results were arranged into matrix arrays and used to
construct three distinct calibration models. The
formulation of calibration 2-1 utilized a three factor
PLSR, and calibration 2-2 made use of an MSC procedure

30 prior to the PLSR. Calibration 2-3 was constructed in
accordance with the process of the present invention.
The standard errors of an independent validation set
obtained by each of the calibrations are indicated in
Table 2.
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Invention PLSR

Examination of the collected Raman spectra revealed
dramatic variations in the overall signal intensity.

15 The effect of these disturbances is shown by calibration
2-1, where the disturbances in the Raman sample volume
An
improvement was obtained by using the MSC/PLSR procedure
of calibration 2-2. The small standard error obtained
by the application of calibration 2-3 strikingly

demonstrates the value of the present invention for the

render the usual methods of calibration unreliable.

20

analysis of samples using multivariate signal responses
obtained under production conditions.

The invention has been described in detail with
particular reference to preferred embodiments thereof,
but it will be understood that variations and
modifications can be effected within the spirit and
scope of the invention.

25



Exam nati on of the collected Ranan spectra reveal ed dramatic
variations in the overall signal intensity. 15 The effect of these

di sturbances is shown by calibration 2-1, where the disturbances in

t he Ranman sanpl e vol une render the usual nethods of calibration
unreliable. An | nprovenent was obtai ned by using the MSC/ PLSR
procedure wohnggéi bration 2-2. The small standard error l?@lt ',gﬁ,ﬁhsgo

by the application of calibration 2-3 strikingly denonstrates e

val ue of the present invention for the anal ysi s of —sanples using

mul tivariate signal responses obt ai neggunder production conditions. _
The invention has been described in detail with 25 par M!mllﬂﬂujlﬂuﬁllﬂmﬂ
to preferred enbodi nents thereof, but it will be un

vari ations and . nodifications can be G#MSted within the spirit dnd* |
scope of the invention. WO 97/ 28436

PCT/ US97/ 01185 - 28 -

CLAI NB 12 A PrBEREEST SO BRI EG%a s SRAPPLE oPE LFRANR
constitution by &APTEtHtptAenl by pparanakytidali appgrateetut bl dZimmal \ddtcal
nmeasur enent 5 and of a@al9titel enedSErements ERRAS W BEBENLE POEAGLL from a set
of sanples, said subj ecting said

r S onpri si ng:
set of sanples to WBasUr gﬁgﬁt ?bga{@e%sﬁﬁ?%' & PrFPLaRATDISSn 534 dar at us,
t her eby obt ai ni nPY¥LCEFS coWPTE8ingal yti cal neasurenents conprising a first

set of  miltivariale shgbgbctaiPURSiser of samples tolailidibria
first set of mul tdsvi%rl%t%.r c sjgnal_.esponses to renpve effects o
oper at i onal Varh abirith e%n%js’g%ﬁaa]t FETuEai HRPTERY ohkaipinga 15
appar at us, Yher efetolfapnahyt icadl rerasunementst caupuiting a firsi geal of
responses; multivariaB8bsEghd NOressticdhset; Of sanpl es to neasurenent

usi ng ‘?- second anal yti cal ggﬁ)&ét?‘at.ﬁjgs’séi@rfelb togggl gk nnciluftivariate
signal responses to remove effects of operational
variabilities associated with said first analytical

i5 apparatus, thereby obtaining a first matrix of adjusted
signal responses;

subjecting said set of samples to measurement
using a second analytical apparatus, thereby obtaining a
set of reference measurements comprising a second set of
20 multivariate signal responses;
adjusting said second set of multivariate
signal responses to remove effects of operational
variabilities associated with said second analytical
~apparatus, thereby obtaining a second matrix of adjusted
25 signal responses;
decomposing one of said matrices of adjusted
signal responses into a matrix product that comprises.a
matrix comprising a set of principal factors and a
matrix comprising the amounts associated with each of
30 said set of principél factors;
constructing a compressed signal response
matrix product that comprises a matrix comprising a
subset of said set of principal factors and a matrix
comprising the amounts associated with each of the
35 principal factors included in said subset;



set of reference neasurenents conprising a second set of 20 mul tivariate
si gnal responses; adj usting said second set of nultivariate

signal responses to renove effeets—ef—operational— variabilities

associ ated with said second anal ytica tus, thereby obtaining a

I appar a
socong e o savses o oAU .o oo

product that conprises a matrix conprising a set of principal factors
and a matri x conprising the anmounts associated with each of 30 sai d
set of principal factors; comstsucting a conpressed signa
response matri x product that conprises a matrix conprising a

subset of said set of principal factors and a matrix . conprising. the
amount s associ ated with eactPEutifg 3sprojerhionhattict Frem rREUBRETIR said

subset ; comprising the amounts associated with Zach of the

conputing a projeg%%gg%g?%;fg&é&égﬂﬂﬂg&uggﬁr*é.?aid %qu@g_sing t he anounts

associated with e principal Tactors Tncluded in said subset;
constructing a first nornal $ORIFTRAtANG pr E4Ket mPEwpZes MgtEiKoPRafrSHt i on

matrix and the ot B@hp?isﬁﬂéch noxrmalaizate6fi Mtk Laid;ctrﬁej tdler’ espeas&_sa |
constructing a coppres rimd i zed matr roduct conprising sa
proj ection natrixgggﬁlégfdgﬁirsﬁué%é% sﬁSPﬁ%l?%%RFé%ﬁﬁﬂ x product; 10
conputing val ues of said noPPRAGMALIST AacPTRressed mprmadiiges matrhx

di fference betweeprsaudtfttmprising BRALARDY 3 Pec Do imatdiodaeid saddsaidst

conpre;sed.nornalhéggaigzedrggggf&|%F%QH8ER thereby producing an opti nal
normal i zati on matrix; conétructégg_a second nornmalized
[

mat ri x ¥%r oduct conpri sFRRPWHNG dpdratl ohoPid i nRmadi Zakd P MaRELX

said one of said gBhti eeRinizediisicadrerenst respsdbafkid first

constructing ff0”%39&919528fméﬁrf¥ﬂ§%oﬁﬁggi333 said compressed normalized
matrix product, thereby producing an optimal
normalization matrix;

15 constructing a second normalized matrix
product comprising said optimal normalization matrix and
said one of said matrices of adjusted signal responses;

constructing from said other of said matrices
of adjusted signal responses and said second normalized

20 matrix product a calibration useful for analyzing the
signal responses obtained from said sample of unknown-
constitution by said first analytical apparatus; and

applying said calibration to analyze the
signal responses obtained from said sample of unknown

25 constitution by said first analytical apparatus, thereby
enabling the constitution of said sample to be
accurately determined.

2. A process according to claim 1, wherein the
30 first set of multivariate signal responses adjusted to
- remove effects of operational variabilities associated
with the first analytical apparatus comprises a first
matrix X of adjusted signal responses, and the second
set of multivariate signal responses adjusted to remove
35 effects of operational variabilities associated with the



of adjusted signal responses and said second nornalized 20 mat ri x product
a calibration useful for analyzing the signal responses obtained from
sai d sanpl e of unknown constitution by said first analytical

apparatus; and apply ion to analyze the
si gnal responses obt ai ned from said Hm mll [lﬂ ll Hm constitution by
said first an i cal apparatus, there L menabl+ng the j.on of
sdid sanpl e ‘{;)1 %} sdsd accurately determ ned. 38%%%&7:’)##5%5
according to claim1, wherein the 30 first set of multivariate signal
responses adjusted to renove effectsypf. operational variabilities
associ at ed with the first anal ytical apparatus conprises a first
matri x X of adjusted signal responses, and the second set of
nultivariate sigsetondspmisesicad] appatatws reompss@s a ektontsmatrix Y
operational vari 14l A PSInadt edspbhided Nesaia £ R 28436
T ool o1100 | OF add Yo Bl aid pyocess et
anal ytical appar SPTR* %% ses a second matrix Y of adjusted signal
responses, said process fdedvmposing waopix <X rigito matrix product dEBpnposi ng
matrix X inko MapdXest G A\D repreBbRES A SR Bel LEPPEIABLSAR fiTSt

e anmount s

set of principal actors an trix A represents t [
associ at ed IREHPER AN MALKIF A FEPreRentst the AMoynts; asegriated
constructing a naithxejdaeh rdf regidesémstngeta of pripipalpdibctaesprs subset

and a matrix [err] represeyddid s g,ggnﬂg@ ﬁg,}ggem._ th each of
said principal factors subé'let n\%/ngr'gl 8 uct ofe"gg\glad mat r | ces

[err] and [err] PTinciRghfactass,Fubseh I r%lmar As FeREEPPREING  the
conmputi ng fivom [ smeyntes rggeciasted withi ea¢krof said principal factors

subset, wherein the product of said matrices & and B

forms a compressed signal response matrix

X=48;
15
computing from A a projection matrix 8,
wherein
8 = A(R™R)1AT;
20
constructing from Y a first normalized matrix
product W, wherein
W = NY,
25
N comprising a normalization matrix that renders W
proportional to X;
‘constructing from 8 and W a compressed matrix
product W, wherein
30

w=§W;

computing values of N that minimize the
difference between W and W, thereby producing optimal
35 normalization matrix N; :



wherein [err] 20 | constructing

fromY a first normalized matrix product W wherein

W= NY, 25 N conprising a normﬂ'“nnﬂ" “ﬂnln“ that renders W
pr.oportional to X; m err] and Wa
conpressed matri x product [err],* wherkin* 3¢ *

[err] WO 97128436 conputing values of N that m nimze whensoro1185
difference between Wand [err], thereby producing optiml 35
normal i zation matrix Nerr]; WO 97/ 28436
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constructing fromNerr] and X a second nornmalized matri x product
X err], wherein Xerr] = Nerr]X, 5

Const r uct i ng fromY and X earstxussingrfreom N, an xu%é%ﬁOHanmlyzﬁﬁg t he
signal responses potpiNgkdddP X,, whexdith sanpl e of unknown constitution by

said first anal yti cal apparatus; and 10 appl yi ng said
calibration to analyze the si gnal responses obtai ned from said sanpl e
of unknown constitution by said f®sst Man&iytical apparatus, thereby

5

constructing from Y and X, a calibration
useful for analyzing the signal responses obtained from
said sample of unknown constitution by said first
analytical apparatus; and
10 applying said calibration to analyze the
signal responses obtained from said sample of unknown
constitution by said first analytical apparatus, thereby
enabling the constitution of said sample to be
accurately determined.
15
3. A process according to claim 1, wherein said
first analytical apparatus is selected from the group
consisting of a Raman spectrometric, a near-infrared
spectrometric, an ultraviolet/visible spectrometric, a
20 nuclear magnetic resonance spectrometric, a mass
spectrometric, a gas chromatographic, a liquid
chromatographic, a gravimetric, a volumetric, a
titrimetric, and a viscometric apparatus.

25 4. A process according to claim 3, wherein said
first analytical apparatus is a Raman spectrometric
apparatus or a near infrared spectrometric apparatus.

5. A process according to claim 1, wherein said
30 second analytical apparatus is selected from the group
- consisting of a Raman spectrometric, a near-infrared
spectrometric, an ultraviolet/visible spectrometric, a
nuclear wagnetic resonance spectrometric, a mass
spectrometric, a gas chromatographic, a liquid



enabling the constitution of said sanple to be accurately determ ned.

15 3. A process accor ding-to—claim-1,—wherein said first
anal ytical apparatus is selected fromt he igﬁﬂlil:ll consi sting of a Raman
[

spectronetric, a near-infrared “wm n ul traviol et/ visible
spectronmetric, a 20 nucl ear magne ctronmetric, a mass

spectronetr |\9 chromat ographic, a Fiqu qu chrorm,ta%ﬁpmlgs a
gravimetric, a Tgrumet r | c, a titrimetri c, and a viscometric

appar at us. 25 4, A process according to claim3, wherein said
first analytical apparatus is a Raman speglyranmetric apparatus or a
near infrared spectronetric apparatus. 5. A process
according to claiml1, wherein said 30 second anal ytical apparatus is

sel ected from t mhmpmatipgraphicconsirsAvimptofica Ramabuseeciconetric, a
near-infrared ;erifR@CiEONRAE! & vASLIHItAY QbBhiXtaEDl € spectronetric, a

nucl ear nmagneti c resonance spectronmetric, a nass spectronetric, a gas
chromat ographic, a liquid VO 97/ 28436
PCT/ US97/ 01185 6. A process according to clad@d 5, wherein said

chr omat ogr aphi Case%ogx'aa‘éhHEQEiEal aaf/ﬁi‘ﬁ?&sr 'fs s@lectedtffcﬁdr\]nﬁ&é %‘fmﬁpd a

vi sconetric appara rqocess accord alm 5,
wherein said 5 %@é&ﬁananaFyﬁ%%?l%ﬁﬁm% s TEEPRERES from t he group
consi sting of a spedtrometedoet acgassamontographipecandnetIiguid gas

chr omat ogr aphi C’cr&%a%obkgﬂhg apparggug_rrat ogr api ¢ appar at us.

10 7. A process according to claim 4 or 6, wherein
said set of reference measurements comprises a nuclear
magnetic resonance spectrum and said set of analytical
measurements comprises a spectrum selected from the
group consisting of a Raman spectrum and a near-infrared

15 spectrum.

8. A process according to claim 1, wherein said
sample of unknown constitution comprises a solid, a
liquid or both.

20
9. A processg according to claim 11, wherein said
sample is a liquid near or at its boiling point.
10. A process according to claim 8, wherein said
25 sample is a liguid and further comprises a vapor.

11. A process according to claim 1, wherein said
sample of unknown constitution comprises the components
of a reaction mixture.

30



10 . *7.. Aiprocess according to claim4 or 6, wherein sai gaﬁeth«P
of reference neasurenents conprises a nucl ear magneti c r esonande

spectrum and said set of analyti cal measur enents conprises_a spgfgum
sel ected fromthe group consisting of a Raman spectrum gz

near-infrared 1 ectrum 8. A process accor §iveg
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{54) Title: MUTIVARIATE SAMPLE ANALYSIS
(57) Abstract

In a process for analyzing 2 sample of unknown constitution by an analytical apparatus, a set of analytical measurements and a set
of reference measurements, each comprising a set of multivariate signal responses obtained from a set of samples by a first and a second
analytical apparatus, are adjusted to remove operational variabilities associated with the apparatus, thereby providing a first and a second
‘matrix of adjusted signal responses. One of the two matrices of adjusted signal responses is decomposed into a matrix product of a matrix
comprising a set of principal factors and a matrix compriging the amounts associated with each of the principal factors. A compressed signal
response matrix product is constructed that comprises a matrix comprising a subset of the set of principal factors and a matrix comprising
the amounts associated with each of the principal factors included in the subset. From the latter matrix a projection matrix is computed.
Using this projection matrix and a first normalized matrix product that comprises a nonmalization matrix and the other of the two matrices
of adjusted signal responses, a compressed normalized matrix product is constructed. Values of the normalization matrix that minimize
the difference between the first normalized matrix product and the compressed normalized matrix product are computed, thersby producing
an optimal normalization matrix. A second normalized matrix product comprising the optimal normalization matrix and the one matrix
of adjusted signal responses that had been decomposed into a matrix product is constructed. Using the other matrix of adjusted signal
responses and the second normalized matrix product, a calibration useful for analyzing the signal responses obtained from the sample of
unknown constitution by the first analytical apparatus is constructed and applied to the signal responses from the sample to determine its
constitution.




