
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 30 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Spectroscopy Letters
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597299

EFFECTS OF APODIZATION FUNCTION, ZERO FILLING,
BACKGROUND SPECTRA, AND ABSORBANCE TRANSFORMATION
ON MID-INFRARED CALIBRATIONS FOR FEED COMPOSITION
James B. Reeves IIIa; Valerie B. Reevesb

a AMBL, ANRI, ARS, USDA, Beltsville, MD, U.S.A. b CVM, Rockville, MD, U.S.A.

Online publication date: 10 August 2002

To cite this Article Reeves III, James B. and Reeves, Valerie B.(2002) 'EFFECTS OF APODIZATION FUNCTION, ZERO
FILLING, BACKGROUND SPECTRA, AND ABSORBANCE TRANSFORMATION ON MID-INFRARED
CALIBRATIONS FOR FEED COMPOSITION', Spectroscopy Letters, 35: 5, 663 — 680
To link to this Article: DOI: 10.1081/SL-120014938
URL: http://dx.doi.org/10.1081/SL-120014938

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597299
http://dx.doi.org/10.1081/SL-120014938
http://www.informaworld.com/terms-and-conditions-of-access.pdf


EFFECTS OF APODIZATION FUNCTION,

ZERO FILLING, BACKGROUND

SPECTRA, AND ABSORBANCE

TRANSFORMATION ON MID-INFRARED

CALIBRATIONS FOR FEED

COMPOSITION

James B. Reeves III
1,* and Valerie B. Reeves2

1AMBL, ANRI, ARS, USDA, Bldg 306, Rm 101,
BARC East, Beltsville, MD 20705

2CVM, FDA, 7500 Standish Place, Rockville,
MD 20855

ABSTRACT

Research has demonstrated that diffuse reflectance mid-
infrared spectroscopy can, like near-infrared diffuse re-
flectance, be used to quantitatively determine the composition
of ground samples of forages and soils without the need for
KBr dilution. While it has been demonstrated that the accu-
racy of calibrations developed using mid-infrared spectra can
be equal to or better than that achieved using near-infrared
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spectra, the influence of factors such as apodization function
has not been determined. Results based on the spectra of 173
treated forage samples obtained using a DigiLab FTS-60
spectrometer have demonstrated that many parameters asso-
ciated with mid-infrared spectra have little or no effect on
partial least squares calibrations. Additional zero filling of
spectra had little effect other than to increase the derivative
gaps found to produce optimal calibrations, but calibrations
developed using Kubelka-Munk transformed data, as
opposed to absorbance data, were not as accurate. Choice of
apodization function also had little effect, although slightly
better results were found using triangular or weak Norton-
Beer. Likewise, the frequency of taking a background spec-
trum did not seem to have any great effect on calibrations,
although results were slightly better with hourly or daily ac-
quisitions as opposed to one for each sample as is done in the
near-infrared.

Key Words: Apodization function; Zero filling; Background
spectra; Absorbance transformation; Mid-infrared calibra-
tions; Feed composition; Multivariate analysis

INTRODUCTION

While diffuse reflectance spectroscopy has, over the last couple of
decades, come to be used extensively in the near-infrared (NIR) spectral
range for the quantitative analysis of products ranging from agricultural
products[1] to pharmaceuticals[2] and gasoline[3] with literally thousands of
references, the use of mid-infrared diffuse reflectance Fourier transform
spectroscopy (DRIFTS) for the same analysis has been much more limited
and more recent. This has, at least in part, been due to the belief that
samples needed to be diluted with KBr to concentrations of less than 10% in
order to obtain usable spectra. Dilution being needed due to artifacts pro-
duced at the high levels of absorbance resulting when non-diluted samples
are examined.[476]

However, recent work with a variety of food products,[7710] fora-
ges,[11712] and soil samples[13,14] has demonstrated that DRIFTS on non-
KBr diluted samples can be used with an accuracy equal to or better than
that achieved using NIR spectra. While most of the NIR work has been
carried out using instruments with parameters such as resolution pre-
determined (i.e., fixed resolution and bandwidth scanning monochromators
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and even filter based instruments), this is not the case with Fourier trans-
form mid-infrared spectrometers (FTIR) where many, if not most, functions
including resolution, apodization function, or degree of zero filling may be
chosen by the user. Also, many if not most, NIR instruments in use have an
automated procedure for obtaining a background spectrum. For example,
the NIRSystems model 6500 (FOSS NIRSystems, Silverspring, MD) and
earlier 6000 series instruments use a ceramic standard which is automatically
read either before and=or after the sample is scanned. With an FTIR, the
user must prepare a suitable standard and determine how often to obtain a
new background. In earlier work, we did this only once a day with excellent
results.[10712,14] In those studies, the default settings for the instrument were
used for apodization (triangular), zero filling (none), and spectral form
(diffuse absorbance), although some studies of the effect of resolution and
number of co-added scans taken were carried out.[11] While, as stated, stu-
dies have shown that results using mid-infrared (mid-IR) spectra can be as
good or better than those obtained using NIR spectra, the question of
whether results can be improved by using different parameter settings has
not been answered.

Examination of the literature reveals a variety of opinions on exactly
what apodization function, etc., provides the best spectra for quantitative
analysis. Compton and Compton[15] state that generally triangular, Norton-
Beer, or Happ-Genzel are used for spectra of non-gas phase spectra.
Smith[16] states that for quantitative analysis the medium Norton-Beer
function gives the best results, but that it is up to the user to determine
which function is best for a given application. Griffiths and de Haseth[17]

state that the most common function used is triangular apodization
(instrument default), but that for good quantitative accuracy, the weak
Norton-Beer function is recommended.

Zero filling a spectrum results primarily in changes in band shape, and
while recommended by many texts, no discussion on its effect on quanti-
tative analysis was found.[15,18] The Kubelka-Munk function is designed to
relate peak height or areas to concentration for quantitative analysis, and
according to Smith[16] ‘‘must’’ be used for quantitative analysis with
DRIFTS, although it has not been found to be useful for NIR spectra
obtained by diffuse reflectance. Workman and Springsten[19] similarly state
that its application to non-diluted samples obtained by DRIFTS can help to
linearize the data for quantitative analysis.

One final consideration to the above discussion needs to be considered
with respect to the chemometric method by which most quantitative analysis
in the mid-IR has been carried out. Much, if not most, quantitative analysis
based on mid-IR spectra has been performed using mixtures of known
substances with quantitation determined by the solution of simultaneous
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equations.[20] At the present time, much, if not most, of the quantitative
analysis performed using NIR spectra is based on partial least squares (PLS)
regression with spectra often pre-treated in a variety of ways including mean
and variance scaling, multiplicative scatter correction, and 1st and 2nd
derivatives. Thus, the spectra used are often not the same as those used in
earlier work from which conclusions on apodization, zero filling, etc., were
drawn. The objective of this work was to examine the effects of instrument
variations, as reflected by the frequency of obtaining background spectra,
and instrument functions, such as type of apodization, on mid-IR calibra-
tions for feed composition using PLS.

MATERIALS AND METHODS

Samples

One hundred and seventy three samples from a forage treatment study
were evaluated. These samples came from a study designed to increase
forage digestibility involving the treatment of sixteen different forages and
by-products, including hays (alfalfa, orchardgrass, etc.), corn cobs, stovers
(corn and soybean), wheat straw, and hulls (peanut, rice, and soybean), at
eleven sodium chlorite concentrations (0.0 to 0.4 g=g of forage). In the
original study,[21] two samples were lost for a final total of 174. In this study,
one sample was improperly scanned and was removed leaving 173 samples.
Due to the work on timing of the background spectra, this sample was not
rescanned and added to the study.

Analytes

All samples were analyzed on a dry matter basis for various measures
of fiber composition, digestibility, and total Kjeldahl nitrogen (measure of
crude protein content), measures commonly used to evaluate the quality of
ruminant feedstuffs.[22,23] Further details on the exact procedures can be
found in Reeves, 1987.[21]

Spectra

All spectra were obtained using a Digi-Lab FTS-60 FTIR (Bio-Rad,
Cambridge, MA) equipped with a KBr beam splitter, DTGS detector, and
diffuse reflectance accessory (Bio-Rad, #925-0044). The optical path of the
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diffuse reflectance accessory is described in reference 11. All spectra were
collected as interferograms at 4 cm�1 resolution from 4000 to 400 cm�1 with
64 co-added spectra collected per spectrum. Samples were scanned ‘‘as is’’ or
‘‘neat’’ with no KBr dilution using a custom made sample cell transport
which allowed a sample area approximately 2�50mm long to be scanned.
This custom made cell replaced the four single cells supplied with the diffuse
reflectance accessory.[11] Each sample was scanned once and only once and
collected as an interferogram to eliminate the influence of different sub-
samples being used for different spectral computations (various apodiza-
tions, etc.). Samples were ground to pass a 20 mesh screen using an UDY
cyclone grinder. Potassium bromide was used for the background spectra. A
background spectrum was taken immediately before each sample was
scanned and also stored as an interferogram. One background sample was
packed in a cell and used through out the day. Samples were randomized
before scanning in order not to induce order into the data set.

Spectral Parameters Examined

Zero Filling and Absorbance vs. Kubelka-Munk Transformation

Spectra as obtained on the Digi-Lab system had one data point every
1.92 cm�1 when collected at 4 cm�1 resolution for a total of 1861 data points
per spectrum. Additional zero filling of 1 and 2x were studied resulting in
3733 and 7466 data points per spectrum, respectively. Background spectra
were similarly zero filled and used to create appropriate diffuse absorbance
spectra. For this part of the study, the background spectrum taken with
each sample was used for the particular sample in question with triangular
apodization (instrument default). The same sample and background inter-
ferograms were used for each sample for all transformation comparisons.
Spectra created using no additional zero filling (1861 data points), 4 cm�1

resolution, triangular apodization, and background spectra collected
immediately before each sample spectrum were used to examine the effect of
absorbance versus Kubelka-Munk transformation of the single beam
spectra.

Apodization Function

Eight apodization functions were examined: Boxcar, Cosine,
Happ-Genzel, Bessel, weak Norton-Beer, medium Norton-Beer, strong
Norton-Beer, and Triangular. Again, 4 cm�1 resolution spectra with no
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additional zero filling and background spectra collected immediately before
each sample spectrum were used. As before, the same sample and back-
ground interferograms were used for each sample for all transformation
comparisons.

Frequency of Background Spectra

Single beam spectra were transformed using backgrounds obtained
individually for each spectrum, obtained at the beginning of an hour of
scanning (Hourly), and using the first background spectrum obtained each
day (Daily). The default settings of triangular apodization and 1861 data
points per spectrum (4 cm�1) resolution were used, with spectra computed in
the diffuse absorbance mode. While the background interferogram changed,
the same sample interferogram was used for each transformation examined.

PLS and Statistics

All results reported are from one-out cross validations obtained using
Galactic’s PLSPlus version 2.1G and PLS1 (Each analyte regressed inde-
pendently) running under GRAMS=32 version 3.2 (Galactic Industries,
Salem, NH). All spectra were mean centered and variance scaled with a
variety of 1st and 2nd derivatives examined with all data from 4000 to
500 cm�1 used. Multiplicative scatter correction was also tested but was not
found to be of any additional help. The number of factors chosen was
selected using the F-test from the one-out cross validation PRESS statistic.
All samples were used in all calibrations with no samples removed as out-
liers. The results reported are for the relative mean squared deviation
(RMSD) statistic. Each calibration was optimized for the specific spectral
configuration examined.

RESULTS AND DISCUSSION

Analytes

Table 1 presents the range of values for the various analytes exam-
ined. Due to the chlorite treatment, the range in values for many of the
analytes was quite large, especially for the two measures of digestibility, cell
wall (CWDG) and total dry matter (DMDG). The values above 100% for
these analytes were due to slight errors in corrections for ash content.
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Treatment with sodium chlorite increases the soluble ash content of the
samples, and if not accounted for, can make the samples appear more
digestible or lower in fiber content than is actually the case.[21] The wide
range in values is also due to the variety of forages and by-products treated
which ranged from high quality hays to low quality, nearly indigestible, high
fiber materials such as peanut hulls. Overall, the data set represented a wide
assortment of diverse materials both compositionally and agronomically
and thus represent an excellent set for testing the effects of various para-
meters on PLS calibration accuracy.

Effect of Zero Filling and Absorbance vs. Kubelka-Munk

Figure 1 demonstrates the effects of zero filling on mid-IR spectra. As
shown, the primary effect is to make peaks smoother by essentially inter-
polating between existing data points resulting in slight changes in the exact
peak position and shape. These changes are more likely to be of importance
in spectral interpretation or comparison than in quantitative analysis where
data smoothing is already often used. In Table 2, the results obtained using
various levels of additional zero filling are shown. All of the results shown
were quite good with one-out cross validation r2 (no additional zero filling)
of: NDF, 0.971; ADF, 0.970; lignin, 0.938; CWDG, 0.954; DMDG, 0.967;
and CP, 0.986. The most prominent effect seen was a shift in the derivative
found to give the best results to derivatives with higher gaps. Derivatives
175 were 1st derivatives with gaps of 4, 8, 16, 32, and 64 data points, while
derivative 6710 were 2nd derivatives with similar gaps. As can be seen, as
the number of data points doubled, the derivative gap increased in the same
fashion, indicating the need to ratio the same spectral peaks. For three of
the analytes (lignin, CWDG, and CP), the lowest errors were found using no

Table 1. Sample (n ¼ 173) Composition on a Dry Matter Basis

Variable1 Mean Std. Dev. Minimum Maximum

NDF 68.36 14.31 33.43 91.58

ADF 47.35 10.59 26.61 80.32
Lignin 9.37 5.39 2.47 26.21
CWDG 65.69 27.19 1.52 100.23

DMDG 74.91 22.01 11.47 100.15
CP 7.87 5.22 1.55 16.84

1NDF ¼ Neutral detergent fiber, ADF ¼ acid detergent fiber, CWDG ¼ cell wall
digestibility, DMDG ¼ dry matter digestibility, CP ¼ crude protein.
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additional zero filling, while for the others, additional zero filling helped
slightly. If one excludes the results for DMDG, the average results were
virtually identical for all three levels of zero filling. Overall, these results
indicate that additional zero filling does not offer any significant benefits to
the development of PLS based calibrations, especially when considered in
light of the doubling of the time necessary to develop calibrations with each
increase in zero filling.

Although the Kubelka-Munk transformation is said to improve
quantitative analytical results for DRIFTS based calibrations, this was not
the case here. None of the results found were equal to or better than those
found for the diffuse absorbance spectra. On average the RMSD were about
10% higher for the Kubelka-Munk transformed spectra, with the worst
results seen for CP (RMSD increased by 25%) and the best for CWDG
(RMSD increased by only about 6%). While there are too few analytes here

Figure 1. Mid-infrared spectrum of forage sample #1 from 1515 to 1504 cm�1 de-
monstrating the effects of zero filling, 1 X shifted by þ0.00125A, 2 X by 0.0025 A.
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to make any further conclusions, it is also interesting to note that the biggest
increases in calibration error (RMSD) was seen for CP which, based on r2,
produced the best calibration, and the least increase was seen for CWDG
and lignin (7% increase) which produced the poorest calibrations based on
r2. Overall, these results offer no support for using the Kubelka-Munk
transformation with DRIFTS spectra of neat samples when PLS is used for
quantitative analysis. While the Kubelka-Munk transformation may not be
of any benefit for quantitative analysis performed using PLS, as shown in
Figs. 2 and 3, it results in large changes in the spectra which would need to
be considered in spectral comparisons, etc. As shown in Fig. 2, the trans-
formation results in a stretching of the spectrum in the y axis. Fig. 3 (diffuse
absorbance spectrum scaled) shows that this effect is also not uniform across
the spectral range and also alters the peak shapes.

Figure 2. Mid-infrared spectrum of forage sample #1 as computed in absorbance
and Kubelka-Munk units.
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Apodization Function

The effects of using different apodization functions is shown in Figs. 4
and 5 and Table 3. As demonstrated in Fig. 4, the use of different functions
can result not only in shifts in the peak position, but also in the maximum
absorbance of the peak. Also notice the slight difference in deflection of the
peak at about 150971508 for the weak Norton-Beer transformed data as
compared to the others. While this effect is slight, it could easily alter the
results obtained when spectra are derivatized.

The data in Table 3 shows that overall any of the functions could be
used, with the best results seen for the triangular or weak Norton-Beer
transforms and the worst for the Boxcar. However, even at the extremes, the
increase in average error was only 0.8%. Excluding the Boxcar data, the
average RMSD ranged from 2.685 to 2.691 or by approximately 0.22%.
Thus, while the apodization function used might well effect spectral peak

Figure 3. Mid-infrared spectrum of forage sample #1 as computed in absorbance
units (scaled by factor of approximately 1.5) and in Kubelka-Munk units.
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positions or the ability to perform spectral interpretation, it apparently has
little, if any, effect on quantitative analysis when using PLS and derivatized
spectra. However, as the data in Fig. 4 shows, one could easily see how
quantitative analysis based on peak height or area might be influenced by
the choice of apodization function.

Background Spectra

The data in Table 4 show how the frequency of taking a new back-
ground spectrum affected calibration accuracy. As with the choice of apo-
dization function, the frequency with which a new background spectrum
was taken had remarkably little effect on the final calibration results.
Interestingly, taking a background spectrum with each sample gave the
poorest results, while hourly and daily acquisition performed about the
same. As shown in Figs. 577, the background spectrum can vary as much

Figure 4. Mid-infrared spectrum of forage sample #1 from 1510 to 1505 cm�1

demonstrating effects of different apodization functions.
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within a day as from day to day. Since the same sample was used during a
single day, most of the variation within a day should be due to instrument
changes over time, as demonstrated by the differences in the peaks due to
CO2 in the 2300 to 2400 cm

�1 region or instrument alignment. The fact that
day to day variations were often no greater than within a day indicates that
differences due to sample packing were minor at best. However, it is possible
that the sample may have been disturbed during placement and that this
might account for some of the bigger differences seen. In the NIR, a single,
constant, ceramic standard is used which eliminates changes due to the
sample itself. Perhaps the use of a similar standard would help improve
results in the mid-IR. However, at present, the data support the concept that
background samples need not be taken more than a few times a day at most,
since even with only one per day the results achieved in the mid-IR have
been found to be equal to or better than those achieved in the NIR using
optimal NIR conditions.[10712,14]

Figure 5. Single beam mid-infrared KBr background spectra demonstrating within
day and day to day variations.
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Table 3. Effect of Apodization Function on One-Out Calibration Error (RMSD)
Using Diffuse Absorbance Spectra and One New Background Spectrum for Each
Sample (1867 Data Points per Spectrum)

Apodization Function Applied1

Assay2 BES BOX COS HAP M-NB S-NB TRI W-NB

NDF 2.448 2.544 2.443 2.444 2.447 2.441 2.444 2.446
ADF 1.852 1.828 1.810 1.851 1.849 1.808 1.845 1.847
Lignin 1.336 1.352 1.335 1.337 1.339 1.336 1.337 1.347

CWDG 5.875 5.811 5.893 5.876 5.855 5.892 5.854 5.804
DMDG 4.023 4.058 4.027 4.026 4.024 4.029 4.021 4.026
CP 0.614 0.642 0.613 0.612 0.613 0.612 0.610 0.640

Average 2.691 2.706 2.687 2.691 2.688 2.686 2.685 2.685

1BES¼Bessel, BOX¼ boxcar, COS¼ cosine, HAP¼Happ-Genzel, M-NB¼me-
dium Norton-Beer, S-NB¼ strong Norton-Beer, TRI¼ triangular, and W-NB¼
weak Norton-Beer.
2NDF¼Neutral detergent fiber, ADF¼ acid detergent fiber, CWDG¼ cell wall
digestibility, DMDG¼ dry matter digestibility, CP¼ crude protein.

Table 4. Effect of Frequency of Background Spectra on One-Out
Cross Calibration Errors (RMSD)1

Frequency of Background Spectra

Assay2 1=Sample Hourly Daily

NDF 2.441 2.417 2.445
ADF 1.808 1.791 1.739

Lignin 1.336 1.300 1.297
CWDG 5.892 5.761 5.868
DMDG 4.029 3.800 3.855
CP 0.612 0.615 0.591

Average 2.686 2.614 2.632

1Root mean squared deviation.
2NDF¼Neutral detergent fiber, ADF¼ acid detergent fiber,
CWDG¼ cell wall digestibility, DMDG¼ dry matter digestibility,
CP¼ crude protein.
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CONCLUSIONS

Results using a diverse set of chemically treated forages and by-pro-
ducts have demonstrated that many parameters associated with the com-
putation of mid-IR spectra have little or no effect on calibrations for
composition when using PLS. Additional zero filling of spectra had little
effect on the final calibrations other than to increase the derivative gaps
found to produce optimal calibrations. Calibrations developed using
Kubelka-Munk transformed data, as opposed to absorbance data, were not
as accurate despite the fact that this transformation was developed for
DRIFTS-derived spectra to be used for quantitative analysis. Little effect
was seen on the calibrations due to the choice of apodization function,
although slightly better results were found using triangular or weak Norton-
Beer apodization. Likewise, the frequency of taking a background spectrum
did not seem to have any great effect on calibrations, although results were

Figure 6. Single beam Mid-infrared KBr background spectra demonstrating within
day variations.

MID-INFRARED CALIBRATIONS 677

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
0
7
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



slightly better with the use of hourly or daily acquisitions as opposed to one
background spectrum for each sample as is done in the NIR. Finally, while
zero filling, type of apodization and frequency of obtaining a background
spectrum have little effect on quantitative analysis results, variations in these
parameters could easily alter peak shape and position which might be of
importance for qualitative analysis or quantitative analysis based on peak
height or area.

REFERENCES

1. Williams, P.C.; Norris, K. Near-Infrared Technology in the Agricultural
and Food industries; Williams, P.C., Norris, K., Eds.; Amer. Assoc. of
Cereal Chemists, Inc. St. Paul: MN, 1987.

Figure 7. Ratios of various background spectra (�100) obtained at the start of the
day (M) and at the end of the day (A), see Figs. 5 and 6 for corresponding single
beam spectra.

678 REEVES AND REEVES

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
0
7
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



2. Ciurczak, E.W.; Drennen, J. Near-Infrared Spectroscopy in Pharma-
ceutical Applications. In Handbook of Near-Infrared Analysis; 2nd
Edition. Burns, D.A., Ciurczak, E.W., Eds.; Marcel Dekker, Inc.: New
York, 2001; 6097632.

3. Kelley, J.J.; Barrow, C.H. Anal. Chem. 1989, 61, 3137320.
4. Olinger, J.M.; Griffiths, P.R. Appl. Spectrosc. 1993, 47, 6877694.
5. Olinger, J.M.; Griffiths, P.R. Appl. Spectrosc. 1993, 47, 6957701.
6. Culler, S.R. Diffuse Reflectance Infrared Spectroscopy: Sampling

Techniques for Qualitative=Quantitative Analysis of Solids. In Prac-
tical Sampling Techniques for Infrared Analysis; Coleman, P.B., Ed.;
CRC Press: Boca Raton, Florida, 1993; 937105.

7. Kemsley, E.K.; Holland, J.K.; Defernez, M.; Wilson, R.H. J. Agric.
Food Chem. 1996, 44, 386473870.

8. Downey, G.; Robert, P.; Bertrand, D.; Wilson, R.H.; Kemsley, E.K.
Agric. Food Chem. 1997, 45, 435774361.

9. Reeves, III, J.B.; Zapf, C.M. J. Agric. Food Chem. 1998, 46,
361473622.

10. Reeves, III, J.B.; Zapf, C.M. Appl. Spectrosc. 1999, 53, 8367844.
11. Reeves, III, J.B. Appl. Spectrosc. 1996, 50, 9657969.
12. Reeves, III, J.B. J. Dairy Sci. 1997, 80, 245472465.
13. Nguyen, T.T.; Janik, L.J.; Raupach, M. Aust. J. Soil Res. 1991, 29,

49767.
14. Reeves, III, J.B.; McCarty, G.W.; Reeves, V.B. J. Agric. Food Chem.

2001, 49, 7667772.
15. Compton, S.V.; Compton, D.A.C. Quantitative Analysis7Avoiding

Common Pittfalls. In Practical Sampling Techniques for Infrared
Analysis; Coleman, P.B., Ed.; CRC Press: Boca Raton, Florida, 1993;
2437247.

16. Smith, B.C. Fundamentals of Fourier Transform Infrared Spectroscopy;
CRC Press, Inc.: Boca Raton, Florida, 1996.

17. Griffiths, P.R.; de Haseth, J.A. Fourier Transform Infrared Spectro-
metry; John Wiley & Sons, Inc.: New York, New York, 1986.

18. Williams, R. Spectroscopy and The Fourier Transform. An Interactive
Tutorial; VCH Publishers Inc.: New York, New York, 1996.

19. Workman, Jr., J.; Springsteen, A. Applied Spectroscopy A Compact
Reference for Practioners; Academic Press: New York, New York,
1998.

20. McClure, G.L. Ed., Computerized Quantitative Infrared Analysis;
ASTM Special Technical Publication 934, ASTM, Philadelphia,
Pennsylvania, 1984.

21. Reeves, III, J.B. J. Dairy Sci. 1987, 70, 253472549.

MID-INFRARED CALIBRATIONS 679

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
0
7
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



22. Goering, H.K.; Van Soest, P.J. Forage Fiber Analysis. (Apparatus,
Reagents, Procedures, and Some Applications); Agricultural Research
Service, USDA, Agriculture Handbook No. 379, 1970.

23. Van Soest, P.J. Nutritional Ecology of the Ruminant; Second Edition,
Cornell University Press: Ithaca, NewYork, 1994.

Received February 10, 2002
Accepted June 21, 2002

680 REEVES AND REEVES

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
3
:
0
7
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1


