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Abstract

This paper investigates methods for comparing datasets produced by comprehensive two-dimensional gas chromatogr&®y (h€mical
comparisons are useful for process monitoring, sample classification or identification, correlative determinations, and other important tas
GC x GCisapowerful new technology for chemical analysis, but methods for comparative visualization must address challenges pos&iby GC
data: inconsistency and complexity. The approach extends conventional techniques for image comparison by utilizing specific characteristic
GC x GC data and developing new methods for comparative visualization and analysis. The paper describes techniques that register (or a
GC x GC datasets to remove retention-time variations; normalize intensities to remove sample amount variations; compute differences in Ic
regions to remove slight misregistrations and differences in peak shapes; employ color (hue), intensity, and saturation to simultaneaesly visus
differences and values; and use tools for masking, three-dimensional visualization, and tabular presentation with controls for graphital highlic
to significantly improve comparative analysis of GG C datasets. Experimental results indicate that the comparative methods preserve chemica
information and support qualitative and quantitative analyses.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction e monitoring actual or potential pollution sites for environmen-
tal change$3];

This paper investigates methods for comparing datasets pre- surveying crime scenes for chemical “fingerprini]; and
duced by comprehensive two-dimensional gas chromatography assaying classes of tissue samples for biomarker discovery
(GC x GC). Chemical comparisons are useful for process mon- [5].
itoring, sample classification or identification, correlative deter-

minations, and other important tasks. GGC[1] is a pOWer-  1hq ack of software for G& GC data and information pro-

ful new chemical separation technology that provides signif:eqqing has been a significant impediment to the adoption of

!cant advgntages.over tradlthnal GC: an or.der—of-rnagnltud%cx GC for routine applications, but that problem is beginning
increase in chemical separation capacity, higher-dimensiongl, 1y 5 qqressed by recent availability of software specifically for
chemical ordering, and a significant increase in S|gnal-to-n0|s%CX GCIé].

ratio. _GCx GC has important potential uses for comparative This paper addresses two challenges for computer-based
chemical analysis, for example: comparative visualization and analysis of GGC datasets:

ata inconsistency and complexity. First, GGC datasets ex-

e comparing manufactured products with standards for qualitd. o . S S
Yibit inconsistencies in sample amounts, peak retention times,

control [2]; and peak shapes that are caused by uncontrolled chromato-
graphicvariations and which are not related chemical differences

* Corresponding author. Tel.: +1 402 472 5007; fax: +1 402 472 7767. in the samples. If these incidental variations are not removed
E-mail address: reich@cse.unl.edu (S.E. Reichenbach). from the comparison, they can confound and obscure actual
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i ' . : as thereference image. Prior to comparison, each GCGC im-
‘. 124 trimethy?benzene age is processed separately to correct acquisition artifacts (e.qg.,
ol background removdll1]) and to detect and quantify chemical
' peaks[6], steps that can be performed by GGC software
in a few seconds. Then, two additional data processing steps—
Fig. 1. Analyzed chromatographic image for comparison. registration and normalization—are performed on the reference
image to remove incidental differences with the analyzed image.
chemical differences. Second, even if incidental inconsistencieSectior2.1describes the process of registering the reference im-
are removed, the chemical comparisons typically are complexge with the analyzed image so that the retention times of peaks
and difficult to visualize and report. In particular, GGSC data  in the reference image align with the retention times of the cor-
may contain thousands of peaks in complex multi-dimensionalesponding peaks in the analyzed image. Se@i@mlescribes
patterns related to chemical structure. Moreover, different comyalue (or intensity) scaling to normalize the response (i.e., total
parative aspects, such as absolute differences or relative diffgseak intensity) for quantitative standard(s) in the reference im-
ences, may be more or less important for different chemicalage to the response for standard(s) in the analyzed image. These
and for different applications. Presenting complex comparisongwo steps are critical for suppressing incidental variations and
of complex data on a computer monitor or printed page is chalemphasizing only real chemical differences.
lenging.
The approach in this paper is to extend conventional tech,
niques forimage comparison by utilizing specific characteristics

of GCle GC data and ?eyelopmg new methods for comparative - pegisiration transforms the reference image so that when it
visualization and analysis. GCGC data can be represented, js oyeriaid on the analyzed image, the retention times of the

visualized, and processed as an image, elg., ] whereais ., egnonding peaks are aligned. Registration consists of two
the analyzed chromatogram I\’V]lth p'x,els mdeged by f|(rjst-c|olumr§tep3: (1) determine a transformation of the reference image to
retention-timenm (increasing left-to-right) and second-column remove differences in retention times and (2) resample the trans-

retention-timen (increasing bottom-to—top)..As |F||g. 1, each _formed reference image at the pixel locations of the analyzed
resolved compound produces a small two-dimensional peakwﬂpna e

pixel values (or intensities) that are larger than the background Various two-dimensional geometric transformations have

valueg and can bg visually distinguished through pseudo-coIcHeen used for digital image process[ag]. Affine transforma-
mapping of the pixel values. Then, two GAGC datasets can o, has heen shown to effectively remove retention variations
be compared by simple techniques, such as side-by-side COMlated to chromatographic parametgt8]. The transformed

parison or flicker (i.e., alternating) between imag#ls or by 4_gimensional retention times( y;) are computed from the
digital image processing methods, such as creating a d'ﬁeren‘f‘sference image retention times (y;) as:

image (by subtraction) or addition image (by addition in differ-
ent colors)[8-10] The pixel values also can be interpreted as| yx, a b| |x e
elevation, generating a three-dimensional surface which can b% 1 = L d] l 1 [f] )
projected to two dimensions for visualization.

The methods developed in Sect®ose GCx GC metadata, wherea—f are the parameters of affine transformation.
such as peak identifications and quantificationsegiszer (i.e., The parameters of affine transformation can be fit to mini-
align) retention times between two data sets (correcting for inmize the mean-square difference between the transformed re-
cidental variations of retention times) andrarmalize values  tention times of a set of peaks in the reference image and the
between two data sets (correcting for incidental differences imetention times of the corresponding peaks in the analyzed im-
sample amounts). Secti@uevelops a newolorized difference  age. Only three pairs of non-colinear corresponding peaks are
method to visually emphasize the remaining differences and gequired to determine an affine transformation, but automated
newfuzzy difference method that can be used to suppress variapattern matching can be used to establish many correspondences
tions of peak shape in order to highlight differences in chemicakven for peaks whose chemical identity has not yet been es-
composition. SectioAdescribes an interactive peak comparisontablished/14]. For GCx GC-MS, mass spectral matching can
table that provides analysts with quantitative data and control dbe used in conjunction with pattern matchifig] to establish
peak-oriented graphical overlays and an interactive environmemeak correspondences. The task of identifying peaks by chemi-
for three-dimensional viewing that enables analysts to combingal names can be performed prior to comparative analysis (e.g.,
comparison methods using elevation. Seci@xamines issues in the template used for pattern matching) or it can be performed

2 “’t' oxylene as theanalyzed image, is compared to anotherimage, referred to

benzene

’ toluene

1. Registration

(1)

Dt Yr

for further research and development. after comparative analysis (e.g., on peaks that differ in the two
samples).
2. Data processing Let B be the set of (at least three) corresponding peéeks

such that each peak is present in both the analyzed and reference
This paper considers comparisons between twoxG&C  images with retention times4(b;), ya(b;)) and ¢ (b;), yr(b:)),
images—the dataset currently selected for analysis, referred tespectively. Then, the parameters of the transformation are set
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to minimize: Just as for registration, mismatched pairs of peaks can reduce
1 the accuracy of normalization. The same method for avoiding
E= 1Bl > \/(Xa(bi) —xt(0))? + (va(bi) = »(Bi))%. (2)  registration errors can be used to avoid normalization errors.
bicB The scale factor is first computed for all quantitative standards.

Registration could be made more precise by using locally adap'[hen, the scale factor is applied to the individual volumes of the

tive transformations rather than a global transformation, but loduantitative peaks in the reference image. The 25% of quanti-
cally adaptive registration is more sensitive to errors. tative standards with the greatest difference magnitude between

One possible problem is that mismatched pairs of peaks catnl?e scaled reference volume and the analyzed volume are re-

reduce the accuracy of the transformation. To avoid this after;noved from the set of quantitative standards and the scale factor

the first transformation is computed from the set of all corre-'S 'écomputed. Experimental results, presented in Sesion

sponding peaks, the peaks for which the transformed retentio‘fil'cate that this scaling allows direct qualitative and quantitative
times differ most from the corresponding-peak retention timeSOmparisons of corresponding peaks.
in the analyzed image are removed from the pealBsetd the The sca_\le factor is applied to each pixel of the transformed
least-squares fitis recomputed on the remaining peaks. Obsen/&/€"e€nce image:
tions suggest that removing the 25% of peak pairs with thelarge§tm’ n] = F -t[m, n] (5)
differences effectively removes mismatched pairs. At least three
non-colinear points must be retained in the peak set to uniqueljhe transformed and scaled reference imagew can be com-
determine the optimal affine transformation. Experimental repared to the analyzed image
sults, presented in Secti@indicate that this registration pro-
cess accurately aligns even peak pairs which are not in the pedk Image-based comparison methods
setB used to optimize the transformation.

The reference image is then transformed, interpolated, and This section illustrates several image-based comparison
resampled at the pixel locations of the analyzed image. Interpgnethods using two G& GC datasets of calibration samples

lating by convolution yields the transformed image for the ASTM D5580 metho{iL8] (provided by Zoex Corpora-
tion). Each calibration sample contained five chemicals, listed
ey = > rlm’ 1 Qe = m', ye = 1), (3)  in Table 1 in differing amounts, to provide a range for calibra-
m’.n' tion, and an internal standard, 2-hexanone. As showalite 1,

whereris the reference image afiis the interpolation function. toluene had the largest relative amount in the analyzed sample
Bilinear interpolation is a simple, yet effective two-dimensional and ethylbenzene had the largest relative amount in the reference
interpolator{16] sample. Two chemicals (toluene and orthoxylene) were present

in larger relative amounts in the analyzed sample than in the ref-
erence sample and three chemicals (benzene, ethylbenzene, and
1,2,4-trimethylbenzene) were present in smaller amounts in the
analyzed sample than in the reference sample. The expected rel-
ative differences express the differences relative to the amounts
&hd are computed as:

2.2. Normalization

For two runs (even from the same sample), slightly differ-
ent sample amounts are introduced and so produce different r
sponses. Differences in GCGC images due to variable sample
amounts must be corrected so that they are not mistaken as dE’xpected relative differenci( Aa(l:)/Aa(s) - Ar(l:)/Ar(S)
ferences in concentrations. A1)/ Aa(s) + Ar(i)/ Ar(s)

GCxGC intensities are relatively linear with respect to (6)
amount, so normalization can be implemented by multiplica-
tive scaling. The scale factor is set to equalize the response imhereAa(i) andA(i) are the amounts of chemicah the ana-
the analyzed and reference images to one or more quantitatifgzed and reference samples, respectively, Ag@d) and A,(s)
standards which are taken to have the same concentrations dne the amounts of the internal standsirtithe analyzed and ref-
both samples. For example, in analyzing chemical changes overence samples, respectively. The relative difference is bounded
time at the site an oil spill, Nelson et §L7] used hopane for by —1.0 and 1.0. The observed relative differences and relative
guantitative normalization because it is relatively persistent oveerrors inTable lare discussed in Secti@gn2 The subimage of
the observation period. the analyzed image used for visualization is showrign 1 For

At least one peak is required as a quantitative standard tthe visualization examples in this section, the images were reg-
normalize relative amounts. Given a sewith corresponding istered using only toluene, 2-hexanone, and ethylbenzene and
peak(s)b;, whereVy(b;) is the detected volume (total peak re- were normalized using the responses to 2-hexanone.
sponse) in the analyzed image ar;) is the detected volume
in the reference image, the normalization scale factor is com3. ;. Grayscale difference
puted as:

S, o Valbi) A popular method for c_ompar_ing_ tyvo imf_;\ges is to form a
— Shies 8 (4)  difference image by subtracting the individual pixel values of one
Zbies Vi(bi) image from the corresponding pixel values of the other image

F
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Table 1

Calibration sample chemicals: relative amounts, expected relative differences, observed relative differences, and relative error

Chemical Analyzed relative Reference relative Expected relative Observed relative Relative error
amount amount difference difference (%)

Benzene ®M90 4399 —0.9599 —0.9602 —0.03

Toluene 13500 0879 Q8777 08761 -0.17

Ethylbenzene @50 8798 —0.9027 —0.9011 015

Orthoxylene 0900 0439 Q03444 03449 Q05

1,2,4-Trimethylbenzene .800 2209 —-0.4211 —0.4191 020

[8]. The comparison techniques developed in this paper extenzbntext of those differences is lost because the magnitudes of
the difference image method. the values in the comparison images are not represented in the
In these comparisons, the reference image is subtracted frooutput image (only the differences). For example, the grayscale
the analyzed image, so a positive difference indicates that thdifference does not show that the amounts of orthoxylene in
analyzed image has a larger pixel value and a negative diffethe samples are relatively small, only that the difference in the
ence indicates that the reference image has a larger pixel valugmounts between the two samples is small. Another problem is
The difference image can be displayed with a grayscale so th#ite adjacent bright and dark areas in a single peak (especially
medium gray represents zero difference, brighter values repréer 2-hexanone). These adjacent areas with opposite colors are
sent positive differences, and darker values represent negatidele to slight misregistration or slight peak shape differences.
differences. The larger the magnitude of the difference, the closer
the displayed pixel is to white or black. A logarithmic scale can3.2. Colorized difference
be used to better highlight differences with smaller magnitudes,

but the same scale factor is used for both positive and negative In order to make the differences between the ana|yzed and
values. reference images more apparent and to retain some context for
The example grayscale difference image is showlign 2 those differences, the traditional grayscale difference method
Visually, the peaks for benzene (left edge), ethylbenzene (cens modified to color code the differences and incorporate the
ter), and 1,2,4-trimethylbenzene (right edge) are dark, indicatcomparison image pixel intensities. First, the difference image
ing the analyzed sample has smaller amounts than the referengecomputed, just as it is for the grayscale difference method.
sample (relative to 2-hexanone). Note that the peaks which werghen, for display, the difference image is converted into a 24-bit
not used for registration, benzene and 1,2,4-trimethylbenzengolor image (three separate bands of 8-bit integers). The color is
are aligned well, even though they are on the periphery of theomputed in Hue-Intensity-Saturation (HIS) spgkd]. The hue
subregion. The magnitudes of the differences are discerniblgomponent of each pixel is set to pure green if the analyzed pixel
the peak for ethylbenzene is darker than the peak for 1,2,4salue is larger or pure red if the reference pixel value is larger.
trimethylbenzene, illustrating that the difference in amounts beThe intensity component of each pixel is the maximum of the
tween the analyzed and reference image is greater for ethylbeanalyzed and reference pixel values, scaled to fit into the 0-1.0
zene than for 1,2,4-trimethylbenzene. The peaks for toluene anédnge. The saturation component of each pixel is the magnitude
orthoxylene are mostly bright, indicating that the analyzed samof the difference value, scaled to fit into the 0-1.0 range. After
ple has larger relative amounts than the reference image. Herge hue, intensity, and saturation components are calculated for
too, the larger magnitude of the difference for toluene than foeach pixel, they are converted to the RGB color space and stored
orthoxylene can be seen in the brighter peak. However, therg a 24-bit image.
are small dark regions on these bright peaks. This is true for The example colorized difference image is showiFig. 3.
toluene, even though the peaks for toluene in the two images afhe resulting color image shows brighter pixels (larger inten-
precisely aligned (because toluene was one of only three peakgy) where either of the comparison images have larger values
used for registration). The presence of both bright and dark ignd darker pixels (smaller intensity) where both of the compari-
these peaks is due to slightly different peak shapes in the two inson images have smaller values, thereby retaining context for the
ages. The peak for 2-hexanone has both bright and dark regio@gferences that is lacking in the grayscale difference method.
so the relative amounts are not made clear by this visualizationixels that have approximately equal values in both comparison
The grayscale difference method does an adequate job @hages appear grayish (smaller saturation), whereas pixels for
showing the differences between the two images, but the relatiMghich there is a large difference have bolder colors (larger satu-
ration). This allows the user to see simultaneously peak heights
and peak differences. However, the problem of peaks with ad-
jacent positive and negative values still is evident.

3.3. Fuzzy difference

In practice, differences between analyzed and reference im-
Fig. 2. Grayscale difference image. ages may be caused by slight misregistration or slightly different
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Fig. 3. Colorized difference image. Fig. 4. Grayscale fuzzy difference image.

peak shapes. It often is desirable to suppress these differences
so that differences in chemical concentrations are seen more
clearly. Differences due to misregistration and peak shape dif-
ferences can be reduced by a n@wy difference comparison.
Rather than comparing pixels one-by-one, the fuzzy difference
method compares each pixel value in one image with the values
in a small neighborhood of the other image. Note that different
peak shapes may be caused by real differences in the samples
or the chromatography (e.g., column degradation). Thereforeselected, its pixel value is negated in order to retain the same
it may be worthwhile to use methods, such as the differencgositive/negative relationship as the traditional difference im-
images, that show peak shape differences prior to using fuzzgge.
difference visualization. The fuzzy difference image can be converted to an 8-bit inte-
To compute the fuzzy difference between the two imagesger image for display, using the same method employed for the
the user specifies the size of a small, rectangular window whictraditional grayscale difference comparison method detailed in
defines a neighborhood around each pixel. The difference valugection3.1 An example fuzzy difference image is showrHg.
at each pixel in the output image is computed using a threed. Inthisimage, itis clear that the internal standard, 2-hexanone,
step process. The first two steps compute two intermediate difseaks have equal intensity in both images after normalization—
ference images—one comparing pixels in the analyzed image fact, the peak virtually disappears from the difference image.
with neighborhoods in the reference image and one comparinigowever, the grayscale shows only the difference, so, for exam-
pixels in the reference image with neighborhoods in the anaple, the amounts of the internal standard, 2-hexanone, are not
lyzed image. First, for each pixel, the difference is computedapparent.
between that pixel value in the analyzed image and the mini- The fuzzy differenceimage also can be displayed with the col-
mum and maximum values found in the neighborhood windoworized difference method described in Secah The example
of the reference image. That is, for each pixel locatians],  of the colorized fuzzy difference image is showrFig. 5 The
analyzed pixel valua[m, n], transformed and scaled reference colorized fuzzy difference image removes many spurious dif-
pixel values[m, n], and windowws{[m, n]}, the difference pixel ferences by compensating for misaligned or differently shaped

Fig. 5. Colorized fuzzy difference image.

valuedgy[m, n] is: peaks and provides additional context for the difference values.
For example, the peak for the internal standard, 2-hexanone, has
Smax[m. n] = MaX wews(m,q)) (s[m’, n') almost no red or green, indicating the difference is small, but the
Smin[m, 1] = MiNE wewsiim.agy(s[m’, n']) whitish spot for the peak indicates its magnitude. The colorized
if a[m, n] < smin[m, n], thend,[m, n] = a[m, n] — smin[m, n] fuzzy difference algorithm effectively highlights the most inter-
else if a[m,n] > smadm, n], then dam,n] = a[m,n] — esting differences, even where peaks are slightly misaligned or
Smaxl/m, 1] differently shaped, and it also shows magnitudes.

elsedg[m,n] =0
4. Tools for comparative analysis

A non-zero difference is recorded only if the analyzed pixel
value is either larger or smaller thaii of the reference pixel Once comparison images have been generated for any of the
values in the surrounding window. This allows the fuzzy dif- image-based methods, additional tools can enhance the user’s
ference algorithm to compensate for misaligned or differentiyunderstanding of the data.
shaped peaks while still showing differences in peak heights.
The neighborhood window size should be set no larger thad.l. Masking
one peak width in each dimension so that pixel neighborhoods
do not overlap multiple peaks. Second, the same intermediate The comparison process attempts to highlight interesting dif-
difference algorithm is then repeated, with the analyzed and references and suppress other differences. Users may want to mask
erence images swapping roles. (block) certain areas of an image so that comparisons are dis-

In the third step, the pixel values in the final fuzzy differ- played only for a particular region(s) of the image. This is es-
ence image are determined by whichever intermediate differpecially important if the scale of uninteresting differences is
ence image has the largest magnitude. If the difference imagauch larger than differences of interest. Masking tools allow
that used the reference pixel as the center of each window issers to delineate geometric regions or designate peak subsets
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to be excluded from comparison. Pixels in masked areas are sath the comparison image. This allows the user to easily locate
to a null value appropriate for the currently selected comparpeaks of interest, for example, the peaks with the largest volume
ison method (e.g., gray for grayscale difference and black fodifference or the peaks with the largest percent differelfice 6
colorized difference). illustrates a tabular view with selected peaks and corresponding
image with graphical highlights.
4.2. Tabular data
4.3. Three-dimensional visualization

Tabular comparisons can provide quantitative information
that cannot be communicated in image-based comparisons. A GC x GC image data can be visualized as an elevation map,
comparative table provides important statistical data for eackvith peaks appearing as mountains. In this view, value is shown
pair of peaks that are uniquely identified in both the analyzeds elevation, which which allows colorization to be used for other
and reference image, such as volume (i.e., total response), araspects of the data. For the elevation map, the user may select
(i.e., number of pixels), peak retention times, and value at thene of four different images: the original analyzed image, the
peak pixel. For each feature, the values for the analyzed and refransformed and scaled reference image, the difference image, or
erence image are listed side-by-side in the table, along with than image with each pixel set to the larger of either the analyzed
differences (both absolute and percentage). To aid in analysier the transformed and scaled reference image pixel. Masked
the table rows may be sorted on any feature for either imagareas or peaks are set to zero elevation. The color overlay that
or on any difference. The contents of the table may be saved draped over the surface of the elevation map can be set by the
to a file formatted as ASCIl comma-separated values (CSV) fograyscale difference, colorized difference, or other difference
later importation into spreadsheet, database, or word-processifig.g., percentage difference, ratio, etc.). The ability to drape any
applications. comparison image over different elevation maps provides great

Table 1shows the quantitative comparisons for the exampleversatility in analyzing the data. It also allows even the grayscale
image. For this example, the observed relative differences (frordifference comparisons (traditional or fuzzy) to be viewed in the
the peaks in the processed data) are nearly equal to the expectamhtext of the original pixel data—something that is not possible
relative differences (from the relative amounts of the chemicalsising only a two-dimensional image. The user can then view the
in the samples). In this example, the relative errors are no morgata from various distances or viewing angles and can locate the
than 0.20% of the total amount. As long as the peak corresporvewer’s position anywhere in or around the data.
dences are correct, the quantitative comparisons are as accurateA sample three-dimensional visualization is showFig. 7.
as the peak quantities. The data is from samples collected by Reddy ef3lat vary-

Visual comparisons and tabular comparisons each have adig depths of the intertidal marsh sediment affected by an oil
vantages, soitis useful to navigate between the two views. If ongpill. (The data presented here to illustrate visualization is from
or more peaks in the table are selected (with the mouse), thogeeliminary runs. Subsequent runs, with improved &GC set-
rows are graphically highlighted in the image by outlines drawrtings, are in3].) The data for the analyzed image was acquired

) Compare Imazes - CALOY_RundZ_Ime01.gci

Select Reterenco e | CPoRc\CAS X0 mage e CALDS g gt Bowos ]

Fostion. | 199,201 vaes |4 00343 R 00T

St | Caterty vewig Coorned 3y ko e (o= |

Fig. 6. Tabular and image views with selected peak.
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Fig. 7. Three-dimensional rendering of a colorized fuzzy difference image draped over a maximum value elevation map.
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