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TECHNIQUES FOR MASS SPECTROMETRY
PEAK LIST COMPUTATION USING
PARALLEL PROCESSING

CROSS REFERENCES TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Application No. 61/397,512 filed Jun. 11, 2011 Attorney
Docket No. WCS-016PR1/W-659, and U.S. Provisional
Application No. 61/437,841 filed Jan. 31, 2011, Attorney
Docket No WCS-016PR2/W-659, both of which are incorpo-
rated by reference herein.

BACKGROUND
[0002] 1. Technical Field
[0003] This application relates generally to analysis of

compounds, and, more particularly, to detection and quanti-
fication of ions collected by liquid chromatography, ion-mo-
bility spectrometry and mass spectrometry.

[0004] 2. Description of Related Art

[0005] Mass spectrometers (MS) are used widely for iden-
tifying and quantifying molecular species in a sample. During
analysis, molecules from the sample are ionized to form ions
that are introduced into the mass spectrometer for analysis.
The mass spectrometer measures the mass-to-charge ratio
(m/z) and intensity of the introduced ions.

[0006] Mass spectrometers are limited in the number of
different ions reliably detected and quantified within a single
sample spectrum. As a result, samples containing many
molecular species may produce spectra that are too complex
for interpretation or analysis using conventional mass spec-
trometers.

[0007] In addition, the concentration of molecular species
often varies over a wide range. Biological samples, for
example, typically have a greater number of molecular spe-
cies at lower concentrations than at higher concentrations.
Thus, a significant fraction of ions appear at low concentra-
tion. The low concentration is often near the detection limit of
common mass spectrometers. Moreover, at low concentra-
tion, ion detection suffers from background noise and/or
interfering background molecules. Consequently, detection
of'such low abundance species can be improved by removing
as much of the background noise as possible and reducing the
number of interfering species that are present in the spectrum.
[0008] A chromatographic separation, prior to injecting the
sample into the mass spectrometer, is commonly used to
reduce the complexity of such spectra. For example, peptides
or proteins often produce clusters of ions that elute at a com-
mon chromatographic retention time and thus produce peaks
that overlap in a spectrum. Separating the clusters from the
different molecules, in time, helps to simplify interpretation
of the spectra produced by such clusters.

[0009] Common chromatographic separation instruments
include gas chromatographs (GC) and liquid chromatographs
(LC). When coupled to a mass spectrometer, the resulting
systems are referred to as GC/MS or LC/MS systems. GC/MS
or LC/MS systems are typically on-line systems in which the
output of the GC or L.C is coupled directly to the MS.
[0010] A combined LC/MS system provides an analyst
with a powerful means to identify and to quantity molecular
species in a wide variety of samples. Common samples con-
tain a mixture of a few or thousands of molecular species. The
molecules often exhibit a wide range of properties and char-
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acteristics, and each molecular species can yield more than
one ion. For example, the mass of a peptide depends on the
isotopic forms of its nucleus, and an electrospray interface
can ionize peptides and proteins into families of charge states.
[0011] In an LC/MS system, a sample is injected into the
liquid chromatograph at a particular time. The liquid chro-
matograph causes the sample to elute over time resulting in an
eluent that exits the liquid chromatograph. The eluent exiting
the liquid chromatograph is continuously introduced into the
ionization source of the mass spectrometer. As the separation
progresses, the composition of the mass spectrum generated
by the MS evolves and reflects the changing composition of
the eluent.

[0012] Typically, at regularly spaced time intervals, a com-
puter-based system samples and records the spectrum. In
conventional systems, the acquired spectra are analyzed after
completion of the L.C separation.

[0013] After acquisition, conventional LC/MS systems
generate one-dimensional spectra and chromatograms. The
response (or intensity) of an ion is the height or area of the
peak as seen in either the spectrum or the chromatogram. To
analyze spectra or chromatograms generated by conventional
LC/MS systems, peaks in such spectra or chromatograms that
correspond to ions must be located or detected. The detected
peaks are analyzed to determine properties of the ions giving
rise to the peaks. These properties include retention time,
mass-to-charge ratio and intensity.

[0014] Mass or mass-to-charge ratio (m/z) estimates for an
ion are derived through examination of a spectrum that con-
tains the ion. Retention time estimates for an ion are derived
by examination of a chromatogram that contains the ion. The
time location of a peak apex in a single mass-channel chro-
matogram provides an ion’s retention time. The m/z location
of'a peak apex in a single spectral scan provides the ion’s m/z
value.

[0015] A conventional technique for detecting ions using
an LC/MS system forms a total ion chromatogram (TIC).
Typically, this technique is applied if there are relatively few
ions requiring detection. A TIC is generated by summing,
within each spectral scan, all responses collected over all m/z
values and plotting the sums against scan time. Ideally, each
peak in a TIC corresponds to a single ion.

[0016] Co-elution of peaks from multiple molecules is one
possible problem with this method of detecting peaks in a
TIC. As a result of co-elution, each isolated peak seen in the
TIC may not correspond to a unique ion. A conventional
method for isolating such co-eluted peaks is to select the apex
of one peak from the TIC and collect spectra for the time
corresponding to the selected peak’s apex. The resulting
spectral plot is a series of mass peaks, each presumably cor-
responding to a single ion eluting at a common retention time.
[0017] Forcomplex mixtures, co-elution also typically lim-
its summing of spectral responses to sums only over a subset
of collected channels, e.g., by summing over a restricted
range of m/z channels. The summed chromatogram provides
information about ions detected within the restricted m/z
range. In addition, spectra can be obtained for each chromato-
graphic peak apex. To identify all ions in this manner, mul-
tiple summed chromatograms are generally required.

[0018] Another difficulty encountered with peak detection
is detector noise. A common technique for mitigating detector
noise effects is to signal-average spectra or chromatograms.
For example, the spectra corresponding to a particular chro-
matographic peak can be co-added to reduce noise effects.
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Mass-to-charge ratio values as well as peak areas and heights
can be obtained from analyzing the peaks in the averaged
spectrum. Similarly, co-adding chromatograms centered on
the apex of a spectral peak can mitigate noise effects in
chromatograms and provide more accurate estimates of
retention time as well as chromatographic peak areas and
heights.

[0019] Aside from these problems, additional difficulties
are encountered when conventional peak detection routines
are used to detect chromatographic or spectral peaks. If per-
formed manually, such conventional methods are both sub-
jective and tedious. When performed automatically, such
methods can still be subjective, due to a subjective selection
of thresholds for identification of peaks. Further, these con-
ventional methods tend to be inaccurate because they analyze
data using only a single extracted spectrum or chromatogram,
and do not provide ion parameter estimates having the highest
statistical precision or lowest statistical variance. Finally,
conventional peak-detection techniques do not necessarily
provide uniform, reproducible results for ions at low concen-
tration, or for complex chromatograms, where co-elution and
ion interference tend to be common problems.

SUMMARY OF THE INVENTION

[0020] In accordance with one aspect of the invention is a
method for processing data comprising performing sample
analysis and generating scans of data, each of said scans
comprising a set of data elements each associating an ion
intensity count with a plurality of dimensions including a
retention time dimension and a mass to charge ratio dimen-
sion; and analyzing said scans to identify one or more ion
peaks, said analyzing including filtering a first plurality of
said scans producing a first plurality of filtered output scans,
said filtering including first filtering producing a first filtering
output, wherein said first filtering includes executing a plu-
rality of threads in parallel which apply a first filter to said first
plurality of scans to produce said first filtering output,
wherein each of said plurality of threads computes at least one
filtered output point for at least one corresponding input point
included in said plurality of scans; and detecting one or more
peaks using said filtered output scans. The filtering may
include performing first processing by a first of said plurality
of' threads, said first processing including applying a smooth-
ing filter to a first input point in a mass-to-charge ratio dimen-
sion to produce a first filtered output point and applying a
second derivative filter to the first input point in a mass-to-
charge ratio dimension to produce a second filtered output
point; and performing second processing by a second of said
plurality of threads, said second processing including apply-
ing said smoothing filter to a second input point in a mass-to-
charge ratio dimension to produce a third filtered output point
and applying the second derivative filter to the second input
point in a mass-to-charge ratio dimension to produce a fourth
filtered output point, wherein said first thread and said second
thread execute concurrently and said first thread and said
second thread are included in a same block of threads access-
ing a plurality of input points including said first point and
said second point from a portion of memory shared by said
block ofthreads. The first plurality of threads may be included
in a two-dimensional grid of thread blocks. Each of the thread
blocks may include a two-dimensional configuration of
threads in which each of the thread blocks is identified in said
grid using a thread block identifier having an “x” dimension
indexing said each thread block along the mass to charge ratio
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axis and having a “y” dimension indexing said each thread
block along the retention time axis. The first thread may
determine a first input point to which said smoothing filter is
applied by said first thread. The first thread may determine a
first output point identifying a location at which a correspond-
ing filtered output point for said first input is stored. The first
input point may be identified in said first plurality of scans in
accordance with coordinates (m, s), wherein “m” is a mass
coordinate mapping to amass to charge ratio of said first input
point and “s” identifies a scan in which said first input point is
included. The first output point may also be identified using
the coordinates (m,s). The first thread may be included in a
first thread block having a first thread block identifier. The
first thread may have a first thread identifier identifying a
position of said first thread within said first thread block. The
first thread may determine the coordinates (m,s) using said
first thread block identifier and said first thread identifier. The
first filtering may use filtering coefficients bound to a texture.
The filtering coefficients may be used in connection with
filtering a portion of less than all mass to charge ratio values
in said first plurality of scans. The filtering may include
executing a second plurality of threads concurrently, wherein
each of said second plurality of threads applies a second filter
in a retention time dimension to at least one data point. The
second filter may be any of a smoothing filter and second
derivative filter. The second filter may use a same set of filter
coefficients for all data points to which the second filter is
applied. The filter coefficients may be stored in constant
memory used by a graphics processing unit. The graphics
processing unit and said constant memory may be included in
a separate device configured for used with a computer. The
second plurality of threads may be included in a two-dimen-
sional grid of thread blocks, each of said thread blocks being
a two-dimensional block of threads. The method may also
include determining first thread block dimensions of a first
block of threads configured for parallel execution and each
thread in said first block configured to apply a filter in a mass
to charge ratio dimension to at least one data point; determin-
ing second thread block dimensions of a second block of
threads configured for parallel execution and each thread in
said second block configured to apply a filter in a retention
time dimension to at least one data point; determining third
thread block dimensions, wherein each dimension of said
third thread block is a least common multiple of correspond-
ing ones of said each dimension of said first thread block and
said second thread block; and selecting scan pack dimensions
in accordance with said third block dimensions, wherein said
scan pack dimensions indicate sizing with respect to a num-
ber of said scans of data and a number of mass to charge ratio
values per scan, wherein said analyzing is performed on a first
scan pack before performing said analyzing with respect to a
second scan pack, said first scan pack including a first portion
of said scans of data and having said scan pack dimensions,
said second scan pack including a second portion of said
scans of data and having said scan pack dimensions. The first
scan pack may include said first plurality of scans, and the
method may further include reading, by executing code on a
processing unit of a computer which executes instructions
serially, said first scan pack; storing said first scan pack in a
first memory of said computer; copying said first scan pack
into a second memory of a device, said device including a
graphics processing unit that performs parallel processing,
wherein said second memory is configured for use by said
graphics processing unit when performing parallel process-
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ing and wherein said first memory is not configured for use by
said graphics processing unit; performing said first filtering
by executing said plurality of threads in parallel on said
graphics processor using said first scan pack to identify one or
more peaks in said first scan pack; storing, by said graphics
processing unit in said second memory, output data identify-
ing said one or more peaks; and copying said output data from
said second memory to said first memory. The step of detect-
ing one or more peaks may be performed by concurrently
executing threads included in a two-dimensional grid of
thread blocks. Each of the thread blocks may include a two-
dimensional configuration of threads. Threads included in a
same first thread block may have access to data stored in a
portion of memory shared by all threads in the first thread
block. Each of the threads included in said two-dimensional
grid may determine whether at least one filtered output point
included in said filtered output scans is a peak. Each of the
thread blocks may have first dimensions selected in accor-
dance with utilization of a processing unit which performs
concurrent processing, a number of threads included in said
thread block having said first dimensions, and an approxima-
tion of said first dimensions to a square. The one or more
peaks identified by said detecting may be identified with
respect to retention time and mass to charge ratio dimensions.
The plurality of dimensions may include an ion mobility
dimension and the method may include identifying peaks
with respect the ion mobility dimension. The analyzing may
include identifying one or more properties for each of said
one or more ion peaks identified. At least a first of said
properties may be determined by concurrently executing
threads included in a grid of thread blocks. Each of the threads
may determine the first property for at least one of peaks
identified by said detecting. The method may be performed in
real-time while said scans are generated as a result of sample
analysis by a mass spectrometer. The one or more peaks may
be afirst set of peaks and said analyzing may further comprise
determining a scan pack size comprising a number of scans
having different retention times; determining, for each peak
in said first set, a data volume having dimensions in accor-
dance with data used for filtering with respect to said each
peak and an output volume having dimensions in accordance
with said a starting and ending location of said each peak with
respect to retention time and m/z dimensions and covering an
ion mobility range; determining a buffer volume having each
dimension thereof which is at least a same size as a largest
corresponding dimension with respect to all data volumes for
all peaks in said first set; determining a first portion of peaks
of said first set which are included in a first scan pack of said
scan pack size, said first scan pack including a partition of said
scans; partitioning said first portion into one or more groups
of'peaks and, for each group, performing first processing. The
first processing may include reading, for each peak in said
each group, first data from said first scan pack in accordance
with the data volume for said each peak and storing the first
data into a buffer having a size in accordance with said buffer
volume; filtering the first data for each peak in said each
group, wherein said filtering the first data includes a second
plurality of threads executing concurrently, wherein for said
each peak, each of said second plurality of threads applies a
filter and computes a single filtered output point for a corre-
sponding data point in the buffer for said each peak if said
corresponding data point is in included within appropriate
ones of the output volume and the data volume for said each
peak; and identifying child peaks for said each group. If the
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filter is applied in a retention time dimension, each of said
second plurality of threads may compute a single filtered
output point for a corresponding data point in the buffer for
said each peak if said corresponding data point is within the
output volume with respect to the retention time axis and
within the data volume with respect to the m/z and the ion
mobility axes. If the filter is applied in a retention time dimen-
sion, each of said second plurality of threads may compute a
single filtered output point for a corresponding data point in
the bufter for said each peak if said corresponding data point
is within the output volume with respect to the retention time
and the m/z axes and within the data volume with respect to
the ion mobility axis. If the filter is applied in a retention time
dimension, each of said second plurality of threads may com-
pute a single filtered output point for a corresponding data
point in the buffer for said each peak if said corresponding
data point is within the output volume with respect to the
retention time, the m/z, and the ion mobility axes. Analyzing,
for a first peak, may further comprise applying a smoothing
filter in the retention time dimension to first data stored in the
first buffer to produce second data stored in a second buffer;
applying a second derivative filter in the retention time
dimension to the first data stored in the first buffer to produce
third data stored in a third buffer; applying, after producing
said second data and said third data, a smoothing filter in the
mass to charge ratio dimension to the third data to produce
fourth data stored in said first buffer; applying, after produc-
ing said fourth data, a smoothing filter in the ion mobility
dimension to the fourth data to produce fifth data stored in
said third buffer; applying, after producing said fifth data, a
second derivative filter in the mass to charge ratio dimension
to said second data to produce sixth data stored in the first
buffer; applying, after producing said sixth data, a smoothing
filter in the ion mobility dimension to said sixth data to pro-
duce seventh data which is combined with said fifth data to
produce a first combined result stored in said third buffer;
applying, after producing said first combined result, a
smoothing filter in the mass to charge ratio dimension to the
second data to produce eighth data stored in the first buffer;
and applying, after producing said eighth data, a second
derivative filter in the ion mobility dimension to the eighth
data to produce ninth data which is combined with said first
combined result to produce a second combined result stored
in the third buffer. The filtering of the first data for each peak
may include applying a sequence of three filters, a first of the
filters being applied with respect to a first dimension or first
axis to the first data to produce a first output, a second of the
filters being applied with respect to a second dimension or
second axis to the first output to produce a second output, and
a third of the filters being applied with respect to a third
dimension or third axis to the second output to produce a third
output. The first output may have a first size with respect to
said first dimension which is less than a second size of the first
data with respect to the first dimension. The second output
may have a third size with respect to said second dimension
which is less than fourth size of the first output with respect to
the second dimension. The third output may have a fourth size
with respect to said third dimension which is less than fifth
size of the second output with respect to the third dimension.

[0021] Inaccordance with another aspect of the invention is
a method for processing data from sample analysis compris-
ing: performing mass spectrometry and generating one or
more spectra; and analyzing the one or more spectra to gen-
erate a peak list of one or more ion peaks identified in the one
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or more spectra, said analyzing including performing, in par-
allel, at least a first filtering step and a second filtering step.
Analyzing may include filtering the one or more spectra and
the first filtering step may computes a first filtered output
point and said second filtering step may computes a second
filtered output point. The filtering may be performed in one of
aplurality of dimensions, said plurality of dimensions includ-
ing retention time, mass or m/z, and ion mobility.

[0022] Inaccordance with another aspect ofthe invention is
a system that performs mass spectrometry comprising: a par-
allel processing unit; and a computer readable medium com-
prising code stored thereon which, when executed, performs
steps including: receiving one or more spectra produced as a
result of mass analyzing a sample; and analyzing the one or
more spectra to generate a peak list of one or more ion peaks
identified in the one or more spectra, said analyzing including
performing, in parallel using said parallel processing unit, at
least a first filtering step and a second filtering step. The
analyzing may include filtering the one or more spectra and
the first filtering step may compute a first filtered output point
and said second filtering step may compute a second filtered
output point. The filtering may perform filtering in one of a
plurality of dimensions, said plurality of dimensions includ-
ing retention time, mass or nv/z, and ion mobility. The system
may also include a processor which executes instructions
serially. The computer readable medium may further include
code for: performing preprocessing; obtaining said one or
more spectra as input from a memory; performing peak detec-
tion to identify said one or more peaks; performing peak
properties computation on said one or more peaks included in
said peak list to generate peak property information; and
writing said peak list and said peak property information to a
memory. The steps of preprocessing, said obtaining, and said
writing may be performed by code executing in said proces-
sor and wherein said performing peak detection, said per-
forming peak property computation may be performed by
code executing in the parallel processing unit. In connection
with performing said obtaining, said processor may execute
code that reads said one or more spectra, stores said one or
more spectrain a first memory that is configured for access by
said processor and is not configured for access by the parallel
processing unit, and copies said one or more spectra from said
first memory to a second memory included on a device com-
prising said parallel processing unit. The system may output
the peak list and may store the peak list to non-volatile
memory. The one or more spectra may be stored in volatile
memory during said analyzing and said one or more spectra
may not be stored to non-volatile memory for output as a
result of said analyzing.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] Features and advantages of the present invention
will become more apparent from the following detailed
description of exemplary embodiments thereof taken in con-
junction with the accompanying drawings in which:

[0024] FIG. 1 is a schematic diagram of an exemplary
LC/MS system according to an embodiment of the present
invention.

[0025] FIG. 2 is a diagram of an exemplary chromato-
graphic or spectral peak.

[0026] FIGS. 3A-3C illustrate exemplary spectra for three
ions produced during an exemplary LC/MS experiment for
three times.
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[0027] FIGS. 4A-4C illustrate chromatograms correspond-
ing to the exemplary ions of FIG. 3.

[0028] FIG. 5 is a flow chart for a method for processing
data according to an embodiment of the present invention.
[0029] FIG. 6 is a graphical flow chart for a method for
processing data according to an embodiment of the present
invention.

[0030] FIG. 7 is a graphical flow chart for a method for
determining thresholds for use in detecting ions according to
an embodiment of the present invention.

[0031] FIG. 8 illustrates an exemplary data matrix accord-
ing to an embodiment of the present invention.

[0032] FIG. 9 illustrates a contour plot representation of an
exemplary data matrix created from the data of FIGS. 3 and 4
according to an embodiment of the present invention.
[0033] FIG. 10 is a flow chart for a simplified method of
processing data in the absence of noise according to an
embodiment of the present invention.

[0034] FIG. 11 illustrates an effect of a co-eluting ion on the
exemplary data matrix of FIG. 9.

[0035] FIGS. 12A-12C illustrate a “shoulder” effect of a
co-eluting ion on the exemplary data illustrated in FIG. 3.
[0036] FIG. 13 illustrates how noise affects exemplary data
in a data matrix created according to embodiments of the
present invention.

[0037] FIGS. 14A-14C illustrate spectra for three ions cor-
responding to the exemplary data illustrated in the data matrix
shown in FIG. 13.

[0038] FIGS. 14D-14F illustrate chromatograms for three
ions corresponding to the exemplary data illustrated in the
data matrix shown in FIG. 13.

[0039] FIG. 15 illustrates an exemplary one-dimensional
apodized Savitzky-Golay second-derivative filter according
to an embodiment of the present invention.

[0040] FIG. 16A illustrates the cross section of an exem-
plary one-dimensional filter in the spectral (m/z) direction
according to an embodiment of the present invention.

[0041] FIG. 16B illustrates the cross section of an exem-
plary one-dimensional filter in the chromatographic (time)
direction according to an embodiment of the present inven-
tion.

[0042] FIG. 16C illustrates the cross section of an exem-
plary one-dimensional smoothing filter f1 in the spectral
(m/z) direction according to an embodiment of the present
invention.

[0043] FIG. 16D illustrates the cross section of an exem-
plary one-dimensional second derivative filter gl in the chro-
matographic direction according to an embodiment of the
present invention.

[0044] FIG. 16E illustrates the cross section of an exem-
plary one-dimensional smoothing filter g2 in the chromato-
graphic direction according to an embodiment of the present
invention.

[0045] FIG. 16F illustrates the cross section of an exem-
plary one-dimensional second-derivative filter £2 in the spec-
tral (m/z) direction according to an embodiment of the
present invention.

[0046] FIG. 17A illustrates an exemplary peak that can be
generated by LC/MS data as stored in a data matrix according
to embodiments of the present invention.

[0047] FIG. 17B illustrates a point-source response (finite
impulse response) of an exemplary rank-2 filter according to
an embodiment of the present invention.
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[0048] FIG. 17C illustrates a simulation of two LC/MS
peaks having equal mass and that are nearly, but not identi-
cally, co-incident in time.

[0049] FIG. 17D illustrates the peak cross section in mass
of the two-peak simulation of FIG. 17C.

[0050] FIG.17E illustrates the peak cross section in time of
the two-peak simulation of FIG. 17C.

[0051] FIG. 17F illustrates the effect of adding counting
(shot) noise to the two-peak simulation of FIG. 17C.

[0052] FIG. 17G illustrates the peak cross section in mass
of the added noise two-peak simulation of FIG. 17F.

[0053] FIG.17H illustrates the peak cross section in time of
the added noise two-peak simulation of FIG. 17F.

[0054] FIG. 171 illustrates the result convolving a rank-2
filter with simulated data of FIG. 17F.

[0055] FIG.17]illustrates the peak cross section in mass of
the result illustrated in FIG. 171.

[0056] FIG.17K illustrates the peak cross section in time of
the result illustrated in FIG. 171.

[0057] FIG. 18 illustrates a flow chart for performing real-
time processing of data according to an embodiment of the
present invention.

[0058] FIGS. 19A-19B are graphical illustrations of a
method for performing real-time processing of a data accord-
ing to the method of the flow chart of FIG. 18.

[0059] FIG. 20 is a flow chart for a method for determining
appropriate thresholds according to an embodiment of the
present invention.

[0060] FIG. 21 is a flow chart for a method for determining
a peak purity metric according to an embodiment of the
present invention.

[0061] FIG. 22A illustrates an exemplary LC/MS data
matrix resulting from two parent molecules and the resulting
multiplicity of molecules.

[0062] FIG. 22B illustrates an exemplary complex spec-
trum corresponding to the data of FIG. 22A at a time t1.
[0063] FIG. 22C illustrates an exemplary complex spec-
trum corresponding to the data of FIG. 22A at a time t2.
[0064] FIGS. 23A-23B are graphical charts illustrating
how related ions can be identified in the unmodified and
modified ion lists generated by an embodiment of the present
invention.

[0065] FIG. 24 is a flow diagram of a method of analysis, in
accordance with one embodiment of the invention.

[0066] FIG. 25A is an example illustrating a thread hierar-
chy as may be used in an embodiment in accordance with
techniques herein FIGS. 25B and 26 are flow diagrams illus-
trating processing that may be performed used in an embodi-
ment in accordance with techniques herein

[0067] FIG. 27 is an example of a scan pack that may be
used in an embodiment in accordance with techniques herein.
[0068] FIGS. 28A,28B 29A, 29B, 30A, 30B and 31 illus-
trate data that may be used in connection with various pro-
cessing aspects in an embodiment in accordance with tech-
niques herein

[0069] FIG. 28C illustrates an example of determining
reflected points as may be performed in an embodiment in
accordance with techniques herein

[0070] FIG. 32 illustrates an example of a grid of thread
blocks that may be used in an embodiment in accordance with
techniques herein

[0071] FIG. 33 illustrates an example of threads included in
a thread block in an embodiment in accordance with tech-
niques herein.
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[0072] FIGS. 34A and 34B illustrate examples of thread
block configurations in an embodiment in accordance with
techniques herein.

[0073] FIGS. 35 and 36 are examples illustrating use of
coefficients in an embodiment in accordance with techniques
herein.

[0074] FIGS. 37 and 38 are examples of shared memory as
may be used by a thread block in an embodiment in accor-
dance with techniques herein.

[0075] FIGS. 39A-D are examples illustrating neighboring
points considered for use with peak detection in an embodi-
ment in accordance with techniques herein.

[0076] FIG. 40 illustrates an arrangement of thread blocks
that may be used in an embodiment in accordance with tech-
niques herein.

[0077] FIG. 41 is an example arrangement of detected
peaks and peak property information in an embodiment in
accordance with techniques herein.

[0078] FIGS. 42 and 43 are example arrangements of peak
shape information in an embodiment in accordance with tech-
niques herein.

[0079] FIG. 44 is an example of coefficient sets that may be
used in an embodiment in accordance with techniques herein.
[0080] FIGS. 45, 46 and 47 are examples of different vol-
umes of data that may be used in connection with detected
peaks for 4D processing in an embodiment in accordance
with techniques herein.

[0081] FIG. 48 is an example arrangement of buffer volume
data for parent peaks in an embodiment in accordance with
techniques herein.

[0082] FIG. 49 is an example of thread block indices in an
embodiment in accordance with techniques herein.

[0083] FIGS.50A and 50B illustrated how raw data may be
arranged in an embodiment in accordance with techniques
herein.

[0084] FIG. 51 is an example illustrating filtering steps that
may be performed in an embodiment in accordance with
techniques herein.

[0085] FIGS. 52 and 53 are examples of systems and com-
ponents that may be used in an embodiment in accordance
with techniques herein.

DETAILED DESCRIPTION OF
EMBODIMENT(S)

Definitions

[0086]
methods used in the separation of chemical compounds.
Chromatographic equipment typically moves fluids and/or
ions under pressure and/or electrical and/or magnetic forces.
The word “chromatogram,” depending on context, herein
refers to data or a representation of data derived by chromato-
graphic means. A chromatogram can include a set of data
points, each of which is composed of two or more values; one
of these values is often a chromatographic retention time
value, and the remaining value(s) are typically associated
with values of intensity or magnitude, which in turn corre-
spond to quantities or concentrations of components of a
sample.

[0087] The invention supports the generation and analysis
of chromatographic data. Some embodiments of the inven-
tion involve instruments that include a single module that
separates sample compounds while other embodiments
involve multiple modules. For example, principles of the

“Chromatography”—refers to equipment and/or
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invention are applicable to liquid chromatography apparatus
as well as to, for example, apparatus that include liquid chro-
matography, ion-mobility spectrometry and mass spectrom-
etry modules. In some multi-module-based embodiments, a
chromatographic module is placed in fluidic communication
with an ion-mobility spectrometry module through an appro-
priate interface; the IMS module is, in turn, interfaced to a
mass-spectrometry module through use of an appropriate
interface, such as an electrospray-ionization interface. Some
appropriate interfaces at times create or maintain separated
materials in an ionic form. A stream of sample fluid is typi-
cally vaporized, ionized, and delivered to an inlet orifice of a
mass-spectrometry module.

[0088] Thus, some embodiments produce multi-dimen-
sional data composed of sets of data elements, each of which
has valves associated with measurement dimensions such as
retention time (derived from a chromatography module), ion
mobility and mass-to-charge ratio. A unique set of dimen-
sional valves is experimentally linked to, for example, a valve
of'ion intensity as measured in a mass spectrometry module.
[0089] Protein—herein refers to a specific primary
sequence of amino acids assembled as a single polypeptide.

[0090] Peptide—herein refers to a specific sequence of
amino acids assembled as a single polypeptide contained
within the primary sequence of a protein.

[0091] Precursor peptides—tryptic peptides (or other pro-
tein cleavage products) that are generated using a protein-
cleavage protocol. The precursors are optionally separated
chromatographically and passed to a mass spectrometer. An
ion source ionizes these precursor peptides to typically pro-
duce a positively charged, protenated form of the precursor.
The mass of such positively charged protenated precursor ion
is herein referred as the “mwHPlus” or “MH+” of the precur-
sor. In the following, the term “precursor mass” refers gener-
ally to the protenated, mwHPlus or MH+ mass of the ionized,
peptide precursor.

[0092] Fragments—Multiple types of fragments can occur
in LC/MS analyses. In the case of tryptic peptide precursors,
fragments can include polypeptide ions that are produced
from collisional fragmentation of the intact peptide precur-
sors and whose primary amino acid sequence is contained
within the originating precursor peptide. Y-ions and B-ions
are examples of such peptide fragments. Fragments of tryptic
peptides can also include immonium ions, functional groups
such as a phosphate ion (PO,), mass tags cleaved from a
specific molecule or class of molecules, or “neutral loss” of
water (H,0) or ammonia (NH;) molecules from the precur-
sor.

[0093] Y-ions and B-ions—If a peptide fragments at the
peptide bond, and if a charge is retained on the N terminal
fragment, that fragment ion is termed a B-ion. If the charge is
retained on the C terminal fragment, the fragment ion is
termed a Y-ion. A more comprehensive list of possible frag-
ments and their nomenclature is provided in Roepstorff and
Fohlman, Biomed Mass Spectrom, 1984; 11(11):601 and
Johnson et al, Anal. Chem. 1987, 59(21): 2621:2625.

[0094] Retention time—in context, typically refers to the
point in a chromatographic profile at which an entity reaches
its maximum intensity.

[0095] Ions—a peptide, for example, typically appears in
an LC/MS analysis as an ensemble of ions due to the natural
abundance of the isotopes of the constituent elements. Anion
has, for example, a retention time and an m/z value. The mass
spectrometer (MS) detects only ions. The LC/MS technique
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produces a variety of observed measurements for every
detected ion. This includes: the mass-to-charge ratio (m/z),
mass (m), the retention time, and the signal intensity of the
ion, such as a number of ions counted.

[0096] Noise—used herein to refer to a raw-data compo-
nent arising from sources such as detector noise, including
Poisson noise due to counting statistics and Gaussian,
Johnson noise due to thermal effects, and other noise sources
that tend to hide real ion peaks or produce false ion peaks.
[0097] Artifact—refers herein to false peaks in raw data, as
arise from, for example, noise, peak interference and peak
overlap.

[0098] Generally, an LC/IMS/MS analysis optionally pro-
vides an empirical description of, for example, a peptide in
terms of its mass, charge, retention time, mobility and total
intensity. When a peptide elutes from a chromatographic
column, it elutes over a specific retention time period and
reaches its maximum signal at a single retention time. After
ionization and (possible) fragmentation, the peptide appears
as arelated set of ions. The different ions in the set correspond
to different isotopic compositions and charges of the common
peptide. Each ion within the related set of ions produces a
single peak retention time and peak shape. Since these ions
originate from a common peptide, the peak retention time and
peak shape of each ion is identical, within some measurement
tolerance. The MS acquisition of each peptide produces mul-
tiple ion detections for all isotopes and charge states, all
sharing the same peak retention-time and peak shape within
some measurement tolerance.

[0099] Inan LC/MS separation, a single peptide (precursor
or fragment) produces many ion detections, which appear as
a cluster of ions, having multiple charge states. Deconvolu-
tion of these ion detections from such a cluster, indicates the
presence of a single entity of a unique monoisotopic mass, at
a specific retention time, of a measured signal intensity, in a
charge state.

[0100] Embodiments of the present invention can be
applied to a variety of applications including large-molecule,
non-volatile analytes that can be dissolved in a solvent.
Although embodiments ofthe present invention are described
hereinafter with respect to LC, LC/MS or LC/IMS/MS sys-
tems, embodiments of the present invention can be configured
for operation with other analysis techniques, including GC,
GC/MS and GC/IMS/MS systems. For context, embodiments
that utilize 1-D and 2-D matrices for analysis of LC/MS data
are described first, with reference to FIGS. 1-23. Subse-
quently, some preferred embodiments of the present inven-
tion, relating to LC/IMS/MS and higher dimensional tech-
niques, are described with reference to FIG. 24.

[0101] FIG. 1 is a schematic diagram of an exemplary
LC/MS system 101 according to an embodiment of the
present invention. LC/MS analysis is performed by automati-
cally or manually injecting a sample 102 into a liquid chro-
matograph 104. A high pressure stream of chromatographic
solvent provided by pump 103 and injector 105 forces sample
102 to migrate through a chromatographic column 106 in
liquid chromatograph 104. Column 106 typically comprises a
packed column of silica beads whose surface comprises
bonded molecules. Competitive interactions between the
molecular species in the sample, the solvent and the beads
determine the migration velocity of each molecular species.
[0102] A molecular species migrates through column 106
and emerges, or elutes, from column 106 at a characteristic
time. This characteristic time commonly is referred to as the



US 2013/0080073 Al

molecule’s retention time. Once the molecule elutes from
column 106, it can be conveyed to a detector, such as a mass
spectrometer 108.

[0103] A retention time is a characteristic time. That is, a
molecule that elutes from a column at retention time t in
reality elutes over a period of time that is essentially centered
attimet. The elution profile over the time period is referred to
as a chromatographic peak. The elution profile of a chromato-
graphic peak can be described by a bell-shaped curve. The
peak’s bell shape has a width that typically is described by its
full width at half height, or half-maximum (FWHM). The
molecule’s retention time is the time of the apex of the peak’s
elution profile. Spectral peaks appearing in spectra generated
by mass spectrometers have a similar shape and can be char-
acterized in a similar manner. FIG. 2 illustrates an exemplary
chromatographic or spectral peak 202 having a peak apex
204. The FWHM and height or the peak 202 are also illus-
trated in FIG. 2.

[0104] For purposes of subsequent description, peaks are
assumed to have a Gaussian profile as shown in FIG. 2. For a
Gaussian profile, the FWHM is approximately 2.35 times the
standard deviation o of the Gaussian profile.

[0105] Chromatographic peak width is independent of
peak height and is substantially a constant characteristic of a
molecule for a given separation method. In the ideal case, for
a given chromatographic method all molecular species would
elute with the same peak width. However, typically peak
widths change as a function of retention time. For example,
molecules that elute at the end of a separation can display
peak widths that are several times wider than peak widths
associated with molecules that elute early in the separation.
[0106] In addition to its width, a chromatographic or spec-
tral peak has a height or area. Generally, the height and area of
the peak are proportional to the amount or mass of the species
injected into the liquid chromatograph. The term intensity
commonly refers to either the height or area of the chromato-
graphic or spectral peak.

[0107] Although chromatographic separation is a substan-
tially continuous process, detectors analyzing the eluent typi-
cally sample the eluent at regularly spaced intervals. The rate
at which a detector samples the eluent is referred to as the
sample rate or sample frequency. Alternatively, the interval at
which a detector samples the eluent is referred to as the
sampling interval or sample period. Because the sample
period must be long enough so that the system adequately
samples the profile of each peak, the minimum sample period
is limited by the chromatographic peak width. As an example,
the sample period can be set so that approximately five (5)
measurements are made during the FWHM of a chromato-
graphic peak.

[0108] InanLLC/MS system, the chromatographic eluent is
introduced into a mass spectrometer (MS) 108 for analysis as
shown in FIG. 1. MS 108 comprises a desolvation system
110, an ionizer 112, a mass analyzer 114, a detector 116, and
a computer 118. When the sample is introduced into MS 108,
desolvation system 110 removes the solvent, and ionizing
source 112 ionizes the analyte molecules. lonization methods
to ionize molecules that evolve from LC 104 include electron-
impact (EI), electrospray (ES), and atmospheric chemical
ionization (APCI). Note that in APCI, the order of ionization
and desolvation is reversed.

[0109] The ionized molecules are then conveyed to mass
analyzer 114. Mass analyzer 114 sorts or filters the molecules
by their mass-to-charge ratio. Mass analyzers, such as mass

Mar. 28, 2013

analyzer 114 that are used to analyze ionized molecules in MS
108 include quadrupole mass analyzers (Q), time-of-flight
(TOF) mass analyzers, and Fourier-transform-based mass
spectrometers (FTMS).

[0110] Mass analyzers can be placed in tandem in a variety
of configurations, including, e.g., quadrupole time-of-flight
(Q-TOF) mass analyzers. A tandem configuration enables
on-line collision modification and analysis of an already
mass-analyzed molecule. For example, in triple quadrupole
based massed analyzers (such as Q1-Q2-Q3 or Q1-Q2-TOF
mass analyzers), the second quadrupole (Q2), imports accel-
erating voltages to the ions separated by the first quadrupole
(Q1). These ions, collide with a gas expressly introduced into
Q2. The ions fragment as a result of these collisions. Those
fragments are further analyzed by the third quadrupole (Q3)
or by the TOF. Embodiments of the present invention are
applicable to spectra and chromatograms obtained from any
mode of mass-analysis such as those described above.
[0111] Molecules at each value for m/z are then detected
with detection device 116. Exemplary ion detection devices
include current measuring electrometers and single ion
counting multi-channel plates (MCPs). The signal from an
MCP can be analyzed by a descriminator followed by a time-
domain-converter (TDC) or by an analog to digital (ATD)
converter. For purposes of the present description, an MCP
detection-based system is assumed. As a result, detector
response is represented by a specific number of counts. This
detector response (i.e., number of counts) is proportional to
the intensity of ions detected at each mass-to-charge-ratio
interval.

[0112] An LC/MS system outputs a series of spectra or
scans collected over time. A mass-to-charge spectrum is
intensity plotted as a function of m/z. Each element, a single
mass-to-charge ratio, of a spectrum is referred to as a channel.
Viewing a single channel over time provides a chromatogram
for the corresponding mass-to-charge ratio. The generated
mass-to-charge spectra or scans can be acquired and recorded
by computer 118 and stored in a storage medium such as a
hard-disk drive that is accessible to computer 118. Typically,
a spectrum or chromatogram is recorded as an array of values
and stored by computer system 118. The array can be dis-
played and mathematically analyzed.

[0113] The specific functional elements that make up an
MS system, such as MS 108, can vary between LC/MS sys-
tems. Embodiments of the present invention can be adapted
for use with any of a wide range of components that can make
up an MS system.

[0114] After chromatographic separation and ion detection
and recordation, the data is analyzed using a post-separation
data analysis system (DAS). In an alternate embodiment of
the present invention, the DAS performs analysis in real-time
or near real-time. The DAS is generally implemented by
computer software executing on a computer such as computer
118 shown in FIG. 1. Computers that can be configured to
execute the DAS as described herein are well known to those
skilled in the art. The DAS is configured to perform a number
of tasks, including providing visual displays of the spectra
and/or chromatograms as well as providing tools for perform-
ing mathematical analysis on the data. The analyses provided
by the DAS include analyzing the results obtained from a
single injection and/or the results obtained from a set of
injections to be viewed and further analyzed. Examples of
analyses applied to a sample set include the production of
calibration curves for analytes of interest, and the detection of
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novel compounds present in the unknowns, but not in the
controls. A DAS according to embodiments of the present
invention is described herein.

[0115] FIGS. 3A-3C illustrate exemplary spectra for three
ions (ion 1, ion 2 and ion 3) produced during an exemplary
LC/MS experiment. Peaks associated with ion 1, ion 2 and ion
3 appear within a limited range of retention time and m/z. For
the present example, it is assumed that the mass-to-charge
ratios of ion 1, ion 2 and ion 3 are different, and that the
molecular parents of the ions eluted at nearly, but not exactly,
identical retention times. As a result, the elution profiles of the
respective molecules overlap or co-elute. Under these
assumptions, there is a time when all three molecules are
present in the ionizing source of the MS. For example, the
exemplary spectrum illustrated in FIGS. 3A-3C were col-
lected when all three ions were present in the MS ionization
source. This is apparent because each spectrum exhibits a
peak associated with each ofions 1, 2 and 3. As can be seen in
the exemplary spectra illustrated in FIG. 3A-3C, there is no
overlap of spectral peaks. The lack of overlap indicates that
the mass spectrometer resolved these spectral peaks. The
location ofthe apex of the peaks corresponding to each ofions
1, 2 and 3 represents its mass-to-charge ratio.

[0116] It is not possible to determine precise retention
times or even relative retention times at which ions in a
spectrum elute using only a single spectrum. For example, it
can be seen that at the time the data for Spectrum B was
collected, all three molecules associated with ions 1, 2 and 3
were eluting from the column. However, analyzing only
Spectrum B, it is not possible to determine a relationship
between the elution times of ions 1, 2 and 3. Thus, Spectrum
B could have been collected at a time corresponding to the
beginning of a chromatographic peak, as the molecule began
to elute from the column, or from the end of the chromato-
graphic peak, when the molecule was nearly finished eluting
or at some time in between.

[0117] More accurate information related to retention time
can be obtained by examining successive spectra. This addi-
tional information can include the retention time of the elut-
ing molecules or at least the elution order. For example,
assume Spectra A, B, and C shown in FIGS. 3A-3C were
collected successively such that Spectrum A was collected at
time tA; Spectrum B was collected at a later time tB; and
Spectrum C was collected at time tC, which is a time later than
time tB. Then, the elution order of the respective molecules
can be determined by examining the relative heights of the
peaks appearing in spectra successively collected as time
progresses from tA to tC. Such examination reveals that as
time progresses ion 2 decreases in intensity relative to ion 1,
and that ion 3 increases in intensity relative to ion 1. There-
fore, ion 2 elutes before ion 1, and ion 3 elutes after ion 1.
[0118] This elution order can be verified by generating
chromatograms corresponding to each peak found in a spec-
trum. This can be accomplished by obtaining the m/z value at
the apex of each of the peaks corresponding to ions 1, 2 and 3.
Given these three m/z values, the DAS extracts from each
spectrum the intensity obtained at that m/z for each scan. The
extracted intensities are then plotted versus elution time. Such
a plot is illustrated in FIGS. 4A-4C. It can be seen that the
plots in FIG. 4 represent the chromatograms forions 1, 2, and
3 at the m/z values obtained by examining the peaks in FIGS.
3A-3C. Each chromatogram contains a single peak. Exami-
nation of the chromatograms for ions 1, 2 and 3 as illustrated
in FIGS. 4A-4C confirms that ion 2 elutes at the earliest time
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and that ion 3 elutes at the latest time. The apex location in
each of the chromatograms shown in FIGS. 4 A-4C represents
the elution time for the molecule corresponding to the respec-
tive ions.

[0119] With this introduction in mind, embodiments of the
present invention relate to analyzing experimental analysis
outputs, such as spectra and chromatograms, to optimally
detect ions and quantify parameters related to the detected
ions. Moreover, embodiments of the present invention can
provide significantly simplified spectra and chromatograms.
[0120] FIG. 5is a flow chart 500 for processing experimen-
tal analysis output, such as spectra and chromatograms. Flow
chart 500 can be embodied in a number of ways including in
the DAS described above. In the embodiment of the present
invention illustrated in FIG. 5, analysis proceeds as follows:
STEP 502: Create a two-dimensional data matrix having
chromatographic and spectral data.

STEP 504: Specify a two-dimensional convolution filter to
apply to the data matrix.

STEP 506: Apply the two-dimensional convolution filter to
the data matrix. For example, the data matrix can be con-
volved with the two-dimensional filter.

STEP 508: Detect peaks in the output of the application of the
two-dimensional filter to the data matrix. Each detected peak
is deemed to correspond to an ion. Thresholding can be used
to optimize peak detection.

STEP 510: Extract ion parameters for each detected peak.
The parameters include ion characteristics such as retention
time, mass-to-charge ratio, intensity, peak width in the spec-
tral direction and/or peak width in the chromatographic direc-
tion.

STEP 512: Store the ion parameters associated with extracted
ions in a list or table. Storage can be performed as each peak
is detected or after a plurality or all of the peaks have been
detected.

STEP 514: Use the extracted ion parameters to post-process
the data. For example, the ion parameter table can be used to
simplify the data. Such simplification can be accomplished,
for example, by windowing to reduce spectral or chromato-
graphic complexity. Properties of the molecules can be
inferred from the simplified data.

[0121] FIGS. 6 and 7 are graphical flow charts describing
the foregoing steps of flow chart 500. FIG. 6 is a graphical
flowchart 602 of a method for processing LC/MS data accord-
ing to an embodiment of the present invention. More particu-
larly, each element of graphical flowchart 602 illustrates the
result of a step according to an embodiment of the present
invention. Element 604 is an exemplary LC/MS data matrix
created according to an embodiment of the present invention.
As described below, the LC/MS data matrix can be created by
placing LC/MS spectra collected at successive times in suc-
cessive columns of a data matrix. Element 606 is an exem-
plary two-dimensional convolution filter that can be specified
according to desired filtering characteristics. Considerations
for specifying the two-dimensional filter are described in
more detail below. Element 608 represents application of the
two-dimensional filter of element 606 to the LC/MS data
matrix of element 604 according to an embodiment of the
present invention. An exemplary such application of the two-
dimensional filter to the LC/MS data matrix is a two-dimen-
sional convolution wherein the LC/MS data matrix is con-
volved with the two-dimensional convolution filter. The
output of the filtering step is the output data matrix, an
example of which is illustrated as element 610. Where the
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application of the filter to the data matrix comprises a convo-
Iution, the output is an output convolved matrix.

[0122] Element 612 illustrates an exemplary result of per-
forming peak detection on the output data matrix to identify
or detect peaks associated with ions. Thresholding can be
used to optimize the peak detection. At this point, the ions are
considered detected. Element 614 is an exemplary list or table
of the ion properties created using the detected ions.

[0123] FIG. 7 is a graphical flowchart 702 illustrating
results of determining a detection threshold and its applica-
tion to further consolidate the ion parameter table according
to an embodiment of the present invention. Element 706
represents exemplary peak data accessed from the ion param-
eter list, Element 704. Element 706 illustrate results of deter-
mining a detection threshold using the accessed data. The
determined threshold is applied to the ion parameter list gen-
erated as Step 704 to generate an edited ion parameter list an
example of which is illustrated as Step 708. The foregoing
steps are now explained in more detail.

Step 1: Create Data Matrix

[0124] Ratherthan view the output of an LC/MS analysis as
distinct series of spectra and chromatograms, it is advanta-
geous to configure the LC/MS output as a data matrix of
intensities. In an embodiment of the present invention, the
data matrix is constructed by placing the data associated with
each successive spectrum collected at increasing time in suc-
cessive columns of a data matrix thereby creating a two-
dimensional data matrix of intensities. FIG. 8 illustrates an
exemplary such data matrix 800 in which five (5) spectra
successively collected in time are stored in successive col-
umns 801-805 of data matrix 800. When the spectra are stored
in this manner, the rows of data matrix 800 represent chro-
matograms at corresponding m/z values in the stored spectra.
These chromatograms are indicated by rows 811-815 in data
matrix 800. Thus, in matrix form, each column of the data
matrix represents a spectrum collected at a particular time,
and each row represents a chromatogram collected at a fixed
m/z. Each element of the data matrix is an intensity value
collected at a particular time (in the corresponding chromato-
gram) for a particular m/z (in the corresponding spectrum).
Although the present disclosure assumes column-oriented
spectral data and row-oriented chromatographic data, in alter-
nate embodiments of the present invention, the data matrix is
oriented such that rows represent spectra and columns repre-
sent chromatograms.

[0125] FIG. 9 is an exemplary graphical representation (in
particular, a contour plot) of a data matrix generated as
described above by storing spectral data in successive col-
umns of the data matrix. In the contour plot illustrated in FI1G.
9, each ofions 1, 2 and 3 appears as an island of intensity. The
contour plot distinctly shows not only the presence of the
three ions, but also that the elution order is ion 2, followed by
ion 1, followed by ion 3. FIG. 9 also shows three apices 902a,
9025 and 902c¢. Apex 902a corresponds to ion 1, apex 9025
corresponds to ion 2 and apex 902¢ corresponds to ion 3. The
locations of apices 902a, 9025, and 902¢ correspond to the
m/z and retention time for ions 1, 2 and 3 respectively. The
height of the apex above the zero value floor of the contour
plot is a measure of the ion’s intensity. The counts or inten-
sities associated with a single ion are contained within an
ellipsoidal region or island. The FWHM of this region in the
m/z (column) direction is the FWHM of the spectral (mass)
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peak. The FWHM of this region in the row (time) direction is
the FWHM of the chromatographic peak.

[0126] The innermost of the concentric contours forming
an island identifies the element having the highest intensity.
This local maximum or maximal element has an intensity
greater than its nearest neighbors. For example, for two-
dimensional data contours, a local maximum or apex is any
point whose amplitude is greater than its nearest-neighbor
elements. In one embodiment of the present invention, a local
maximum or apex must be greater than eight (8) nearest
neighbor elements. For example in the Table 1, the central
element is a local maximum because each of the 8 adjoining
elements has a value less than 10.

TABLE 1

Example showing maximum

8.5 9.2 6.8
9.2 10.0 8.4
7.9 8.5 7.2

[0127] There are six lines drawn through the contour plot of
FIG. 9. The three horizontal lines, labeled ion 1, ion 2 and ion
3, identify cross sections corresponding to the chromato-
grams for ions 1, 2 and 3 respectively as illustrated in FIGS.
4A-4C. The three vertical lines, labeled A, B and C, identify
cross sections corresponding to the mass spectra 3A, 3B and
3C respectively as illustrated in FIGS. 3A-3C.

[0128] After the data matrix is created, ions are detected.
For each detected ion, ion parameters, such as retention time,
m/z and intensity, are obtained. If the data matrix is free of
noise and if the ions do not interfere with one another (e.g., by
chromatographic co-elution and spectral interference), then
each ion produces a unique, isolated island of intensity, as
illustrated in the contour plot of FIG. 9.

[0129] As shown in FIG. 9, each island contains a single
maximal element. Where there is no noise, co-elution or
interference, ion detection and parameter quantification
according to an embodiment of the present invention pro-
ceeds as follows as shown in flow chart 1000 in FIG. 10:

[0130] STEP 1001: Form Data Matrix

[0131] STEP 1002: Interrogate each element in the data
matrix.

[0132] STEP 1004: Identify all elements that are local

maxima of intensity and have positive values.

[0133] STEP 1006: Label each such local maximum as
an ion.

[0134] STEP 1008: Extract ion parameters.

[0135] STEP 1010: Tabulate ion parameters.

[0136] STEP 1012: Post-process ion parameters to

obtain molecular properties.

[0137] In Step 1008, the parameters of each ion are
obtained by examining the maximal element. An ion’s reten-
tion time is the time of the scan containing the maximal
element. The ion’s m/z is the m/z for the channel containing
the maximal element. The ion’s intensity is the intensity of
the maximal element itself, or alternatively, the intensity can
be the sum of intensities of elements surrounding the maxi-
mal element. Interpolation techniques, described below, can
be used to better estimate these parameters. Secondary
observable parameters, including for example, the widths of
the peak in the chromatographic and spectral directions, can
also be determined.
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Steps 2 and 3: Specification and Application of Filter

Need for Filters

[0138] Rarely, if ever, is co-elution, interference, or noise
absent in LC/MS experiments. The presence of co-elution,
interference, or noise can severely reduce the ability to accu-
rately and reliably detect ions. Consequently, the simple
detection and quantification procedure illustrated by flow
chart 1000 may not be adequate in all circumstances.

Coelution

[0139] FIG. 11 is an exemplary contour plot showing the
effects of co-elution and interference due to finite peak
widths. In the example illustrated in FIG. 11, another ion, ion
4, is assumed to have m/z and retention time values somewhat
larger than that of ion 1 as well as have an apex in both the
spectral and chromatographic directions lying within the
FWHM ofthe apex of'ion 1. As aresult, ion 4 is co-eluted with
ion 1 in the chromatographic direction and interferes with ion
1 in the spectral direction.

[0140] FIGS. 12A-12C illustrate the spectral effects due to
co-elution of ion 4 at the times indicated by lines A, B, and C
of FIG. 11. In each spectrum shown in FIGS. 12A-12C, ion 4
appears as a shoulder to ion 1. This is also apparent from the
contour plot shown in FIG. 11 because there is no distinct
apex associated with ion 4.

[0141] Thus one problem with detection in LC/MS systems
is that pairs of ions may co-elute in time and interfere spec-
trally such that the pair of ions produces only a single local
maximum, not two. Co-elution or interference can cause true
ions, having significant intensity in the data matrix, to be
missed, i.e., not detected. Such missed detection of a true
peak as an ion is referred to as a false negative.

Noise

[0142] Noise encountered in LC/MS systems typically falls
into two categories: detection noise and chemical noise.
Detector and chemical noise combine to establish a baseline
noise background against which the detection and quantita-
tion of ions is made.

[0143] Detection noise, also known as shot or thermal
noise, is inherent in all detection processes. For example,
counting detectors, such as MCPs, add shot noise, and ampli-
fiers, such as electrometers, add thermal or Johnson noise.
The statistics of shot noise are generally described by Poisson
statistics. The statistics of Johnson noise are generally
described by Gaussian statistics. Such detection noise is
inherent in the system and cannot be eliminated.

[0144] The second kind of noise encountered in LC/MS
systems is chemical noise. Chemical noise arises from several
sources. For example, small molecules that are inadvertently
caught up in the process of separation and ionization can give
rise to chemical noise. Such molecules can be a constant
presence, each producing an essentially constant background
intensity at a given mass-to-charge ratio, or each such mol-
ecule can be separated thereby producing a chromatographic
profile at a characteristic retention time. Another source of
chemical noise is found in complex samples, which can con-
tain both molecules whose concentrations vary over a wide
dynamic range and interfering elements whose effects are
more significant at lower concentrations.

[0145] FIG. 13 is an exemplary contour plot illustrating the
effects of noise. In FIG. 13, numerically generated noise is
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added to an ion peak contour plot to simulate the effects of
chemical and detector noise. FIGS. 14A-14C illustrate mass
spectra (Spectra A, B and C) corresponding to lines A, B and
C respectively in FIG. 13, FIGS. 14D-14F illustrate chro-
matograms for ions 1, 2, 3 corresponding to lines labeled ion
1, ion 2 and ion 3 respectively in FIG. 13. As can be seen in
FIG. 13, one detrimental effect of the additive noise is that it
causes apices to appear throughout the plot, including within
the FWHM of the nominal apex locations associated with
ions 1 and 2. These noise-induced apices can be erroneously
identified as peaks corresponding to ions, thereby resulting in
false positive ion detections.

[0146] Thus, local maxima may be due to the noise rather
than ions. As a result, false peaks, i.e., peaks not associated
with an ion, may be counted as an ion. Moreover, noise might
produce more than one multiple local maximum for an ion.
These multiple maxima could result in detection of peaks that
do notrepresent true ions. Thus, peaks from a single ion could
be multiply counted as separate ions when in fact the multiple
peaks are due only to a single ion. Such detection of false
peaks as ions is referred to as false positives.

[0147] In addition to disregarding noise effects, the simple
ion detection algorithm described in FIG. 10 is generally not
statistically optimal. This is because the variance in the esti-
mates of retention time, m/z and intensity are determined by
the noise properties of a single maximal element. The sim-
plified algorithm does not make use of the other elements in
the island of intensities surrounding the maximal element. As
described in more detail below, such neighboring elements
can be used to reduce variance in the estimate.

[0148] Role of Convolution

[0149] According to embodiments of the present invention,
the LC/MS data matrix is a two-dimensional array. Such a
data matrix can be processed by convolving it with a two-
dimensional array of filter coefficients.

[0150] The convolution operation employed in embodi-
ments of the present invention provides a more general and
powerful approach to peak detection than the simple signal-
averaging schemes employed in conventional systems. The
convolution operation employed in embodiments of the
present invention addresses the limitations of the method
described in FIG. 10.

[0151] The filter coefficients can be chosen to provide esti-
mates of ion parameters that have better signal-to-noise ratios
than those obtained from analyzing single channels or scans.
[0152] The convolution filter coefficients can be chosen to
produce estimates of ion parameters that have the greatest
precision or least statistical variance for a particular data set.
These benefits of embodiments of the present invention pro-
vide more reproducible results for ions at low concentration
than do conventional systems.

[0153] Another advantage of embodiments of the present
invention is that filter coefficients can be chosen to resolve
ions that are co-eluted and interfering. For example, the api-
ces of ions appearing as shoulders to other ions in a mass
spectrum can be detected using appropriately specified filter
co-efficients in embodiments of the present invention. Such
detection overcomes limitations associated with conventional
techniques in analyzing complex chromatograms, where co-
elution and ion-interference are a common problem.

[0154] Another advantage of embodiments of the present
invention is that filter coefficients can be chosen to subtract
baseline signals, producing more accurate estimates of ion
intensity.
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[0155] Another advantage of embodiments of the present
invention is that filter coefficients can be chosen to minimize
the computation burden of convolution, resulting in high-
speed operation of peak detection and the estimation of ion
parameters.

[0156] Ingeneral, numerous filter shapes can be used in the
convolution, including, for example, Savitzky-Golay (SG)
smoothing and differentiating filters. The filter shapes can be
chosen to perform a number functions including smoothing,
peak identification, noise reduction and baseline reduction.
Filter shapes used in preferred embodiments of the present
invention are described below

Implementation of Convolution

[0157] The convolution operation according to embodi-
ments of the present invention is linear, non-iterative and not
dependent on the values of the data in the data matrix. In an
embodiment of the present invention, the convolution opera-
tion is implemented by means of a general purpose program-
ming language using a general purpose computer such as
computer 118. In an alternate embodiment of the present
invention, the convolution operation is implemented in a spe-
cial purpose processor known as digital-signal-processor
(DSP). Typically, DSP-based filtering provides enhanced
processing speed over general purpose computer-based filter-
ing.

[0158] In general, convolution combines two inputs to pro-
duce one output. Embodiments of the present invention
employ a two-dimensional convolution. One input to the two-
dimensional convolution operation is the data matrix of inten-
sities created from the spectral output of an LC/MS experi-
ment. The second input to the two-dimensional convolution
operation is a matrix of filter coefficients. The convolution
operation outputs an output convolved matrix. Generally, the
output convolved matrix has the same number of rows and
column elements as the input LC/MS matrix.

[0159] For simplicity in the present description, assume
that the LC/MS data matrix is rectangular and that the size of
the matrix of filter coefficients is comparable to the size of a
peak. In this case the size of the filter coefficient matrix is
smaller than the size of the input data matrix or output con-
volved matrix.

[0160] An element of the output matrix is obtained from the
input LC/MS data matrix as follows: the filter matrix is cen-
tered on an element in the input data matrix, and then the input
data matrix elements are multiplied by the corresponding
filter matrix elements and the products are summed, produc-
ing an element of the output convolved data matrix. By com-
bining neighboring elements, convolution filters reduce vari-
ance in the estimates of an ion’s retention time, mass-to-
charge ratio, and intensity.

[0161] The edge-values of the output convolved matrix are
those elements that are within half the filter width from the
edge of the output convolved matrix. Generally these ele-
ments can be set to an invalid value in embodiments of the
present invention to indicate invalid filtering values. Gener-
ally, ignoring these edge values is not a significant limitation
for embodiments of the present invention and these invalid
values can be ignored in subsequent processing.

One-Dimensional Convolution

[0162] Convolution for a one-dimensional case is clearly
described in detail. This description is followed by general-
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izing convolution to the two-dimensional case. It is useful to
first describe the one-dimensional case because the two-di-
mensional convolution operation that is used in the preferred
embodiment of the present invention is implemented by
applying a series of one-dimensional convolutions to the data
matrix.

[0163] In one dimension, the convolution operation is
defined as follows. Given a one-dimensional, N-element,
input array of intensities d, and a one-dimensional, M-ele-
ment, array of convolution filter coefficients {;, the convolu-
tion operation is defined as:

M

k
¢ = Z fidi-j
=

where c, is the output convolved array, and i=1, . . ., N. For
convenience, M is chosen to be an odd number. The index j
varies from j==h, . . ., 0, . . . h, where h is defined as
h=(M—1)/2.

[0164] Thus, the value of ¢, corresponds to a weighted sum
of'the h elements surrounding d,. Spectra and chromatograms
are examples of one-dimensional input arrays that contain
peaks. The width of the convolution filter f; is set to be
approximately the width of a peak. Thus, M is on the order of
the number of array elements that span the width of a peak.
Peaks have a width which typically is much smaller than the
length N of the input array, so that in general M[IN.

[0165] Although the index i for d, ranges from 1 to N, in
some embodiments of the present invention, ¢, is defined only
for i>h or i=(N-h) to account for edge effects. The value for
c, near the array boundaries, i.e. when i=h or i>(N-h), is not
defined for the summation. Such edge effects can be handled
by limiting the values for c, to be i>h or i=(N-h), where the
summation is defined. In this case, the summation applies
only to those peaks far enough away from the array edges so
that the filter f; can be applied to all points within the neigh-
borhood of the peak. That is, filtering is not performed at the
edges of the data array d,. Generally, ignoring edge effects is
not a significant limitation for embodiments of the present
invention.

[0166] Iffiltered values are needed near the edge for 1<i<h
or NZi>(N-h), either the data array and/or the filter coeffi-
cients can be modified for these edge elements. The data
matrix can be modified by append h elements to each end the
array, and apply the M coefficient filter to an array that con-
tains N+2h elements.

[0167] Alternatively, edge effects can be considered by
appropriately modifying the limits of the filtering function to
account for there being less than M points for filtering near the
edges.

Two-Dimensional Convolution

[0168] The one-dimensional convolution operation
described above can be generalized to the case of two-dimen-
sional data for use in embodiments of the present invention. In
the two-dimensional case, one input to the convolution opera-
tion is a data matrix d,; subscripted by two indices, (i),
wherein i=1, ..., Mand j=1, ..., N. The data values of the
input data matrix can vary from experiment to experiment.
The other input to the convolution is a set of fixed filter
coefficients, T, , that is also subscripted by two indices. The
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filter coefficients matrix, f,, ., is a matrix that has PxQ coef-
ficients. Variables h and 1 are defined as h=(P-1)/2 and 1=(Q-
1)/2. Thus, p==h, ... ,h,andq=-1, ..., 1

[0169] Convolvingd, ; with{, _ yields the output convolved

matrix c,

ot (2)

=), D ratopia

p=—h g=—1

[0170] Generally, the size of the filter is much less than the
size of the data matrix, so that P<<M and Q<<N. The above
equation indicates that c, ; is computed by centering f, , on the
(1,)th element of d; ; and then using the filter coefficients {,, ,
to obtain the weighed sum of the surrounding intensities.
Thus, each element of the output matrix ¢, ; corresponds to a
weighted sum of the elements of d, ;, wherein each elementd, ;
is obtained from a region centered on the , th element.
[0171] Although the index i and j for d, ; ranges from i=1 to
N, and j from 1 to M, in some embodiments of the present
invention, ¢, ; is defined only for i=h or i=(N-h) and j=1 or
J=(M-1)to account for edge effects. The value for ¢, near the
array boundaries, i.e. when i<h or i>(N-h) and/or j=1 or
J=(M-1) is not defined for the summation. Such edge effects
can be handled by limiting the values forc, ; to be those where
the summation is defined. In this case, the summation applies
only to those peaks far enough away from the array edges so
that the filter f, , can be applied to all points within the
neighborhood of the peak. That is, filtering is not performed
at the edges of the data array d, . Generally, ignoring edge
effects is no a significant limitation for embodiments of the
present invention.

[0172] Iffiltered values are needed near the edge for 1 =i<h
and N=Zi>(N-h), either the data matrix and/or the filter coef-
ficients matrix can be modified for these edge elements. One
approach is to append h elements to the end of each row, and
1 elements to the end of each column. The two-dimensional
convolution filter is then applied to a data matrix that contains
(N+2h)x(M+21) elements.

[0173] Alternatively, edge effects can be considered by
appropriately modifying the limits of the filtering function to
account for there being less than P points for filtering near the
row edges and Q points for filtering near the column edges.
[0174] The computational burden for implementation of
equation (2) can be determined as follows. If f, , contains
PxQ coefficients then the number of multiplications needed
to compute a value for ¢, ; is PxQ. For example, where P=20
and Q=20, it follows that 400 multiplications are needed to
determine each output point c,; in the output convolved
matrix. This is a high computation burden that can be eased by
other approaches to two-dimensional convolution.
Two-dimensional Convolution with Rank-1 Filters

[0175] Thetwo-dimensional convolution filter described in
equation (2) applies a filter matrix that contains PxQ inde-
pendently specified coefficients. There are other ways for
specifying the filter coefficients. Although the resulting con-
volution coefficients are not as freely specified, the computa-
tion burden is eased.

[0176] One such alternate way of specifying the filter coet-
ficients is as a rank-1 filter. To describe a rank-1 convolution
filter, consider that a two-dimensional convolution of the
LC/MS data matrix can be accomplished by the successive
application of two one-dimensional convolutions. See for
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example, in Joun H. Kart, INTRoDUCTION To DiGiTal SigNar
ProcessiNG, pG. 320 (Acapemic Press 1989) (“Karr”), which is
hereby incorporated by reference herein. For example, a one-
dimensional filter, g , is applied to each row of the LC/MS
data matrix, producing an intermediate convolved matrix. To
this intermediate convolved matrix, a second one-dimen-
sional filter, T, is applied to each column. Each one-dimen-
sional filter can be specified with a different set of filter
coefficients. Equation (3) illustrates how the filters compris-
ing a rank-1 convolution filter are applied in succession,
wherein the intermediate matrix is enclosed in the parenthe-
ses.

&)

L L
Cij= § fp[Z qui*p,j*q]
PECE

p=—

@

hod
= Z Z Fr&8adi—p,jq-

p=—hg=—1

[0177] The computational burden for implementation of
equation (3) can be determined as follows. If f, contains P
coefficients and g, contains Q coefficients, then the number of
multiplications needed to compute a value for c, ; is P+Q. For
example, where P=20 and Q=20, only 40 multiplications are
needed to determine each output point ¢, ; the output con-
volved matrix. As can be seen, this is more computationally
efficient than the general case of two-dimensional convolu-
tion described in Eq. (2) where 20x20=400 are required to
determine each c; ;.

[0178] Equation (4) is a rearrangement of equation (3) that
illustrates that the successive operations are equivalent to a
convolution of the data matrix with a single coefficient matrix
whose elements are pair-wise products of the one dimen-
sional filters. An examination of equation (4) shows that in
using the rank-1 formulation, the effective two-dimensional
convolution matrix is a rank-1 matrix formed by the outer
product of two one-dimensional vectors. Thus, equation (4)
can be rewritten as:

nod ®
= 2y D Fodipig
—haq—t
Fpq = fp8- ©)

The two-dimensional coefficient matrix F,,, emerges from the
convolution operation. F,, has the form of a rank-1 matrix,
where a rank-1 matrix is defined as the outer product of a
column vector (here, ) and a row vector (here, g ). See for
example, in GILBERT STRANG, INTRODUCTION To APPLIED MATH-
EMATICS, 68FF (WELLESLEY-CAMBRIDGE PRrESS 1986) (“STRANG™),
which is hereby incorporated by reference herein.

[0179] In embodiments of the present invention using a
rank-1 filter implementation, the rank-1 filter is characterized
by two orthogonal cross sections, one for each filter. The filter
for each orthogonal cross-section is specified by a one-di-
mensional filter array.

Two-Dimensional Convolution with Rank-2 Filters

[0180] A two-dimensional convolution operation can be
carried out with a rank-2 filter. Two-dimensional convolution
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with a rank-2 filter is carried out by computing two rank-1
filters and summing their result. Thus, four filters: I; 284 ,fpz,
and gq are required to implement a rank-2 filter for the
two-dimensional convolution performed in embodlments of
the present invention. Two of the filters I; and g are asso-
01ated with the first rank-1 filter and two of the filters f and
gq are a55001ated Wlth the second rank-1 filter. These four

filters f f and gq , gq are implemented as follows:

I . i . )]
Cij= Z fpl[Z géd‘;p,j,q] + Z fDZ[Z ggdi*p,j*q]
p=—h p=—h
nod 8
=20 D Ungi+ 28 dipig
p—hq=—t

[0181] Filters fp1 and 1;72 are applied in the spectral direction
(along the columns) and filters g_* and g q2 are applied in the
chromatographic direction (along the rows). Equation (7)
illustrates how each filter pair can be applied in succession,
where the intermediate matrix is enclosed in the braces, and
how the results from the two rank-1 filters are summed. Equa-
tion (7) shows the preferred manner of implementing the
rank-2 filter according to embodiments of the present inven-
tion.

[0182] Equation (8) is a rearrangement of equation (7) to
show that the successive operations in the rank-2 filter con-
figuration are equivalent to a convolution of the data matrix
with a single coefficient matrix whose elements are the sum of
pair-wise products of the two one-dimensional filter pairs.
[0183] To analyze the computational requirements of a
rank-2 filter, con51der that if f and f both contain P coef-
ficients and gq and ng both contaln Q coefficients, then the
number of multiplications needed to compute a value for an
element of the output convolution matrix ¢, , is 2(P+Q). Thus,
in the case where P=20 and Q=20, only 80 multiplications are
needed to compute each element of the output convolution
matrix, whereas in the general case as shown in equation (2),
20x20=400 are required to compute each c, ;.

[0184] Thus, an embodiment of the present invention
employing a rank-2 filter, the effective two-dimensional con-
volution matrix is formed from the sum ofthe outer product of
two pairs of one-dimensional vectors. Equation (8) can be
rewritten as

hot )
cij= ) D Fradipig
p=—hg=—1
Fpa= 585+ 1585 (10
[0185] Two-dimensional coefficient matrix F,, emerges

from the convolution operation. The two-dimensional coeffi-
cient matrix F,, has the form of a rank-2 matrix, where a
rank-2 matrix is defined as the sum of two linearly indepen-
dent rank 1 matrices as described in STranG. Here f g, Yand
f gq are each rank-1 matrices.

Filter Specifications

[0186] Equations (2), (3), and (7) are all embodiments of
two-dimensional convolution filters of the present invention.
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Equation (2) specifies the filter coeflicients as a matrix f,, ,
equation (3) specifies the filter coefficients as a set of two
one-dimensional filters, f, and g, and equation (7) spe01ﬁes
the filters as a set of four one -dimensional filters, f 28, L and
f 2, g 2

[0187] Equations (2), (3), and (7) do not specify the pre-
ferred values of these coefficients. The values of the filter
coefficients for the present invention are chosen to address the
limitations of the method of FIG. 10. The filter coefficients are
chosen to accomplish several goals which include the reduc-
tion of the effects of detector and chemical noise, the partial
resolution of coeluted and interfered peaks, the subtraction of
baseline noise, and achievement of computational efficiency
and high-speed operation.

[0188] The Matched Filter Theorem (MFT) is a prescrip-
tive method, known in the prior art, to obtain filter coefficients
than can be implemented using Equation (2). See for
example, KARL at 217; Brian D.O. AnpErRsoN & Jonn B.
Moorg, Ortivar Frurering 2231 (PrenTicE-Harr INc. 1979)
(“ANDERSON”) at 223 ff which is hereby incorporated by refer-
ral herein. Filters obtained from the MFT are designed to
detect the presence of signals and to reduce the effects of
detector noise. Such filters can then be used to detect ions in
the LC/MS data matrix and can be used to determine the
retention time, mass-to-charge ratio, and intensity of ions. A
filter obtained from the MFT is an improvement over the
method of FIG. 10. In particular such filters reduce variance
and improve precision by combining data from elements
within a peak that neighbor the peak apex. However, such
filters are not designed to subtract baseline noise or to resolve
coeluted and interfered peaks. Filters obtained from the MFT
and are not designed to achieve high speed operation.
[0189] The MFT and a set of filter coefficients that can be
obtained from it represent an improvement over the method
of FIG. 10 are described, then modified filters that subtract
baselines, reduce the effects of coelution and interference,
while still reducing the effect of detector and chemical noise
are described. Such filters employ a combination of smooth-
ing and second-derivative filters and are implemented using
Equations (3) and (7). The preferred embodiment uses equa-
tion (7) with a combination of smoothing and second-deriva-
tive filters that together reduce noise, resolve interfering
peaks, subtract baselines, and reduce the computational bur-
den to allow for high-speed operation.

Matched Filter Theorem for One-Dimensional Convolution

[0190] The MFT is first described for one-dimensional con-
volution. It is then generalized to two-dimensional convolu-
tion.

[0191] Coefficients for f; are chosen to perform a detection
function. For example, the matched filter theorem (MFT)
provides a set of filter coefficients known as a matched filter
that can be used to perform the detection function.

[0192] The MFT assumes that the data array d, can be
modeled as a sum of a signal r s, plus additive noise, n;:

di=r,s;

[0193] The shape of the signal is fixed and described by a
set of coefficients, s,. The scale factor r, determines the signal
amplitude. The MFT also assumes that the signal is bounded.
That is, the signal is zero (or small enough to be ignored)
outside some region. The signal is assumed to extend over M
elements. For convenience, M is typically chosen to be odd
and the center of the signal is located at s,. It h is defined as

+1;.

i—i,
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h=(M—1)/2, then s,=0 for i<-h and for i>h. In the above
expression, the center of the signal appears at i=i,.

[0194] For purposes of simplifying the present description
the noise elements n, are assumed to be uncorrelated Gaussian
deviates, with zero mean and a standard deviation of o,. More
general formulations for the MFT accommodate correlated or
colored noise. See example, ANDERSON at 288-304.

[0195] Under these assumptions, the signal-to-noise ratio
(SNR) of each element isr_s,/0,. The SNR of a weighted sum
of the data that contains the signal s, can be determined by
considering an M-element set of weights w,, centered to coin-
cide with the signal where h=(M—1)/2, and i==h, ... ,0, ...
h. Assuming the weights are centered to coincide with the
signal, the weighted sum S is defined as:

h h h
S= Z Widi—io = roZ w;s; + Z Willii,.
i=—h i=—h i=—h

[0196] The mean value of the noise term in an ensemble
average is zero. Consequently, the average value of S over an
ensemble of arrays, where the signal in each array is the same,
but the noise is different is:

h
(S) = roZ W;S;.
i=—h

[0197] To determine the noise contribution, the weights are
applied to a region containing only noise. The ensemble mean
of the sum is zero. The standard deviation of the weighted
sum about the ensemble mean is:

h
=N~ (9)R) =00 3 wh

[0198] Finally, the SNR is determined as:

This result is for a general set of weighting coefficients w,.
[0199] The MFT specifies values for w, that maximize the
SNR. If the weighting factors w, are regarded as elements of
an M dimensional vector w of unit length, i.e., the weighting
factors are normalized so that

h
5wt =1,

i=—h

then the SNR is maximized when the vector w points in the
same direction as the vector s. The vectors point in the same
direction when respective elements are proportional to each
other i.e., when w,xs,. Consequently, the MFT implies that
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the weighted sum has the highest signal-to-noise when the
weighting function is the shape of the signal itself.

[0200] If w, is chosen such that w,=s,, then for noise with
unit standard deviation, the SNR reduces to:

i

2,
© N ) b
a To h To ¥ i=h

T st

i=—h

This formulation of SNR corresponds to the signal properties
of the weighted sum when the filter coefficients are centered
on the signal and the noise properties when the filter is in a
noise-only region.

Matched Filter Theorem for Two-Dimensional Convolution

[0201] The MFT discussed above for the one-dimensional
case can also be generalized to the two-dimensional case for
a bounded, two-dimensional signal embedded in a two-di-
mensional array of data. As before, the data is assumed to be
modeled as a sum of signal plus noise:

d.

iy T oSimipg—o iy

wherein the signal S, ; is limited in extent and whose center is
located at (i, j,,) with amplitude r,,. Each noise elementn, ; is
an independent Gaussian deviate of zero mean and standard
deviation o,,.

[0202] To determine the SNR of a weighted sum of the data
that contains the signal S, ; consider a PxQ-element set of
weights w, , wherein h=(P-1)/2 and 1=(Q-1)/2, such that
i==h, ..., h, and j=-1, . .., 1. The weights are centered to
coincide with the signal. The weighted sum S is:

h i h

{ h {
S= Z Z Wi i iig,j-jo = roz Z Wijsij + Z Z Wi, Rizig, o

i=—h j=—1 i=—h j=—1 i=—h j=—1

The average value of S over the ensemble is:

ol
S = roZ Z Wi jSi, -

i=—h j=—I

The standard deviation of the noise is:
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and the signal-to-noise ratio is:

h ¢
DIPILEY
i—h j—t

8y

rO

c o
h {

\/ 33w
i=—h j=—t

As in the one-dimensional case described above, the SNR is
maximized when the shape of the weighting function is pro-
portional to the signal, that is when w; ;xs, ;. The signal prop-
erties of the weighted sum correspond to where the filter
coefficients are centered on the signal, and the noise proper-
ties of the weighted sum correspond to where the filter is in
the noise-only region.

[0203] The Matched Filter achieves maximum signal-to-
noise by optimally combining neighboring elements. Convo-
Iution filters that employ matched filter coefficients produce
minimum variance in the estimates of an ion’s retention time,
mass-to-charge ratio, and intensity.

Matched Filters Guaranteed to Produce Unique Maximum

[0204] In general, signal detection using convolution pro-
ceeds by moving the filter coefficients along the data array
and obtaining a weighted sum at each point. For example,
where the filter coefficients satisfy MFT, i.e., w,=s, (the filter
is matched to the signal) then in the noise-only region of the
data, the amplitude of the output is dictated by the noise. As
the filter overlaps the signal, the amplitude increases, and
must reach a unique maximum when the filter is aligned in
time with the signal.

One-Dimensional Gaussian Matched Filter

[0205] As an example of the foregoing technique for one-
dimensional convolution, consider the case where the signal
is a single peak resulting from a single ion. The peak (spectral
or chromatographic) can be modeled as a Gaussian profile
whose width is given by the standard deviation o,,, where the
width is measured in units of sample elements. The signal is
then:

1 (i—i0)2]

r= roexp[— T2
)

[0206] Assume thefilter boundary is set to +40,,. According
to the Matched Filter Theorem, the filter is the signal shape
itself, i.e., a Gaussian, centered on zero and bounded by 40,
The coefficients of such a matched filter are given by:

2

Li . .
fi= exp[—z U'_f,]’ for i > —40, and i <4do)p.

[0207] Assume further that the system samples four points
per standard deviation. As a result, ,=4, so i=-16, . . ., 16,
and the filters are 33 points wide for the present example. For
the Gaussian matched filter (GMF) in one-dimension, the
maximum signal of the convolved output array is 7.09 r,, and
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the noise amplitude is 2.660,. The SNR associated with using
the matched filter is 2.66 (r,/0,).

Gaussian Matched Filter Contrasted with Boxcar Filter in
One Dimension

[0208] We contrast the GMF with a simple boxcar filter in
one-dimension. Again, the signal is assumed to be a peak that
is modeled by Gaussian shape described above. Assume the
filter boundary for the boxcar is also set to =4v,,. The coeffi-
cients of the boxcar filter are given by:

1 1

=y =8

The output of the boxcar filter is the average value of the input
signal over M points (M=80,,+1).

[0209] Again, assume further that the system samples four
points per standard deviation, so the boxcar filter is 33 points
wide. For a Gaussian peak of unit height, the average signal
over the peak using the boxcar filter is 0.304 r,, and the

standard deviation of the noise is 00/\/3_3:0. 1740,. The SNR
using the boxcar filter is 1.75 (r,/0,).

[0210] Thus, the SNR of the Gaussian matched filter rela-
tive to the boxcar is 2.66/1.75=1.52, or more than 50% higher
than that provided by the boxcar filter.

[0211] Both the matched filter and the boxcar filter are
linear. The convolution of either of these filters with the
Gaussian peak shape produces an output that has a unique
maximum value. Thus, either ofthese filters can be used in the
convolution of embodiments of the present invention. How-
ever, in the case of Gaussian noise, because of its higher SNR
at the local maximum, the matched filter is preferred.

Gaussian Noise and Poisson Noise

[0212] The Gaussian Matched Filter is an optimum filter
when the noise has Gaussian statistics. For counting detectors
the boxcar filter will be optimal because it is simply a sum of
all counts associated with a peak. In order to sum all the
counts associated with a peak the width of the boxcar filter
should be related to the width of the peak. Typically the width
of the boxcar filter will be between 2 and 3 times the FWHM
of the peak.

Two-Dimensional Gaussian Matched Filter

[0213] As an example of the Matched Filter technique for
two-dimensional convolution, consider the case where the
signal is a single peak resulting from a single ion. The peak
can be modeled as a Gaussian profile in both the spectral and
chromatographic directions. The spectral width is given by
the standard deviation o,, where the width is measured in
units of sample elements, and the chromatographic width is
given by the standard deviation 8, where the width is mea-
sured in units of sample elements. The signal, centered on
data matrix element i is then:

v Jo

_ 1i-i)’ 1(j-jo)
Fij = Fo€Xp 32 eXp 3T o2 A
P q

[0214] Assume the filter boundary is set to 40, and +40,.
According to the Matched Filter Theorem, the filter is the
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signal shape itself, i.e., a Gaussian, centered on zero and
bounded by *4c0, and x40, The coefficients of such a
matched filter are given by:

1 p? 14
fp,q=exp _50'_% CXD| _50'_2 >

for p > —4o, and p <40, and g > —40, and g < 4o,

[0215] Assume further that the system samples four points
per standard deviation for both the spectral and chromato-
graphic directions. As a result, 0,=4 and o, =4, so that p=-16,
...,16and q=-16,. .., 16, and the filters are 33x33 points for
the present example. For the Gaussian matched filter (GMF)
in two-dimensions, the maximum signal in the convolved
output matrix is 50.3 r,, and the noise amplitude is 7.090,.
The SNR associated with using the matched filter is 7.09
(t./o,).

[0216] A two-dimensional convolution filter performs a
filter operation on the LC/MS data matrix in both the chro-
matographic and in the mass spectrometric directions. As a
result of the convolution operation, the output convolution
matrix will contain peaks whose shapes are, in general, wid-
ened or other wise distorted relative to the input LC/MS data
matrix. In particular the Matched Gaussian Filter will always
produce peaks in the output convolution matrix that are wid-

ened by a factor of \/5 in both the chromatographic and
spectral directions relative to the input peaks.

[0217] At first glance, it may seem that the widening pro-
duced by the GMF may be detrimental to the accurate esti-
mate of critical parameters of retention time, mass-to-charge
ratio, or intensity. But the Matched Filter Theorem shows that
two-dimensional convolution produces apex values whose
retention time, mass-to-charge ratio and intensity result form
the effective combination of all spectral and chromatographic
elements associated with the peak such that the resulting
apex-associated values produce statistically optimum esti-
mates of retention time, m/z, and intensity for that peak.
Gaussian Matched Filter Contrasted with Boxcar Filter in
Two-Dimensions

[0218] We contrast the GMF with a simple boxcar filter in
two-dimension. Again, the signal is assumed to be a peak that
is modeled by Gaussian shape described above. Assume the
filter boundary for the boxcar is also set to +40,,. The coeffi-
cients of the boxcar filter are given by:

1 1 1
SMXN 8o, 1 8o, 41

fij

The output of the boxcar filter is the average value of the input
signal over MxN points.

[0219] Again, assume further that the system samples four
points per standard deviation, so the boxcar filter is 33x33
points wide. For a Gaussian peak of unit height, the average
signal over the peak using the boxcar filter is 0.092 r,, and the
standard deviation ofthe noise is 0.303 o,. The SNR using the
boxcar filter is 3.04 (r,/0,).

[0220] Thus, the SNR of the Gaussian matched filter rela-
tive to the boxcar is 7/3=2.3, or more than twice that provided
by the boxcar filter.
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[0221] Both the matched filter and the boxcar filter are
linear. The convolution of either of these filters with the
Gaussian peak shape produces an output that has a unique
maximum value. Thus, either ofthese filters can be used in the
convolution of embodiments of the present invention. How-
ever, in the case of Gaussian noise, because of its higher SNR
at the local maximum, the matched filter is preferred.

Gaussian Noise and Poisson Noise

[0222] The Gaussian Matched Filter in two-dimensions is
an optimum filter when the noise has Gaussian statistics. For
counting detectors the boxcar filter will be optimal because it
is simply a sum of all counts associated with a peak. In order
to sum all the counts associated with a peak the widths of the
boxcar filter should be related to the width of the peak in the
spectral and chromatographic directions. Typically the
widths of the boxcar filter will be between 2 and 3 times the
respective FWHMs of the peak in the spectral and chromato-
graphic directions.

Gaussian Matched Filter for the Detection of Ions in LC/MS
Data Matrix

[0223] For the Gaussian Matched Filter, the specification
(Step 2) of the two-dimensional convolution filter is the coef-
ficients are Gaussian filter coefficients £, as described above,
and the application (Step 3) of the filter is then according to
Eq. (2) using these filter coefficients. This embodiment of
Step 2 and Step 3 then provides a method to detect ions, and
to determine their retention time, mass-to-charge ratio, and
intensity. The results from such a method reduce the effects of
detector noise and are an improvement over the method of
FIG. 10.

Filters Coefficients that are not Matched Filters.

[0224] Linear weighting coefficients other than those that
follow the signal shape can also be used. While such coeffi-
cients may not produce the highest possible SNR, they may
have other counter-balancing advantages. The advantages
include the ability to partially resolve coeluted and interfered
peaks, the subtraction of baseline noise, and computational
efficiency leading to high-speed operation. We analyze the
limitations of the Gaussian Matched Filter and describe linear
filter coefficients that address these limitations.

Issues with Gaussian Matched Filters

[0225] For a Gaussian peak, the Matched Filter Theorem
(MFT) specifies the Gaussian Matched Filter (GMF) as the
filter whose response has the highest signal-to-noise ratio as
compared to any other convolution filter. However, the Gaus-
sian Matched Filter (GMF) may not be optimal in all cases.
[0226] One disadvantage of the GMF is that it produces a
widened or broadened output peak for each ion. To help
explain peak broadening, it is well known that if a signal
having positive values and a standard width, o, is convolved
with a filter having positive values and a standard width, o,
the standard width of the convolved output is increased. The
signal and filter width combine in quadrature to produce an

output width of 5,=V/ 052+0f2. Inthe case of the GMF, where
the widths of the signal and filter are equal, the output peak is
wider than the input peak by a factor of approximately
\/£z1.4, ie., 40%.

[0227] Peak broadening can cause the apex of a small peak
to be masked by a large peak. Such masking could occur, for
example, when the small peak is nearly co-eluted in time and
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nearly coincident in mass-to-charge with the larger peak. One
way to compensate for such co-elution is to reduce the width
of'the convolution filter. For example, halving the width of the
Gaussian convolution filter produces an output peak that is
only 12% more broad than the input peak. However, because
the peak widths are not matched, the SNR is reduced relative
to that achieved using a GMF. The disadvantage of reduced
SNR is offset by the advantage of increased ability to detect
nearly coincident peak pairs.

[0228] Another disadvantage of the GMF is that it has only
positive coefficients. Consequently, the GMF preserves the
baseline response underlying each ion. A positive-coefficient
filter always produces a peak whose apex amplitude is the
sum of the actual peak amplitude plus the underlying baseline
response. Such background baseline intensity can be due to a
combination of detector noise as well as other low-level
peaks, sometimes termed chemical noise.

[0229] To obtain a more accurate measure of amplitude, a
baseline subtraction operation is typically employed. Such an
operation typically requires a separate algorithm to detect the
baseline responses surrounding the peak, interpolate those
responses to the peak center, and subtract that response from
the peak value to obtain the optimal estimate of the peak
intensity.

[0230] Alternately, the baseline subtraction can be accom-
plished by specifying filters that have negative as well as
positive coefficients. Such filters are sometimes referred to as
deconvolution filters, and are implemented by filter coeffi-
cients that are similar in shape to filters that extract the second
derivatives of data. Such filters can be configured to produce
a single local-maximum response for each detected ion.
Another advantage of such filters is that they provide a mea-
sure of deconvolution, or resolution enhancement. Thus, not
only do such filters preserve the apex of peaks that appear in
the original data matrix, but they can also produce apices for
peaks that are visible only as shoulders, not as independent
apices, in the original data. Consequently, deconvolution fil-
ters can address problems associated with co-elution and
interference.

[0231] A third disadvantage of the GMF is that it generally
requires a large number of multiplications to compute each
data point in the output convolved matrix. Thus, convolution
using a GMF is typically more computationally expensive
and slower than convolution using other filters. As described
below, filter specifications other than the GMF can be used in
embodiments of the present invention.

Advantages of Second Derivative Filters

[0232] Filters that extract the second derivative of a signal
are of particular use in detecting ions according to embodi-
ments of the present invention. This is because the second
derivative of a signal is a measure of the signal’s curvature,
which is the most prominent characteristic of a peak. Whether
considered in one or two, or more, dimensions, a peak’s apex
is generally the point of the peak that has the highest magni-
tude of curvature. Shouldered peaks are also represented by
regions of high curvature. Consequently, because of their
responsiveness to curvature, second derivative filters can be
used to enhance peak detection as well as provide improved
detection for the presence of a shouldered peak against the
background of a larger, interfering peak.

[0233] The second derivative at the apex of a peak has a
negative value, because the curvature of a peak at its apex is
maximally negative. Some illustrative, non-limiting embodi-
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ments of the present invention will use inverted second
derivative filters. Inverted second derivative filters are second
derivative filters all of whose coefficients have been multi-
plied by —1. The output of an inverted second derivative filters
is positive at a peak apex. Unless otherwise specified, all
second derivative filters referred to in some examples of the
present invention are taken to be inverted second derivative
filters. All plots of second derivative filters are inverted sec-
ond derivative filters.

[0234] The response of a second derivative filter to a con-
stant or straight line (having zero curvature) is zero. Thus the
second derivative filter has zero response to the baseline
response underlying a peak. The second derivative filter
responds to the curvature at the apex of the peak and not to the
underlying baseline. Thus the second derivative filter carries
out, in effect, the baseline subtraction. FIG. 15 illustrates the
cross section of an exemplary second derivative filter that can
be applied in either or both the chromatographic and spectral
directions.

Second Derivative Filters in One-Dimension

[0235] Inaone-dimensional case, a second derivative filter
is advantageous over a smoothing filter because the amplitude
of'the second derivative filter at the apex is proportional to the
amplitude of the underlying peak. Moreover, the second
derivative of the peak does not respond to the baseline. Thus,
in effect, a second derivative filter performs the operation of
baseline subtraction and correction automatically.

[0236] A disadvantage of second derivative filters is that
they can have the undesirable effect of increasing noise rela-
tive to the peak apex. This noise-increasing effect can be
mitigated by pre-smoothing the data or increasing the width
of'a second-derivative filter. For example, in one embodiment
of the present invention, the width of the second-derivative
convolution filter is increased. Increasing the width of the
second-derivative convolution filter improves its ability to
smooth the data in the input data matrix during convolution.

Savitzky-Golay Filters for Smoothing and Obtaining a
Second-Derivative

[0237] For a single-channel of data (spectrum or chromato-
gram), a conventional method for smoothing data (i.e., reduc-
ing the effects of noise) or for differentiating data is through
the application of a filter. In an embodiment of the present
invention, smoothing or differentiating is performed on a
one-dimensional data array by convolving that data array
corresponding to the single spectrum or chromatogram with a
set of fixed-value filter coefficients.

[0238] For example, well-known finite impulse response
(FIR) filters can be specified with appropriate coefficients to
perform a variety of operations including those of smoothing
and differentiation. See example, Karr. Suitable smoothing
filters generally have a symmetric, bell shaped curve, with all
positive values, and a single maximum. Exemplary smooth-
ing filters that can be used include filters having Gaussian,
triangular, parabolic, trapezoidal shapes and co-sinusoidal
shapes, each of which is characterized as a shape having a
single maximum. Smoothing filters having asymmetric,
tailed curves can also be used in embodiments of the present
invention.

[0239] A family of FIR filters that can be specified to
smooth or differentiate one-dimensional arrays of data is the
well-known Savitzky-Golay filters. See example, in A. Sav-
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mzky & ML.IE. Goray, ANaLyTIcAL CHEMISTRY, VoOL. 36, PP.
1627-1639 which is hereby incorporated by reference herein.
The Savitzky-Golay (SG) polynomial filters provides a suit-
able family of smoothing and differentiating filters that are
specified by sums of weighted polynomial shapes. The Oth
order smoothing filter in this family of filters is a flat top
(boxcar) filter. The second order smoothing filter in this fam-
ily of filters is a parabola that has a single, positive maximum.
The second order filter that obtains a second derivative in this
family of filters is a parabola that has a single, negative
maximum with zero mean. The corresponding inverted sec-
ond derivative SG filter has a positive maximum.

Apodized Savitsky-Golay Filters

[0240] A modification of SG filters yields a class of
smoothing and second derivative filters that work well in the
present invention. These modified SG filters are known as
Apodized Savitksy-Golay (ASG) filters. The term apodiza-
tion refers to filter coefficients that are obtained by applying
an array of weight coefficients to a least-squares derivation of
SG filter coefficients. The weight coefficients are the apodiza-
tion function. For the ASG filter used in embodiments of the
present invention, the apodization function is a cosine win-
dow (defined by COSINEWINDOW) in the software code
below. This apodization function is applied, via weighted
least-squares to a box-car filter to obtain the ASG smoothing
filter, and to a second derivative SG quadratic polynomial, to
obtain the ASG second derivative filter. The box car filter and
second derivative quadratic are, by themselves, examples of
Savitzky-Golay polynomial filters.

[0241] Every SG filter has a corresponding Apodized Sav-
itzky-Golay (ASG) filter. An ASG filter provides the same
basic filter function as the corresponding SG filter, but with
higher attenuation of unwanted high-frequency noise compo-
nents. Apodization preserves the smoothing and differentia-
tion properties of SG filters, while producing much improved
high-frequency cutoff characteristics. Specifically, apodiza-
tion removes sharp transitions of the SG filter coefficients at
the filter boundaries, and replaces them with smooth transi-
tions to zero. (It is the cosine apodization function that forces
the smooth transition to zero.). Smooth tails are advantageous
because they reduce the risk of double counting due to high-
frequency noise described above. Examples of such ASG
filters include cosine smoothing filters and cosine-apodized
second order polynomial Savitzky-Golay second derivative
filters.

[0242] In the preferred embodiment of the present inven-
tion, these smoothing and second derivative ASG filters are
specified for application to the column and rows of the
LC/MS data matrix.

Example of Rank-1 Filter for Two-Dimensional Convolution

[0243] As an example of the application of a rank-1 formu-
lation for two-dimensional convolution, we could choose T,
and g, in Bq. (3) to have Gaussian profiles. The resulting F,,
has a Gaussian profile in each row and column. The values for
F,, will be close, but not identical to f, , for the two-dimen-
sional GMF. Thus, this particular rank-1 formulation will
perform similarly to the GMF, but with a reduction in com-
putation time. For example, in the example provided above,
for example, where P and Q were equal to 20, computational
load by using the rank-1 filter computational requirements
reduced by a factor of 400/40=10.
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[0244] Thechoice off,and g, to have Gaussian profiles and
the application of these filters according to Eq. (3) constitutes
one embodiment of Step 2 and Step 3 according to the present
invention.

[0245] But for other embodiments of the present invention,
we can apply separate filters for each dimension of a rank-1
filter. In an embodiment of the present invention, for example,
f, (the filter applied in the spectral direction) is a smoothing
filter and g, (the filter applied in the chromatographic direc-
tion) is a second derivative filter. Through such filter combi-
nations, different rank-1 filter implementations can be speci-
fied that overcome problems typically associated with
filtering. For example, the filters comprising a rank-1 filter
can be specified to address the aforementioned problems
associated with GMFs.

[0246] The aforementioned rank-1 filters, implemented by
Eq. 3 are more computationally efficient and therefore faster
than the GMF implemented by Eq. 2. Moreover, the specified
combination of filters provides a linear, baseline corrected
response that can be used for quantitative work.

[0247] Furthermore, the combination of filters sharpens, or
partially deconvolves fused peaks in the chromatographic
direction.

[0248] An exemplary rank-1 filter for use in embodiments
of the present invention that has the aforementioned advan-
tages comprises a first filter, {,, that is a co-sinusoidal ASG
smoothing filter, whose FWHM is about 70% of the FWHM
of the corresponding mass peak and a second filter, g, that is
an ASG second-derivative filter, whose zero crossing width is
about 70% of the FWHM of the corresponding chromato-
graphic peak. Other filters and combinations of filters can be
used as the rank-1 filters in other embodiments of the present
invention.

[0249] FIG. 16A illustrates a cross section in the spectral
direction of an exemplary co-sinusoidal ASG smoothing filter
forusein a rank-1 filter to apply to the columns of the LC/MS
data matrix to form an intermediate matrix. FIG. 16B illus-
trates a cross section in the chromatographic direction of an
exemplary, ASG second derivative filter to apply to the rows
of the generated intermediate matrix.

[0250] Thefilter functions of f, and g, can be reversed. That
is, 1, can be the second derivative filter and g, can be the
smoothing filter. Such a rank-1 filter deconvolves shouldered
peaks in the spectral direction, and smoothes in the chromato-
graphic direction.

[0251] Note thatboth f, and g, should not be second deriva-
tive filters. The rank-1 product matrix resulting where both f,
and g, are second derivative filters contains not one, but a total
of five, positive local maxima when convolved with an ion
peak. The four additional positive apices are side-lobes that
arise from the products of the negative lobes associated with
these filters. Thus, this particular combination of filters
results in a rank-1 filter that is not suitable for the proposed
method.

[0252] The rank-2 formulation described below imple-
ments a filter that has properties of smoothing filters and
second-derivative filters in both the spectral and chromato-
graphic directions.

[0253] Several filter combinations for embodiments of the
present invention that use a rank-1 convolution filters are
provided Table 2.
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TABLE 2

Filter combinations for rank-1 filter

m/z Time
Smoothing Smoothing
Smoothing 27 derive
2" derive Smoothing

Each filter combination is an embodiment of Step 2, and each,
being arank-1 filter, is applied using Eq. (3), thereby embody-
ing Step 3. Other filters and combinations of filters can be
used as the rank-1 filters in other embodiments of the present
invention.

Example of Rank-2 Filter for Two-Dimensional Convolution,
which is the Preferred Embodiment

[0254] The rank-2 filter requires specification of two filters
for each of two dimensions. In a preferred embodiment of the
present invention, the four filters are specified to address the
problems associated with the GMF as described above in a
computationally efficient manner.

[0255] For example, in an embodiment of the present
invention, the first rank-1 filter comprises a spectral smooth-
ing filter as fp1 and a chromatographic second derivative filter
asg ql . An exemplary such smoothing filter is a co-sinusoidal
filter, whose FWHM is about 70% of the FWHM of the
corresponding mass peak. An exemplary such second-deriva-
tive filter is ASG second-derivative filter, whose zero crossing
width is about 70% of the FWHM of the corresponding chro-
matographic peak. The second rank-1 filter comprises a spec-
tral second derivative filter as 1;2 and a chromatographic
smoothing filter as g qz. An exemplary such second derivative
filter is a second derivative ASG filter, whose zero-crossing
width is about 70% of the FWHM of the corresponding mass
peak. An exemplary such smoothing filter is a co-sinusoidal
filter, whose FWHM is about 70% of the FWHM of the
corresponding chromatographic peak. Other filters and filter
combinations can be used in embodiments of the present
invention. The cross sections of such filters are illustrated in
FIGS. 16C, 16D, 16E, and 16F respectively.

[0256] The rank-2 filter described above has several advan-
tages over the GMF. Because it is a rank-2 filter, it is more
computationally efficient then the GMF and consequently
faster in execution. Moreover, because each cross-section is a
second derivative filter whose coeflicients sum to zero, it
provides a linear, baseline corrected response that can be used
for quantitative work and it sharpens, or partially decon-
volves, fused peaks in the chromatographic and spectral
directions.

[0257] In a preferred rank-2 filter embodiment of the
present invention, the filter widths of each of the column
filters (in terms of number of coefficients) are set in propor-
tion to the spectral peak width and the filter widths of each of
the row filters (in terms of number of coefficients) are set in
proportion to the chromatographic peak width. In the pre-
ferred embodiment of the present invention, the widths of the
column filters are set equal to each other, and in proportion to
the FWHM of a spectral peak. For example, for a spectral
peak width FWHM of 5 channels, the filter width may be set
to 11 points, so the filter width of both the smoothing and
second derivative spectral filter will be set to the same value of
11 points. Analogously, in the preferred embodiment, the
widths of the row filters are set equal to each other, and in
proportion to the FWHM of a chromatographic peak. For
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example, for a chromatographic peak width FWHM of 5
channels, the filter width can be set to 11 points, so the filter
width of both the smoothing and second derivative spectral
filters will be set to the same value of 11 points. Choosing the
filter widths in this manner results in rank-1 filters comprising
the rank-2 filter having equal dimensions. That is, if the first
rank-1 filter has dimension MxN, then the dimension of the
second rank-1 filter also has dimension MxN. It should be
noted that the rank-2 filter need not be comprised of rank-1
filters having equal dimensions and that any suitable rank-1
filters can be summed to produce a rank-2 filter.

[0258] The rank-1 filters are summed to construct the
rank-2 filter, therefore the filters must be normalized in a
relative sense prior to summing. In the preferred embodiment,
the first rank-1 filter is a smoothing filter in the spectral
direction and is a second derivative filter in the chromato-
graphic direction. If this filter is weighted more than the
second rank-1 filter, then the combined filter gives more
emphasis to smoothing in the spectral direction and baseline-
subtraction and deconvolution of peaks in the chromato-
graphic direction. Thus the relative normalization of the two
rank-1 filters determines the relative emphasis of smoothing
and differentiation in the chromatographic and spectral direc-
tions.

[0259] For example, consider two rank-1 filters:
Fpg'<h'es! (1
Fog'=h'8s (12)

where, equation (11) is the first rank-1 filter, and equation
(12) is the second rank-1 filter. In a preferred embodiment of
the present invention, each rank-1 filter is normalized so that
the sum of its coefficients squared equals one. This normal-
ization gives equal weight for smoothing and differentiation
to the spectral and chromatographic directions. That is, for
rank-1 filters, each having dimensions of MxN:

N M
> e =1
g=1 p=1
N M
D2 e =1

EY
[N
bl
I

[0260] The smoothing filters and second derivative filters
of the preferred embodiments can be normalized to satisfy
this criterion by applying an appropriate scaling factor to the
coefficients of the respective rank-1 matrices.

[0261] Moreover, in the preferred embodiment, the row
dimension of each rank-1 filter is the same, and the column
dimensions of each rank-1 filter is the same. As a result, the
coefficients can be added to obtain the rank-2 convolution
filter’s point source as follows:

A A 13

From equation (13), it can be seen that the relative normal-
ization of the two rank-1 filters is needed to determine the
two-dimensional convolution filter F,, .

Filter Coefficients for Preferred FEmbodiment of
Two-Dimensional Convolution Filter

[0262] An exemplary rank-2 filter is described with respect
to FIGS. 17A-K. This filter is an embodiment of Step 2 and
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Step 3 that can be used to detect ions, subtract baseline
response, resolved partially fused peaks, and perform with
high computational efficiency.

[0263] In particular, this rank-2 filter is useful for detecting
shouldered peaks. A rank-2 filter according to embodiments
of the present invention can comprise a second derivative
filter in both the chromatographic and spectral directions.
Due to the responsive nature of second derivatives filters to
curvature, such a rank-2 filter can detect shouldered peaks
wherein the apex of the shouldered peak may not be evident
in the data. Given that the rank-2 filter comprises a second
derivative filter, which measures curvature, the apex of the
second peak, which is not seen in the data directly, can be
detected as a separate apex in the output convolved matrix.
[0264] FIG. 17A is a graphical representation of a simu-
lated peak that can be generated in LC/MS data, wherein the
horizontal axes represent time of scan and m/z channel as
shown, and the vertical axis represents intensity. FIG. 17B
illustrates the convolution filter matrix corresponding to the
rank-2 filter, according to a preferred embodiment of the
present invention.

[0265] Inthis simulation, the spectral and chromatographic
peak widths of all ions are 8 points, FWHM. The number of
filter coefficients for all four filters is 15 points.

[0266] FIG. 17C illustrates a simulation of two LC/MS
peaks that have the same mass, and are nearly, but not iden-
tically, co-incident in time. FIG. 17D illustrates that the peak
cross section is a pure peak in mass, and FIG. 17E illustrates
that the peak cross section exhibits a shoulder 1704 in time.
FIGS. 17F through 17H illustrate the effect of simulated
counting (shot noise) on each sampled element comprising
the shouldered peak illustrated in FIGS. 17D-17E. FIGS. 17G
and 17 H illustrate the cross sections arising due to the added
counting noise. As can be seen in both FIGS. 17G and 17H,
many local maxima are generated as a result of the counting
noise. Thus, it can be seen that even though only two ions are
present, counting noise can produce numerous spurious local
maxima that could cause false positive ion detection.

[0267] FIGS. 171-K illustrates the results of convolving a
rank-2 filter with the simulated data. The resultant output
convolved matrix (represented by the contour plot of FIG.
171) comprises two distinct peaks 1702 and 1706. Peak 1702
is the peak associated with the more intense of the two ions,
and peak 1706 is the peak of the less intense shouldered ion.
FIG. 17] is a cross section of the output convolved matrix in
the spectral (mass-to-charge ratio) direction. FIG. 17K is a
cross section of the output convolved matrix in the chromato-
graphic (time) direction.

[0268] What is observed by reviewing FIGS. 171-K is that
a rank-2 filter-based embodiment of the present invention
reduces the effect of counting noise and deconvolutes shoul-
dered peaks to produce multiple local maxima. Each local
maximum is associated with an ion. As a result, this embodi-
ment of the present invention also reduces the false positives
rate. The ion parameters, m/z, retention time and intensity are
obtained by analyzing the detected local maxima as described
above.

Any Filter can be Used if it Produces a Single Local
Maximum

[0269] The filters and convolution methods described
above can be used to detect ions in an LC/MS data matrix.
Other sets of filter coefficients can be chosen as embodiments
of Step 2.
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[0270] The input signal is a peak in the LC/MS data matrix
that has a unique maximum, so the convolution filter of Step
2 must faithfully maintain that unique positive maximum
through the convolution process. The general requirement
that a convolution filter must satisfy for it to be an embodi-
ment of Step 2 is as follows: the convolution filter must have
an output that produces a unique maximum when convolved
with an input having a unique maximum.

[0271] For an ion that has a bell-shaped response, this con-
dition is satisfied by any convolution filter whose cross sec-
tions are all bell-shaped, with a single positive maximum.
Examples of such filters include inverted parabolic filters,
triangle filters, and co-sinusoidal filters. Specifically, any
convolution filter that has the property that it has a unique,
positive valued apex makes that filter a suitable candidate for
use in embodiments of the present invention. A contour plot
of the filter coefficients can be used to examine the number
and location of the local maxima. All row, column and diago-
nal cross sections through the filter must have a single, posi-
tive, local maximum. Numerous filter shapes meet this con-
dition and can therefore be employed in embodiments of the
present invention.

Boxcar can be Used Because it Produces a Single Local
Maximum

[0272] Another filter shape that is acceptable is a filter
having a constant value (i.e., a boxcar filter). This is because
convolution of a peak with a boxcar filter produces an output
that has a single maximum. A well-known characteristic of
boxcar filters that is advantageous in embodiments of the
present invention is that such a shape produces minimum
variance for a given number of filter points. Another advan-
tage of boxcar filters is that in general they can be imple-
mented with fewer multiplications than filters having other
shapes such as Gaussian or co-sinusoidal filters.

[0273] The dimensions of the boxcar should match the
extent of the peak in both the spectral and chromatographic
directions. If the boxcar is too small, not all counts associated
with a peak will be summed. If the boxcar is too large, then
counts from other, neighboring peaks may be included.
[0274] However, boxcar filters also have distinct disadvan-
tages for some applications to which the present invention
might be applied. For example, the transter function of boxcar
filters reveals that they pass high frequency noise. Such noise
can increase the risk of double counting peaks for low ampli-
tude signals (low SNR), which might be undesirable in some
applications of the present invention. Consequently, filter
shapes other than boxcar shapes are generally preferred in
applications of the present invention.

Second Derivative Filters can Produce a Single Local
Maximum

[0275] Another suitable class of convolution filters that
have an output that produces a unique maximum when con-
volved with an input having a unique maximum are filters that
have a single, positive local maximum, but have negative
side-lobes. Examples of such filters include second derivative
filters, which are responsive to curvature. A suitable second
derivative filter can be specified by subtracting the mean from
a smoothing filter. Though such filters can be assembled from
combinations of boxcar, triangular and trapezoidal shapes,
the most common specification of filters that differentiate
data are Savitzky-Golay polynomial filters.
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Gaussian Noise and Poisson Noise

[0276] The Gaussian Matched Filter is an optimum filter
when the noise has Gaussian statistics. The noise from count-
ing detectors has Poisson statistics. In the case of Poisson
noise the boxcar filter may be an optimal filter for use in
detection because the boxcar simply sums all counts associ-
ated with a peak. However, many of the limitations described
for GMF still apply to the boxcar filter, even in the case of
Poisson noise. The boxcar filter cannot subtract baseline
noise and cannot resolve interfered and coeluted peaks. In
addition, the transfer function of the boxcar filter may allow
for double counting for peak apices.

[0277] The rank-2 filter of the preferred embodiments is a
compromise in SNR for both the case of Gaussian noise and
Poisson noise. This rank-2 this filter has the advantage of
baseline subtraction and partial resolution of overlapped
peaks.

Role of Peak Width in Determining Filter Coefficients

[0278] In embodiments of the present invention, the coef-
ficients of the convolution filter F to be convolved with the
input matrix D are chosen to correspond to the typical shape
and width of a peak corresponding to an ion. For example, the
cross section of the central row of filter F matches the chro-
matographic peak shape; the cross section of the central col-
umn of filter F matches the spectral peak shape. It should be
noted that although the width of the convolution filter can be
matched to the FWHM of the peak (in time and in mass-to-
charge), such width matching is not required.

Interpretation of Ion Intensity and Scaling of Filter
Coefficients

[0279] In the present invention, the intensity measurement
estimate is the response of the filter output at the local maxi-
mum. The set of filter coefficients with which the LC/MS data
matrix is convolved determines the scaling of the intensity.
Different sets of filter coefficients result in different intensity
scalings, so this estimate of intensity of the present invention
does not necessarily correspond exactly to peak area or peak
height.

[0280] However, the intensity measurement is propor-
tioned to peak area or to peak height since the convolution
operation is a linear combination of intensity measurements.
Thus the response of the filter output at local maximum is in
proportion to the molecule’s concentration in the sample that
gave rise to the ion. The response of the filter output at local
maximum can then be used for the purpose of quantitative
measurement of molecules in the sample in the same was as
the area of height of the peak of the ion’s response.

[0281] Provided a consistent set of filters is used to deter-
mine the intensities of standards, calibrators and sample, the
resulting intensity measurements produce accurate, quantifi-
able results regardless of the intensity scaling. For example,
intensities generated by embodiments of the present inven-
tion can be used to establish concentration calibration curves
which can thereafter be used to determine the concentration
of analytes.

Asymmetric Peak Shapes

[0282] The examples above have assumed that an ion’s
peak shapes in the spectral and in the chromatographic direc-
tions are Gaussians, and therefore symmetric. In general,
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peak shapes are not symmetric. A common example of an
asymmetric peak shape is that of a tailed Gaussian; a Gauss-
ian convolved with a step-exponential. The methods
described here still apply to peak shapes that are asymmetric.
In the case where a symmetric filter is applied to an asym-
metric peak, the location of the apex in the output convolved
matrix will not, in general, correspond exactly to the apex
location of the asymmetric peak. However, any offset origi-
nating from peak asymmetry (in either the chromatographic
or the spectral direction) will be, effectively a constant offset.
Such an offset is easily corrected for by conventional mass
spectrometric calibration, and by retention time calibration
using an internal standard.

[0283] According to The Matched Filter Theorem, the opti-
mum shape for detection for an asymmetric peak will be the
asymmetric peak shape itself. However, provided the width of
the symmetric filter matches the width of the asymmetric
peak, the difference in detection efficiency between a sym-
metric filter and a matched asymmetric filter will be minimal
for the purposes of this invention.

Changing Filter Coefficients to Interpolate and Offset Data

[0284] Another use of coefficient modification is to provide
interpolation to account for small changes due to calibration
of the mass spectrometer. Such coefficient modification can
occur from spectrum to spectrum. For example, if a change in
mass calibration causes an offset of a fraction of a channel by
0.3, then column filters (both smoothed and second deriva-
tive) can be derived that estimate what the output would be in
the absence of such a mass offset. In this manner, a real-time
mass correction can be made. Typically, the resulting filter is
slightly asymmetric.

Dynamic Filtering

[0285] Filter characteristics such as the filter width scaling
can be changed in response to known changing characteristics
of the LC separation or of the MS scans. For example, in a
TOF mass spectrometer, the peak width (FWHM) is known to
change from low values (such as 0.010 amu) to wider values
(such as 0.130 amu) over the course of each scan. In a pre-
ferred embodiment of the present invention, the number of
coefficients of the smoothing and differentiating filters is set
equal to approximately twice the FWHM of the spectral peak.
As the MS scan progresses, for example, from low to high
mass, the filter width of both the smoothing and second
derivative column filters employed by the preferred embodi-
ment can be expanded accordingly to preserve the relation-
ship between filter width and peak width. Analogously, if the
width of the chromatographic peak is known to change during
a separation, the width of the row filters can be expanded or
contracted to preserve the relationship between filter width
and peak width.

Real-Time Embodiments of Rank-1 and Rank-2 Filters

[0286] In conventional LC/MS systems, spectra are
acquired as the separation progresses. Typically spectra are
written to computer memory at a constant sample rate (e.g., at
arate of once per second). After one or more complete spectra
are collected, they are written to more permanent storage,
such as to a hard disk memory. Such post collection process-
ing can be performed in embodiments of the present invention
aswell. Thus, in one embodiment of the present invention, the
convolution matrix is generated only after the acquisition is
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complete. In such an embodiment of the present invention,
the original data and the convolved matrix itself are stored as
is the ion parameter list obtained from analyzing the detected
local maxima.

[0287] In addition, embodiments of the present invention
using rank-1 and rank-2 filters can be configured to operate in
real time. In a real-time embodiment of the present invention,
the columns of the convolution matrix are obtained while the
data is being acquired. Thus, the initial columns (correspond-
ing to spectra) can be obtained, analyzed, and have their ion
parameters written to disk before the acquisition of all spectra
is complete.

[0288] This real-time embodiment of the present invention
essentially analyzes the data in computer memory, writing
only the ion parameter list to the permanent hard disk drive. In
this context, real time means that rank-1 and rank-2 filtering
is performed on the spectra in computer memory as the data is
being acquired. Thus, ions detected by the LC/MS in the
beginning of the separation are detected in the spectra written
to disk, and the portion of the ion parameter list containing
parameters associated with these ions is also written to disk as
the separation proceeds:

[0289] There is typically a time delay associated with
beginning real-time processing. The spectra that contain ions
that elute in a chromatographic peak at time, t, and width, At,
can be processed as soon as they are collected. Typically,
real-time processing begins at time t+3At i.e., after 3 spectra
are initially collected. Ion parameters determined by analysis
of this chromatographic peak are then appended to an ion
parameters list being created and stored in permanent storage,
such as a computer disk. The real-time processing proceeds
according to the techniques described above.

[0290] Advantages of real-time processing include: (1)
quick acquisition of the ion parameter list; (2) triggering
real-time processes based upon information in the ion param-
eter list. Such real-time processes include fraction collection
and stop flow techniques to store cluent for analysis. An
exemplary such stop-flow technique traps the eluent in a
nuclear-magnetic-resonance (NMR) spectral detector.

[0291] FIG.181is a flow chart 1800 illustrating a method for
real-time processing according to a preferred embodiment of
the present invention. The method can be executed in hard-
ware, for example, for example in a DSP-based design or in
software, such as in the DAS described above. It would be
apparent to those skilled in the art how to configure such
hardware or software based on the following description. For
ease of description, the method is described as if performed
by the DAS executing software. FIGS. 19A-19B illustrate a
spectral buffer 1902, chromatographic buffer 1906 and an
apex buffer 1910 and how they are manipulated in performing
the method illustrated in flow chart 1800.

[0292] The DAS begins the method in step 1802 by receiv-
ing the next spectral element. In FIGS. 19A-19B, these spec-
tral elements are shown as S1, S2, S3, S4 and S5 and corre-
spond to spectral elements received at times T1, T2, T3, T4
and T5 respectively. In step 1804, the DAS determines
whether the received spectral element is O or not. If the
received spectral element is 0, the DAS continues the method
in step 1802 by receiving the next spectral element. If the
spectral element is not zero, its intensity is used to scale the
coefficients of a spectral filter 1904. In the example illustrated
in FIGS. 19A-19B, spectral filter 1904 is a 3-element filter
having filter coefficients F1, F2 and F3. The scaling can be
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accomplished by multiplying each filter coefficient by the
intensity of the received spectral element.

[0293] In step 1808, the scaled spectral filter coefficients
are added to a spectral buffer. The spectral buffer is an array.
The number of elements in the spectral buffer equals the
number of elements in each spectrum.

[0294] Forperforming the summation, filter 1904 is aligned
so that the element of the spectral buffer corresponding to the
received spectral element is aligned with the center of filter
1904. Thus, at time T1, when spectral element S1 is received,
the center of filter 1904, F2, is aligned with spectral buffer
element 1902q; at time T2, when spectral element S2 is
received, the center of filter 1904, F2, is aligned with spectral
buffer element 19025, and so on. These steps are illustrated in
FIGS. 19A-19B, wherein the scaling of filter coefficients F1,
F2, and F3 and addition to spectral buffer 1902 is illustrated
for times, T1, T2, T3, T4 and T5, which, in the present
example, is the time required to receive sufficient spectral
elements to fill spectral buffer 1902. The resulting scaled
sums are also shown in the spectral buffer elements of FIGS.
19A-19B.

[0295] Instep 1810, the DAS determines whether the spec-
tral buffer is full, that is, whether the number of spectral
elements received and processed is the same as the number of
elements in the spectral filter. If not, then the DAS continues
the method in step 1802 by waiting for the next spectral
element. If the spectral buffer is full, the DAS continues the
method in step 1812.

[0296] In step 1812, the DAS moves the new spectrum to
chromatographic buffer 1906. Chromatographic butfer 1906
contains N-spectra, where N is the number of coefficients in
the chromatographic buffer. In the present example, N is 3.
Chromatographic bufter 1906 is configured as a first in, last
out (FILO) buffer. Consequently, when a new spectrum is
added, the oldest spectrum is dropped. When a new spectrum
is added in step 1812, the oldest spectrum is discarded. In step
1814, the DAS applies a chromatographic filter 1907 to each
row of chromatographic buffer 1906. After application of the
filter, central column 1908 corresponds to a single column
convolved spectrum of the output convolved matrix. In step
1816, the DAS transfers the convolved spectrum to an apex
buffer 1910.

[0297] In an embodiment of the present invention, apex
buffer 1910 is three spectra in width, that is, apex buffer 1910
comprises three columnar spectra. Each of the spectral col-
umns preferably has the length of a complete spectrum. Apex
buffer 1910 is a FILO buffer. Thus, when the new column
from chromatographic buffer 1906 is appended to apex buffer
1910 in step 1816, the oldest columnar spectrum is discarded.
[0298] Peak detection algorithms as described below can
be performed on the central column 1912 of apex buffer 1910.
Central column 1912 is used to provide more accurate analy-
sis of peaks and ion parameters by using nearest neighbor
values. Analysis of the peaks allows the DAS to extract ion
parameters (such as retention time, m/z and intensity) in step
1820 to store in the ion parameter list. Moreover, spectral
peak width information can also be obtained by examining
points adjacent to the local maxima along the column.
[0299] Apex buffer 1910 can also be expanded beyond 3
spectra in width. For example, to measure chromatographic
peak width, it would be necessary to expand the apex buffer to
include a number of spectra at least equal to the FWHM of'the
chromatographic peak, for example twice the FWHM of a
chromatographic peak.
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[0300] In areal-time embodiment of the present invention,
original spectra need not be recorded. Only the filtered spec-
tra are recorded. Thus, the mass storage requirements for a
real time embodiment of the present invention are reduced.
Generally, however, additional storage memory, for example,
RAM, is required for real-time embodiments of the present
invention. For a rank-1 filter-based real time embodiment of
the present invention, only a single spectrum bufter is needed.
For rank-2 filter-based real time embodiment of the present
invention, two spectral buffers are needed, one for the
smoothing, and one for the second derivative spectral filters.

STEP 4: Peak Detection

[0301] The presence of an ion produces a peak having a
local maximum of intensity in the output convolved matrix.
The detection process of embodiments of the present inven-
tion detects such peaks. In one embodiment of the present
invention, the detection process identifies those peaks whose
maximal intensity satisfy a detection threshold as peaks that
correspond to ions. As used herein, satisfaction of a detection
threshold is defined as meeting any criterion for overcoming
the detection threshold. For example, the criterion could be
meeting the detection threshold or meeting or exceeding the
detection threshold. In addition in some embodiments of the
present invention, the criterion may be falling below a detec-
tion threshold or meeting or falling below a detection thresh-
old.

[0302] Each local maximum of intensity in the output con-
volved matrix is a candidate for a peak that corresponds to an
ion. As described above, in the absence of detector noise,
every local maximum would be deemed to correspond to an
ion. However, in the presence of noise, some local maxima
(especially low-amplitude local maxima) are due only to the
noise, and do not represent genuine peaks corresponding to
detected ions. Consequently, it is important to set the detec-
tion threshold to make it highly unlikely that a local maxi-
mum that satisfies the detection threshold is due to noise.

[0303] Each ion produces a unique apex or maximum of
intensity in the output convolved matrix. The characteristics
of these unique maxima in the output convolved matrix pro-
vide information on the number and properties of the ions
present in the sample. These characteristics include location,
width and other properties of the peaks. In one embodiment of
the present invention, all local maxima in the output con-
volved matrix are identified. Subsequent processing elimi-
nates those determined not to be associated with ions.

[0304] According to embodiments of the present invention,
a local maximum of intensity is deemed to correspond to a
detected ion only if the value of the local maximum satisfies
a detection threshold. The detection threshold itself is an
intensity against which local maxima of intensities are com-
pared. The value of the detection threshold can be obtained by
subjective or objective means. Effectively, the detection
threshold divides the distribution of true peaks into two
classes: those that satisfy the detection threshold and those
that do not satisfy the detection threshold. Peaks that do not
satisfy the detection threshold are ignored. Consequently,
true peaks that do not satisfy the detection threshold are
ignored. Such ignored true peaks are referred to as false
negatives.

[0305] The threshold also divides the distribution of noise
peaks into two classes: those which satisfy the detection
threshold and those which do not satisfy the detection thresh-
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old. Any noise peaks that satisfy the detection threshold are
deemed ions. Noise peaks that are deemed ions are referred to
as false positives.

[0306] Inembodiments of the present invention, the detec-
tion threshold typically is set to achieve a desired false posi-
tive rate, which is usually low. That is, the detection threshold
is set so that the probability that a noise peak will satisfy the
detection threshold in a given experiment is unlikely.

[0307] To obtain a lower false positive rate, the detection
threshold is set to a higher value. Setting the detection thresh-
old to a higher value to lower the false positive rate has the
undesirable effect of raising the false negative rate, i.c., the
probability that low-amplitude, true peaks corresponding to
ions will not be detected. Thus, the detection threshold is set
with these competing factors in mind.

[0308] The detection threshold can be determined subjec-
tively or objectively. The goal of any thresholding method,
whether subjective or objective is to determine a detection
threshold to use to edit the ion list. All peaks whose intensities
do not satisfy the detection threshold are considered noise.
These “noise” peaks are rejected and not included in further
analysis.

[0309] A subjective method for setting the detection thresh-
old is to draw a line that is close to the maximum of the
observed noise. Any local maxima satisfying the detection
threshold are considered peaks corresponding to ions. And
any local maxima not satisfying the detection threshold are
considered noise. Although the subjective method for deter-
mining threshold can be used, objective techniques are pre-
ferred.

[0310] One objective method for selecting the detection
threshold according to embodiments of the present invention
uses a histogram of the output convolved matrix data. FIG. 20
is a flow chart for a method for objectively determining a
detection threshold according to an embodiment of the
present invention. The method is also graphically illustrated
in FIG. 7. The method proceeds according to the following
steps:

STEP 2002: Sort the intensities of all positive local maxima
found in the output convolved matrix in ascending order
STEP 2004: Determine standard deviation of intensity data in
output convolved data matrix as the intensity that is at the 35.1
percentile in the list.

STEP 2006: Determine the detection threshold based on a
multiple of the standard deviation.

STEP 2008: Generate edited ion list or ion parameter list
using peaks satisfying the detection threshold.

[0311] The above method is applicable when most of the
local maxma are due to Gaussian noise. For example, if there
1000 intensities, then Step 2004 would determine that the
351th intensity represents a Gaussian standard deviation. If
the distribution of maximal intensities were due only to Gaus-
sian noise processes, then local maxima whose values
exceeded the 351st intensity would occur at frequency that is
predicted by a Gaussian noise distribution.

[0312] The detection threshold is then a multiple of the
351th intensity. As an example, consider two detection
thresholds. One corresponds to 2 standard deviations. One
corresponds to 4 standard deviations. The 2-deviation thresh-
old yields few false negatives, but a large number of false
positives. From the properties of a Gaussian noise distribution
a 2-standard deviation threshold means that about 5% of
peaks would be falsely identified as ions. The 4-deviation
threshold yields more false negative, but significantly fewer
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false positives. From the properties of a Gaussian noise dis-
tribution a 4-standard deviation threshold means that about
0.01% of peaks would be falsely identified as ions.

[0313] Rather than sorting the list of intensities of all local
maxima, a histogram display can be used where the number
of intensities per interval of intensities are recorded. A histo-
gram is obtained by selecting a series of uniformly spaced
intensity values, each pair of values defining an interval, and
counting the number of maximal intensities that fall within
each bin. The histogram is the number of intensities per bin
versus the mean intensity value defining each bin. The histo-
gram provides a graphical method for determining the stan-
dard deviation of the distributions of intensities.

[0314] A variation of the empirical method uses the rela-
tionship between the standard deviation o of the convolved
output noise and the standard deviation o, of the input noise
to set the detection threshold. From the filter analysis above,
this relationship is given as

assuming that the input noise is uncorrelated Gaussian devi-
ates. The input noise o, can be measured from the input
LCL/MS data matrix as the standard deviation of the back-
ground noise. A region of the LC/MS containing only back-
ground noise can be obtained from a blank injection, that is
LC/MS data is obtained from a separation with no sample
injected.

[0315] Thus, the standard deviation of the output can be
inferred using only the values of the filter coefficients I, ; and
the measured background noise o,. The detection threshold
can then be set based upon the derived output noise standard
deviation o.

STEP 5: Peak Parameter Extraction

[0316] After identifying those local maxima that are peaks
corresponding to ions, parameters for each peak are esti-
mated. In one embodiment of the present invention the
parameters that are estimated are the retention time, mass-to-
charge ratio, and intensity. Additional parameters such as
chromatographic peak width (FWHM) and mass-to-charge
peak width (FWHM) can also be estimated.

[0317] The parameters of each identified ion are obtained
from the characteristics of the local maximum of the detected
peaks in the output convolved data matrix. In an embodiment
of the present invention, these parameters are determined as
follows: (1) the ion’s retention time is the time of the (filtered)
scan containing the (filtered) maximal element (2) The ion’s
m/zis the m/z of the (filtered) channel containing the (filtered)
maximal element; (3) The ion’s intensity is the intensity of the
(filtered) maximal element itself.

[0318] The width of a peak in the spectral or chromato-
graphic directions can be determined by measuring the dis-
tance between the locations of the nearest zero crossing
points that straddle the peak or by measuring the distance
between the nearest minima that straddle a peak. Such peak
widths can be used to confirm that a peak is resolved from its
neighbors. Other information can be gathered by considering
peak width. For example, an unexpectedly large value for a
peak width may indicate coincident peaks. Consequently, the
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locations of zero crossings or local minima can be used as
inputs to estimate the effect of interfering coincidence or to
modify parameter values stored in the ion parameter list.
[0319] The parameters determined by analyzing the peaks
can be further optimized by considering the neighboring ele-
ments. Because the elements of the convolved matrix repre-
sent a digital sample of data, the true apex of a peak in the
chromatographic (time) dimension may not coincide exactly
with a sample time and the true apex of a peak in the spectral
(mass-to-charge ratio) dimension may not coincide exactly
with a mass-to-charge ratio channel. As a result, typically the
actual maximum of the signal in the time and mass-to-charge
ratio dimensions is offset from the available sampled values
by a fraction of the sample period or the mass-to-charge ratio
channel interval. These fractional offsets can be estimated
from the values of the matrix elements surrounding the ele-
ment having the local maximum corresponding to the peak
using interpolation, such as curve fitting techniques.

[0320] For example, a technique for estimating the frac-
tional offset of the true apex from an element of the output
convolved matrix containing a local maxima corresponding
to an ion in the two-dimensional context is to fit a two-
dimensional shape to the elements of the data matrix contain-
ing a local maxima and its nearest neighbors. In embodiments
of'the present invention, a two-dimensional parabolic shape is
used because it is a good approximation to the shape of the
convolved peak near its apex. For example, a parabolic shape
can be fit to a nine element matrix comprising the peak and its
8 nearest neighbors. Other fits can be used for this interpola-
tion within the scope and spirit of the present invention.
[0321] Using the parabolic fit an interpolated value of the
peak apex is calculated from which to determine the ion
parameters. The interpolated value provides more accurate
estimates of retention time, m/z and intensity than those
obtained by reading values of scan times and spectral chan-
nels. The value of the parabola at the maximum, and its
interpolated time and nm/z values corresponding to that maxi-
mum, are the estimates of ion intensity, retention time and
nyz.

[0322] The interpolated location in the row direction of the
maximum of the two-dimensional parabolic fit is an optimal
estimate of retention time. The interpolated location in the
column direction of the maximum of the two-dimensional
parabolic fit gives an optimum estimate of mass-to-charge
ratio. The interpolated height ofthe apex above baseline gives
an optimum estimate (scaled by filter factors) of ion intensity
or concentration.

[0323] Embodiments of the present invention can also be
configured to extract peak parameters from the results of
intermediate convolved matrices. For example, the methods
discussed above for locating a single peak corresponding to a
detected ion can also be used to locate peaks in each row or
column of the matrix. These peaks may be useful to store a
spectra or chromatograms at known times or mass values.
[0324] For example, spectra or chromatograms obtained
from the second derivative filters can be obtained for each row
and column from the intermediate convolved matrices
described above. These intermediate results can be examined
for local maxima as well. These maxima are, in effect
smoothed versions of the chromatograms and spectra. Local
maxima can be extracted and saved, giving additional detail
as to the spectral content of the sample at a particular time or
time range, or the chromatographic content at a typical mass
or mass range.
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Measurement Error

[0325] Because each ion parameter measurement produced
by embodiments of the present invention is an estimate, there
is a measurement error associated with each such measure-
ment. These associated measurement errors can be statisti-
cally estimated.

[0326] Two distinct factors contribute to the measurement
errors. One factor is a systematic or calibration error. For
example, if the mass spectrometer m/z axis is not perfectly
calibrated, then any given m/z value contains an offset. Sys-
tematic errors typically remain constant. For example, cali-
bration error remains essentially constant over the entire m/z
range. Such an error is independent of signal-to-noise or
amplitude of a particular ion. Similarly, in the case of mass-
to-charge ratio, the error is independent of the peak width in
the spectral direction.

[0327] The second factor contributing to measurement
error is the irreducible statistical error associated with each
measurement. This error arises due to thermal or shot-noise
related effects. The magnitude or variance of this error for a
given ion depends on the ion’s peak width and intensity.
Statistical errors measure reproducibility and therefore are
independent of calibration error. Another term for the statis-
tical error is precision.

[0328] The statistical error associated with each measure-
ment can in principle be estimated from the fundamental
operating parameters of the instrument on which the mea-
surement is made. For example in a mass spectrometer, these
operating parameters typically include the ionization and
transfer efficiency of the instrument coupled with the effi-
ciency of the micro-channel counting plate (MCP). Together,
these operating parameters determine the counts associated
with an ion.

[0329] The counts determine the statistical error associated
with any measurement using the mass spectrometer. For
example, the statistical error associated with the measure-
ments discussed above typically follows a Poisson distribu-
tion. A numerical value for each error can be derived from
counting statistics via the theory of error propagation. See
example, in P.R. BEviNgToN, Data REDUCTION AND ERROR ANALY-
SIS FOR THE PHYSICAL SCIENCES at 58-64 (McGraw-Hr 1969).
[0330] In general, statistical errors also can be inferred
directly from the data. One way to infer statistical errors
directly from the data is to investigate the reproducibility of
the measurements. For example, replicate injections of the
same mixture can establish the statistical reproducibility of
ny/z values for the same molecules. Differences in the m/z
values through the injections are likely due to statistical
errors.

[0331] In the case of errors associated with retention time
measurements, statistical reproducibility is more difficult to
achieve because systematic errors arising from replicate
injections tend to mask the statistical error. A technique to
overcome this difficulty is to examine ions at different m/z
values that were produced from a common parent molecule.
Ions that originate from a common molecule would be
expected to have identical intrinsic retention times. As a
result, any difference between measurements of the retention
times of molecules originating from a common parent is
likely due to statistical errors associated with the fundamental
detector noise associated with measurements of peak proper-
ties.

[0332] Each measurement made and stored using an
embodiment of the present invention can be accompanied by
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estimates of its associated statistical and systematic errors.
Though these errors apply to the parameter estimates for each
detected ion, their values can be inferred generally by ana-
lyzing sets of ions. After a suitable error analysis, the errors
associated with each measurement for a detected ion can be
included in each row of the table corresponding to the
detected ion measurement. In such an embodiment of the
present invention, each row of the table can have fifteen
measurements associated with each ion. These measurements
are the five measurements for the detected ion corresponding
to the row and their associated statistical and systematic
errors, which are retention time, mass-to-charge ratio, inten-
sity, spectral FWHM, and chromatographic FWHM.

[0333] As described above, the statistical component of
measurement error, or precision, in retention time and m/z
depends on the respective peak widths and intensities. For a
peak that has a high SNR, the precision can be substantially
less than the FWHM of the respective peak widths. For
example, for a peak that has a FWHM of 20 milli-amu and
high SNR, the precision can be less than 1 milli-amu. For a
peak that is barely detectable above the noise, the precision
can be 20 milli-amu. For purposes of the present discussion of
statistical error, the FWHM is considered to be the FWHM of
the peak in the LC/MS chromatogram prior to convolution.
[0334] Precision is proportional to the peak width and
inversely proportional to peak amplitude. Generally, the rela-
tionship between precision, peak width and peak amplitude
can be expressed as:

[0335] In this relationship, o,, is the precision of the mea-
surement of m/z (expressed as a standard error), w,, is the
width of the peak (expressed in milli-amu at the FWHM), h,,,
is the intensity of the peak (expressed as a post-filtered, signal
to noise ratio) and k is a dimensionless constant on the order
of unity. The exact value for k depends on the filter method
used. This expression shows that ,, is less than w,,. Thus, the
present invention allows estimates of m/z for a detected ion to
be made with a precision that is less than the FWHM of the
m/z peak width as measured in the original LC/MS data.
[0336] Similar considerations apply with respect to the
measurement of retention time. The precision to which reten-
tion time of a peak can be measured depends on the combi-
nation of peak width and signal intensity. If the FWHM max
of'the peak is 0.5 minutes, the retention time can be measured
to a precision, described by a standard error, of 0.05 minutes
(3 seconds). Using the present invention, estimates of reten-
tion time for a detected ion can be made with a precision that
is less than the FWHM of the retention time peak width as
measure in the original LC/MS data.

STEP 6: Store Extracted Parameters

[0337] As described above, one output of embodiments of
the present invention is a table or list of parameters corre-
sponding to detected ions. This ion parameter table, or list has
a row corresponding to each detected ion, wherein each row
comprises one or more ion parameters and, if desired, their
associated error parameters. In one embodiment of the
present invention, each row in the ion parameter table has
three such parameters: retention time, mass-to-charge ratio
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and intensity. Additional ion parameters and associated errors
can be stored for each detected ion represented in the list. For
example, a detected ion’s peak width as measured by its
FWHM or its zero-crossing width in the chromatographic
and/or spectral directions also can be determined and stored.

[0338] The zero-crossing width is applicable when filtering
is performed with a second derivative filter. The zero value of
the second derivative occurs at inflection points of a peak on
both the up-slope and down-slope sides of the peak. For a
Guassian peak profile, the inflection points occur at +/1 stan-
dard deviation distance from the peak apex. Thus the width as
measured by the inflection points correspond to the 2-stan-
dard deviation width of the peak. Thus the zero-crossing
width is a height-independent measure of peak width corre-
sponding to approximately 2 standard deviations. In an
embodiment of the present invention, the number of rows in
the table corresponds to the number of ions detected.

[0339] The present invention also provides a data compres-
sion benefit. This is because the computer memory needed to
store the information contained in the ion parameter table is
significantly less than the memory needed to store initially
generated original LC/MS data. For example, a typical injec-
tion that contains 3600 spectra (for example, spectra collected
once per second for an hour), with 400,000 resolution ele-
ments in each spectrum (for example, 20,000:1 MS resolu-
tion, from 50 to 2,000 amu) requires in excess of several
gigabytes of memory to store the LC/MS data matrix of
intensities.

[0340] In a complex sample, using embodiments of the
present invention, on the order of 100,000 ions can be
detected. These detected ions are represented by a table hav-
ing 100,000 rows, each row comprising ion parameters, cor-
responding to a detected ion. The amount of computer storage
required to store the desired parameters for each detected ion
is typically less than 100 megabytes. This storage amount
represents only a small fraction of the memory needed to store
the initially generated data. The ion parameter data stored in
the ion parameter table can be accessed and extracted for
further processing. Other methods for storing the data can be
employed in embodiments of the present invention.

[0341] Not only are storage requirements significantly
reduced, but computational efficiency of post-processing
LC/MS data is significantly improved if such analysis is
performed using the ion parameter list rather than the origi-
nally produced LC/MS data. This is due to the significant
reduction in number of data points that need to be processed.

STEP 7: Simplify Spectra and Chromatograms

[0342] The resulting ion list or table can be interrogated to
form novel and useful spectra. For example, as described
above, selection of ions from the table based upon the
enhanced estimates of retention times produces spectra of
greatly reduced complexity. Alternatively, selection of ions
from the table based upon the enhanced estimates of m/z
values produces chromatograms of greatly reduced complex-
ity. As described in more detail below, for example, a reten-
tion time window can be used to exclude ions unrelated to the
species of interest. Retention-time selected spectra simplify
the interpretation of mass spectra of molecular species, such
as proteins, peptides and their fragmentation products, that
induce multiple ions in a spectrum. Similarly an m/z window
can be defined to distinguish ions having the same or similar
n/z values.

Mar. 28, 2013

[0343] Using the concept of a retention window, simplified
spectra from an LC/MS chromatogram can be obtained. The
width of the window can be chosen to be no larger than the
FWHM of the chromatographic peak. In some cases, smaller
windows such as one tenth the FWHM of a peak are selected.
The retention-time window is defined by selecting a particu-
lar retention time, which is generally associated with the apex
of a peak of interest, and then choosing a range of values
about the chosen particular retention time.

[0344] For example, the ion having the highest intensity
value can be selected and retention time recorded. A retention
time window is selected around the recorded retention time.
Then, the retention times stored in the ion parameter table are
examined. Only those ions having retention times falling
within the retention time window are selected for inclusion in
the spectrum. For a peak having a FWHM of 30 seconds, a
useful value of retention time window can be as large as +/-15
seconds or as small as +/-1.5 seconds.

[0345] Theretention time window can be specified to select
ions that elute nearly simultaneously, and are thus candidates
for being related. Such a retention time window excludes
unrelated molecules. Thus, the spectra obtained from the
peak list using the retention window contains only the ions
corresponding to the species of interest thereby, significantly
simplifying the produced spectrum. This is a large improve-
ment over spectra generated by conventional techniques,
which typically contain ions unrelated to the species of inter-
est.

[0346] Using the ion parameter table also provides a tech-
nique for analyzing chromatographic peak purity. Peak purity
refers to whether a peak is due to a single ion or the result of
co-eluting ions. For example, by consulting the ion parameter
list generated by embodiments of the present invention an
analyst can determine how many compounds or ions elute
within the time of a principle peak of interest. A method for
providing a measure or metric of peak purity is described with
reference to FIG. 21.

[0347] Instep 2102, aretentiontime window is chosen. The
retention time window corresponds to the lift off and touch
down of the peak corresponding to the ion of interest. In step
2104, the ion parameter table is interrogated to identity all
ions eluting within the chosen retention time window. In step
2106, the intensities of the identified ions (including the ion of
interest) are summed. In step 2108, a peak purity metric is
calculated. The peak purity metric can be defined in a number
of'ways. In one embodiment of the present invention, the peak
purity metric is defined as:

purity=100*(intensity of peak of interest)/(sum of
intensity of all peaks in retention window).

[0348] Alternatively, in another embodiment of the present
invention, peak purity is defined as:

purity=100*(intensity of most intense)/(sum of inten-
sity of all peaks in retention window).

[0349] In both definitions of peak purity, the peak purity is
expressed as a percent value.

[0350] The spectra simplifying properties of the present
invention can also be used to study biological samples more
easily. Biological samples are an important class of mixtures
commonly analyzed using LC/MS methods. Biological
samples generally comprise complex molecules. A character-
istic of such complex molecules is that a singular molecular
species may produce several ions. Peptides occur naturally at
different isotopic states. Thus, a peptide that appears at a
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given charge will appear at several values of m/z, each corre-
sponding to a different isotopic state of that peptide. With
sufficient resolution, the mass spectrum of a peptide exhibits
a characteristic ion cluster.

[0351] Proteins, which typically have high mass, are ion-
ized into different charge states. Although isotopic variation
in proteins may not be resolved by a mass spectrometer, ions
that appear in different charge states generally can be
resolved. Such ions produce a characteristic pattern that can
be used to help identify the protein. The methods of the
present invention would then allow one to associate those ions
from a common protein because they have a common reten-
tion time. These ions then form a simplified spectrum that can
be analyzed by for example, the method disclosed in U.S. Pat.
No. 5,130,538 to Fenn et al.

[0352] Mass spectrometers measure only the ratio of mass-
to-charge, not mass by itself. It is possible however, to infer
the charge state of molecules such as peptides and protein
from the pattern of ions they produce. Using this inferred
charge state, the mass of the molecule can be estimated. For
example, if a protein occurs at multiple charge states, then it
is possible from the spacing of m/z values to infer the charge,
to calculate the mass of each ion knowing the charge and
ultimately to estimate the mass of the uncharged parent. Simi-
larly, for peptides, where the m/z charges are due to charge in
the isotopic value for a particular mass m, it is possible to infer
the charge from the spacing between adjoining ions.

[0353] There are a number of well-known techniques that
use the nm/z values from ions to infer the charge and parent
mass. An exemplary such technique is described in U.S. Pat.
No. 5,130,538, which is hereby incorporated by reference
herein in its entirety. A requirement for each of these tech-
niques is selection of the correct ions and the use of accurate
values for m/z. lons represented in the detected ion parameter
table provide high precision values that can be used as inputs
to these techniques to produce results with enhanced preci-
sion.

[0354] In addition, several of the cited methods attempt to
reduce the complexity of spectra by distinguishing between
ions that may appear in a spectrum. Generally, these tech-
niques involve selecting a spectrum centered on a prominent
peak or combing spectra associated with a single peak, to
obtain a single extracted MS spectra. If that peak were from a
molecule that produced multiple, time-coincident ions, the
spectra would contain all those ions including ions from
unrelated species.

[0355] These unrelated species can be from ions that elute
at the exact same retention time as the species of interest or,
more commonly, the unrelated species are from ions that elute
at different retention times. However, if these different reten-
tion times are within a window of approximately the FWHM
of'the chromatographic peak width, the ions from the front or
tails of these peaks are likely to appear in the spectrum. The
appearance of the peaks associated with unrelated species
requires subsequent processing to detect and remove them. In
some instances where they coincide, they may be biasing
measurements.

[0356] FIG. 22A illustrates an exemplary LC/MS data
matrix that results from two parent molecules, and the result-
ing multiplicity of ions. In this example a species elutes at
time t1 producing 4 ions and another species elutes at time t2
producing 5 ions in the LC/MS data matrix. Even though
there are two distinct species, if a spectrum were to be
extracted at time t1 or time t2, the result spectrum would
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contain nine peaks one from each of the nine ions. However
the present invention would obtain 9 accurate retentions times
(as well as m/z and intensities) for each of these 9 ions. If a
spectrum were then constructed only of ions that had reten-
tion times substantially equal to t1, then only four ions would
be present. This simplified spectrum appears in FIG. 22B.
Similarly, tf a spectrum were then constructed only of ions
that had retention times substantially equal to t2, then only
five ions would be present. This simplified spectrum appears
in FIG. 22C.

Applications

[0357] As a sample is collected with an LC/MS system, a
plurality of spectra is typically collected across the chromato-
graphic peak in order for the retention time to be accurately
inferred. For example, in embodiments of the present inven-
tion 5 spectra per FWHM are collected.

[0358] It is possible to alternate the configuration of an
LC/MS system on a spectrum by spectrum basis. For
example, all even spectra can be collected in one mode and all
odd interleaving spectra can be collected with the MS con-
figured to operate in a different mode. An exemplary dual
mode collection operation can be employed in LC/MS alter-
nating with LC/MSE where in one mode (LC/MS) unfrag-
mented ions are collected and in the second mode (LC/MSE),
fragments of the unfragmented ions collected in the first
mode are collected. The modes are distinguished by the level
of'a voltage applied to ions as they traverse a collisional cell.
In the first mode the voltage is low, and in the second mode,
the voltage is elevated. (Bateman et al.)

[0359] In such a system, the fragments or ions collected
with the system in one mode appear with a chromatographic
profile having the same retention time as the unmodified ions.
This is because the unfragmented and fragmented ions are
common to the same molecular species, so the elution profile
of'the molecule is imprinted upon all unfragmented and frag-
mented ions that derive from it. These elution profiles are
substantially in time alignment because the extra time
required to switch between modes in online MS is short as
compared to the peak width or FWHM of a chromatographic
peak. For example, the transit time of a molecule in an MS is
typically on the order of milli- or micro-seconds, while the
width of a chromatographic peak is typically on the order of
seconds or minutes. Thus, in particular, the retention times of
the unfragmented and fragmented ions are substantially iden-
tical. Moreover, the FWHM of the respective peaks will be the
same, and further, the chromatographic profiles of the respec-
tive peaks will be substantially the same.

[0360] The spectra collected in the two modes of operation
can be divided into two independent data matrices. The opera-
tions of convolution, apex detection, parameter estimation
and thresholding described above can be applied indepen-
dently to both. Although such analysis results in two lists of
ions, the ions appearing in the lists bear a relationship to one
another. For example, an intense ion having a high intensity
that appears in the list of ions corresponding to one mode of
operation may have counterpart in the list of modified ions
collected according to the other mode of operation. In such a
case, the ions will typically have a common retention time. To
associate such related ions with one another for analysis, a
window restricting retention time as described above can be
applied to ions found in both data matrices. The result of
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applying such a window is to identify ions in the two lists
having a common retention time and are therefore likely to be
related.

[0361] Eventhough the retention times of these related ions
are identical, the effects of detector noise will result in the
measured values of retention time of these ions to differ
somewhat. This difference is a manifestation of statistical
error and measures the precision of the measurement of reten-
tion time of an ion. In the present invention, the difference in
estimate retention times of ions will be less than the FWHM
of the chromatographic peak width. For example if the
FWHM of a peak is 30 seconds, the variation in retention
times between ions will be less than 15 seconds for low-
intensity peaks, and less then 1.5 seconds for high-intensity
peaks. The window widths used to collect ions of the same
molecule (and to reject unrelated ions) can the be as large as
+/-15 seconds or as small as +/-1.5 seconds in this example.
[0362] FIGS. 23A-23B are graphical charts illustrating
how related ions can be identified in the unmodified and
modified ion lists generated by an embodiment of the present
invention. Data matrix 2302 shows three precursorions 2304,
2306 and 2308 that are detected in spectra resulting from an
unmodified MS experiment. Data matrix 2310 shows eight
ions that result from an experiment after the MS is modified
for example as described above to cause fragmentation. lons
in data matrix 2302 that are related to those in the data matrix
2310 appear at the same retention time, as indicated by the
three vertical lines labeled t0, t1, and t2. For example, ions
2308a and 23085 in data matrix 2310 are related to ion 2308
in data matrix 2302. Ions 23064, 23065, and 2306¢ in data
matrix 2310 are related to ion 2306 in data matrix 2302. Ions
2304a,23045 and 2304¢ in data matrix 2310 are related to ion
2304 in data matrix 2302. These relationships can be identi-
fied by retention time windows with appropriate widths cen-
tered at time t0, t1, and t2 respectively.

[0363] The ion parameter list can be used for a variety of
analyses. One such analysis involves fingerprinting or map-
ping. There are numerous examples of mixtures that are, on
the whole well characterized, and have essentially the same
composition, and whose components exist in the same rela-
tive amounts. Biological examples include the end products
of metabolism such as urine, cerebrospinal fluid, and tears.
Other examples are the protein contents of cell populations
found in tissues and blood. Other examples are the enzymatic
digests of protein contents of cell populations found in tissues
and blood. These digests contain mixtures peptides that can
by analyze by dual mode LC/MS and LC/MSE. Examples in
industry include perfumes, fragrances, flavors, fuel analysis
of gasoline or oils. Environmental examples include pesti-
cides, fuel and herbicides, and contamination of water and
soil.

[0364] Abnormalities from what would be expected to be
observed in these fluids include xenobiotics in the case of
products of metabolism that result from ingestion or injection
of drugs or drug substances; evidence of drugs of abuse in
metabolic fluids; adulteration in products such as juices, fla-
vors, and fragrances; or in fuel analysis. The ion parameter
list generated according to embodiments ofthe present inven-
tion can be used as an input to methods known in the art for
fingerprint or multi-variate analysis. Software analysis pack-
ages such as SIMCA (Umetrics, Sweden), or Pirouette (Info-
metrix, Woodenville, Wash., USA) can be configured to use
fingerprint or multi-variate techniques to detect such abnor-
malities, by identifying changes in ions between sample
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populations. These analyses can determine the normal distri-
bution of entities in a mixture, and then identify those samples
that deviation from the norm.

[0365] The synthesis of a compound may produce the
desired compound together with additional molecular enti-
ties. These additional molecular entities characterize the syn-
thetic route. The ion parameter list in effect becomes a fin-
gerprint that can be used to characterize the synthetic route of
the synthesis of a compound.

[0366] Another important application to which the present
invention is applicable is biomarker discovery. The discovery
of molecules whose change in concentration correlates
uniquely with a disease condition or with the action of a drug
is fundamental to the detection of disease or to the processes
of drug discovery. Biomarker molecules can occur in cell
populations or in the products of metabolism or in fluids such
as blood and serum. Comparison of the ion parameter lists
generated for control and disease or dosed states using well
known methods can be used to identify molecules that are
markers for the disease or for the action of a drug.

N-Dimensional Data and LC/IMS/MS

[0367] Some embodiments of the invention involve higher
dimensional data than that obtained from LC/MS instru-
ments. Some of these embodiments involve LC/IMS/MS
instruments. Although the following description is directed
primarily at LC/IMS/MS data, one of skill will understand
that the principles described herein have broader applicability
to a variety of instruments that provide three- and higher-
dimensional data.

[0368] Some of these embodiments include an LC module,
an IMS module and a TOF-MS module. An example of such
an instrument, with which some embodiments of the inven-
tion are suitably implemented, is described in US Patent
Publication 2003/01084 to Bateman et al., published on Jan.
2,2003.

[0369] First, for a broader context of some aspects of the
invention, the collection of data of different numbers of
dimensions is described. For a single-channel detector, as
found, for example, in a LC-only or MS-only instrument, the
one-dimensional data is typically displayed in a two-dimen-
sional plot. One must then locate all peaks in the plot.
[0370] Inthecase of LC, typical detectors implement ultra-
violet/visible (UVN is) light absorbance detection. The peak
parameters are the retention time and absorbance of the peak
as it elutes from the column.

[0371] In the case of MS, as performed, for example, with
a quadrupole- or TOF-based MS, electromagnetic forces
serve to separate ions of different m/z ratio, and a detector
provides a value of ion intensity as a function of the m/z ratio.
A routine is required to locate the peaks in the two-dimen-
sional plot of the intensity versus m/z data. In combined
LC/MS, peaks must be located, i.e., distinguished from arti-
facts in the data plotted in three dimensions (ion intensity
versus retention time and m/z.).

[0372] In some LC/IMS/MS-related embodiments,
described below, three separation-related dimensions are
associated with ion-intensity values. The three dimensions of
separation—Iliquid chromatography, followed by ion mobil-
ity, followed by mass spectrometry—measure three corre-
sponding properties of the ions: retention time, ion mobility,
and mass-to-charge ratio. The MS module locates anion in its
m/z value in association with the ion’s peak. The peak is
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associated with, for example, the integrated number of ion
counts of the ion’s peak, as measured by a micro-channel
plate.

[0373] Table 3 provides a summary of the different num-
bers of dimensions of data provided by some embodiments of
the invention. The first column lists some specific analytical
techniques and a more general reference to any technique
having N dimensions of data associated with N separations. N
is optionally equal to as much as three or more. The second
column lists the number of dimensions of a convolution filter
that is utilized, in accordance with some embodiments of the
invention, to reduce artifacts and help distinguish overlapping
peaks. In some preferred implementations, the number of
dimensions of a convolution filter matches the number of
separations.

[0374] For definitional purposes, if one chooses to treat ion
intensity as a dimension of data, in addition to the dimensions
of separation, the data are optionally then referred to as hav-
ing a dimension one greater than the number of separation
dimensions.

[0375] After convolution, peaks associated with local
maxima are located in the convolved data. For example, a
local maximum in a three-dimensional space is suitably
defined as the data point (also referred to herein as data
element) that has a value greater than all of its neighbors. For
example, an element in a three-dimensional separation space
has 3x3x3-1=26 neighbors. So, locating a local maximum
generally requires a comparison of a central element to 26
neighboring elements.

[0376] The third column of Table 3 lists the number of
comparisons to be made to establish that a point is a local
maximum. The remaining columns list the separation dimen-
sions. The local maximum identifies the apex of the peak.
Each apex corresponds to an ion. The remainder of this
Detailed Description will focus on LC/IMS/MS and greater
dimensions of separation.

TABLE 3
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time and mass-to-charge-ratio dimensions, ion peaks of the
convolved set of data elements; and, in response to the located
ion peaks, selecting 2450 one or more portions of the noisy
raw for further analysis. The method 2400 further includes
convolving 2460 the selected portions of the noisy raw data
with an artifact-reducing filter that is associated, for example,
with a three-dimensional matrix; and locating 2470, in reten-
tion-time, ion mobility and mass-to-charge-ratio dimensions,
ion peaks in the convolved raw data.

[0378] The one or more portions of the raw data selected
2450 for further analysis are selected in response to the
located 2440 ion peaks of the convolved set of collapsed data
elements. The locations, in the retention-time and mass-to-
charge-ratio dimensions, of the ion peaks of the convolved
collapsed set of data elements indicate locations, in the reten-
tion-time and mass-to-charge-ratio dimensions, of interest in
the raw data.

[0379] Thus, suitably, the portions selected for further
analysis include the full ion-mobility dimension of the raw
data, but only restricted regions of the retention-time and
mass-to-charge-ratio dimensions of the raw data. These
restricted regions include the locations indicated by the con-
volved collapsed set of data elements. The portions of the raw
data are then selected, for example, to be substantially cen-
tered on the located ion peaks. Thus, one avoids inefficient
analysis of portions of data space that do not contain mean-
ingful data or data of interest. Moreover, the size of the
selected portions is optionally chosen in response to a peak
width, as observed or predetermined. Preferably, the size of
the selected portion, in each dimension, is greater than the
peak width, in that dimension.

[0380] As mentioned, convolving 2460 entails a three-di-
mensional convolution of the raw data. For peak-information
determination, local maxima are located 2440, optionally, by
a search in three dimensions (retention time, ion mobility, and

Convolution Comparisons

Analytic Filter applied to find local Dimension of data

Method to data maximum Axis-1 Axis-2  Axis-3

LC 1-D 3-1=2 LC-time

MS 1-D 3-1=2 m/z

LOMS 2-D 32-1=8  LC-time m/z

LC/IMS/MS 3-D 3*-1=26 LC-time ion m/z
mobility

N separations  N-D o1 N axes of separation

[0377] FIG. 24 is a flow diagram of a method 2400 of
LC/IMS/MS analysis, according to one illustrative embodi-
ment of the invention. The method 2400 includes obtaining
2410 noisy raw data from a sample. The data includes a set of
three-dimensional data elements, which each associate an
ion-count intensity with a retention-time dimension, an ion-
mobility dimension, and a mass-to-charge-ratio dimension.
The method 2400 further includes: collapsing 2420, in the ion
mobility dimension, the set of data elements to obtain a set of
collapsed data elements, which each associate a combined
ion-count intensity with the retention-time and mass-to-
charge-ratio dimensions; and convolving 2430 the set of col-
lapsed data elements with an artifact-reducing filter that is
associated, for example, with a two-dimensional matrix. The
method 2400 further includes: locating 2440, in the retention-

ion m/z); the location of a local maximum associates the three
separation-related ion properties—retention time, mobility,
and m/z—with an ion’s intensity (corresponding to a number
of ions detected via MS.) The value of the apex of a peak
provides the integrated ion intensity over a whole ion peak, if
a convolution filter is appropriately normalized.

[0381] Next referring to Table 4, the method 2400 exploits
the different levels of resolution of the raw data in the three
different dimensions (relatively high-resolution in m/z, rela-
tively poor resolution in ion mobility, and intermediate in
retention time.) Table 4 illustrates these differences in reso-
Iution. For the three dimensions, Table 4 lists a typical mea-
surement range, sampling period, number of elements (i.e.,
range divided by sampling period,) peak full-width half maxi-
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30

mum (in terms of time,) peak full-width half maximum (in
terms of data point elements,) and resolution (in terms of
number of resolvable peaks.)
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[0386] The method 2400 is optionally applied to centroid
data. In a centroid approach, the only information recorded
for a scan, in a scan set, is the peak information, where each

TABLE 4
Number

Separation Sampling  of Array Peak Peak
Dimension Range period Elements FWHM FWHM Resolution
m/z 75 psec 0.5 ns 150,000 4 ns 8 elem. 18,000
Retention 100 min 4 sec 1500 30 sec 7.5 elem 200
Mobility 20 ms 0.1 ms 200 0.7 ms 7 elem 30
[0382] The MS resolution of 18,000 corresponds to 150, peak is described by a mass and intensity. Each mass-inten-

000 channels of intensities, with a peak width (FWHM) of 8
channels. The second highest resolution is the chromato-
graphic dimension, with a 100 minute separation and a peak
width of 30 seconds (corresponding to 7.5 scans). The lowest
resolution is given by ion mobility. Assuming the illustrated
example of a FWHM of 7 elements, the IMS resolution is 30
peaks for a 200 channel spectrum. This idealized example
ignores the typical variation of peak width with mass and
mobility.

[0383] Inmore detail, the method 2400 is optionally imple-
mented as follows. Raw data from the various scans are
assembled into a three dimensional data array, where one axis
is the time of a scan set corresponding to chromatographic
retention time, a second axis corresponds to the scan number
in the scan set corresponding to mobility drift time, and the
third axis is channel number, corresponding to mass-to-
charge ratio. A three-dimensional convolution is applied to
the three-dimensional data array. Local maxima in the three
dimensions locate ion peaks. The value of the apex of the peak
provides the fourth ion property, the intensity integrated over
the whole body of the peak, if a convolution filter is normal-
ized for this purpose.

[0384] The three-dimensional convolution utilizes, for
example, smoothing or 2 derivative filters, or combinations
of such filters. A convolution filter’s coefficients are option-
ally chosen to maximize a signal-to-noise ratio, minimize
statistical-error properties, remove baseline backgrounds,
and/or mitigate effects of ion interference. For more efficient
computation, as indicated in the above description of the
method 2400, the three-dimensional convolution is option-
ally applied to sub-volumes of the raw data. The sub-volumes
are selected in response to the LC/MS data. The collapsed
2420 data are obtained by combining (such as adding) all
mobility spectra. Optionally, dead-time corrections and lock
mass corrections are incorporated into the method 2400, as
are auto peak-width computations for each dimension.

[0385] The method 2400 is extensible to N sequential sepa-
rations that produce N dimensions of separation-related data.
Such data are optionally assembled as a N-dimensional
hypercube, and a N-dimensional convolution is applied to all
points in the hyper cube. Local maxima are found, for
example, by comparing the intensity of a point to 3" neigh-
boring elements centered on each element in the N-dimen-
sional space. Interpolation formulas locate the N-dimen-
sional parameters of each peak, and the value at the
N-dimensional peak apex is the intensity of the peak that
accounts for all the counts or signal associated with the peak
after the N-dimensional separation.

sity pair is replaced with a Gaussian peak whose width cor-
responds to the mass spectrometric resolution, e.g., a con-
tinuum representation of each spectrum is reconstructed from
a peak list. The reconstructed, continuum spectra are
assembled into a cube and analyzed.

[0387] As noted above, for reasons of efficiency, one
optionally chooses not to apply a three-dimensional convo-
Iution filter to an entire volume of raw data; an operation-
count needed to manipulate the data increases as the power of
the number of dimensions. Using presently available process-
ing equipment, a general three-dimensional convolution
applied to all of the data obtained in a single LC/IMS/MS-
based system injection would require, for example, days of
computational time. The method 2400 potentially reduces the
computation time to, for example, less than 1 hour, while
providing results comparable to that obtained from a com-
plete three-dimensional convolution. Additional computa-
tional efficiency is obtained, optionally, by approximating
both two-dimensional and three-dimensional convolution fil-
ters with one-dimensional filters applied in sequence to linear
arrays extracted from the data.

[0388] The following is an example of data calculation for
an LC/IMS/MS-based system. lon intensities are organized in
a three-dimensional volume, where each data element is an
intensity, measured as counts (C), and each element is sub-
scripted by three variables, corresponding to retention time
(T), mobility (D), and mass-to-charge ratio p.. Mathemati-
cally, each element of this three-dimensional data is labeled
by three indices. Chemists generally refer to such data as
“four-dimensional” data, thus regarding intensity as an extra
dimension of data. The notation used for each data element in
this example is C, ; ;, where C is the counts measured at a data
element specified by integer indices i, j, k. These indices
correspond to scan number (retention time, T;), scan set num-
ber (mobility, D)), and channel number (mass-to-charge, 1,).
Thus, we have that

Cija=CT D).

[0389] In this example, the response of an ion in an
LC/IMS/MS system is approximated as a Gaussian peak in
three dimensions, where each ion produces counts that spread
across characteristic peak widths.

[0390] The width of a peak in each of the three directions is
aproperty of the modes of separation. The standard-deviation
peak widths are 0, 0, 0, for the chromatographic, mobility,
and mass spectral directions. The counts are distributed over
data elements as
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[0391] where C,, is the integrated volume counts, and the
i,j,kindices correspond to chromatographic scan time, mobil-
ity scan time, and mass-to-charge channel, respectively. The
Gaussian peak is centered on i, j,, and &, (which takes on a
fractional value.) The relationship between apex counting
rate and integrated volume counting rate is

Cy

Cp=—s.
A (27r)3/20'7-0'Do'ﬂ

[0392] To detect ions in such data and measure their prop-
erties, i.e., toinferi,, j,, k,, and C . from the array C, ; , in this
example, one estimates these parameters using a convolution
filter. The local maxima of the convolved data locate the ions
and estimate their intensity.

[0393] Given a set of filter coefficients, F, ,, . the output of
a three-dimensional convolution is a three-dimensional vol-
ume, given by

L M N
Riji= Z Z Z FromnCit j-mk—m-
t=—Lm=—M n=—N
[0394] where R, as a convolution element.
[0395] The filter coefficients F,,, , span a three-dimen-

sional volume, where the width of each dimension is associ-
ated with the width ofthe peak in each dimension. The indices
of F are symmetric about 0, and the number of elements in
each dimension is (2L+1), 2M+1), and (2N+1).

[0396] In this example, the widths of I, ,,,, are adjusted to
match the changing peak widths over the MS and IMS dimen-
sions. The computation of each output value R, ; ; requires as
many multiplications as there are filter coefficients.

[0397] As indicated by the convolution expression, a value
of R, is obtained by centering the coefficients I, ,, , on the
element C, ;,, and performing the indicated multiplications
and additions. Generally, there are as many output values
R, x as there are input values C

[0398] In a three-dimensional application, R, ; is a local
maximum ifits value exceeds the value of all of its neighbors.
Thatis, if R,  , is in the center of a (3x3x3=27) element cube,
the value for R, ; , is a maximum ifits ion-peak intensity value
exceeds that of its 26 nearest neighbors. A normalization
coefficient is obtained by convolving the un-normalized filter
with a model Gaussian peak; the peak widths of the model
Gaussian peak correspond to the physically expected peak
widths. An ion is detected if the value of the convolution
maximum exceeds a suitably selected threshold. A value for
threshold detection is set at, for example, 100 counts or less.
[0399] Given a peak-detection, the location of its apex in
three-dimensions is obtained, for example, by fitting a three-
dimensional quadratic curve to the 27 elements near the maxi-
mum. The interpolated index values of the maximum give the
peak’s properties, yielding fractional indices corresponding
to retention time, mobility, and mass-to-charge ratio of the
ion. Generally, spectra are uncalibrated, so the mass-to-
charge is uncalibrated.
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[0400] The operation count for convolution is proportional
to the product of the number of acquired intensities times the
number of filter coefficients. The operation count increases as
the power of the dimensionality of the data. A convolution
approach to a LC/IMS/MS-based system then optionally
must contend with a potentially large operation count.

[0401] As mentioned above, one way to reduce the number
of operations of a computation is to implement three-dimen-
sional convolution filters as a series of one-dimensional con-
volution filters. Multiple applications of one-dimensional fil-
ters implements, as an approximation, a two-dimensional or
three-dimensional filter matrix, as described above with ref-
erence to FIGS. 1-23. For example, a 21x21 element two-
dimensional convolution matrix is replaced with four one-
dimensional convolutions, two in the spectral direction and
two in the retention time dimension. In the case of a three-
dimensional convolution, a 21x21x21 three-dimensional
convolution filter is replaced with nine one-dimensional con-
volutions, three one-dimensional convolutions in each
dimension. This approach reduces calculation time, for
example, by a factor of 6 in the two-dimensional case and a
factor of 48 in the three-dimensional case.

[0402] As described above, one need not compute convo-
Iution elements for all raw data points to provide ion detec-
tion. Preferably, one only calculates enough values forR, ; ; to
locate the local maximum of each ion. The minimum number
is, for example, a cube of 3x3x3 values of R, ; ; for each ion.
A local maximum is found if the value of R, ; ; in the center of
that cube is greater than all surrounding 26 values. Thus, in
principle, if there are 100,000 ions to be found, one only
needs about 3,000,000 elements, or less than 0.01% of the
4.5x10' total number of potential convolution elements, in
one illustrative example. The computation of these critical
convolution values optionally requires a few seconds. In prac-
tice, more elements than this minimum are calculated. Thus,
the invention, in some embodiments, exploits the realization
that the addition of an IMS module to an LC/MS system
optionally greatly increases the number of measured data
points, most of which do not provide required information.

[0403] In this example, the raw data is collapsed in the
ion-mobility dimension by constructing a two-dimensional
LC/MS data matrix from the three-dimensional LC/IMS/MS
data. An element C, ;, of the two-dimensional LC/MS matrix
is obtained by summing intensities from all mobilities mea-
sured at the same chromatographic scan time and mass spec-
tral channel, as follows,

Nj
Ciy = Z Cijk-
J=0

[0404] As described above, one preferably sums over the
mobility dimension because this dimension has the lowest
resolution or peak capacity; the resulting Txp two-dimen-
sional array then has more resolution elements than the other
two possible pairs of dimensions.

[0405] A two-dimensional convolution is applied to this
collapsed array to determine an array of convolved elements
R, ;, where
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[0406] Here, 1:“]," is a two-dimensional convolution filter,
and f{i,k is the two-dimensional convolution element. The
local maxima of f{i, . locates the retention time and m/z of each
two-dimensional ion found in the two-dimensional matrix.
[0407] The present example utilizes the assumption that all
ions are accounted for by these two-dimensional ion peaks
(which may arise from more than one ion due to similar ion
motilities.) Thus, the results of the two-dimensional convo-
Iution indicates where to apply the three-dimensional convo-
Iution, and each two-dimensional ion peak will correspond to
one or more three-dimensional ions. If there is no ion inter-
ference for a particular two-dimensional ion peak, then the
corresponding three-dimensional volume will yield a single
ion detection with its location in the ion-mobility dimension.
[0408] For each two-dimensional ion-peak location deter-
mination, a set of three-dimensional convolution elements are
calculated. In the present example, for each located peak,
these elements span a three-dimensional volume that is cen-
tered on the retention time and nv/z of the two-dimensional
peak location and spans all 200 mobility spectra.

[0409] Thus, the three-dimensional data provide the ions’
mobility characteristics, while the retention time, m/z, and/or
intensity information was already provided by the convolved
two-dimensional data or, preferably, also provided, more
accurately, by the original three-dimensional data. Thus, it is
sufficient to compute a limited selection of three-dimensional
convolution elements.

[0410] To accommodate peaks, located in convolved two-
dimensional data, that may include multiple ions whose api-
ces are distributed over a width of the located peak, the
following scheme is optionally adopted. Convolution ele-
ments are computed over a volume of 11 retention time ele-
ments by 11 mass-to-charge elements by 200 ion-mobility
elements, centered on each two-dimensional ion detection.
For this example, assuming 200 million calculational opera-
tions per second, approximately 38 minutes of processing
time provides the retention time, ion mobility, mass-to-charge
ratio, and ion intensity for all ions in a single sample injection
in an LC/IMS/MS system. Reducing the volume over which
three-dimensional convolution elements are computed addi-
tionally reduces computation time (by another factor of 20,
for example) to a manageable level.

[0411] Raw data, such as spectra and/or chromatograms,
output by a mass spectrometer may be subsequently pro-
cessed for further analysis as described above to identify peak
lists and properties of identified peaks. As will be described in
following paragraphs, an embodiment of the techniques
herein may perform processing such as described above using
serial and parallel processing performed by processing units.
For example, an embodiment may perform serial processing
using a CPU (central processing unit) of a computer system
which executes code serially (e.g., one instruction at a time)
and by programming a parallel processing unit, such as a
graphics processing unit (GPU) which can execute multiple
instructions at a time. The GPU may be included in a com-
puter system which analyzes the raw data output by an
LC/MS or LC/IMS/MS system. In one embodiment, the raw
data, such as scans or spectra produced by the LC/MS or
LC/IMS/MS system, may be stored on a storage device. At a
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later point time, the raw data may be further analyzed in a
post-processing step performed by executing code on a com-
puter system including one or more GPUs. The code, when
executed on the one or more GPUs, may perform at least some
of the processing steps as described above in a parallel fash-
ion. In another embodiment performing at least some of the
processing steps described above for peak list detection and
property computation in parallel, the raw data may be ana-
lyzed in real time as generated by the LC/MS or LC/IMS/MS
system. Thus, the peaks list may be generated in real-time as
the MS scan data is produced. In this latter embodiment in
which the peak list is generated in real time as the MS scan
data is produced, the scan data does not have to be stored in a
form of non-volatile storage for post processing.

[0412] As described above, the raw data may include a
sequence of scans and, using the techniques described above,
peaks in the raw data may be identified and may be output in
a list, the peak list. In one form, the peak list may be a list or
table of data. For each peak, processing may also be per-
formed to determine characteristics or properties of the iden-
tified peaks in the list. Such properties may include, for
example, properties characterizing the peak shape, retention
time (RT), m/z and intensity at the peak apex, the area or
volume of the peak, coordinates of where the peak starts and
ends, up-slope and down-slope, peak width, and the like. Part
of the processing described above includes various filtering
steps. Processing to perform this filtering, generate the peak
lists and associated properties is computationally intensive
and, in one embodiment, may be performed by the GPU or
other parallel processing unit using parallel programming. In
one embodiment of the techniques herein, not all processing
steps may be performed by code executed by the GPU.
Rather, as described below, an embodiment may select to
perform processing steps which are computationally inten-
sive and amenable for parallelization using the GPU while
performing other processing serially in the CPU. For
example, an embodiment in accordance with techniques
herein may perform steps related to filtering, peak list gen-
eration, and peak property generation in parallel using the
GPU while executing other processing steps serially using a
CPU. Both the CPU and one or more GPUs may be included
in the same system as described in more detail in exemplary
embodiments elsewhere herein. Code that executes in the
GPU may be programmed, for example, using the CUDA
programming language designed to exploit parallel process-
ing characteristics of the GPU. The GPU can handle thou-
sands of concurrent programming threads, each running one
element of a parallel computation. To facilitate parallel pro-
gramming, CUDA organizes these threads in blocks, and the
threads blocks are organized in a grid. The threads in a thread
block can be indexed in one, two, or three dimensions, and the
grid can be indexed in one or two dimensions. In an embodi-
ment described herein in following paragraphs, the function
calls that run in the GPU are called “kernels”, and are
launched from the CPU. Each kernel corresponds to a portion
of parallel code that may be executed by multiple threads,
where such threads are organized into a number of blocks. A
“grid” of blocks may be run as a unit of computation on the
GPU where all threads in the grid may executed concurrently.

[0413] Referring to FIG. 25A, shown is an example illus-
trating the foregoing thread hierarchy that may be used in an
embodiment in accordance with techniques herein. The
example 2510 provides a general representation of the thread
hierarchy that includes a grid 2512 of thread blocks. Each
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thread block in 2512 may include multiple threads as illus-
trated by 2514. All threads in a block run the same kernel or
set of instructions. A thread block may have one, two or three
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respect to the three dimensions of intensity, retention time,
and mass to charge ratio. The processing may include main
processing steps as summarized below in Table 5.

TABLE §

Processing steps

Serial Parallel and serial
Computation computation

A. Pre-processing step

B Read data from the raw data file
C. Filter data in time and mass

axes

D. Peak detection
E. Peak properties computation
F. Write the peak list file

Run once per Run once per CPU
invocation invocation
One scan at atime  One scan at a time CPU

One scan at atime  Many scans atatime  GPU
One scan at a time
One scan at a time
Run once per
invocation

Many scans at atime ~ GPU
Many scans at atime ~ GPU
Run once per CPU
invocation

dimensions although two dimensions are illustrated in con-
nection with 2514. The maximum number of threads in a
block may vary with the particular system. All thread blocks
in the grid 2512 have the same size and run the same kernel.
Thus, all threads in a grid executing a same kernel may be
executed in parallel. A grid may have one or two dimensions
although two dimensions are illustrated in 2510. The forego-
ing is a general representation of the thread hierarchy. Addi-
tional details regarding the particular dimensions and sizes of
blocks and grids, what instructions are included in a single
kernel performed in parallel, and the like, as may be included
in an embodiment in accordance with techniques herein are
described in more detail below.

[0414] In accordance with one aspect of the techniques
described herein, an embodiment may process raw data from
an LC/MS system to identify peaks characterized with
respect to a number of dimensions and corresponding prop-
erties. Such an embodiment may perform at least some of the
steps using parallel programming techniques such as using
the GPU. In one embodiment, peaks may be identified with
respect to three such dimensions—intensity, retention time,
and mass or mass to charge (m/z) ratio. An embodiment using
an LC/IMS/MS-based system may additionally include a
fourth such dimension—ion mobility also referred to drift.
The techniques in following paragraphs are described first
with respect to an embodiment using the three dimensions of
intensity, retention time, and mass to charge ratio. An
embodiment using the techniques herein with respect to the
foregoing three dimensions and additionally a fourth dimen-
sion of ion mobility is then also described. In such an embodi-
ment using the fourth dimension of ion mobility, processing
may first be performed as described for the three dimensions
(e.g., of intensity, retention time (or time) and mass to charge
ratio (or mass)) and then perform additional processing with
respect to the fourth dimension. It should be noted that the
foregoing notion of three dimensions (3D) and four dimen-
sions (4D) which consider intensity as a dimension are
referred to in following paragraphs. Following paragraphs set
forth exemplary embodiments utilizing parallel processing
and, as will be appreciated by those of ordinary skill in the art,
may be more generally applied for use with a different num-
ber of dimensions, by varying the partitioning of processing
performed by the CPU (e.g., serially) and by the GPU (e.g, in
parallel), using a different number of GPUs, and the like.

[0415] What will first be described is an exemplary
embodiment in accordance with techniques herein with

[0416] Table S includes six processing steps denoted A-F in
the first column. The second column indicates particulars of
each processing step in an embodiment which performs all
steps serially. The third column indicates particular process-
ing for each step in an embodiment in which some steps are
performed serially and other steps are performed in parallel.
It should be noted that a single scan or one scan of data
referenced in Table 5 refers to a single scan of MS data that
may be obtained for a single retention time (e.g, point in time)
and includes all m/z values at that particular retention time.
Steps A and F may be performed once for each invocation of
aprogram that performs the techniques herein when process-
ing data. The pre-processing step A may include general
initialization processing, for example, such as data structure
initialization, computation of filter coefficients, calibration of
data, and the like. As indicated by column 3, an embodiment
in accordance with techniques herein may perform steps C, D
and E in parallel using the GPU operating on many scans at a
time, and may perform steps A, B and F serially using the
CPU. The GPU may perform steps C, D and E in parallel
operating on many scans at atime in groups called scan packs.

[0417] In one embodiment in accordance with techniques
herein, the filtering of the raw data (step C) involves five
convolution filters, and a total of eight types of data when
considering all filter inputs and outputs. This is described
below in more detail.

[0418] Referring to FIG. 25B, shown is an example of a
data flow diagram of the raw data filtering that may be per-
formed in an embodiment in accordance with techniques
herein. FIG. 25B provides additional detail regarding pro-
cessing comprising step C of Table 5 above. The rectangles
2504a-e in the example 2500 represent the convolution filters,
the elliptical elements 2502a-4 represent the different data
types, and the circles with a plus sign (as indicated by 2506
and 2508) represent the average of the two inputs. The two
filters—2504a and 25045—that take the “rawData” data type
25025 as input filter the raw data in the mass or m/z axis and
are referred to herein as “ms” filters. The other three filters—
2504c¢, d and e (at the center of the figure)—filter their input
data in the retention time, time or chromatographic axis and
may be referred to herein as “chrom” or “cr” filters. The type
of filter (the filtering effect) is determined by the set of filter
coefficients used by each filter in Table 6 below Table.
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TABLE 6
Filter name Filter axis Filter type
MS_SMOOTH Mass Smoothing
MS__DERIV2 Mass Second derivative
CR_SMOOTH Chromatographic Smoothing
CR__DERIV2 Chromatographic Second derivative
MS_SHAPE Chromatographic Combined

In Table 6, each filter name corresponds to a filter denoted in
FIG. 25B. Each filter name indicates the filter type (e.g.,
SMOOTH for a smooth filter, DERIV2 for a second deriva-
tive filter, and SHAPE for a filter that uses filtering coeffi-
cients based on a combination of smoothing and second
derivative). The raw data 25025 may represent the raw scan
data as output by the LC/MS or LC/IMS/MS system for
further processing. It should also be noted that both crShape
data 2502¢ and msShape data 2502f may represent filtered
outputs regarding peak shape as described elsewhere herein.
[0419] The filter processing representing by FIG. 25B
includes:

Step S1: Filter the raw data 25025 in the mass direction using
smoothing filter MS_SMOOTH 2504a generating data of
type 2502a msSmooth.

Step S2: Filter the raw data 25025 in the mass direction using
second derivative filter MS_DERIV2 25045 generating data
of type 2502¢ msDeriv2.

Step S3: Filter intermediate output msSmooth 2502a (gener-
ated by step S1) in the time direction using second derivative
filter CR_DERIV2 2504¢ generating data of type stepl
25024.

Step S4: Filter data of type msDeriv2 2502¢ (generated by
step S2) in the time direction using smoothing filter
CR_SMOOTH 2504e¢ generating data of type step2 2502/.
Step S5: Filter the raw data 25025 in the time direction using
the MS_SHAPE filter 25044 generating data of type msShape
2502/ 1t should be noted that the coefficients in connection
with the MS_SHAPE filter 25044 are selected for use in
identifying or detecting the shape of the peaks. Filter 25044
may utilize coefficients selected based on a combination of
smoothing and second derivative filtering.

Step S6: Take the average 2506 of outputs msSmooth 25024
and msDeriv2 2502¢ and produce data of type crShape 2502e.
Step S7: Take the average 2508 of outputs stepl 25024 (gen-
erated by S3) and step2 2502/ (generated by S4) and produce
data of type final filtering output 2502g. As noted below,
2502¢g is the final filtering output used as an input to peak
detection processing.

[0420] With reference to FIG. 25B, the “rawData” 250254
data type is the initial input to the filtering step, the five data
types 2502d-# (e.g., at the right of FIG. 25B) are outputs of
the filtering step used by the subsequent peak detection and
peak properties computation steps, and the other two data
types 2502a, 2502¢ are intermediate outputs which are not
further utilized than as illustrated in FIG. 25B. The “final
filtering output 2502g data type is the final filter output used
in peak detection.

[0421] The foregoing presents an overview of filter pro-
cessing (step C of table 5) including substeps S1-S7. In an
embodiment in accordance with techniques herein as
described below, processing for each of the filtering substeps
may be performed in parallel.

[0422] Referring to FIG. 26, shown is an example of a data
flow diagram of the peak detection and peak properties steps
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that may be performed in an embodiment in accordance with
techniques herein. FIG. 26 illustrates processing related to
steps Dand E oftable 5 above. The example 2550 includes the
five data types 25024, ¢, f, g, and & generated by the filtering
step and illustrate how the foregoing are used as inputs in
connection with peak detection 2552 and peak properties
2554 computation steps. The “final filtering output™ data type
2502¢g is used as input to the peak detection step 2552 to
determine the peaks denoted by 2556. Once the peaks in the
data have been found in 2556, all five filter outputs 2052¢-4
are used to compute peak properties 2554 on the detected
peaks of 2556, and to generate the peak list 2558. The peak list
2558 collectively represents the identified peaks 2556 and
associated properties 2554. In one embodiment as described
herein, a peak may be identified by step 2552 by providing
coordinates of the peak’s apex in terms of retention time, m/z
and intensity.

[0423] As noted above, processing may be performed in a
parallel manner which processes one scan pack of multiple
scans at a time (in parallel) rather than a single scan at a time.
For example, all the scans may be partitioned into two scan
packs and one type of filtering may be performed for both
scan packs. The filtering, peak detection and peak property
computation may be performed for the first scan pack to
produce the peak list (including any desired peak properties)
for the first scan pack. Once the first scan pack is complete,
the same filtering, peak detection and peak property process-
ing may be performed for the second scan pack. In connection
with the foregoing filtering, for example, each thread
executed in parallel for a single scan pack may determine the
filtered output for a single input point. Thus, an embodiment
my concurrently compute multiple filtered output points for a
single scan pack, or portion thereof. In a similar manner,
processing included in each of peak detection and/or peak
property computation may perform such processing in paral-
lel with respect to a single scan pack. With reference to table
5, an embodiment may perform the steps of filtering, peak
detection and peak property generation for a single scan pack
prior to commencing filtering for the next scan pack.

[0424] A scan pack may be read one scan at a time and
stored in memory prior to the GPU commencing processing
of the scan pack. In following paragraphs, the computer
where the CPU is located may also be referred to as the
“host”, and the GPU may be located, for example, on a
plug-in card of the computer referred to as the “device”. Thus,
the CPU and GPU may be included in the same system (such
as the same computer system) and may communicate, for
example, using a bus such as a PCle (Peripheral component
interconnect express). The device may have different types of
memory each with different size, speed, and usage. For
example, the following may be types of memory of the
device: device or global memory, shared memory, constant
memory, and texture memory. Of the foregoing types of
memory, the device or global memory may be the most abun-
dant, may be uncached and may typically be the slowest
memory type to access. Constant memory is read-only for
kernels. The constant memory may have data stored therein
cached, may be written to only by the host (not the device
because it is constant) and may be persistent across kernel
calls within the same application. Graphics processors pro-
vide texture memory to accelerate frequently performed
operations such as, for example, mapping, or deforming, a 2D
“skin” onto a 3D polygonal model. Since optimized data
access is very important to GPU performance, the use of
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texture memory may provide a large performance increase
when used in connection with techniques herein. Data stored
in texture memory may be initially read and then cached so
that subsequent accesses do not incur additional data access
costs. The backing store for texture memory may be included
in the same hardware as global memory and the cached tex-
ture data may be optimized for 2D spatial locality Shared
memory may be characterized as an area of memory that is
uncached and shared across a block of threads.

[0425] Typical data flow between the CPU and GPU may
include the CPU copying data to the GPU, usually to the
GPU’s device or global memory. Instructions such as those
included in the kernel may also be copied to shared memory
of'the GPU. The GPU then asynchronously executes code of
the kernel (e.g. multiple threads concurrently execute the
same portion of code corresponding to the kernel). When the
host makes a call to copy data from GPU memory back to host
memory, the call will block until all threads have completed
processing and the output data is available. At this point, the
results, such as the output data, are transmitted from the GPU
to the CPU.

[0426] In one, embodiment in accordance with techniques
herein, the CPU reads a scan pack of raw data one scan at a
time, and saves it into host memory. Then, the entire scan pack
is copied from the host or CPU memory into device memory
of'the GPU to start processing the scan pack in the GPU. From
this point, all processing on the scan pack is done in the GPU
and all intermediate and final results produced are saved into
device memory of the GPU. When all scan packs have been
processed in the GPU (e.g, filtering, peak list detection and
property computation for all scan packs), the final results
(e.g., peak list including peaks and associated peak proper-
ties) are copied from device memory ofthe GPU to the CPU’s
host memory, and the peak list file is written. Many process-
ing steps in connection with techniques herein also produce
an output in the form of a scan pack. For example, a filter step
that takes a scan pack of raw data as input, outputs a scan pack
of filtered data. A second filter step may take that scan pack of
filtered data as input and produce a different scan pack of
filtered data as output. Also, some processing steps in con-
nection with techniques herein, such as included in filtering,
require data contained in the previous and/or the next scan
pack in order to process the current scan pack. Therefore, for
these steps, two or three consecutive input scan packs are
maintained in memory as needed for processing.

[0427] Described in following paragraphs are consider-
ations and techniques that may be used in connection with
scan pack memory allocation in an embodiment.

[0428] Referring to FIG. 27, shown is an example of a scan
pack containing a number of N scans, each with a number of
M mass values. To compute one output data point, the con-
volution filters use the corresponding input data point and a
number of adjacent input data points according to the number
of filter coefficients used Filtering of a single input point may
be performed with respect to a filtering window of a certain
size spanning a number of input points before and/or after the
single input point. For example, assume a filtering window
size of 21 which includes the input point and the next subse-
quent 20 input data points. In order to generate a filtered
output point for the single input point, 21 input data points are
needed. Furthermore, 20 of those points occur after the input
data point. To further illustrate with an example having a
lesser number of coefficients, assume a five coefficient filter
(C_,to C,) running in the mass axis, produces an output value
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“o0,” from an input mass value “m,” according to Equation 1 A.
In this case, the filtering window includes the input data point
to be filtered and also the previous two input data points
(denoted by -2 and -1 subscripts) and the next or subsequent
two input data points (denoted by +1 and +2 subscripts).

0;=C_y1;_C_'m;_+ComAC 1, +Co iy, 5 Equation 1A

Anembodiment may use an odd number of coefficients where
the coefficients values are symmetrical over the center coef-
ficient. In the example of Equation 1A, C, is the center coef-
ficient, coefficients C, and C_, are the same, and coefficients
C, and C_, are the same. Alternately, we can rename the input
values with an indexing shifted by half the number of coeffi-
cients, resulting in Equation 2A.

0;=C o+ C_ My +Co My o+ C iy 3+ Comy g

[0429] Itshould be noted that in this alternate index naming
method, the input values are not shifted. Itis just that they are
labeled with a shifted index. In a manner similar to that of
Equation 2 A, the five coefficient filter example running in the
time axis, produces an output value “o,” from an input time
value “t,” according to Equation 3A.

Equation 2A

0;=C_5tA4C_ ;1 +Cot; o+ C it 3+ Cotiy g Equation 3A

As will be described in more detail elsewhere herein, the
computation of each filtered data point may be performed by
a different one of the threads. Assuming Equation 3A repre-
sents coefficients using in connection with one of the chrom
filters, when we run a chrom filter on a scan pack, in order to
filter the last scans in the scan pack, input data is needed from
scans contained in the next subsequent scan pack. For this
reason, all chrom filters need two scan packs of their input
data in memory, the current scan pack (the scan pack being
filtered) and the next.

[0430] FIG. 28A illustrates the foregoing for the three data
types from FIG. 25B that may be inputs to a chrom or cr filter
that performs filtering with respect to the retention time
dimension. The example 2650 illustrates that for the current
scan pack denoted as 0, input data from both the current scan
pack O and next scan pack 1 is needed to perform chrom or CR
filtering.

[0431] Inone embodiment, N, the size of a scan pack, may
be at least the size of the largest filter window-1. N may also
be subject to other conditions and sizes for performance rea-
sons. For example, an embodiment may require N to have a
minimum size for performance reasons and efficiency of data
transfer between the host CPU and the GPU.

[0432] With reference to FIG. 28B, shown is an example of
scan packs that may be stored in memory for processing in
connection with performing peaks detection and peak prop-
erties processing (e.g., processing illustrated in FIG. 26) for
an entire current scan pack 0. With reference to 2660c, to
compute some of the peak properties on a detected peak, the
peak properties algorithm may use a number of “crShape”
type data points in scans adjacent to the current scan 0 where
the detected peak is located. Therefore, in order to compute
these peak properties on detected peaks that are located near
the first and the last scan of the scan pack, we need “crShape”
data points in scans contained, respectively, in the previous
(-1) and the next (+1) scan pack. For this reason, three scan
packs of “crShape” data as illustrated by 2660c are main-
tained in memory when determining peak properties for the
entire current scan pack 0—the current scan pack (the scan
pack being filtered), the previous scan pack (-1), and the next
scan pack (+1).
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[0433] Given that we need to have the next scan pack of
“crShape” in memory, the peak properties computation for
the current scan pack may be delayed one scan pack while the
next scan pack is buffered. As a consequence of'this, the other
four data types involved in the peak properties computation
(final filtering output, step1, step2, and msShape) may also be
delayed one scan pack so the peak properties algorithm is able
to perform processing using all five input data types. There-
fore, these other four data types are stored for the current scan
pack and also for the next scan pack (+1) in memory (as
illustrated by the +1 scan packs 0f 2660a and 26605), even if
such next scan packs are not needed in peak property com-
putation processing for the current scan pack (0). In other
words, FIG. 28B illustrates data that may be stored in memory
when performing peak detection and properties computation
processing for a current scan pack. However, data denoted by
D1 and D2 are not actually used in connection with such
processing for the current scan pack. Rather, data denoted by
D1 and D2 may be stored in memory as a result of the
embodiment described herein which generates a set of filter
outputs of the five data types (e.g., final filtering output, stepl,
step2, crShape, and msshape) for both the current and next
scan packs (since all five are computed for a single scan pack
simultaneously), even if not all such outputs for the next scan
pack are used to perform the peak detection and properties
processing for the current scan pack.

[0434] The peak detection step 2552 of FIG. 26 takes the
“final filtering output™ data type as input. To run the peak
detection on a data point of the “final filtering output” scan
pack in one embodiment, eight neighboring points are needed
where some of these neighboring points are located prior to
the data point and some of the neighboring points are located
subsequent to the data point. This means that performing peak
detection for points located in the first and last scan of the
current “final filtering output” scan pack uses, respectively,
points located in the previous and next “output™ scan packs.
For the reasons explained above, the next scan pack of final
filtering output data is in memory. However, for purposes of
peak detection, we do not need to maintain in memory the
entire previous scan pack, but just the previous scan (e.g., the
last scan of the previous scan pack). The foregoing is illus-
trated in 2660a as a smaller rectangle 2660d.

[0435] Given that the “final filtering output™ data type is the
average of the “stepl” and the “step2” data types, an embodi-
ment does not need to maintain all three in memory, but just
two of the foregoing types and may compute the third when
needed. This may be done to save device memory. To make
the peak detection simpler, the filter step in an embodiment
may save in memory the “final filtering output” and the
“step1” data types but not the “step 2” data type. The “step2”
data type may be computed from the ‘final filtering output”
and the “step1” data during the peak properties computation.

[0436] Table 7 summarizes the memory allocation needed
for each data type in FIG. 25B, where N represents the num-
ber of scans in a scan pack, and the plus sign in the final
filtering output data type represents the single previous scan
needed in the prior scan pack (e.g., as represented by 26604 of
FIG. 28B).
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TABLE 7

Host memory Device memory
Data type (CPU) (GPU)
rawData N 2N
msSmooth — 2N
msDeriv2 — 2N
stepl — 2N
step2 — —
Final filtering — 2N+
output
msShape — 2N
crShape — 3N

[0437] A convolution filter boundary is defined as half the

number of coefficients used by the particular filter. According
to Equation 1 A, to filter data points at the extremes of the data
(e.g., beginning and end of the entire data set of all scan packs
being analyzed), we need additional input data points that do
not exist. Any one of a variety of different techniques may be
used to generate this additional input data which is needed for
processing. For example, in the case of the ms filters, the
non-existent data points are replaced with zero values. For the
chrom filters, the non-existent data points may be computed
such as by generating a reflection of existing data points. This
is described in more detail below. In either case, the actual
number of data points is augmented by twice the filter bound-
ary to account for the generated data points at the beginning
and end of all the scan data.

[0438] Reflected scans may be used if we need to process
scans beyond the limits of the scan data. If the user selects a
scan range from available raw scan data for processing with
the starting scan after the first scan, or the ending scan before
the last scan, reflection might not be needed. Each point (at a
given mass value) in a reflected scan is computed from the
corresponding points in real scans at the ends of the data. For
example, with reference to FIG. 28C, illustrated are points in
four reflected scans (denoted as points -1, -2, -3 and -4) and
points in corresponding data scans (denoted as points 0, 1, 2,
3 and 4). The mirror point 2672 (denoted as the 0 point) may
represent the first scan in the available raw data. If scan data
prior to the mirror point is needed, such data may be reflection
points that are artificially generated based on existing data.
Points 1 through 4 (for scans 1 through 4) are included in the
existing scan data from which reflective data points -1
through —4 (for scan -1 through scan -4), respectively, may
be generated.

[0439] With reference to FIG. 29A, shown is a general
illustration of the total input data of one of the types included
in 2706 used by one of the chrom filters 2707 to generate the
total output data 2705 of one of the types included in 2708.
The total input data for one of the chrom filters 2707 includes
the data scans 2703 and the extra scans that may be computed
by reflection at the beginning 2702 and end 2704 of all scan
data (e.g. all scan packs being processed). In accordance with
FIG. 25B, element 2706 represents the three possible input
data types to a chrom filter and elements 2708 represents the
different possible output types of'a chrom filter. Element 2707
represents the three chrom filters (e.g, CR_SMOOTH,
CR_DERIV2 and MS_SHAPE described above such as in
connection with FIG. 25B). The number of scans to add
depends on the largest boundary of the three chrom filters
2707 (e.g., elements 2504c¢, d and e of FIG. 25B). The output
of'each chrom filter, however, has only the original number of
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scans in the input data 2703. The example 2700 corresponds
to the filtering described, for example, in connection with
FIG. 25B.

[0440] FIG. 29B is an example illustrating the data of dif-
ferent scan packs used in the filtering, peak detection and
peak properties processing in an embodiment in accordance
with techniques herein. Element 2750 illustrates how all data
scans are distributed in scan packs of the same size (the same
number of scans). In this example, all scans 2752a plus the
added scans 2752 (e.g. generated and collectively represent-
ing the total amount of 2702 and 2704 of FIG. 29A) fit into
four scan packs (scan packs number 0 to 3), although the last
scan pack is not completely full. Element 2751a represents
the amount of the 4 scan packs used to store data for any one
of'the data types 2756 which serve as inputs to a chrom filter.
Element 27515 represents the amount of the 4 scan packs
used to store data for any one of the data types 2758 which
serve as filtering outputs. Element 2751¢ represents the
amount of the 4 scan packs used for peak detection and peak
property computation.

[0441] FIG. 29B includes arrows showing the relationship
and alignment between the scan packs at the different pro-
cessing steps of filtering (e.g., scan packs used as filtering
inputs 2751a, scan packs used as filtering outputs 27515) and
peak detection and property computation (scan packs of fil-
tering outputs 275156 used as inputs for peak detection and
property computation processing in each scan pack 2751c¢).
For example, with reference back to FIG. 28A, to generate
scan pack number 1 of any of the chrom filter outputs (ar the
center of FIG. 29B, element 27515), we need scan packs
number 1 and 2 of the corresponding filter input (left of FIG.
29B, element 2751a). The other scan packs of 275156 are
generated in a similar fashion as illustrated by the arrows
between various ones of the scan packs of 2751a and 27515b.
Notice that in this example, the last scan pack of all chrom
filter outputs 27515 is not full. Now, with reference back to
FIG. 28B, to compute the peak properties of detected peaks in
scan pack number 1 (right of FIG. 29B, element 2751c¢), we
need scan packs numbered O, 1, and 2 of the chrom filter
outputs (center of FIG. 29B, element 27515). Peak detection
and peak property computation processing for the other scan
packs of 2751 ¢ are similarly illustrated by the arrows between
various scan packs of 27515 and 2751c.

[0442] FIGS. 30A and 30B illustrate a variation in the
amount of data scans from that described in connection with
FIG. 29B. Referring to FIG. 30A, shows is an example where
the number of data scans fit into four scan packs (scan packs
number 0 to 3), but with the added scans 2802, a fifth scan
pack is needed. This applies to the chrom filter inputs only
2804, as the chrom filter outputs 2806 still fit into four scan
packs, with the last scan pack not completely full. Referring
to FIG. 30B, show is an example where the number of data
scans fit exactly into four scan packs (scan packs number O to
3). With the added scans 2852, we need a fifth scan pack for
the chrom filter inputs only 2854. The chrom filter outputs
2856 fit exactly into four scan packs (the last scan pack is
completely full).

[0443] The number of scans, N, in a scan pack may be
computed at run time and, as noted above, may depend on the
number of coefficients used by the chromatographic filters
and the number of scans of “crShape” used by the peak
properties computation. The scan pack size should be at least
equal to the maximum number of coefficients used by any one
of'the filters minus 1. This guarantees that the last scan in scan
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pack can be filtered correctly in the chrom direction. As there
are three chrom filters, the filter with the most coefficients is
selected for this determination. In accordance with FIG. 28B
and associated text, the scan pack size should be at least half
the number of “crShape” data points required to compute the
peak properties. This guarantees that peak properties can be
computed for peaks that are detected in the first or the last
scan in the scan pack. For example, reference is made to FIG.
31. In the example 2900, 17 “crShape” data points may be
used for peak properties computation as represented by the
windows 2902a and b. In the example 2900, to compute peak
properties in a detected peak on the first scan of the current
scan pack, data points represented by 2902a are used and
indicate that the previous scan pack size should be at least 8
scans. A similar reasoning applies for detected peaks on the
last scan of the current scan pack. Window 29025 represents
the window of data points used for peak property computation
for detected peaks in the last scan of the current scan pack.
Given that the size of all scan packs is the same, the minimum
size of the scan pack may be determined as 8 scans. Further-
more, N may be at least a threshold number of scans, such as
64 scans, for efficient memory transfers between the host/
CPU and GPU. As mentioned previously, each scan pack is
read by the CPU and saved into host memory. Then, the entire
scan pack is copied into device memory of the GPU such as
using a bus. Due to the overhead of the memory transfer
operations, it is more efficient to transfer large amounts of
data between host memory and the GPU.

[0444] Itshould be noted that the amount of device memory
used by all scan packs described in connection with the Table
7 may be substantial if N is large, as determined in connection
with scan pack size processing described herein, and/or the
number of mass values M in each scan is large as shown in
FIG. 27. If the amount of device memory required by all scan
packs is greater than what it is available in the GPU device,
processing will fail. In this case, processing may optionally be
performed to break the scan packs into mass sectors as
described below. The number of mass values in the scan packs
is reduced to cover only a sector of the entire mass range. This
reduces the amount of device memory required by sizing the
sector size appropriately. All the scan packs, from first to last,
for a mass sector, are processed before the scan packs for the
next mass sector are processed. For example, and referring to
FIG. 27, if the scan packs are partitioned into two mass
sectors, all scan packs will be processed for the first mass
sector (mass values from 0 to M/2-1), and then all scan pack
will be processed again for the second mass sector (mass
values from M/2 to M-1). However, due to mass filter bound-
ary and ms shape computation requirements, there must be
some overlapping of mass values between the mass sectors.
Therefore, in the previous example, the first mass sector will
include some mass values above M/2-1, and the second mass
sector will include some mass values below M/2.

[0445] What will now be described is an example of how
thread blocks may be configured for use in an embodiment in
accordance with techniques herein. As noted above, the GPU
can handle thousands of concurrent programming threads. To
perform filtering for any of the filters described herein on a
scan pack, one thread may be used to compute one filtered
data point of the scan pack. For example if the scan pack size
is 64 scans and the scans have 100,000 mass values, we need
64*100,000 or 6.4 million threads to compute the entire fil-
tered scan pack concurrently. These threads are organized in
thread blocks of certain size, where the thread block size may
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be limited to amaximum of 512 threads for certain GPUs. The
thread blocks are organized in a grid of the necessary size to
account for all required threads. In our example, if each thread
block includes 512 threads, a grid of 12,500 thread blocks
may be used to account for the 6.4 million threads needed.
Generally, the threads in a thread block are indexed in one,
two, or three dimensions to adapt the thread block to the data.
In one embodiment in accordance with techniques herein,
two-dimensional thread blocks may be used such that the “x”
dimension of the thread block covers a number of mass val-
ues, and the “y” dimension covers a number of scans. The
thread blocks in a grid of thread blocks are indexed in one or
two dimensions only. In one embodiment, a two-dimensional
grid of thread blocks may be used such that the “x” dimension
indexes thread blocks along the mass axis, and the “y” dimen-
sion indexes thread blocks along the time axis.

[0446] Referring to FIG. 32, shown is an example of thread
blocks corresponding to a scan pack of 24 scans, where each
scan includes 64 mass values. In this example, a single thread
may be mapped to a single input point in the scan pack (of
64*24=1536 points) for which a single corresponding output
point is generated. In this example 2950, the thread blocks for
the scan pack include 1,536 threads organized in a grid of 12
thread blocks of 128 threads each. Both the thread blocks and
the grid are two-dimensional. Each thread block may include
anarrangement of threads having 16 columns and 8 rows. The
grid may be organized to include an arrangement of thread
blocks having 4 columns and 3 rows. As illustrated in FIG. 32
and described above, a first pair of indices identifies each
thread block within the grid. In this example 2950, the “x”
coordinate of a thread block (TB) may identify the TB column
and the “y” coordinate of the TB may identify the TB row
within the grid. For example element 2952 identifies a TB
within the grid having block indices of X=2, Y=0. Addition-
ally, as illustrated in FIG. 33, a second pair of indices may
identify each thread within a thread block. For example,
element 3002 denotes a thread within the illustrated TB where
the thread has thread indices of X=15,Y=7, and where the X
coordinate denotes the column and the Y coordinate denotes
the row within the TB.

[0447] As noted above, a kernel is the name given to a
function that runs in the GPU to perform a certain operation.
The thread block dimensions and the grid dimensions are
known as the kernel’s execution configuration. When a kernel
is launched, a number of threads are created according to the
execution configuration (e.g., 1,536 in our example). Each
thread runs the same kernel code, although the data used by
each thread is different. Each thread knows its block index/
indices and its thread index/indices within the block, as well
as the block and grid dimensions. This information may be
used by the thread to identify the individual point in the scan
pack the thread is operating on. For example, in the case of'a
kernel that filters a scan pack, the kernel allows a thread to
read the pertinent data point from the input scan pack and to
write the filtered data point in the output scan pack, where the
location of the data point from the input scan pack and the
location in the output scan pack for the filtered (output) data
point may be determined using Equation 4 A below. Equation
4A shows the relation between the thread and block indices
and the local coordinates (m, s) of a point in the scan pack,
where “s” identifies the scan within the scan pack and “m” is
the mass coordinate into the scan “s” for the desired data
point.

m=blockldx.x*blockDim.x+threadldx.x

s=blockldx.y*blockDim.y+threadldx.y Equation 4A
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In Equation 4A, m (mass coordinate) and s (scan coordinate)
are the local coordinates of a point within the scan pack,
blockldx.x and blocklIdx.y are, respectively, the x and y coor-
dinates of the block index, blockDim.x and blockDim.y are
the x and y dimensions of the block, and threadldx.x and
threadldx.y are the x and y coordinates of the thread within
the block. The foregoing may be used by a thread which
determines a single output point for a corresponding single
input point. Rather than have each thread compute a single
output point, a kernel may be used such that each thread
computes more than one point in the scan pack. This can be
advantageous in some cases as the kernel overhead is distrib-
uted across the computation of multiple points. In this case
the grid is reduced in size and techniques other than the
particular mapping expressed in Equation 4A may be used to
determined the particular data points for which the thread
performs processing.

[0448] Described in following paragraphs are consider-
ations for use when selecting thread block dimensions or
sizes and also the scan pack size. Generally, such dimensions
regarding thread blocks may be selected to facilitate data
sharing by threads. The scan pack size as well as various
thread block dimensions described herein may be determined
at run time. For example, these parameters as well as other
described herein in connection with 3D and 4D processing
may be performed as part of preprocessing by the CPU.

[0449] First, consider ms filter thread blocks. With refer-
ence back to Equation 2A, to filter one data point, k, in the
mass direction we need access to a number of the next mass
data points. To filter the next mass data point, k+1, access is
needed to most of the same data points (e.g., all of the same
data points minus one). Therefore, filtering consecutive data
points involves accessing the same data points several times.
In an embodiment, threads may share their input data using
“shared” memory (one of the memory types of the device) in
order to avoid possibly performing additional memory
accesses to obtain the data points. However, only threads
within a thread block can share data. Therefore, to maximize
this feature, it is preferred that the thread blocks used in the ms
filter have the dimension in the mass axis (x) greater than the
dimension in the time axis (y) as shownin FIG. 34 A. Each cell
or element in the example 3100 represents a single thread
block.

[0450] Two additional concepts are relevant for following
discussion—the GPU occupancy and the warp size. The GPU
occupancy is a measure of the GPU load imposed by a kernel,
given the block size and the GPU resources used by the
kernel. The GPU occupancy may be expressed as a percent of
the full GPU utilization. A warp is a group of 32 threads that
the GPU multiprocessors create and that start execution syn-
chronously. For various reasons as will be appreciated by
those skilled in the art, it may be preferred to have a GPU
occupancy above 25% and to set the dimensions of the thread
block to multiples or submultiples of a warp. A GPU occu-
pancy of 0% will make the kernel to fail. To set the actual
thread block dimensions, the GPU occupancy may be com-
puted for various blocks of different size and shape. Then, the
block with the largest dimension in x and the highest GPU
occupancy is selected. Also, the block size must be under the
maximum number of threads per block (512 threads). Blocks
having an “x” dimension that is a multiple ofhalf'a warp (e.g.,
16), and a “y” dimension that is a multiple of a quarter warp
(e.g., 8) may be tested until we exceed the maximum number
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of threads per block (512 threads). Table 8 below shows the
order in which the thread blocks may be tested.

TABLE 8
msBlock.x  msBlocky Num threads GPU occupancy
1 16 8 128 —
2 16 16 256 —
3 16 24 384 —
4 16 32 512 —
5 32 8 256 —
6 32 16 512 —
7 48 8 384 —
8 64 8 512 —

Once the GPU occupancy for all blocks in Table 8 is com-
puted, the GPU occupancies obtained may be examined start-
ing from the last block (#8 in the table) going backwards. The
block dimensions associated with the maximum GPU occu-
pancy may be selected (e.g., the entry in table 8 having the
maximum GPU occupancy is determined and this entry’s
block dimensions may be selected). It should be noted that the
block having the largest “x”” dimension may be selected if two
blocks tie at the maximum GPU occupancy number.

[0451] The discussion above regarding considerations for
MS filter thread blocks is also applicable to the chrom filter
thread blocks. With reference back to Equation 3 A, to filter
one data point in the time direction we need access to a
number of the next time data points. To filter the next time
data point we need access to most of the same data points
(e.g., all of the same minus one). Therefore, filtering consecu-
tive data points involves accessing the same data points sev-
eral times. As described above, threads may share their input
data using shared memory. However, only threads within a
thread block can share data. Therefore, to maximize this
feature, it is preferred that the thread blocks used in the chrom
filter have the dimension in the time axis (y) greater than the
dimension in the mass axis (x) as shown in FIG. 34B. Each
cell or element in the example 3150 represents a single thread
block.

[0452] Inamannersimilarto thatas described above for the
MS filter thread blocks, to set the actual thread block dimen-
sions, the GPU occupancy may be computed for various
blocks of different size and shape. Then, the block with the
largest “y” dimension and the highest GPU occupancy is
selected. Also, the block size is under the maximum number
of threads per block (512 threads). Blocks may be tested
having an “x” dimension that is a multiple ofhalf a warp (e.g.
16), and a “y” dimension that is a multiple of a quarter warp
(e.g., 8), until we exceed the maximum number of threads per
block (512 threads). Table 9 below shows the order in which
the thread blocks are tested.

TABLE 9
msBlock.x  msBlocky Num threads GPU occupancy
1 16 8 128 —
2 32 8 256 —
3 48 8 384 —
4 64 8 512 —
5 16 16 256 —
6 32 16 512 —
7 16 24 384 —
8 16 32 512 —
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Once the GPU occupancy for all blocks in Table 9 is com-
puted, the GPU occupancies obtained may be examined start-
ing from the last block (#8 in the table) going backwards. The
block dimensions having the maximum GPU occupancy may
be selected. It should be noted that the block having the
largest “y” dimension may be selected if two blocks tie at the
maximum GPU occupancy number.

[0453] The thread block dimensions computed as
described above for MS filter thread blocks may not make an
integer number of blocks fit exactly into the scan pack (at the
scan pack boundaries) as shown in FIG. 34A. Similarly, the
thread block dimensions computed as described above for
chrom filter thread blocks may not allow for fitting an integer
number of blocks exactly into the scan pack as shown in FI1G.
34B. In such cases, each scan can be padded with a number of
zero values at the end, and by increasing the scan pack size a
number of scans. However, the expanded scan pack dimen-
sions may be different in both of the foregoing cases for MS
filter thread blocks and chrom filter thread blocks. To set the
scan pack dimensions such that it fits an integer number of ms
filter blocks and also an integer number of chrom filter blocks,
an embodiment may compute a block with dimensions that
are the least common multiple of the respective dimensions of
both the ms and chrom filter blocks. Subsequently, the scan
pack dimensions as described above may be expanded but
using the least common multiple block dimensions. Thus, the
least common multiple block and associated dimensions may
not replace the ms and chrom filter block dimensions deter-
mined above, but may rather be used to dimension the scan
pack. The foregoing determination of dimensions for the scan
pack, ms filter block and chrom filter block may be performed
as part of the preprocessing step A described above (e.g, in
Table 5). To further illustrate determining scan pack dimen-
sions by determining the LCM for each dimension with
respect to the ms filter thread block and the chrom filter thread
block, consider an example as follows. The MS filter thread
block has an x or mass dimension of 6 and a scan, time or y
dimension of 3. The chrom filter thread block has an x or mass
dimension of 6 and a scan, time or y dimension of 4. It may be
determined that the LCM of the x or mass dimension=L.CM
(6, 6)=6. It may then be determined that the LCM of the scan,
time or y dimension=LCM (3, 4)=12. Thus, the imaginary
LCM thread bock has an x or mass dimension of 6 and a scan,
time or y dimension of 12. Assume the current scan pack size
in terms of number of scans is currently 33 (e.g., such as may
be determined based on other factors such as number of filter
coefficients). The foregoing LCM in the y dimension of 12
may be used to determine that the scan pack size, in terms of
number of scans per scan pack, should be a multiple of 12 and
the number of scans per scan pack may be determined as 36
scans (e.g., 3*12, the next multiple of 12 greater than the
current scan pack size of 33). Now consider the x or mass
dimension. Currently the scan pack has a mass or x dimension
of 50. The foregoing LCM in the x dimension of 6 may be
used to determine that the number of masses or x dimension
should be a multiple of 6. In this case, it may be determined
that the number of masses or x dimension should be adjusted
to 54 (e.g., the next multiple of 6 which is greater than 50).
Thus, each scan of data is augmented to include 4 additional
masses which may be padded such as with zeroes. In this way,
an integer number of the imaginary LCM thread blocks are
able to fit into the scan pack and that guarantees that the scan
pack will fit both an integer number of chrom and ms filter
thread blocks.
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[0454] As described above in connection with scan packs
memory allocation, an odd number of symmetrical coeffi-
cients may be used in connection with filters used in an
embodiment in accordance with the technique herein. The
CPU may compute the filter coefficients in the pre-processing
step (e.g., step A of table 5). The ms filters may use a different
set of coefficients for each mass point value, and the number
of coefficients used increases with increasing mass point val-
ues. The coefficients are arranged in a matrix with a row for
each mass point and a column for each coefficient. The num-
ber of columns is determined by the maximum number of
coefficients, and unused coefficient positions are set to zero.
There is also an array containing the number of coefficients
used in each mass point. Table 10 shows an example for 12
mass points illustrating that the coefficients vary with mass
point and also that the number of coefficients used also
increases with the mass point index.
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center coeflicient as illustrated in Table 11 below. Thus, a
coefficient having a subscript “n” in Table 11 is used for two
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coefficient values having subscripts “+n” and “-n”.

TABLE 11

Mass Aligned Num
point coefficients matrix coeffs

0 0 0 CO, CO, 3

1 0 0 Cl, Cl, 3

2 0 0 C2, C2, 3

3 0 0 C3, C3, 3

4 0 Cc4, Cc4, C4, 5

5 0 C5, C5, C5, 5

6 0 C6, C6, C6, 5

7 0 C7, C7, Cl, 5

8 C8; C8, C8, C8g 7

9 C9; C9, C9, C9 7

10 C10, C10, C10, C10, 7

11 Cll, Cll, Cl11, Cll, 7

The aligned coefficient matrix of table 11 may be stored in
host memory as computed by the CPU. In order to use the data
of table 11 in the ms filter kernel in the GPU, the coefficient
matrix of table 11 may be copied to device memory of the
GPU. The ms filter kernel, however, may be designed to work
with a transposed coefficient matrix as shown in Table 12 for
memory access performance reasons.

TABLE 12

3 3 5 5 5 5 7 7 7 7

TABLE 10
Mass Num
point Coefficients matrix coeffs
0 Co_, C0,y C0, 0 0 0 0 3
1 Cl_, Cl, Cl, 0 0 0 0 3
2 C2, C2, C2, 0 0 0 0 3
3 C3, C3, C3, 0 0 0 0 3
4 C4., C4_; C4, C4, C4, O 0 5
5 G5, C5_, C5, Cc5, C5, 0 0 5
6 C6_, C6_; C6, c6, C6, 0 0 5
7 C7., C7_; C7, c7, C7, 0 0 5
8 C8_, C8_, C8_, cg, €8, C8 (8, 7
9 C9.; C9_, C9_, C9 €9, C9, (C9; 7
10 Cl10_; Cl10_, Cl0_; Cl0, Cl10;, Cl10, Cl10; 7
11 cC11,; cC11., Cl1; Cll, Cl1; Cl1, Cll; 7
Num coeffs 3 3
Aligned 0 0
coefficients 0 0
matrix co, C1,

(transposed) CO, Cl,

Mass point 0 1

0 0 0 0 0 0 Cc8, 9, Cl0, Cll,
0 0 c4, C5, C6, C7, C8, (9, Cl0, Cll,
C2, €3, ©4 C5, C6 C7, C8 €9, Clo, ClI,
€2, C3, C4, C5, C6, C7, €8, €9, Cl0, Cll,

2 3 4 5 6 7 8 9 10 11

In table 10, it should be noted that a first coefficient having a
subscript of “—n”, n not equal to 0, is the same as a second
coefficient having the subscript “+n”. Given the foregoing in
that the coefficients are symmetrical over the center coeffi-
cient (denoted with a zero (0) subscript), a simplified coeffi-
cient matrix called an aligned coefficient matrix may be used
to reduce the amount of memory used for coefficient storage.
In this reduced size matrix, the coefficients in the first half of
each set of coefficients are given the same name as those in the
second half (removing the negative indices). Then, the second
half of each set of coefficients is omitted and all center coef-
ficients are aligned in the last column of the matrix. This
leaves only the first half of each set of coefficients and the

As mentioned above, a texture is a type of data arrangement
used by the GPU (and also inherited from computer graphics)
to access data with certain performance benefits. Data stored
as a texture can be arranged in memory in 1D, 2D, or 3D, and
data reads are cached. Textures are more efficient than regular
memory to read data when data accesses are repetitive or local
to each other, as it is the case for our aligned coefficients
matrix. Data stored in device memory can be declared as a
texture (bound to a texture in GPU terminology) and the GPU
uses texture coordinates to access (fetch in GPU terminology)
the texture elements. For performance reasons, the trans-
posed aligned coefficients matrix may be bound to a 2D
texture used by the ms filter kernel. In one version of CUDA,



US 2013/0080073 Al

2D textures can only be bound to data stored in device
memory as CUDA arrays (a type of data construction in
CUDA). Therefore, the device memory copy of the trans-
posed aligned coefficients matrix, as in the example of Table
12, is stored in a CUDA array with a width equal to the
number of mass points, and a height equal to half the maxi-
mum number of coefficients plus one.

[0455] The maximum size of a CUDA array is 65536
(width) by 32768 (height). The maximum height size is fine to
accommodate the coefficients dimension described above,
which is much smaller than 32768, but the maximum width
size, however, is not enough for the number of mass points,
which is typically much greater than 65536. Therefore, a
single CUDA array is normally not enough to hold the entire
transposed aligned coefficients matrix. As a solution, an
embodiment may partition the matrix into as many CUDA
arrays as necessary to cover all coefficients. All CUDA arrays
have the maximum width (65536) except for the last one that
may have a smaller width. The CUDA arrays width (array
Width) may be a multiple of the ms filter thread block x
dimension. This guarantees that an integer number of ms filter
thread blocks fit in array Width.

[0456] Referring to FIG. 35, shown is an example illustrat-
ing how the foregoing CUDA arrays of coefficient data may
be created in an embodiment in accordance with techniques
herein. The example 3200 includes the coefficient matrix
3202, such as the aligned coefficients matrix data of table 11
described above stored in host memory. The data 03202 may
be partitioned into multiple portions in 3204 where each such
portion has appropriate sizes/dimensions for the CUDA
arrays as described above. As illustrated by 3204, the aligned
coefficients matrix in host memory may be partitioned, for
example, into portions corresponding to sub matrices. Por-
tions or submatrices 0-3 are included in 3204 and each such
portion or submatrix may have a number of rows=array Width
with the exception of the last such sub matrix (e.g., denoted by
the submatrix or portion“3” in 3204) that may have fewer
rows. Once the foregoing partitioning is performed, each of
the portions of 3204 may be transposed resulting in 3206
(e.g., data described above in connection with table 12). Each
sub matrix is transposed, and then copied into a CUDA array
in device memory of the GPU.

[0457] It should be noted that an embodiment described
herein may use two different ms filters—the ms smooth and
the ms second derivative (see, for example, MS_SMOOTH
and MS_DERIV2 of FIG. 25B) As such, there are two sets of
these CUDA arrays, one for each filter.

[0458] Alternatively, the ms filter coefficients may be
stored in device memory as may be performed in connection
with 4D processing described elsewhere herein and illus-
trated in Table 16. The foregoing of storing the ms filter
coefficients in device memory may be preferred when the
scan packs are broken into mass sectors as described else-
where herein

[0459] What will now be described is an MS filter kernel
that may be used in an embodiment in accordance with tech-
niques herein. The ms filter kernel may run both ms filters—
the ms smooth and second derivative filters which perform
filtering with respect to the mass-to-charge or mass dimen-
sion—in the GPU in the same kernel invocation. Generally, a
thread running the kernel, and which generates a filtered
output point may read in the corresponding single input point,
read other inputs points used for filtering, read filtering coef-
ficients, perform computations (e.g., multiplications and
additions) to generate the filtered output point, and write the
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filtered output point to the appropriate output scan pack loca-
tion. For the MS filter kernel, the kernel reads a “rawData”
scan pack from device memory as the input to both filters (ms
smooth and ms second derivative), and writes “msSmooth”
and “msDeriv2” scan packs to device memory as outputs (See
FIG. 25B). The kernel reads the coefficients from 2D textures
bound to the 2D CUDA arrays described above. Running both
filters on the same kernel avoids reading the rawData scan
pack twice as would occur if each filter was run by separate
kernels. Reading device memory is a comparatively slow
operation inside a kernel. Therefore, it is advantageous to
read the rawData scan pack only once.

[0460] As described above regarding the MS filter thread
bocks and illustrated in FIG. 34A, the MS filter kernel uses
two-dimensional thread blocks and a two-dimensional grid
that covers the entire scan pack. Each thread within the blocks
may compute one point in each of the two output scan packs.
To bind the 2D CUDA arrays to textures, we need as many
texture references (texture names) as there are arrays, and
each kernel thread must use the correct texture depending on
the mass point it is filtering. This presents two problems. One
is that the number of CUDA arrays needed is not known until
run time because that depends on the ms data. Therefore, it is
not know beforehand how many texture references are going
to need. This, however, can be solved by having a large
number of texture references available and only use those
needed. The second problem is how a kernel thread chooses
the correct texture to use, which involves some conditional
execution statement. This may cause a longer computation
time than desired. As a result, an embodiment may utilize a
different approach that overcomes both of the foregoing prob-
lems and uses only one texture reference per filter. The kernel
is invoked as many times as there are CUDA arrays per filter.
In each invocation, we bind to a texture only one CUDA array
(e.g., one 64k portion of the coefficient matrix) and compute
the filter only on the mass points for which the currently
bound CUDA array covers (array Width). This is illustrated in
Error! Reference source not found. FIG. 36 that shows six 2D
CUDA arrays denoted 0-5 (for one of the two ms filters) while
kernel invocation 1 is running. With reference to FIG. 36 with
6 invocations, the current scan pack is effectively partitioned
for processing into 6 portions of different mass points (across
all scans in the current scan pack) and a different portion of
the mass points is processed with each of the denoted 6 kernel
invocations.

[0461] Each MS filter kernel invocation in such an embodi-
ment may run a smaller number of thread blocks compared to
the number of thread blocks that cover the entire scan pack.
Therefore, the grid used to run each of these kernel invoca-
tions is reduced from the scan pack grid. Alternatively, if the
ms filter coefficients are not stored in 2D CUDA arrays, but in
a device memory matrix as shown in Table 16, the coefficients
may be bound to alinear texture and a single kernel invocation
is done per scan pack. This may be preferred when the scan
packs are broken into mass sectors as described elsewhere
herein.

[0462] Each thread running the kernel may use Equation
5A described above to determine the local coordinates (m, s)
within the scan pack of the point the thread computes. If the
coefficients are stored in 2D CUDA arrays, the local coordi-
nates computation also takes into account that the kernel
invocation only filters a section of the scan pack. Each thread
uses the local coordinates to read one point from the “raw-
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Data” scan pack, and to write the corresponding filtered point
into the “msSmooth” and the “msDeriv2” scan packs.
[0463] As mentioned in above in connection with the MS
filter thread blocks, the ms filter kernel uses “shared” memory
to minimize the adverse effect of having to read from device
memory the same raw data point several times. Shared
memory is much faster than device memory, and it is acces-
sible to all threads within a block regardless of which thread
wrote to the shared memory. Therefore, if a thread reads one
raw data point from device memory and writes it to a shared
memory location, all other threads in the same block can read
that raw data point from shared memory instead of form
device memory taking advantage of the faster memory. The
ms filter kernel has some amount of shared memory allocated
for this purpose, such that each thread in the block reads one
raw data point from device memory and writes it to shared
memory. The size of the shared memory allocation depends
on the number of threads in the block, the number of filter
coefficients, and the size of one data point in bytes.

[0464] Referring to FIG. 37, shown is an example of the
shared memory required for a thread block of 16x8 and for 9
filter coefficients as may be used in an embodiment in accor-
dance with techniques herein with MS filtering. The number
of coefficients considered here is the maximum of the two MS
filters. In FIG. 37, the total shaded area represents the shared
memory elements required (e.g., 192=24*8), which are more
than the number of threads in the block (e.g. 128) as denoted
by 3302. As represented by 3304, there are 8 more columns of
shared memory data points (number of coefficients minus
one). If the data points are four bytes floats, the size of the
shared memory allocation is 192x4=768 bytes.

[0465] According to Equation 2A above, to filter one data
point, we need some of the next data points depending on the
number of coeflicients used. Therefore, in connection with
ms filtering to filter raw data points handled by threads in the
last columns in the block, we need to have in shared memory
some raw data points beyond those copied into shared
memory by the threads in the block (e.g., which may copy
only a single such point each). This is the reason the shared
memory extends beyond the boundary ofthe block in FI1G. 37.
To fill those extra shared memory data points as represented
by 3304, the threads at the first columns of the block may
write more than one raw data point into shared memory.
Given that a thread can read data from all shared memory
locations, not just from the point or points written by that
thread, we need to wait until all threads finish writing to
shared memory before the data in shared memory can be
used. This is accomplished with a synchronization instruction
to ensure that all input data points are read into shared
memory prior to commencing any use of the data. The kernel
also uses shared memory to store the number of coefficients
array shown in Table 12. To compute a filtered output point,
each thread reads the necessary data points from shared
memory, reads the required filter coefficients from the coef-
ficients texture, and computes the filter output according to
Equation 2A.

[0466] The chrom filters and chrom filter kernel that may be
used in an embodiment in accordance with techniques herein
will now be described. The chrom filters may use the same set
of filter coefficients for all data points, but each chrom filter
uses a different coefficient set. The coefficients sets for all
three chrom filters (e.g., see FIG. 25B) are stored in constant
memory in sequence. As the total number of coefficients
stored this way is small, constant memory may be used
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instead of a texture like it is done with the ms filter coeffi-
cients. Constant memory is one of the types of device memory
that has the advantage of cached reads.

[0467] In connection with the chrom filters, two kernels
may be used to compute all three chrom filters. Referring
back to FIG. 25B, the first kernel computes the “step1l” and
“step2” scan pack outputs from the “msSmooth” and
“msDeriv2” scan pack inputs, computes the “final filtering
output” scan pack, and also computes the “crShape” scan
pack by taking the average of “msSmooth” and “msDeriv2”
scan pack inputs. The second kernel computes the “msShape”
output scan pack from the “rawData” input scan pack.
[0468] As described in connection with the chrom filter
thread blocks and illustrated in FIG. 34B, the chrom filter
kernels may use two-dimensional thread blocks and a two-
dimensional grid that covers the entire scan pack. Each thread
within the blocks computes one point in the output scan pack,
and may use Equation SA to determine the local coordinates,
(m, s), within the scan pack ofthe point it computes. The local
coordinates are used to read one point from the input scan
pack, and to write the corresponding filtered point into the
output scan pack. The chrom filter kernel uses “shared”
memory to minimize the adverse effect of having to read from
device memory the same raw data point several times. Shared
memory is much faster than device memory, and it is acces-
sible to all threads within a block regardless which thread
wrote to the shared memory. Therefore, if a thread reads one
raw data point from device memory and writes it to a shared
memory location, all other threads in the same block can read
that raw data point from shared memory instead of form
device memory taking advantage of the faster memory. The
chrom filter kernels have some amount of shared memory
allocated for this purpose, such that each thread in the block
reads one raw data point from device memory and writes it to
shared memory. The size of the shared memory allocation
depends on the number of threads in the block, the number of
filter coefficients, and the size of one data point in bytes.
[0469] Referring to FIG. 38, shown is an example of the
shared memory required for a block of 8x16 and for 7 filter
coefficients as may be used in an embodiment in accordance
with techniques herein in connection with chrom filtering.
The number of coefficients considered may be the maximum
of the three filters. In FIG. 38, the entire shaded area of cells
illustrated represents the shared memory elements required
(176), which is more than the number of threads in the block
(128). Element 3222 represents the 128 shared memory ele-
ments of input data that may be read by the 128 threads, with
each thread reading one corresponding input point into the
shared memory. However, there are 6 more rows of shared
memory data points (number of coefficients minus one) as
denoted by 3324 which also need to read into the shared
memory. If'the data points are four bytes floats, the size of the
shared memory allocation is 176x4=704 bytes.

[0470] In connection with chrom filtering ad according to
Equation 3A, to filter one data point, some of the next data
points may be needed depending on the number of coeffi-
cients used. Therefore, to filter raw data points handled by
threads in the last rows in the block, we need to have in shared
memory some raw data points beyond those copied into
shared memory by the threads in the block. This is the reason
the shared memory extends beyond the boundary of the block
in FIG. 38. To fill those extra shared memory data points
represented by 3324, the threads at the first rows of the block
may write more than one raw data point into shared memory.
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Given that a thread can read data from all shared memory
locations, not just from the point written by that thread, we
need to wait until all threads finish writing to shared memory
before the data in shared memory can be used. This is accom-
plished with a synchronization instruction. To compute a
filtered output point with respect to the retention time dimen-
sion in connection with chrom filtering, each thread reads the
necessary data points from shared memory, reads the filter
coefficients from constant memory, and computes the filter
output according to Equation 3A.

[0471] What will now be described is additional detail of
the peak detection step that may be performed in an embodi-
ment in accordance with techniques herein. The peak detec-
tion step reads a scan pack of filtered data (e.g. final filtering
output data type) as shown in FIG. 26, and finds all peak
apices in the scan pack. A peak apex is determined by finding
a local maxima, i.e., a point with an intensity value greater
than the intensity of its eight neighbor points, and greater than
a certain intensity threshold. When a peak apex is found, its
local coordinates within the scan pack (“m” or mass coordi-
nate and “s” or scan coordinate) are saved to a detected peak
array, and a detected peak counter is incremented. The loca-
tion assigned to the peak coordinates in the detected peak
array is used to identify the peak in subsequent processing
steps.

[0472] As mentioned above, each point in the scan pack
uses its eight neighbors to determine if its intensity value is a
local maxima with respect to its neighbors. This is illustrated
in FIG. 39A which shows a point “X” and its eight neighbor
points “O”. Looking from other perspective, FIG. 39B shows
that a point “O” may also be used by eight points “X” in their
respective determination of local maxima. However, this is
only true if point “O” is a position in the thread block and is
surrounded by other neighboring threads having correspond-
ing points denoted by the Xs (e.g., not located at an edge or
corner of a thread block as noted below). If point “O” is at an
edge of the thread block, such as depicted in FIG. 39C, the
point “O” may be used by only five “X” points in their
respective determination of local maxima. If point “O” is at a
corner of the thread block, such as illustrated in FIG. 39D, the
point “O” may be used by only three “X” points in their
respective determination of local maxima.

[0473] Giventhat each point in a thread block is used (read)
multiple times during this peak detection step, a thread block
form factor may be determined which maximizes the reuse of
points read. From the above discussion, it may be noted that
for a given number of threads, this happens when the thread
block is a square, because it maximizes the points at the
middle as in FIG. 39B. For example a 32x8 thread block (256
threads) has 180 (30x6) points at the middle, but a 16x16
thread block (256 threads) has 196 (14x14) points at the
middle. Therefore, to set the thread block dimensions, various
blocks of different sizes and shapes may be tested, such that
an integer number of blocks fit inside the scan pack as in FIG.
40. Then, we choose in this order, the thread block with the
highest GPU occupancy, the thread block having the greatest
number of threads per block, and the thread block having
dimensions which best approximate a square shape. It should
be noted that a square shape may not be possible because at
this point in the computation since the scan pack size has been
determined in accordance with the filters. An embodiment
may elect to vary the scan pack size, as described elsewhere
herein, in accordance with the thread block dimensions used
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in connection with filtering but may not do so to achieve a
square thread block for peak detection processing.

[0474] In connection with peak detection, an embodiment
may use a single kernel to detect all peaks in the scan pack. As
described elsewhere herein in connection with peak detection
thread blocks and as illustrated in FIG. 40, the kernel uses
two-dimensional thread blocks and a two-dimensional grid
that covers the entire scan pack. Each thread within the blocks
computes one point in the scan pack, and uses Equation SA to
get the local coordinates within the scan pack of the point it
computes. Unlike in the case of the ms and chrom filter
kernels, the peak detection kernel does not use shared
memory to read input scan pack data. Instead, the input scan
pack data is bound to a texture and the threads fetch data
points from the texture. Four textures may be used in the peak
detection kernel—a first texture that is bound to the current
filtered “final filtering output™ data scan pack, two textures for
the scans before (e.g., denoted elsewhere herein using a —1)
and after (e.g, denoted elsewhere herein using +1) the current
scan pack, and a fourth texture is bound to the array of
intensity thresholds used (one threshold per mass index). The
textures bound to the preceding and subsequent scans (with
respect to the scan pack) are used by threads that compute
points located at the first and last scan of the scan pack,
respectively. It should be noted that the foregoing textures
may be implemented as 1-dimensional textures having dif-
ferent constraints and varying performance from the 2-di-
mensional textures that may be used in connection with other
data. For example, the 1-dimensional texture may be cached
and not have a restriction regarding size or dimensions that
may be applicable for a 2-dimensional texture.

[0475] As mentioned elsewhere herein in one embodiment,
athread executing the kernel for peak detection may perform
processing for a single one of the filtered output points (e.g.,
single point in a scan pack of data type “final filtering output™)
to determine whether that particular point is a peak or local
maxima. Once the thread finds a peak, it increments a counter
of detected peaks in device memory, and saves the peak’s
local coordinates within the scan pack to an array of detected
peaks data, also in device memory. The incremented value of
the counter is the location in the detected peak’s array where
the peak’s coordinates are saved. Given that all threads in the
thread block run in parallel, the order in which those threads
that find a peak increment the counter and write to the array,
is not deterministic.

[0476] Furthermore, as the counter increment operation
involves three steps—reading the current value of the counter
in device memory, incrementing the value, and writing the
updated incremented counter value back to device memory—
there is a risk of a corrupted counter value if one thread tries
to increment the counter while another thread has read the
counter but not written the incremented value yet. To avoid
this problem, the counter increment is done using an “atomic”
operation that combines the three steps described above into
a single step. This provides for exclusive access to the shared
data element, the counter, which can be accessed by multiple
threads for write access. The foregoing guarantees that a
thread can’t increment the counter while another thread is
incrementing it. With this method, it is guaranteed that the
incremented value of the counter obtained by each thread is
unique, and that unique value can be safely used to index the
location in the detected peak array where the peak’s coordi-
nates are saved.
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[0477] Referring back to FIG. 26, the peak properties com-
putation step 2554 uses the array of detected peak data 2556
generated by the peak detection step 2552 and all five filtered
output scan packs 2502d-% to compute peak properties for
each of the detected peaks in the current scan pack. The peak
properties that may computed include, for example, the reten-
tion time and mass index of the apex, the start and stop
retention time, the start and stop mass index, and the full
width at half maxima (FWHM) in retention time and in mass
index. The peak properties may be saved in device memory
arrays such that there is one array for each type of peak
property. Therefore, each peak property array contains the
same type of property for all detected peaks in sequence. The
order in which the property value of each peak is saved in the
corresponding array is the same as the order in which the
peak’s coordinates were saved in the peak detection array.
This is illustrated in FIG. 41 that shows “P” detected peaks
3424 and three peak properties arrays 3426, 3428 and 3430.
Element 3424 may identify the coordinate of each detected
peak which is a local maxima. Element 3422 may represent a
peak index identifying one of the detected peaks 3424.

[0478] In one embodiment, the peak detection array 3424
may contain peak coordinates for all peaks detected within
the current scan pack only, but the peak properties arrays
3426, 3428 and 3430 may contain peak properties for all
detected peaks in all scan packs. The peak detection array
3424 may be reused on each scan pack. The peak properties
for peaks detected in a scan pack are located within the
various peak properties arrays 3426, 3428 and 3430 after the
peak properties for peaks in the previous scan pack. There-
fore, the peak index 3422 shown in FIG. 40 may index into the
peak detection array 3424 directly and index the peak prop-
erties arrays from the first empty location in the arrays. The
peak detection array 3424 may have a size in accordance with
the worst case or largest number of peaks possible according
to the scan size and the scan pack size. The peak property
arrays may be initialized to a fixed peak capacity, and re-
allocated to a larger capacity, if necessary, before computing
each scan pack’s peak properties. It should be noted that the
arrangement of FI1G. 41 is only one way in which the data may
be organized. The data structures that may be used may be
selected in accordance with certain advantages, such as per-
formance reasons, that may vary with embodiment. For
example, with reference to C language constructs, and
embodiment may use structure of arrays to store the data
represents in FIG. 41 with each of the arrays (e.g., each of
elements 3422, 3424, 3426, 3428 and 3430) being an array
within the structure data type. The foregoing arrangement
may provide performance advantages and more efficient
memory access in some parallel processing embodiments
using the GPU as described herein.

[0479] To compute some of the peak properties (e.g., such
as related to the shape ofthe peak), data may be read from the
“crShape” and the “msShape” scan packs (e.g., see FIG. 26)
near the location of each detected peak (e.g., such as multiple
consecutively located data points located near the peak). In
order to compute several of these peak properties in parallel
efficiently, the scan packs may not be read directly. Rather, the
required data portions for each peak may be extracted from
the appropriate scan packs and copied into a device memory
buffer that groups this data for several peaks in sequence. In a
manner that is similar to the peak properties arrays, the order
in which this shape data is stored in the buffer is the same as
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the order in which the peak’s coordinates are saved in the peak
detection array 3424 of FIG. 41.

[0480] Referring to FIG. 42, shown is an example illustrat-
ing how the foregoing data may be stored in peak shape
buffers for use in peak property computation in an embodi-
ment in accordance with techniques herein. The example
3460 illustrates that “P” detected peaks (denoted by the peaks
indices 0. .. p-1, inclusively, as included in 3462) and a shape
buffer 3464 with a capacity of “S” points per peak. To
improve device memory access, “S” may be rounded up to the
next multiple of half a warp.

[0481] An embodiment may use multiple ones of the fore-
going shape buffers to compute peak properties. In one
embodiment, five of these shape buffers are used when com-
puting peak properties that use data in the “crShape” scan
pack and another five shape buffers are used when computing
peak properties that use data in the “msShape” scan pack.
However, an embodiment may reuse some of the buffer space.
For example, in one embodiment, a total of six shape buffers
may be used since some of the buffers may be reused for
“msShape” related peak properties after the “crShape” peak
properties are computed.

[0482] It should be noted that the number of peaks that will
be detected in any given scan pack is data dependent, varies
and is not known prior to performing peak detection process-
ing. Therefore, given that it is not known beforehand how
many peaks are going to be detected in a scan pack, the size of
the shape buffers may not be implemented using a fixed peak
capacity unless such capacity assumes worst case or maxi-
mum size (e.g., such as may be done in connection with the
peak detection array). Assuming worst case or maximum
fixed size for the buffers may not be practical in that an
unacceptable amount of device memory may be used. An
alternate approach that may be used in an embodiment is to
size the shape buffers to an initial peak capacity, and resize
them if a scan pack requires a larger peak capacity. The
foregoing may be performed dynamically, for example, by
performing successive steps of memory allocations and/or
de-allocations as needed for the capacity variations over time.
As another alternative, an embodiment may size the shape
buffers to a reasonable fixed peak capacity that never changes.
If'a scan pack has more detected peaks than the shape buffers
peak capacity, the number of detected peaks may then be
partitioned into groups, where each such group has a size
equal to the shape buffer’s peak capacity. The peak properties
of'each group of peaks may then be computed in sequence. To
improve kernel execution in a sequence of these groups, the
shape buffers peak capacity may be set to a multiple of a warp
or other alignment boundary.

[0483] An embodiment may also utilize a different shape
buffer layout than as illustrated in FIG. 42. For example, an
embodiment may use an alternate layout of the shape buffers
as illustrated in FIG. 43 where the peak shape data, and
associated peak index vector, are stored in columns rather
than rows. In other words the data layout of FIG. 42 may be
transposed so that each row of data from the arrangement of
FIG. 42 is now a column of data as illustrated in FIG. 43. The
layout of FIG. 43 may be preferred in some embodiments by
providing a performance increase due to an improved device
memory access if each thread reads from only one of the
columns. Thus, the data structures of FIGS. 42 and 43 include
extracted portions of data from shape data scan packs used in
processing. Such data structures may include data stored
therein which is memory aligned and may provide increased
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efficiency during processing rather than repeatedly access
selective portions of data in the scan packs which may be
unaligned. Processing that may be performed to load the peak
shape buffers is described below in connection with a “load
peak shape data” processing step of the peak properties com-
putation.

[0484] The peak properties computation for one scan pack
comprises several sub-steps described in the following para-
graphs in which peak properties may be computed in groups.
The particular number of groups and properties in each group
may vary with embodiment. For example, in one embodi-
ment, properties computed may form three groups. Each of
the groups may include properties related in some way. For
example, properties included in a same group may be deter-
mined using one or more of more of the same inputs. In one
embodiment as described below, the peak properties compu-
tation processing may include a “peak properties group 17
step (which computes a first group of properties) and a “peak
properties group 2” step (which computes a second group of
properties), where each of the foregoing may be performed
once. Peak property computation may also include comput-
ing a third group of properties as determined in a “peak
properties group 3” step. In one embodiment, the third group
of properties may be determined a first time with respect to
chrom shape data and a second time for ms shape data. In
connection with loading and filtering each of the ms shape
data and the chrom shape data, steps described below of “load
peak shape data” and “filter peak shape data” may also be
performed. It should be noted that the steps of” load peak
shape data” and “filter peak shape data” are performed
twice—a first time for the chrom shape data and a second time
for the ms shape data. Each of these steps comprising peak
properties computation may use one or more kernels.

[0485] The “peak properties group 17 step may include
determining, for example, the peak’s intensity and whether
the peak is marked as an “excluded” peak as described below.
Peaks which are marked as excluded may not be considered
for one or more subsequent processing steps. Peaks may be
considered as excluded for one or more reasons one of which
relates to intensity values as described below. In connection
with determining the first group of properties, various data
inputs such as illustrated in FIG. 26 and described above may
be used. For example, determining the first group of proper-
ties may require reading the intensity value at the peak apex of
each detected peak as may be included in the “final filtering
output” scan pack. Also, values of the “stepl” and “step2”
scan packs corresponding to a particular peak (e.g., averaged
to produce the “final filtering output data” in which the
detected peak is included) may be examined to determine
whether to mark the peak for exclusion. A peak may be
marked as “excluded”, for example, if one or more of the
values of the step1” and “step2” data type scan packs corre-
sponding to a peak are under a certain threshold. In an
embodiment as described above where the “step2” scan pack
may not be saved, the “step 2” scan pack data may be com-
puted from corresponding values in the “final filtering output™
and “stepl” scan packs.

[0486] One kernel may be used to perform the peak prop-
erties group 1 processing. This kernel may use one-dimen-
sional thread blocks and a one-dimensional grid covering all
peaks in the peak detection array, or in a group of peaks if the
number of detected peaks is greater than the peak capacity of
the shape buffers. The thread block dimension may be a
multiple of two warps under the maximum threads per block
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that produces the highest GPU occupancy. Each thread within
the blocks may compute group 1 properties for one peak in the
group, and may use Equation 6 A to determine the index ofthe
detected peak for which such computation is performed by
the thread.

i=blockldx.x*blockDim.x+threadldx.x Equation 6A

In Equation 6A, i is the peak index within the group of
detected peaks, blockldx.x is the x coordinate of the block
index, blockDim.x is the x dimension of the block, and
threadldx.x is the x coordinate of the thread within the block.
Peak properties in groupl may use, for example, the “final
filtering output” and “step1” scan packs which may be bound
to respective textures and the threads fetch data from these
textures as needed during processing. Each thread uses the
peak index obtained from Equation 6A to read the peak’s
coordinates within the scan pack from the peak detection
array and to write pertinent peak properties to the peak prop-
erties arrays. The peak’s coordinates are used to fetch the
peak’s intensity values as may be included, for example, in
the “final filtering output” and the “stepl” textures. The
“step2” value may also be computed from the foregoing two
points of the “final filtering output” and “step1” data. Each
thread uses the peak index to write the peak’s three intensity
values (e.g., as obtained from the “step1”, “step 2”” and “final
filtering output™ data) to the corresponding peak property
array containing peak intensity values. Also, each thread uses
the peak index to write to the exclusion peak property array
indicting this peak as an excluded peak if either the “step1” or
the “step2” values are below, certain threshold values.

[0487] The “peak properties group 2” step may include
determining, for example, the mass fractional index and the
retention time at the apex of each detected peak. A three point
interpolation may be used to compute these values. To com-
pute the mass fractional index (e.g., resulting from interpola-
tion), the intensity value from the “final filtering output” scan
pack and the mass index value for the peak and for the points
before and after the peak in mass may be used. The mass
index is an index related to data acquisition in the mass
spectrometer, from which actual mass values can be derived
after mass calibration. It should be noted that the foregoing
fractional indices are described elsewhere herein in more
detail. To compute the retention time, the intensity value from
the “final filtering output” scan pack and the retention time
value for the peak, and for the points before and after the peak
in time may be used. Therefore, computing the second group
of peak properties for any peak included in a current “final
filtering output” scan pack uses the current, previous, and
next “final filtering output” scan packs. The second group of
properties may be determined using one kernel. The kernel
may use one-dimensional thread blocks and a one-dimen-
sional grid following the same criteria as described above
when determining the first group of peak properties. Each
thread within the blocks computes group 2 properties for one
detected peak and uses Equation 6 A to determine the index of
the detected peak. The current, previous, and next “final fil-
tering output™ scan packs, as well as other dataused such as an
array of retention times, may be bound to respective textures
and the threads fetch data from these textures. Each thread
may use the peak index obtained from Equation 6 A to read the
peak’s coordinates within the scan pack from the peak detec-
tion array and to write pertinent peak properties to the various
peak properties arrays. The peak’s coordinates (e.g., such as
produced previously by peak detection and stored in the array
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3424 of FIG. 41) are used to fetch intensity values from the
current, previous, and next “final filtering output” textures, as
well as to fetch retention time values from another appropri-
ate texture containing such values. Each thread computes the
mass fractional index and time values of the peak, and uses
the peak index to write the two values to the corresponding
peak property arrays.

[0488] As noted above, the steps of “load peak shape data”,
“filter peak shape data” and “peak properties group 3” may be
performed in sequence twice—once for chrom shape data and
a second time for ms shape data. The “load peak shape data”
step will now be described. In this step, the shape buffers are
loaded with data from the “crShape” scan pack or the
“msShape” scan pack depending on which type of shape data
is going to be processed by the foregoing sequence. Accord-
ing to FIG. 42, the buffers have a capacity of “S” data points
per peak. However, not all of them are used to save shape data
because the number of points required for chrom shape data
processing (crS) and for ms shape data processing (msS) is
different. An embodiment may track which locations in the
buffers are unused (e.g., save an ending location in the buffer
of'the last element containing valid data, pad unused elements
with zeroes or another special value, and the like). One kernel
is used to load the peak shape data into the buffers. The kernel
uses two-dimensional thread blocks and a two-dimensional
grid that covers all used peak locations and all “S” data points
per peak in the shape buffers. Dimension x of the blocks and
grid cover all “S points”, and dimension y of the blocks and
grid cover all used peak locations in the shape buffers up to the
maximum “P” peaks (see FIG. 42). The thread block dimen-
sions are chosen following the same criteria described above
as related to the MS filter thread blocks. Each thread within
the blocks loads into the shape buffers one shape point for one
peak, and uses Equation 7A to obtain the coordinates within
the buffer of the point it loads.

p=blockIdx.x*blockDim.x+threadldx.x

i=blockldx.y*blockDim.y+threadldx.y Equation 7A

In Equation 7A, p is the index to the point within the “S” data
points available per peak, i is the peak index within the buffer,
blockldx.x and blockldx.y are the x and y coordinates of the
block index, blockDim.x and blockDim.y are the x and y
dimensions of the block, and threadldx.x and threadldx.y are
the x and y coordinates of the thread within the block.

[0489] The shape data loaded into the buffer is a number of
shape data points at both sides ofthe detected peak. For chrom
shape data, this means that points may be needed which are
located in the previous or the next scan pack if the peak is
located near the first or last scan in the “crShape” scan pack.
The “msShape” or the “crShape” scan pack, depending on the
type of shape data being loaded, is bound to a texture and the
threads fetch data from this texture. In the case of the chrom
shape data, the previous and the next chrom shape scan packs,
as well as retention time values in an array, are also bound to
respective textures. Two shape buffers are loaded by the ker-
nel. One contains the intensity values of the shape data, and
the other contains the displacement values of the shape data,
i.e., time for chrom shape data, and mass index for ms shape
data. As described elsewhere herein, the shape data may be
two-dimensional data with intensity in the y-axis and time or
mass index in the x-axis. Each thread uses the peak index “i”
obtained from Equation 7A to read the peak’s coordinates
within the scan pack from the peak detection array, and uses
both indices from “i” and “p” from Equation 7A to write the
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corresponding shape data point into the shape buffers. The
shape data point corresponding to the peak’s apex is loaded at
the center of the “msS” or “crS” shape data points, and shape
data points at both sides of the peak’s apex are loaded at both
sides of the center point in “msS” or “crS”. Therefore, each
thread uses index “p” also as an offset into the peak’s coor-
dinates to fetch the correct point from the “msShape” or the
“crShape” scan pack textures.

[0490] The “filter peak shape data” step will now be
described. As noted above, this step runs twice, one for chrom
shape data and a second time for ms shape data. In this step,
the shape buffer containing intensity data is filtered with three
different types of filters and the filtered data is saved in three
new shape buffers. The three filters are smooth, first deriva-
tive, and second derivative type filters as described above.
One kernel is used in this filtering step. The kernel uses
two-dimensional thread blocks and a two-dimensional grid
following the same criteria as in above in the step of “load
peak shape data”. Each thread within the blocks performs the
three types of filtering for one point for one peak in the shape
buffer (e.g., generates three filtered output points for the one
input point). The thread may use Equation 7A to determine
the coordinates within the buffer of the point that it filters.
[0491] The filter coefficients are different for each type of
filter, and each thread may require a different number of
coefficients to run the filter. Given that the same set of coef-
ficients may be used by many threads, the coefficients are
stored in constant memory to take advantage that constant
memory is cached. The coefficient sets are made of an odd
number of coefficients and are symmetrical about the center
coefficient as described above. Therefore, to save memory,
only the center coefficient and the second half of the coeffi-
cients are stored in constant memory. Multiple coefficient
sets, enough to guarantee current filtering needs, are stored in
an array in sequence.

[0492] Referring to FIG. 44, shown is an example with first
four coefficients sets, and their distribution in the coefficient
array (coeff array) as may be used in an embodiment in
accordance with techniques herein. In the example 3500,
table 3510 indicates the four set of filtering coefficients.
Rather than store the coefficients and information as in the
arrangement of 3510, an embodiment may store the coeffi-
cients in an array as represented by 3520 and use Equation 8A
described below to index into the array and obtain the appro-
priate coefficients needed for filtering a particular input point.
It should be noted that there are three coefficients arrays, one
for each type of filter, since the coefficients vary with each
filter. Given the number of coefficients required, each thread
uses Equation 8A to find the location in the array of the center
coefficient of the set to be used for filtering. In Equation 8A,
iC is the location of the center coefficient in the array and hC
is half the number of coefficients (number in the second half
of coefficients). Equation 8A is:

(hC = 1)+ (hC +2)

iC(hC) = 5

The kernel uses shared memory when performing the filter-
ing. Each thread reads one or more shape points from the
buffer in device memory and copies them into shared
memory. The threads wait until all threads have finished load-
ing data into shared memory before they start running the
filters. Each thread reads the required shape data from shared
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memory, reads the appropriate filter coefficients from con-
stant memory, and runs all three filters in sequence. Then, it
writes each filter output to the corresponding filtered shape
data buffer.

[0493] The “peak properties group 3” step will now be
described. As noted above, this step is performed twice—
once for chrom shape data and a second time for ms shape
data. In this step, all five shape bufters, two output from the
step of “load peak shape data” and three output from “filter
peak shape data”—are used to compute the last or third group
of peak properties in one embodiment described herein.
Three kernels are used in this step. Each such kernel uses
one-dimensional thread blocks and a one-dimensional grid
following the same criteria as in connection with the step
“peak properties groupl”. Each thread within the blocks per-
forms processing related to computing a portion of third
group of properties for one peak in the shape buffers, and uses
Equation 6 A to obtain the index within the buffers of the peak
for which it computes these properties. This index is also the
peak index used by the thread to write the computed peak
properties into the peak properties arrays. In one embodi-
ment, the shape buffers may not be bound to textures but may
rather be read directly from device memory.

[0494] In the first kernel, each thread reads its assigned
peak’s shape data from three shape buffers: the intensity
values buffer, the displacement values buffer (time or mass
index), and the second derivative filtered data bufter. With this
data, each thread in the first kernel finds the position of the
shape peak apex, and computes the displacement value of the
peak apex and the displacement values of the peak’s inflec-
tion points. Each thread of the first kernel then writes these
three values to the corresponding three peak properties
arrays. Also, the first kernel computes the intensity value of
the peak apex and saves it to a temporary array, which will be
used by the third kernel.

[0495] In the second kernel, each thread reads its assigned
peak’s shape data from two shape buffers: the smooth filtered
data buffer, and the first derivative filtered data buffer. With
this data, each thread in the second kernel computes the
position within the shape data of the peak’s liftoff (e.g., peak
start) and touchdown (e.g., peak end) points. Each such thread
of the second kernel then writes these two positions to tem-
porary arrays, which will be used by the third kernel.

[0496] In the third kernel, each thread reads its assigned
peak’s shape data from two shape buffers: the intensity values
buffer, and the displacement values buffer (time or mass
index). It also reads corresponding data saved in temporary
arrays by the first and second kernels. With this data, each
thread in the third kernel computes the displacement values of
the peak’s liftoff and touchdown points, the area of the peak,
the peak’s FWHM (full width at half maxima), and the peak’s
minimum area background. Then it writes these five values to
the corresponding five peak properties arrays.

[0497] After all scan packs have been processed, the prop-
erties arrays contain the peak properties for all detected
peaks. The location of each peak data in the arrays is deter-
mined by the peak index found by the peak detection kernel.
The data in the peak properties arrays, however, is not ordered
in any particular way, because the peak detection step runs
multiple threads in parallel and the order in which the threads
finish running the peak detection kernel is not deterministic.
At this point, the peak properties arrays may be sorted by
retention time. Sorting is done using any technique and may
be implemented using one or more kernels. In one embodi-
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ment, the peak properties values may not actually be stored in
a sorted ordering but rather another peak property of sorted
indices is created. In other words, the sorted index list is a list
of indices for the peaks where the indices are ordered based
on the retention times of the peaks. If two or more peaks have
the same retention time, they may be further ordered by mass
index. An alternate sorting method may be used to sort, by
retention time, the actual values in all peak properties arrays
instead of using the sorted indices described above. This may
provide an advantage of speeding-up the computation in the
masked peaks exclusion, as the additional addressing
required by the sorted indices is eliminated.

[0498] At this point, a masked peak exclusion step may be
performed to finds peaks that are too close to a larger peak. To
be masked by a larger peak, the peak apex may be within one
sigma in time and one sigma in mass index of the larger peak.
It a peak is found to be masked by another peak, it is marked
as masked by writing a flag to its exclusion peak property.
Also, the index into the arrays of the masking peak is written
to the peak’s masking ion peak property. One kernel is used to
perform processing to exclude masked peaks. The kernel uses
one-dimensional thread blocks and a one-dimensional grid
that covers all peaks in the peak properties arrays. However, if
the number of peaks exceeds the maximum grid size in one
dimension, the grid dimension is reduced and the kernel is
launched several times until all peaks are processed. The
thread block dimension is the multiple of two warps under the
maximum threads per block that produces the highest GPU
occupancy. Each thread within the blocks processes one peak
in the peak properties arrays, and uses Equation 6 A to deter-
mine the index within the arrays of the peak it processes
(referred as the current peak in the following discussion).
Data from five peak properties arrays are required for this
computation: peak time, peak mass index, peak intensity,
peak’s chrom FWHM, and sorted index. The foregoing arrays
may be bound to respective textures and the threads fetch data
from them when performing processing to exclude masked
peaks. Alternatively, if the values in the peak properties arrays
are sorted by retention time, the sorted index peak property
array is unnecessary and may thereby improve performance
of the kernel computations as the additional addressing
required by the sorted indices is eliminated.

[0499] Each thread reads from the textures the current peak
time and mass index, and computes a masking window
around the current peak. This window is +/- one sigma in
time and +/- one sigma in mass index. Then, the thread tests
all peaks with a peak time that falls within the masking
window in time. It first tests sorted peaks going backward in
time until the end of the masking window, and then going
forward in time until the end of the masking window. For each
tested peak, the thread reads from the textures the peak mass
index and the peak intensity. Then, if the test peak mass index
falls within the masking window in mass index, and the test
peak intensity is lower than the current peak intensity, the test
peak is determined as being masked by the current peak. In
this case, the thread writes a masked flag to the exclude peak
property array, at the location of the tested peak, and also
writes the current peak index to the masking ion peak prop-
erty array, at the location of the tested peak.

[0500] Following paragraphs will now describe the addi-
tional steps required to process LC/IMS/MS data, i.e., data
with ion mobility (drift). When the data includes ion mobility,
it becomes four-dimensional (4D) because each data point
has mobility in addition to the three dimensions (3D) dis-
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cussed above of retention time, mass index, and intensity. To
process 4D data, all 3D processing steps described above are
done first, then, 4D specific steps are done to complete pro-
cessing. To run the 3D processing steps on 4D data having the
additional ion mobility dimension, the 4D data is reduced to
3D by summing all intensity values along the ion mobility
axis and performing 3D processing as described above. For
example, 3D processing may denote a peak based on 3 coor-
dinates in the mass or m/z dimension, retention time dimen-
sion and intensity. When the data being processed is 4D data,
the foregoing intensity as used in 3D processing has a value
which is the sum of all intensity values along the ion mobility
axis. After 3D processing is done, the non-excluded peaks
found by 3D processing may be used as the starting point for
peaks used in connection with 4D processing. These non-
excluded peaks identified as a result of 3D processing (e.g.,
peaks which have not had the excluded property set) are
called parent peaks in the 4D processing steps described
below. It should be noted that peaks may have been excluded
for one or more reasons based on previous 3D processing
steps above. For example, a peak may be excluded as result of
performing masked peak exclusion processing.

[0501] For each parent peak, a volume of 4D data associ-
ated with the parent peak is determined and such data is
processed in 4D processing. The volumes dimensions are
determined by the liftoff (e.g., peak start) and touchdown
(e.g., peak end) points in time and in mass index found during
3D processing, and by the entire drift range.

[0502] Referring to FIG. 45, shown is an example of illus-
trating data for three parent peaks as may be used in an
embodiment in accordance with techniques herein. The par-
ent peaks have their respective positions in the mass-time
plane marked with black dots denoted 3604a-c. The volumes
associated with the three parent peaks are denoted 3602a-c.
[0503] Referring to FIG. 46, shown is an enlarged view of
the volume for one of the parent peaks with point CC denoting
the peak’s position in the mass-time plane, the line L1
(formed by points AA and EE) denotes the peak end time, the
line L2 (formed by points OO (origin of the axes) and BB)
denotes the peak start time, the line [.3 (formed by points OO
and AA) denotes the peak’s starting mass, line .4 (formed by
points BB and EE) denotes the peak’s ending mass, and the
line L5 (formed by points OO and DD) denotes the entire ion
mobility or drift range.

[0504] In an embodiment in accordance with techniques
herein, there are two types of volumes that may be associated
with each parent peak: the “data” volume and the “output”
volume. The “output” volume dimensions are set as described
above and illustrated in FIGS. 45 and 46 (e.g., from liftoff to
touchdown in time and in mass index, and covering the entire
drift range). The “data” volume is larger than the “output”
volume, as it includes extra data points in each axis to account
for the filter boundaries. In other words, the foregoing output
volume may be augmented in size to include additional input
data used in connection with different filters. The “data vol-
ume” may have a size that collectively represents the aug-
mented size of the output volume to accommodate for the
additional volume of the additional input data used by all the
filtering steps. As described above, the portion and size of
additional input data may vary with each type of filtering
performed.

[0505] Referring to FIG. 47, shown is an example illustrat-
ing the data and output volumes described above connection
with filtering in an embodiment performing 4D processing as
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described herein. FIG. 47 is an illustration with respect to a
single data volume for a single peak. At the start of 4D
processing, each parent peak “data” volume 3652 is filled
with raw data. As described in more detail below, the data
volume 3652 is then filtered in each axis—by applying a
chrom filter, ms filter and drift filter with respect to each
axis—thereby reducing the volume dimension from “data” to
“output” 3658 in the axis of the filter. Hence the name “out-
put”, as it refers to the volume dimension after performing all
filtering steps. The example 3650 illustrates the foregoing
volume reduction process. Element 3652 represents the data
volume, the set of all input data used by the filtering processes
performed and which represents the dimensions of data input
to the filter, described in more detail below for 4D processing.
Element 3654 represents the volume output by chrom filter-
ing plus additional raw data needed for ms and/or drift filter-
ing. Element 3656 represents the volume output by ms filter-
ing plus the additional raw data needed by the drift filter.
Element 3658 represents the output volume produced by the
drift filtering.

[0506] Inconnection with an embodiment herein, multiple
such data volumes may be processed in parallel to filter and
then determine child peaks. As described in more detail
below, a child peak of a parent peak may be a peak located
within the parent peak’s corresponding volume as described
in connection with FIGS. 45 and 46. To simply the processing
for multiple parent peak data volumes in parallel, where the
parent peak volumes are grouped together in device memory
of'the GPU, a third type of volume called the “buffer” volume
may be determined. The “buffer” volume dimensions are the
same for all parent peaks and are larger than the dimensions of
the largest “data” volume. Each dimension of the buffer vol-
ume may have a size which is the maximum across all data
volumes. It should be noted that a single data volume may not
have the largest or maximum size for each of the three volume
dimensions. As such, the size of each dimension of the buffer
volume may be determined as a maximum across all possible
data volumes. In addition, an embodiment may improve
device memory accesses by also setting the “buffer” volume
dimensions to the next greater multiple of half a warp for
alignment. Thus, for simplicity, an embodiment may allocate
storage in accordance with the buffer volume dimensions for
each parent peak’s data volume and such allocation is guar-
anteed to accommodate storage needs for all such data vol-
umes.

[0507] As part of initialization or pre-processing step of 4D
processing, code executed by the GPU and/or CPU may be
executed to determine the dimensions of the buffer volume
and allocate storage in the GPU device memory for storing
the data volumes. Since storage of each buffer volume may
not be completely utilized for each parent peak, an embodi-
ment may track where each peak’s data volume is actually
located within the buffer volume. All parent peaks “data” and
“output” volume dimensions, as well as the “data” volume
start and stop coordinates (lower and upper corners) are saved
to respective arrays indexed by parent peak index. The fore-
going four pieces of information for each buffer volume may
be stored in four arrays—one array for each of data volume
dimensions, output volume dimensions, data volume start
coordinates and data volume stop coordinates. In connection
with 4D processing as described in more detail below, data
regarding the parent peaks (e.g., parent peak coordinates,
properties, and the like) may be read and sorted by retention
time, therefore, this same ordering may be applied to the
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foregoing four arrays. The size of the arrays is the number of
parent peaks. Such arrays may be initially stored in host
memory and then copied to the GPU’s device memory to be
used during processing by the GPU. Each element in the
foregoing four arrays has four values (X, y, z, and w coordi-
nates). In the case of the “data” and “output” volume dimen-
sions arrays, the four values for an array element are: mass
index (x), drift (y), time (z), and parent index in the 3D peak
properties arrays (w). For the array containing the start point
of the “data” volumes, each array element has the following
four values: mass index (x), drift (y), time (z), and ms filter
boundary at the start point (w). For the array containing the
stop point of the “data” volumes, each array element has the
following four values: mass index (x), drift (y), time (z), and
ms filter boundary at the stop point (w).

[0508] The parent peaks are processed in order as they
appear in the list (the four arrays described above) and are
sorted by retention time. Like in 3D processing, 4D process-
ing is done in scan packs, although the criteria to choose the
size of the scan packs is different. The intent is to read a pack
of raw data scans and process in order as many parent peaks
as possible with the data contained in the scan pack. In fol-
lowing paragraphs, a scan is referred as the group of 200
sub-scans, or drift scans, that determine the 200 possible drift
values. In other words, 200 drift scans may be included within
a “regular” scan of raw data as output by the LC/IMS/MS
system.

[0509] To determine the number of scans in a scan pack, an
embodiment may perform processing (such as by code
executing on the CPU and/or GPU) to determine the number
of scans contained in the largest “data” volume in time, and
set the scan pack size to twice that number of scans. This
guarantees that all parent peak volumes assigned to a scan
pack can be processed with the current and the previous scan
packs as explained below. The number of scan packs required
is determined based on the total number of scans to process.
[0510] Givenascan pack size, a 4D preprocessing step may
include determining the first and last parent peak index in the
list of parent peaks that are assigned to each scan pack. The
foregoing parent peak indices may then be save in respective
arrays, one containing the peak indices of every first parent in
a scan pack, and other containing the peak indices of every
last parent in a scan pack. The size of these arrays is the
number of scan packs.

[0511] Since a parent peak’s data volume may actually
span scan packs, an embodiment may use criteria based in the
parents’ data volumes stop time to determine the parent peaks
assigned to each scan pack. As long as consecutive parent
peaks’ data volume stop times fall within the scan pack, those
peaks are assigned to, and also processed during, the scan
pack. The last parent peak assigned to a scan pack is one
before the first parent peak in the list with a data volume stop
time beyond the scan pack. This is not necessarily the same as
the last peak with a data volume stop time within the scan
pack as explained below. Of all parent peaks assigned to a
scan pack, the current scan pack, many have a data volume
start time also falling within the scan pack. However, it is also
possible that there are one or more parent peaks assigned to a
scan pack where each such parent peak has its data volume’s
start time falling within the previous scan pack. Thus, since a
parent peak’s data volume may span multiple scan packs, two
scan packs may be stored in memory in connection with 4D
processing described herein and the scan packs may be sized
as described above. As mentioned previously, the parent
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peaks are sorted in ascending order of retention time and so
are their data volumes. However, as each data volume dimen-
sion in time is different, the data volumes are not necessarily
sorted by data volume stop time. It is guaranteed, though, that
a peak’s volume stop time is always greater than any prior
peak’s data volume start time. Based on the above, it is pos-
sible that a peak that would have normally been assigned to a
scan pack due to its stop time, may be assigned to the next
scan pack because it is located in the list after another peak
with greater stop time. This, however, does not represent a
problem because the peak assigned to the next scan pack will
be processed in the next scan pack but using data from the
previous scan pack.

[0512] An alternative method to distribute parent peaks in
the scan packs is to sort them by stop time. Therefore, a peak
is assigned to a scan pack if its stop time is within the scan
pack. The scan pack sizing criterion described above still
applies, and guarantees that each parent peak volume can be
processed using only the current and the previous scan packs.
This method of parent peak distribution enables the alternate
method of duplicate peak exclusion described in processing
for excluding identical duplicate 4D peaks elsewhere herein.
[0513] To process all parent peaks assigned to a scan pack
in parallel, the parent peaks’ “buffer” volumes are set together
in device memory for processing by various CUDA kernels.
However, if the number of parent peaks assigned to the scan
pack is larger than a threshold number, the amount of device
memory required may be prohibitive. Therefore, an embodi-
ment may partition all parent peaks assigned to a scan pack
into groups of parent peaks. As such, the parent peaks
assigned to a scan pack may be concurrently processed by
group rather than process all parent peaks within a single scan
pack concurrently. The number of parent peaks in a group
may be selected such that all the “buffer” volumes for the
group use a reasonable or acceptable amount of device
memory. It should be noted that the collective or total amount
of memory which is acceptable for a peak group may vary
with embodiment.

[0514] There areseveral device memory allocations needed
for 4D processing. An amount of device memory in the GPU
may be allocated to store the current and the previous scan
packs of raw data. For each, there is memory allocated for
consecutive blocks of compressed mass indices and com-
pressed intensity values. This is described in more detail
below in connection with processing to read 4D raw data. The
largest allocation is for a device memory buffer to hold the
“buffer” volumes of all parent peaks in a group. In one
embodiment, three of these buffers are needed for 4D pro-
cessing due to the various filtering steps. In one embodiment,
these three buffers—referred to as B1, B2 and B3 below—
may be reused several times during the filtering steps. Each of
the buffers B1-B3 may have the same size and may be orga-
nized as a matrix where each row contains the data points of
the “buffer” volume of one parent peak.

[0515] FIG. 48 shows an example of a device memory
buffer containing the “buffer” volumes of “P” parent peaks in
a group, where each volume contains “B” data points. With
reference to FIG. 48, the data points of each buffer volume are
distributed linearly in the buffer, with each row of the matrix
containing data for one of the buffer volumes. The linear
indexing precedence is x axis first (volume mass index), y
axis second (volume drift), and z axis last (volume time).
Equation 9A given below may be used to find the linear index
p in the buffer, corresponding to a point in the parent peak data
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volume with volPointLocal coordinates, where volDim-
Buffer are the dimensions of the “buffer” volume.

p= EQUATION 9A
volPointLocal- 7 = volDimBuffer- y = volDimBuffer- x +

volPointLocal- y = volDimBuffer- x + volPointLocal- x

[0516] An alternate layout for these buffers illustrated in
FIG. 48 may be to set the buffer volume data in columns
instead of rows. This layout may result in a performance
increase due to improved device memory access if each
thread reads data from only one of the columns. Other alter-
natives may include, for example, binding each buffer volume
to a3D texture to take advantage of the texture cache and easy
texture addressing. However, the number of textures that can
be bound at any given time may be limited and may also
therefore limit the number of parent peaks that can be com-
puted in parallel.

[0517] What will now be described are thread blocks that
may be used in an embodiment in connection with 4D pro-
cessing. Most of the kernels used in 4D processing use three-
dimensional thread blocks to cover the “buffer” volume of
each parent peak in a group of parent peaks. The thread block
dimensions may be set to cover the “buffer” volume dimen-
sions with an integer number of thread blocks, and their form
factor (relative thread block dimension in each axis) may be
selected to favor the specific computation performed in each
kernel. The number of threads per block are set below the
maximum (as may vary with embodiment) and the GPU
occupancy is computed. If the GPU occupancy is below a set
threshold, the largest thread block dimension may be reduced
in half.

[0518] A peak’s linearly arranged buffer volume may be
mapped to threads included in multiple 3D thread blocks.
Thus, for each kernel using 3D thread blocks, the “buffer”
volume dimension in terms of thread blocks is computed and
used to reference a thread’s to corresponding buffer volume
point (e.g., point in the buffer volume processed by the
thread). Each thread may also perform processing for more
than one buffer volume point in each axis to reduce kernel
overhead and improve performance. The grid of thread blocks
used may be two-dimensional, such that the parent peaks in a
group are distributed along the y dimension, and all the blocks
from each parent peak “buffer” volume are aligned linearly
along the x dimension.

[0519] Referring to FIG. 49, shown is an example of a
“buffer” volume covered by 27 thread blocks with three-
dimensional, or volumetric, indices shown on the left 3682,
and the corresponding linear indices shown on the right in
3684. In connection with 3684, linear block 0 is at the lowest
values corner, and block 26 is at the highest values corner. The
linear block indexing precedence is x axis first (mass index),
y axis second (drift), and z axis last (time). The three-dimen-
sional block indices used in connection with 3682 form an
imaginary three-dimensional grid, and the linear block indi-
ces form the actual grid used. The 3D grid 3682 may be used
in connection with threads identifying the volume point pro-
cessed by each thread.

[0520] Table 13 shows how the thread blocks from P parent
peaks as in the example of FIG. 49 are distributed in the actual
2D grid of thread blocks.
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TABLE 13
Parent peak index Blocks’ linear indices
0 0 1 2 3 4 2526
1 0 1 2 3 4 2526
2 0 1 2 3 4 2526
--- 0 1 2 3 4 2526
P-1 0 1 2 3 4 2526

In one embodiment, P parent peaks may be processed con-
currently. Each thread finds the parent peak index of the
buffer volume point it processes reading blockldx.y, the y
coordinate of the actual 2D grid of thread blocks. To identify
the buffer volume point (within the volume buffer of the
parent peak, blockldx.y) each thread processes, the thread
first finds the linear index of the thread block reading block-
Idx.y, the x coordinate of the actual 2D grid, and computes the
corresponding three-dimensional block index in the imagi-
nary 3D grid (e.g., element 3682 of FIG. 49). The “buffer”
volume in terms of thread blocks is used in this computation
The thread then uses Equation 10A below to compute the
local coordinates of the volume point within the “buffer”
volume.

volPointLocal. x=volBlockIdx.x*blockDim.
x*ptsPerThread.x+threadldx.x

volPointLocal.y=volBlockIdx.y*blockDim.
y*ptsPerThread.y+threadldx.y

volPointLocal.z=volBlockIdx.z*blockDim.
z*ptsPerThread.z+threadldx.z Equation 10A

[0521] In Equation 10A, volPointlocal are the local coor-
dinates of the point in the data volume, volBlockldx is the
three-dimensional block index computed (e.g., as described
above in connection with an example of an imaginary 3D
volume 3682), blockDim are the thread block dimensions,
ptsPerThread are the number of points processed by each
thread in each axis, and threadldx is the thread index within
the block. Once the thread has the local coordinates of the data
volume point as determined in accordance with Equation
10A, the thread may then use Equation 9A to find the location
of the point’s data within the buffers (e.g., as expressed lin-
early). The thread uses this location to perform read/write
operations on the point’s data as stored in the one-dimen-
sional array of a data volume buffer.
[0522] It should be noted that an embodiment may use
other techniques to map one or more data points processed to
a particular thread than as described herein.
[0523] What will now be described is a summary of steps
performed in connection with 4D processing. In following
paragraphs, a “child” peak is a peak found as a consequence
of'4D processing on a parent peak. A parent peak can have one
or more child peaks, or none in some cases. Due to volume
data overlapping among parent peaks, some parent peaks may
find the same child peak. This is considered an identical
duplicate child peak, and all but one of them is excluded from
the list of child peaks. The processing sequence in an embodi-
ment may include the following:
1. Read the next scan pack of raw data
[0524] 1.1 Process the next group of parent peaks assigned
to the current scan pack by performing, for all parent peaks in
the current group:

[0525] Fill parent peak data volumes with raw data

[0526] Filter data volumes to generate output volumes
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[0527] Run peak detection on output volumes to find
child peak

[0528] 1.2 Go to 1.1 if there are remaining parent peaks to
process in the current scan pack
2. Go to 1 if there are remaining scan packs to process
3. Compute peak properties in all child peaks found
4. Sort child peak list by retention time
5. Exclude duplicate child peaks
[0529] In the foregoing sequence, the last 3 steps may be
performed after all child peaks of all parent peaks have been
identified. An alternative variation to the foregoing that may
be performed in an embodiment may be to run the peak
properties computation step 3 and the exclude duplicates step
5, after each group of parent peaks have been processed. This
may decrease the amount of memory required to save identi-
cal duplicate child peaks, which can be substantial if the
number is excessive. In connection with this alternative
sequence, an embodiment would then run the exclude dupli-
cate step 5 a second time at the end after all child peaks have
been found because there may be identical duplicate child
peaks found in different groups of parent peaks.
[0530] In connection with reading the 4D raw data, an
embodiment may store the 4D raw data in a compressed form
which may be uncompressed for processing using techniques
herein. Such decompression may be performed by the GPU.
In one embodiment, for example, the raw data may be a
compressed form which stores all non-zero intensity values.
It is assumed that if a particular 4D raw data point has no
intensity specified, then it is zero. The decompression may be
performed concurrently with a thread performing decompres-
sion with respect to one or more points. In one embodiment,
the 4D raw data file contains compressed scan data packed in
blocks. There are two types of blocks, one packs all non-zero
intensity values from all 200 drift scans in a regular scan, and
the other type of block packs the mass indices values where
those intensities are located. A first file may store the two type
of blocks of each regular scan in sequence as shown in FIG.
50A, where N is the number of regular scans in the file.
Another file (not shown) may include the size of the blocks
and the number of points in each drift scan in each block. To
decompress the blocks using the GPU, we read the blocks for
all the scans in a scan pack. The scan pack data may then be
stored in two arrays illustrated in FIG. 50B. Array 3722
contains all mass indices blocks in sequence, and the other
array 3724 contains all intensity blocks in sequence, where S
is the number of scans in the scan pack. Another two arrays
may be created and used for fast addressing of the blocks. One
contains the number of points in each drift scan in the blocks,
and the other contains the offset to each drift scan from the
start of the arrays of blocks. Within GPU memory, there are
two sets of these four arrays—one for the current scan pack
and other for the previous scan pack. Both sets are copied to
device memory of the GPU to be used in connection with
processing to fill the data volumes of parent peaks.
[0531] In connection with filling the “data” volumes of all
parent peaks in a group with raw data to start processing, the
raw data is read from the device memory arrays described
above and may be decompressed in the GPU while the vol-
umes are being filled. Only buffer B1 of the three buffers
described above is filled with data. One kernel may be used to
perform processing to fill the data volumes. The kernel may
use three-dimensional thread blocks and a two-dimensional
grid as described above in connection with thread blocks for
4D processing (e.g., FIG. 49). Each thread fills one or more
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data volume points into a buffer for one parent peak. Raw data
is not read directly from the eight device memory arrays
created above (e.g., four for the current scan pack and four for
the previous scan pack). Instead, the foregoing arrays of raw
scan pack data may be bound to respective textures and the
threads fetch data from the textures. The kernel uses the
arrays of start and stop points of the “data” volumes, also
bound to textures. Each thread uses Equation 10A to find the
local coordinates within the volume of the point it is process-
ing. Then, the thread uses the data volume start point to
convert the local coordinates into global coordinates (e.g.,
position with respect to the mass, drift, and time axes) within
the raw data. For example, a thread may use Equation 10A to
obtain local coordinates of a point (e.g., within the volume
such as illustrated by FIG. 46). However to read and identify
points in the raw data, global coordinates of the point (e.g.,
within the entire raw data set) may be used. A thread may
determine such global coordinates by adding a volume’s
starting point coordinates (e.g., lower left corner of the vol-
ume or point of origin of the axes) to the local coordinates.
With reference to FIGS. 45 and 46, the local coordinates may
identify a location of a point with one of the illustrated vol-
umes and the global coordinates for the point may be with
respect to the entire data set including other volumes such as
illustrated in FIG. 45. These global coordinates can only fall
within the current or the previous scan pack according to how
the scan packs are sized and how parent peaks are assigned to
a scan pack. In an embodiment in which one thread processes
a single data point, there may be as many threads as points in
the “buffer” volume, but only those threads handling a point
within the “data” volume process the point. Given the global
coordinates, each thread may identify the drift scan that con-
tains the intensity and the mass index of the point it handles.
Using the array of drift scan offsets and the array of number of
points in each drift scan, the thread may determine the begin
and end points of the drift scan within the array of intensities
blocks and within the array of mass index blocks as illustrated
in FIG. 50B.

[0532] It should be noted that the drift scan may not be
entirely decompressed. Rather, an embodiment may perform
decompression of the drift scan as needed on a per point basis.
In one embodiment, the thread may use a binary search to
find, within the mass index values of the drift scan, the mass
index of the point it handles. If it finds a match, the intensity
of'the point is at the corresponding location within the inten-
sities values of the drift scan. Otherwise, the intensity of the
point is zero. If the point handled by the thread is beyond the
limits of the data, the intensity of the point may be computed
using reflection as described above in connection with 3D
processing. Reflection may be used as a technique to generate
data with respect to the drift and time axes. Points beyond the
mass axis limits may be set to zero. The thread may use
Equation 9A to write the intensity of the point to the corre-
sponding location within buffer B1.

[0533] Inthis step, the “data” volumes of all parent peaks in
a group are filtered to prepare them for peak detection. The
volumes are filtered in each axis with smooth and second
derivative type filters that may be generally summarized in 3
filtering sequences as follows. Within a single sequence, the
output of the previous step serves as input to the next step in
the sequence with the first step in the sequence using the
uncompressed raw data as input.



US 2013/0080073 Al

Filtering Sequence 1:

[0534] 1. Perform filtering of data volume in the time
dimension using the second derivative filter.

[0535] 1ii. Perform filtering of i) output in the mass dimen-
sion using a smooth filter.

[0536] iii. Perform filtering of ii) output in the drift dimen-
sion using a smooth filter producing output Al.

Filtering Sequence 2:

[0537] 1. Perform filtering of data volume in the mass
dimension using the second derivative filter.

[0538] ii. Perform filtering of 1) output in the time dimen-
sion using a smooth filter.

[0539] iii. Perform filtering of ii) output in the drift dimen-
sion using a smooth filter producing output A2.

Filtering Sequence 3:

[0540] 1. Perform filtering of data volume in the drift
dimension using the second derivative filter.

[0541] 1ii. Perform filtering of 1) output in the time dimen-
sion using a smooth filter.

[0542] iii. Perform filtering of'ii) output in the mass dimen-
sion using a smooth filter producing output A3.

The final filtering output may be the average of the above-
noted intermediate outputs A1, A2 and A3.

[0543] An embodiment may perform a variation of the
foregoing generalization of 9 filtering steps so that only 8
filtering steps included in 3 sequences is performed. As
explained above and illustrated in connection with FIG. 47,
the data volume dimensions are reduced from the “data”
dimension to the “output” dimension in the axis of the filter
after each filtering step of a sequence. Therefore, a second
stage or filtering step within a sequence does not have to filter
the entire “data” volume, but only part of it because the
volume has been reduced by the first stage or step within a
sequence in one of its axis. The same applies to a third stage
or filtering step within a sequence. As such with respect to a
sequence of filtering steps or stages, an embodiment may use
in the first stage the filter in the axis of the smallest “data”
volume dimension followed by successively filtering with
respect to the remaining axes in the order in which dimen-
sions of the data volume increase. This typically corresponds
to the order: chrom filter=>ms filter=>drift filter, as the vol-
umes normally have less points in the time axis and the most
points in the drift axis. The final filter result is the same
regardless of the order in which the filtering is performed but
apreferred ordering achieves the result with less computation
and 8 filtering steps described below in more detail.

[0544] Thethree buffers B1, B2 and B2 described above are
used for filtering, and B1, which contains raw data, is the
starting point for the filter sequence. The three buffers are
reused several times during when performing filtering either
as input or output of a filter step.

[0545] Referring to FIG. 51, shown is an example of filter-
ing steps that may be performed in an embodiment in accor-
dance with techniques herein. In the example 3800, the
arrows connecting the circles represent filter steps, and the
circles represent the input and output buffer used by a filter
step. In an embodiment using the three buffers described
above as B1, B2 and B3, the particular buffers used with each
filtering step are so denoted. Each filter step name is labeled
over the arrows of FIG. 51 where the filter step name has a

Mar. 28, 2013

general form of “prefix_suffix”, where prefix denotes the axis
of' the filter, and the name suffix denotes the type of filter:

cr Chrom filter (time axis)

ms Ms filter (mass axis)

df Drift filter (drift axis)

SM Smooth type filter

D2 Second derivative type filter

The “+” sign next to a buffer denotes that the filter step does
not overwrite the output buffer, but instead it accumulates the
filter output with the current content of the buffer. In connec-
tion with FIG. 51, several items may be noted. In an embodi-
ment which performs filtering as illustrated in FIG. 51, there
are a total of eight filter steps (rather than 9) and three is the
minimum number of buffers required. There are three filter
sequences (three rows) and three filter steps or stages in each
sequence (from raw data to output). Each sequence has a filter
in each axis and only one second derivative type filter. In each
sequence, the chrom filter is first, followed successively by
the ms filter and the drift filter. Buffer B1 at 3802 is the input
to the entire filtering process and contains raw data as
explained above in connection with filling the buffer volumes
with raw data. Buffer B3 at 3804 is the final output of the filter
sequence and contains the average of the outputs from the
three sequences To run the foregoing 8 filtering steps, both
chrom filter steps (38064, 38065) are run first to free buffer
B1. Then, the remaining steps of each of the three sequences
are completed in order, i.e., from top to bottom according to
FIG. 51 (e.g., filtering then proceeds as ms_SM, df_SM,
ms_D2, df SM, ms_SM, df_SM).

[0546] What will now be described is the kernel used in
connection with performing chrom filtering of the data vol-
umes (e.g. filtering with respect to the time dimension). The
chrom filter step (cr) filters in the time axis an input buffer
containing volume data from all parent peaks in a group and
is the first stage in the filter sequence of FIG. 51, so the input
buffer is buffer B1 containing raw data volumes. Both types
of chrom filters, smooth and second derivative, are computed
at once in this first stage and their outputs are stored in buffers
B2 38085 and B3 38084 respectively. The raw data input
volumes have the “data” dimension in all three axes, as they
include filter boundary points. Note, however, that as a result
of each filtering step, the output volumes are smaller than the
corresponding input volumes (See, for example, FIG. 47). As
illustrated in FIG. 51, the order in which the filters are run is:
Time axis=>Mass axis=>Drift axis. Each filter receives the
input volumes with “data” dimension in the axis of the filter,
but outputs the volumes with “output” dimension in that axis,
leaving the dimensions in other two axes unmodified. There-
fore, the volume dimensions before and after a chrom filter
step are as shown in Table 14

TABLE 14
Volume dimensions Time axis Mass axis Drift axis
Input volume data data data
Output volume output data data

The chrom filters use the same set of filter coefficients for all
data points, but each chrom filter type (smooth SM or second
derivative 2D) uses a different coefficient set. The coefficients
sets are stored in constant memory.
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[0547] Only one kernel is used to compute both chrom
filters (cr_D2 38064 and cr_SM 38065) in the same kernel
launch. Therefore, the input buffer is read only once. The
kernel uses three-dimensional thread blocks and a two-di-
mensional grid as described in above in connection with
thread blocks for 4D processing (see, for example, FIG. 49
and discussion above). Each thread may perform filtering of
one or more volume points for one parent peak. The input
buffer is not read directly from device memory, but it may be
bound to a texture and the threads fetch data from the texture.
The kernel uses the array of “data” volumes dimensions and
the array of “output” volume dimensions as described above
and which may also be bound to textures. Each thread uses
Equation 10A to find the local coordinates within the volume
of the point it is processing. There are as many threads as
points in the “buffer” volume, but only those threads handling
a point within the “output” volume dimension in the time
axis, and within the “data” volume dimension in the mass and
drift axes, process the point. These are the threads that pro-
duce a point in the output buffers (see Table 14 above). Each
thread that produces an output point, fetches the necessary
data points from the input buffer texture, reads the filter
coefficients from constant memory for each of the two filters,
and computes each filter output point according to Equation
3 A. Finally, the thread uses Equation 9A to write each filtered
output points to the corresponding location within the buffers
B2 and B3.

[0548] What will now be described is the kernel used in
connection with performing ms filtering of the data volumes
(e.g. filtering in the mass or m/z dimension). The ms filter step
filters, in the mass dimension or axis, an input buffer contain-
ing volume data from all parent peaks in a group. This is the
second stage of FIG. 51, so the input buffer is either buffer B2
38085 or buffer B3 3808a containing chrom filtered data
volumes. The filter is of the smooth or second derivative type
depending on the sequence, but the output is always stored in
buffer B1 (e.g. as denoted by 3810a-¢). The raw data input
volumes have the “data” dimension in all three axes, as they
include filter boundary points. Note, however, that as a result
of each filter action, the output volumes are smaller than the
corresponding input volumes as described above (e.g., see
FIG. 47). The order in which the filters are run is: Time
axis=>Mass axis=>Drift axis. Each filter receives the input
volumes with “data” dimension in the axis of the filter, but
outputs the volumes with “output” dimension in that axis,
leaving the dimensions in other two axes unmodified. There-
fore, the volume dimensions before and after a ms filter step
are as shown in Table 15:

TABLE 15
Volume dimensions Time axis Mass axis Drift axis
Input volume output data data
Output volume output output data

As described above in connection with the 3D ms filter, the
4D ms filter uses a different set of coefficients for each mass
index value. The coefficients are organized in a matrix of
aligned coefficients as in Table 11 but with each row reversed
as shown in Table 16 below, which shows an example with 12
coefficient sets. Each row has the center coefficient followed
by the second half of the coefficients in Table 16.
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TABLE 16

Mass Reversed Num
point coefficients matrix coeffs

0 CO, CO, 0 0 3

1 Cl, Cl1, 0 0 3

2 C2, C2, 0 0 3

3 C3, C3, 0 0 3

4 C4, C4, C4, 0 5

5 C5, C5, C5, 0 5

6 C6, C6, C6, 0 5

7 Cl, C7, C7, 0 5

8 C8g C8, C8, C8; 7

9 C9, C9, C9, C9, 7

10 C10, C10, C10, C10, 7

11 Cll, Cl11, Cl1, Cll, 7

There are two coefficient matrices for use with ms filtering,
one for the smooth filter type and other for the second deriva-
tive filter type. Both matrices are copied to device memory, as
well as the respective arrays of number of coefficients shown
in the example of Table 16.

[0549] An embodiment may use one kernel to compute the
ms filters. The kernel computes either a smooth filter type or
a second derivative filter type depending on the coefficient
matrix passed to the kernel. The kernel uses three-dimen-
sional thread blocks and a two-dimensional grid as described
above in connection with thread blocks for 4D processing.
Each thread filters multiple volume points for one parent
peak. The input buffer is not read directly from device
memory, but may rather be bound to a texture. The threads
may fetch data from this texture. The kernel uses the array of
“data” volumes dimensions, the array of “output” volume
dimensions, and the array of start points of the “data” volumes
as described above where the foregoing may also be bound to
textures. The kernel uses shared memory to read the array of
number of coefficients, and the matrix of coefficients is bound
to a texture. Each thread uses Equation 10A to find the local
coordinates within the volume of the point it is processing.
There are as many threads as points in the “buffer” volume,
but only those threads handling a point within the “output”
volume dimension in the time and mass axes, and within the
“data” volume dimension in the drift axis, process the point.
These are the threads that produce a point in the output buffer
(see Table 15). Each thread that produces an output point
fetches the necessary data points from the input buffer tex-
ture, reads the required number of coefficients from shared
memory, fetches the required filter coefficients from the coef-
ficients texture, and computes the filter output point accord-
ing to Equation 2A. The thread uses Equation 9A to write the
filtered output point to the corresponding location within the
output buffer (buffer B1 as denoted in 3810a-c¢).

[0550] What will now be described is the kernel used in
connection with performing drift filtering of the data volumes
(e.g. filtering in the ion mobility or drift dimension). The drift
filter step filters, in the drift axis, an input buffer containing
volume data from all parent peaks in a group. This is the third
stage as denoted in FIG. 51 where the input buffer is buffer B1
containing chrom and ms filtered data volumes. The filter is of
the smooth or second derivative type depending on the
sequence, but the output is always stored in buffer B3 (e.g.,
see 3812a-c). The first sequence writes to buffer B3 (3812a),
and the second and third sequences accumulate to buffer B3
(see 38125 and ¢ respectively). The raw data input volumes
have the “data” dimension in all three axes, as they include
filter boundary points. Note, however, that as a result of each
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filter action, the output volumes are smaller than the corre-
sponding input volume (see, for example, F1G. 47). The order
in which the filters are run is: Time axis=>Mass axis=>Drift
axis. Bach filter receives the input volumes with “data”
dimension in the axis of the filter, but outputs the volumes
with “output” dimension in that axis, leaving the dimensions
in other two axes unmodified. Therefore, the volume dimen-
sions before and after a drift filter step are as shown in Table
17

TABLE 17
Volume dimensions Time axis Mass axis Drift axis
Input volume output output data
Output volume output output output

Similar to the ms filter, the drift filter uses a different coeffi-
cient set for each drift value. The coefficients are organized in
amatrix as in the example of Table 16, where each row has the
center coefficient followed by the second half of the coeffi-
cients. There are two coeflicient matrices, one for the smooth
filter type and other for the second derivative filter type. Both
matrices are copied to device memory, as well as the respec-
tive arrays of number of coefficients shown in the example of
Table 16.

[0551] An embodiment may use one kernel to compute the
drift filters. The kernel computes either a smooth filter type or
a second derivative filter type depending on the coefficient
matrix passed to the kernel. The kernel uses three-dimen-
sional thread blocks and a two-dimensional grid as described
in connection with thread blocks for 4D processing elsewhere
herein. Each thread may filter one or more volume points for
one parent peak. The input buffer is not read directly from
device memory, but may rather be bound to a texture and the
threads may fetch data from the texture. The kernel uses the
array of “output” volume dimensions, and the array of start
points of the “data” volumes, as described above, which may
also be bound to textures. The kernel may use shared memory
to read the array of number of coefficients, and the matrix of
coefficients is bound to a texture. Each thread uses Equation
10A to find the local coordinates within the volume of the
point it is processing. There are as many threads as points in
the “buffer” volume, but only those threads handling a point
within the “output” volume dimension in all three axes pro-
cess the point. These are the threads that produce a point in the
output buffer (see Table 17). Each thread that produces an
output point fetches the necessary data points from the input
buffer texture, reads the required number of coefficients from
shared memory, fetches the required filter coefficients from
the coefficients texture, and computes the filter output point
according to an equation equivalent to Equation 2A. The
thread may use Equation 9A to write or accumulate the fil-
tered output point to the corresponding location within the
output buffer (buffer B3).

What will now be described is 4D peak detection. The peak
detection in 4D reads the final filter output buffer (e.g., B3
3804 of FIG. 51)) containing filtered volume data from all
parent peaks in a group, and finds all peak apices inside each
parent volume. These are the child peaks of each parent peak.
A peak apex is determined by finding a local maxima, i.e., a
point with an intensity value greater than the intensity ofits 26
neighbor points in the volume, and greater than a certain
intensity threshold. When a peak apex is found, its global
coordinates within the data (e.g., position or coordinates with
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respect to the mass, drift, and time axes) are saved to a
detected peak array in device memory, and a detected peak
counter is incremented. The location assigned to the peak
coordinates in the detected peak array is used to identify the
peak in subsequent processing steps. The detected peak array
elements have four values (%, y, z, w). The first three coordi-
nates are used to save the detected peak global coordinates,
and the w coordinate is used to save the parent peak index, or
alternatively, the parent peak index within the 3D peak prop-
erties arrays. Two other device memory arrays are used to
save data required for peak properties computation. Both
arrays contain elements with four values (x, y, z, w). The
elements of one of these arrays contain the intensity of the low
neighbor point in each axis, mass index (x), drift (), and time
(z), and the central point intensity in the w coordinate. The
elements ofthe other array contain similar information but for
the high neighbor point in each axis, and the distance to the
parent peak apex in the w coordinate. It should be noted that
the foregoing information regarding the low and high neigh-
bors may be used in connection with performing 3-point
interpolation described below. One last device memory array
may be used to save the number of child peaks found per
parent peak. The size of this array is the number of parent
peaks.

[0552] Anembodiment may use one kernel to run 4D peak
detection in a group of parent peak volumes. The kernel uses
three-dimensional thread blocks and a two-dimensional grid
as described in connection with thread blocks for 4D process-
ing elsewhere herein. Each thread may process one or more
volume points for one parent peak. An embodiment may
bound the input buffer to a texture rather than read the input
buffer directly from device memory. In this case, the threads
fetch data from the texture. The kernel may use the array of
“output” volume dimensions, and the array of start points of
the “data” volumes described above which may also be bound
to textures. Each thread uses Equation 10A to find the local
coordinates within the volume of the point it is processing. In
an embodiment processing one point per thread, there may be
as many threads as points in the “buffer” volume, but only
those threads handling a point within the “output” volume
dimension in all three axes process the point. Threads han-
dling points at the borders of the volume may not process the
point because they do not have a neighbor beyond the volume
data. Each thread that processes a point fetches the central
point from the input buffer texture. If the point intensity is
above a given threshold, the thread fetches the 26 neighbor
points and finds if the central point is a local maxima. Ifalocal
maxima is found, the central point is the location of a child
peak. As mentioned above, once a thread finds a peak, it
increments the counter of detected peaks and saves the peak’s
global coordinates to the array of detected peaks. The incre-
mented value of the counter is the location in the array where
the peak’s coordinates are saved. Given that all threads in the
thread block run in parallel, the order in which those threads
that find a peak increment the counter and write to the array,
is not deterministic. Furthermore, as the counter increment
operation involves three steps: reading the current value of the
counter in device memory, increment the value, and write the
incremented value back to device memory, there is a risk of
corrupted counter value if one thread tries to increment the
counter while another thread has read the counter but not
written the incremented value yet. To avoid this problem, the
counter increment is done using an “atomic” operation that
combines the three steps described above into a single step.
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This guarantees that a thread can’t increment the counter
while another thread is incrementing the counter. The fore-
going guarantees that the incremented value of the counter
obtained by each thread is unique, and that unique value can
be safely used to index the location in the detected peak array
where the peak’s coordinates are saved. Finally, the thread
writes the low and high neighbor arrays, as well as the array
of number of child peaks per parent peak, described above.
[0553] What will now be described is the 4D peak proper-
ties computation step which uses the arrays of detected peaks
data generated by 4D peak detection, to compute peak prop-
erties for all detected child peaks from all parent peaks. 4D
peak properties are saved in device memory arrays ina similar
manner as performed for 3D peak properties (e.g., using one
array per peak property as illustrated in FIG. 41. In this case,
however, in an embodiment in which the 4D peak properties
computation step runs after all parent peaks from all scan
packs have been processed, we know the peak properties
arrays size is the total number of detected child peaks, so we
need to allocate memory for the arrays only once. Alterna-
tively, the 4D peak properties may be computed per scan
pack, similar to what may be performed in connection with
3D processing. Processing per scan pack may provide an
advantage of reduced device memory usage if processing to
exclude identical duplicate 4D peaks (described elsewhere
herein) is performed per scan pack before the peak properties
computation.

[0554] The properties of each peak are stored in the peak
properties arrays at the same index location the peak’s coor-
dinates were saved in the peak detection array. The peak
properties computed are the mass fractional index, the time,
and the drift at the apex of each detected peak. These values
are computed with a three point interpolation using the arrays
of'low and high neighbor data created in 4D peak detection.
Other peak properties saved to arrays are: the intensity at the
peak apex, the parent peak index in the 3D properties arrays,
and the chrom FWHM of the parent peak.

[0555] An embodiment may use one kernel to compute 4D
peak properties for all child peaks from all parent peaks. The
kernel uses one-dimensional thread blocks and a one-dimen-
sional grid to cover all detected child peaks. However, if the
number of peaks exceeds the maximum grid size in one
dimension (x), the grid is made two-dimensional, with the y
dimension as large as necessary. This 2D grid, though, is used
as a long 1D grid by the kernel. Each thread computes the
peak properties for one peak, and uses Equation 11 A to get the
index within the arrays of the peak it computes.

i=(blockIdx.y*gridDim.x+blockIdx.x)*blockDim.x+

threadldx.x Equation 11A

[0556] In Equation 11A, i is the peak index within the
arrays, blockldx.x and blockldx.y are the x and y coordinates
of the block index, gridDim x is the x dimension of the grid,
blockDim.x is the x dimension of the block, and threadldx.x
is the x coordinate of the thread within the block. Each thread
uses the peak index obtained from Equation 11A to read the
peak’s global coordinates and the low and high neighbor data
from the peak detection arrays obtained in connection with
peak detection in 4D, and computes the three point interpo-
lation in each axis. Finally, with the index obtained from
Equation 11A, the thread writes the peak properties to the
corresponding peak properties arrays.

[0557] What will now be described is processing per-
formed to sort and exclude duplicate 4D peaks. The data in the
peak properties arrays is not ordered in any particular way,
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because the peak detection step runs multiple threads in par-
allel and the order in which the threads finish running the peak
detection kernel is not deterministic. To compute the next
steps the peak properties arrays may be sorted by retention
time. Sorting may be performed using any known technique
and may be implanted using one or more kernels as appropri-
ate for the particular techniques selected. In one embodiment,
the peak properties values may not actually be sorted, but
rather another peak property of sorted indices is created (e.g.
the order of the peak indices indicate the sorted order). This
property is used to address all other peak properties in sorted
order. If two or more peaks have the same retention time, they
may be further order by mass index. There are two types of
peak exclusionin4D processing: exclusion ofidentical dupli-
cate peaks, and exclusion of masked peaks. An identical
duplicate peak is the same child peak found by more than one
parent peak, and all but one of them must be excluded. A
masked peak, just like in 3D processing, is a peak that is
deemed “too close” to a larger peak. An embodiment may use
an alternate sorting method to sort, by retention time, the
actual values in all peak properties arrays instead of using the
sorted indices described above. This may provide an advan-
tage of improving performance in connection with the com-
putations in the masked peaks exclusion, as the additional
addressing required by the sorted indices is eliminated.

[0558] What will now be described is processing in con-
nection with excluding identical duplicate 4D peaks. It should
be noted that two parent peaks volumes may overlap and, as
aresult, a child peak may be duplicated if such a child peak is
determined for both the first and second parent peaks. As
such, a child peak may be detected for both parent peaks even
though there is actually a single child peak with respect to the
raw input data. Given that the time value of identical duplicate
child peaks is the same, such identical duplicate are located
next to each other when the peaks are sorted by retention time.
This makes easy to find them, but the mass index, the drift,
and the intensity values must also be the same to identify two
peaks as identical duplicates. One kernel may be used to
exclude identical duplicate peaks in the peak properties. The
kernel uses one-dimensional thread blocks and a one-dimen-
sional grid to cover all peaks in the peak properties arrays.
However, if the number of peaks exceeds the maximum grid
size in one dimension (X), the grid is made two-dimensional,
with the y dimension as large as necessary. This 2D grid,
though, may be used as a long 1D grid by the kernel. Data
from five peak properties arrays are needed for this compu-
tation: peak time, peak mass index, peak drift, peak intensity,
and sorted index. They are bound to respective textures and
the threads fetch data from them. Each thread tests one peak
for exclusion, and uses Equation 11A to determine the index
within the arrays of the peak to process. With that index, the
thread fetches from the sorted index texture, the index of the
peak it tests (the current peak), and the index of the next peak.
Then, the thread uses those sorted indices to fetch from the
other textures the time, mass index, drift, and intensity values
of'the current peak, and those values of the next peak. If both
peaks have the same four values, the next peak is marked as an
identical duplicate. In this case, a flag is written to the exclude
peak property array at the location of the excluded peak.

[0559] Alternatively, the identical duplicate peaks may be
excluded per scan pack instead of after all scan packs have
been processed. In this case, identical duplicate peaks may be
excluded before the peak properties computation, using the
peak detection global coordinates as exclusion criteria,
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instead of the time, mass index, and drift values. If two or
more child peaks have the same peak detection global coor-
dinates, it is the same peak found multiple times. An addi-
tional advantage of this identical duplicate exclusion method
is that it allows for specific peak exclusion, such that we can
choose which identical duplicate peaks are excluded and
which peak is retained. The exclusion criterion is based on the
distance from each child peak to its parent peak. Using the
time and mass global coordinates only, we may retain the
identical duplicate peak closerto its parent. The distance from
each child peak to its parent peak is saved in one of the peak
detection arrays as it is described in connection with 4D peak
detection elsewhere herein. A single kernel may be used for
this alternate method of identical duplicate peak exclusion.
Given how the parent peaks are distributed in scan packs as
described in connection with scan packs for 4D processing
herein, child peaks in a scan pack can have a duplicate in the
next scan pack. Therefore, we have to wait until the detected
peaks in the next scan pack are available before we can run
identical duplicate peak exclusion in a scan pack. The kernel
combines all child peaks found in the current and the next
scan packs into a common array of peaks. Then, the child
peaks in the common array are sorted in this order: by time
coordinate first, then by mass coordinate, then by drift coor-
dinate, and finally by the distance between the peak and its
parent peak apex. After this sorting, all identical duplicate
peaks are grouped together with the peak closer to its parent
located first in the group. The kernel then keeps the first
duplicate in each group of duplicates and removes all other
duplicates from the common array. Finally, the kernel assigns
to the current scan pack all peaks in the common array with a
time coordinate falling within the current scan pack, and
assigns to the next scan pack all other peaks in the common
array.

[0560] What will now be described is processing that may
be performed in connection with excluding masked 4D peaks.
The masked peak exclusion processing finds peaks that are
deemed as too close to a larger peak. To be masked by a larger
peak, the peak apex must be within a threshold with respect to
a larger peak. For example, to be masked by a larger peak, a
peak may be within one sigma in time, one sigma in mass
index, and one sigma in drift of the larger peak. If a peak is
found to be masked by another peak, it is marked as masked
by writing a flag to its exclusion peak property. Also, the index
into the arrays of the masking peak is written to the peak’s
masking ion peak property.

[0561] An embodiment may use one kernel for performing
processing to exclude masked 4D peaks. The kernel uses
one-dimensional thread blocks and a one-dimensional grid
that covers all peaks in the peak properties arrays. However, if
the number of peaks exceeds the maximum grid size in one
dimension, the grid dimension is reduced and the kernel is
launched several times until all peaks are processed. Each
thread within the blocks may process one peak in the peak
properties arrays, and uses Equation 6A to obtain the index
within the arrays of the peak it processes (also referred as the
current peak). Data from six peak properties arrays are used to
determine masked 4D peaks for exclusion: peak time, peak
mass index, peak drift, peak intensity, peak’s chrom FWHM,
and sorted index. The foregoing are bound to respective tex-
tures and the threads fetch data from these textures. Alterna-
tively, if the values in the peak properties arrays are sorted by
retention time, the sorted index peak property array may be
eliminated and may thereby improve performance in connec-
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tion with kernel computations as the additional addressing
required by the sorted indices is eliminated. Each thread reads
from the textures the current peak time, mass index, and drift,
and computes a masking volume around the current peak.
This masking volume may be, for example, +/- one sigma in
time, +/- one sigma in mass index, and +/— one sigma in drift.
The thread then tests all peaks with a peak time that falls
within the masking volume in time. It first tests sorted peaks
going backward in time until the end of the masking volume,
and then going forward in time until the end of the masking
volume. For each tested peak, the thread reads from the tex-
tures the peak mass index, the peak drift, and the peak inten-
sity. If the test peak mass index falls within the masking
volume in mass index, the peak drift falls within the masking
volume in drift, and the test peak intensity is lower than the
current peak intensity, the test peak is determined as being
masked by the current peak. In this case, the thread writes a
masked flag to the exclude peak property array, at the location
of'the tested peak, and also writes the current peak index to the
masking ion peak property array, at the location of the tested
peak.

[0562] In connection with any of the threads described
herein, it should be noted that an embodiment may have any
such thread process one or more points. Although exemplary
embodiments are described herein which may compute par-
ticular peak properties, it should be noted that an embodiment
may also determine other properties, alone or in combination
with, those described herein.

[0563] As described above in an embodiment in accor-
dance with techniques herein, parallel processing may be
performed using the GPU where the GPU may be pro-
grammed to perform multiple non-dependent operations in
parallel. For example, in one embodiment, computation of
each filtered data point (or a group of data points) may be
performed by a different one of the threads since each such
filtered data point (or group of data points) may be computed
independent of the others. Although examples may be
described herein with respect to a single GPU, an embodi-
ment may also utilize more than one GPU or other hardware
component that performs parallel processing.

[0564] In an embodiment in accordance with techniques
herein, a GPU may be used to execute code for parallel
processing where the code is written using CUDA. In accor-
dance with CUDA, CUDA threads may be grouped into
blocks of threads. However, other programming languages
and associated constructs may also be used and may vary with
embodiment.

[0565] In an embodiment in accordance with the tech-
niques herein such as illustrated in FIG. 52, one or more
parallel processing units, such as GPUs 3950, may be embed-
ded or incorporated in the instrument 3910 performing mass
spectrometry. Additionally, the instrument 3910 may have
included therein a computer readable medium 3920. The
computer readable medium 3920 may have code stored
thereon which, when executed using the GPU(s) 3950 or
other parallel processing unit(s), performs processing as
described herein in parallel using the parallel processing unit
(s) to generate a peak list 3960. In this embodiment, the raw
data 3940 typically produced as an output after performing
mass spectrometry (such as with an LC/MS or LC/IMS/MS
system) may be analyzed in real-time to generate the peak list
3960 using the techniques herein. In this case, the output of
the instrument 3910 performing mass spectrometry, such as
included in an LC/MS system, may be the peak list 3960. It
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should be noted that the raw data 3940 is not required to be
stored on permanent or non-volatile storage. Rather, the raw
LC/MS data may be stored temporarily, such as in a form of
memory or volatile storage, for the duration of time during
which such data is need for peak list detection and computa-
tion processing. After such processing, the data may be dis-
carded. Thus, the MS instrument may include code for per-
forming the foregoing peak list generation in real time that
produces as a final output the peak list rather than the raw
LC/MS scan data. However, an embodiment in accordance
with techniques herein may also provide an option to store the
raw data, such as on external storage 3970 (e.g., a form of
non-volatile storage), even though it is analyzed in real-time
to output the peak list 3960. It should be noted that the mass
spectrometer 3910 includes other components not illustrated
to perform the other processing 3930 and generate the raw
data 3940.

[0566] Referring to FIG. 53, shown is an example 4000 of
another embodiment of components that may be included in
asystem inaccordance with techniques herein. In FIG. 53, the
mass spectrometer 4010 outputs the raw data 4070 to storage
where the computer system 4080 may be used to perform
processing offline or in a post processing step subsequent.
The computer 4080 may include a computer readable
medium 4020 comprising code as described in FIG. 52 and
one or more GPUs 4050 or other parallel processing units to
generate the peak list 4060. In the embodiment of FIG. 53, the
computer readable medium 4020 and GPU 4050 are included
in a computer system, such as a personal or desktop computer,
rather than being included in the mass spectrometer 4010.
[0567] It should be noted that the embodiment of FIG. 52
provides for performing analysis of the raw mass spectra data
by components included in the mass spectrometer. Thus, a
general approach is illustrated in connection with FIG. 52
having post-processing of mass spectra or raw data performed
by components included in the mass spectrometer. An
embodiment may also have the components of the mass spec-
trometer perform other post-processing of the raw data and/or
peak list. For example, the computer readable medium may
also include code which further processes the peak list and/or
other portions of the raw data such as to identify proteins in
accordance with matching precursors and associated frag-
ments using a protein database. Such other post processing
may be performed by parallel programming using the GPU
and/or using a CPU (also included in the mass spectrometry)
which performs sequential or non-parallel processing.
[0568] The techniques herein may be performed by execut-
ing code which is stored on any one or more different forms of
computer-readable media. Computer-readable media may
include different forms of volatile (e.g., RAM) and non-
volatile (e.g., ROM, flash memory, magnetic or optical disks,
or tape) storage which may be removable or non-removable.
[0569] The foregoing disclosure of the preferred embodi-
ments of the present invention has been presented for pur-
poses of illustration and description. It is not intended to be
exhaustive or to limit the invention to the precise forms dis-
closed. Many variations and modifications of the embodi-
ments described herein will be apparent to one of ordinary
skill in the art in light of the above disclosure. The scope of the
invention is to be defined only by the claims appended hereto,
and by their equivalents.

[0570] Further, in describing representative embodiments
of'the present invention, the specification may have presented
the method and/or process of the present invention as a par-
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ticular sequence of steps. However, to the extent that the
method or process does not rely on the particular order of
steps set forth herein, the method or process should not be
limited to the particular sequence of steps described. As one
of ordinary skill in the art would appreciate, other sequences
of' steps may be possible. Therefore, the particular order of the
steps set forth in the specification should not be construed as
limitations on the claims. In addition, the claims directed to
the method and/or process of the present invention should not
be limited to the performance of their steps in the order
written, and one skilled in the art can readily appreciate that
the sequences may be varied and still remain within the spirit
and scope of the present invention.

What is claimed is:
1. A method for processing data comprising:

performing sample analysis and generating scans of data,
each of'said scans comprising a set of data elements each
associating an ion intensity count with a plurality of
dimensions including a retention time dimension and a
mass to charge ratio dimension; and

analyzing said scans to identify one or more ion peaks, said
analyzing including:
filtering a first plurality of said scans producing a first
plurality of filtered output scans, said filtering includ-
ing first filtering producing a first filtering output,
wherein said first filtering includes executing a plu-
rality of threads in parallel which apply a first filter to
said first plurality of scans to produce said first filter-
ing output, wherein each of said plurality of threads
computes at least one filtered output point for at least
one corresponding input point included in said plural-
ity of scans; and

detecting one or more peaks using said filtered output
scans.

2. The method of claim 1, wherein said first filtering
includes:

performing first processing by a first of said plurality of
threads, said first processing including applying a
smoothing filter to a first input point in a mass-to-charge
ratio dimension to produce a first filtered output point
and applying a second derivative filter to the first input
point in a mass-to-charge ratio dimension to produce a
second filtered output point; and

performing second processing by a second of said plurality
of threads, said second processing including applying
said smoothing filter to a second input point in a mass-
to-charge ratio dimension to produce a third filtered
output point and applying the second derivative filter to
the second input point in a mass-to-charge ratio dimen-
sion to produce a fourth filtered output point, wherein
said first thread and said second thread execute concur-
rently and said first thread and said second thread are
included in a same block of threads accessing a plurality
of input points including said first point and said second
point from a portion of memory shared by said block of
threads.

3. The method of claim 2, wherein said first plurality of
threads are included in a two-dimensional grid of thread
blocks, each of said thread blocks including a two-dimen-
sional configuration of threads, each of said thread blocks
being identified in said grid using a thread block identifier
having an “x” dimension indexing said each thread block
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along the mass to charge ratio axis and having a “y” dimen-
sion indexing said each thread block along the retention time
axis.
4. The method of claim 3, wherein said first thread deter-
mines a first input point to which said smoothing filter is
applied by said first thread and said first thread determines a
first output point identifying a location at which a correspond-
ing filtered output point for said first input is stored, said first
input point being identified in said first plurality of scans in
accordance with coordinates (m, s), wherein “m” is a mass
coordinate mapping to a mass to charge ratio of said first input
point and “s” identifies a scan in which said first input point is
included, wherein said first output point is also identified
using the coordinates (m,s).
5. The method of claim 4, wherein said first thread is
included in a first thread block having a first thread block
identifier, said first thread having a first thread identifier iden-
tifying a position of said first thread within said first thread
block, wherein said first thread determines the coordinates
(m,s) using said first thread block identifier and said first
thread identifier.
6. The method of claim 2, wherein said first filtering uses
filtering coefficients bound to a texture.
7. The method of claim 6, wherein said filtering coeffi-
cients are used in connection with filtering a portion of less
than all mass to charge ratio values in said first plurality of
scans.
8. The method of claim 1, wherein said filtering includes
executing a second plurality of threads concurrently, wherein
each of said second plurality of threads applies a second filter
in a retention time dimension to at least one data point.
9. The method of claim 8, wherein said second filter is any
of a smoothing filter and second derivative filter.
10. The method of claim 8, wherein said second filter uses
a same set of filter coefficients for all data points to which the
second filter is applied.
11. The method of claim 10, wherein the filter coefficients
are stored in constant memory used by a graphics processing
unit, said graphics processing unit and said constant memory
being included in a separate device configured for used with
a computer.
12. The method of claim 8, wherein said second plurality of
threads is included in a two-dimensional grid of thread
blocks, each of said thread blocks being a two-dimensional
block of threads.
13. The method of claim 1, further comprising:
determining first thread block dimensions ofa first block of
threads configured for parallel execution and each
thread in said first block configured to apply a filter in a
mass to charge ratio dimension to at least one data point;

determining second thread block dimensions of a second
block of threads configured for parallel execution and
each thread in said second block configured to apply a
filter in a retention time dimension to at least one data
point;

determining third thread block dimensions, wherein each

dimension of said third thread block is a least common
multiple of corresponding ones of said each dimension
of said first thread block and said second thread block;
and

selecting scan pack dimensions in accordance with said

third block dimensions, wherein said scan pack dimen-
sions indicate sizing with respect to a number of said
scans of data and a number of mass to charge ratio values
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per scan, wherein said analyzing is performed on a first
scan pack before performing said analyzing with respect
to a second scan pack, said first scan pack including a
first portion of said scans of data and having said scan
pack dimensions, said second scan pack including a
second portion of said scans of data and having said scan
pack dimensions.

14. The method of claim 13, wherein said first scan pack
includes said first plurality of scans, and the method further
comprising:

reading, by executing code on a processing unit of a com-

puter which executes instructions serially, said first scan
pack;

storing said first scan pack in a first memory of said com-

puter;

copying said first scan pack into a second memory of a

device, said device including a graphics processing unit
that performs parallel processing, wherein said second
memory is configured for use by said graphics process-
ing unit when performing parallel processing and
wherein said first memory is not configured for use by
said graphics processing unit;

performing said first filtering by executing said plurality of

threads in parallel on said graphics processor using said
first scan pack to identify one or more peaks in said first
scan pack;

storing, by said graphics processing unit in said second

memory, output data identifying said one or more peaks;
and

copying said output data from said second memory to said

first memory.

15. The method of claim 1, wherein said detecting one or
more peaks is performed by concurrently executing threads
included in a two-dimensional grid of thread blocks, each of
said thread blocks including a two-dimensional configuration
of threads, wherein threads included in a same first thread
block have access to data stored in a portion of memory
shared by all threads in the first thread block, wherein each of
said threads included in said two-dimensional grid deter-
mines whether at least one filtered output point included in
said filtered output scans is a peak.

16. The method of claim 15, wherein each of said thread
blocks has first dimensions selected in accordance with utili-
zation of a processing unit which performs concurrent pro-
cessing, a number of threads included in said thread block
having said first dimensions, and an approximation of said
first dimensions to a square.

17. The method of claim 15, wherein said one or more
peaks identified by said detecting are identified with respect
to retention time and mass to charge ratio dimensions.

18. The method of claim 17, wherein said plurality of
dimensions includes an ion mobility dimension and the
method includes identifying peaks with respect the ion mobil-
ity dimension.

19. The method of claim 18, wherein said analyzing
includes identifying one or more properties for each of said
one or more ion peaks identified and wherein, at least a first of
said properties is determined by concurrently executing
threads included in a grid of thread blocks, each of said
threads determining said first property for at least one of
peaks identified by said detecting.

20. The method of claim 1, wherein said method is per-
formed in real-time while said scans are generated as a result
of sample analysis by a mass spectrometer.
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21. The method of claim 18, wherein said one or more
peaks are a first set of peaks and said analyzing further com-
prising:

determining a scan pack size comprising a number of scans

having different retention times;

determining, for each peak in said first set, a data volume

having dimensions in accordance with data used for
filtering with respect to said each peak and an output
volume having dimensions in accordance with said a
starting and ending location of said each peak with
respect to retention time and nm/z dimensions and cov-
ering an ion mobility range;

determining a buffer volume having each dimension

thereof which is at least a same size as a largest corre-
sponding dimension with respect to all data volumes for
all peaks in said first set;

determining a first portion of peaks of said first set which

are included in a first scan pack of said scan pack size,

said first scan pack including a partition of said scans;

partitioning said first portion into one or more groups of

peaks and, for each group, performing first processing,

said first processing including:

reading, for each peak in said each group, first data from
said first scan pack in accordance with the data vol-
ume for said each peak and storing the first data into a
buffer having a size in accordance with said buffer
volume;

filtering the first data for each peak in said each group,
wherein said filtering the first data includes a second
plurality of threads executing concurrently, wherein
for said each peak, each of said second plurality of
threads applies a filter and computes a single filtered
output point for a corresponding data point in the
buffer for said each peak if said corresponding data
point is in included within appropriate ones of the
output volume and the data volume for said each peak;
and

identifying child peaks for said each group.

22. The method of claim 21, wherein, if said filter is applied
in a retention time dimension, each of said second plurality of
threads computes a single filtered output point for a corre-
sponding data point in the buffer for said each peak if said
corresponding data point is within the output volume with
respect to the retention time axis and within the data volume
with respect to the m/z and the ion mobility axes.

23. The method of claim 21, wherein, if said filter is applied
in a retention time dimension, each of said second plurality of
threads computes a single filtered output point for a corre-
sponding data point in the buffer for said each peak if said
corresponding data point is within the output volume with
respect to the retention time and the m/z axes and within the
data volume with respect to the ion mobility axis.

24. The method of claim 21, wherein, if said filter is applied
in a retention time dimension, each of said second plurality of
threads computes a single filtered output point for a corre-
sponding data point in the buffer for said each peak if said
corresponding data point is within the output volume with
respect to the retention time, the m/z, and the ion mobility
axes.

25. The method of claim 18, wherein said analyzing for a
first peak further comprises:

applying a smoothing filter in the retention time dimension

to first data stored in the first buffer to produce second
data stored in a second buffer;
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applying a second derivative filter in the retention time
dimension to the first data stored in the first buffer to
produce third data stored in a third buffer;

applying, after producing said second data and said third
data, a smoothing filter in the mass to charge ratio
dimension to the third data to produce fourth data stored
in said first buffer;

applying, after producing said fourth data, a smoothing
filter in the ion mobility dimension to the fourth data to
produce fifth data stored in said third buffer;

applying, after producing said fifth data, a second deriva-
tive filter in the mass to charge ratio dimension to said
second data to produce sixth data stored in the first
buffer;

applying, after producing said sixth data, a smoothing filter
in the ion mobility dimension to said sixth data to pro-
duce seventh data which is combined with said fifth data
to produce a first combined result stored in said third
buffer;

applying, after producing said first combined result, a
smoothing filter in the mass to charge ratio dimension to
the second data to produce eighth data stored in the first
buffer; and

applying, after producing said eighth data, a second deriva-
tive filter in the ion mobility dimension to the eighth data
to produce ninth data which is combined with said first
combined result to produce a second combined result
stored in the third buffer.

26. The method of claim 21, wherein said filtering the first
data for each peak includes applying a sequence of three
filters, a first of the filters being applied with respect to a first
dimension or first axis to the first data to produce a first output,
a second of the filters being applied with respect to a second
dimension or second axis to the first output to produce a
second output, a third of the filters being applied with respect
to a third dimension or third axis to the second output to
produce a third output,

27. The method of claim 26, wherein said first output has a
first size with respect to said first dimension which is less than
a second size of the first data with respect to the first dimen-
sion, wherein said second output has a third size with respect
to said second dimension which is less than fourth size of the
first output with respect to the second dimension, and wherein
said third output has a fourth size with respect to said third
dimension which is less than fifth size of the second output
with respect to the third dimension

28. A method for processing data from sample analysis
comprising:

performing mass spectrometry and generating one or more

spectra; and

analyzing the one or more spectra to generate a peak list of

one or more ion peaks identified in the one or more
spectra, said analyzing including performing, in paral-
lel, atleast a first filtering step and a second filtering step.

29. The method of claim 28, wherein said analyzing
includes filtering the one or more spectra and the first filtering
step computes a first filtered output point and said second
filtering step computes a second filtered output point.

30. The method of claim 29, wherein said filtering is per-
formed in one of a plurality of dimensions, said plurality of
dimensions including retention time, mass or m/z, and ion
mobility.
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31. A system that performs mass spectrometry comprising:

a parallel processing unit; and

a computer readable medium comprising code stored

thereon which, when executed, performs steps includ-

ing:

receiving one or more spectra produced as a result of
mass analyzing a sample; and

analyzing the one or more spectra to generate a peak list
of one or more ion peaks identified in the one or more
spectra, said analyzing including performing, in par-
allel using said parallel processing unit, at least a first
filtering step and a second filtering step.

32. The system of claim 31, wherein said analyzing
includes filtering the one or more spectra and the first filtering
step computes a first filtered output point and said second
filtering step computes a second filtered output point.

33. The system of claim 32, wherein said filtering performs
filtering in one of a plurality of dimensions, said plurality of
dimensions including retention time, mass or m/z, and ion
mobility.

34. The system of claim 31, further comprising a processor
which executes instructions serially, wherein said computer
readable medium further includes code for:

performing preprocessing;

obtaining said one or more spectra as input from a memory;

performing peak detection to identify said one or more

peaks;
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performing peak properties computation on said one or
more peaks included in said peak list to generate peak
property information; and

writing said peak list and said peak property information to

a memory; and
wherein said performing preprocessing, said obtaining, and
said writing are performed by code executing in said proces-
sor and wherein said performing peak detection, said per-
forming peak property computation are performed by code
executing in the parallel processing unit.

35. The system of claim 34, wherein, in connection with
performing said obtaining, said processor executes code that
reads said one or more spectra, stores said one or more spectra
in a first memory that is configured for access by said proces-
sor and is not configured for access by the parallel processing
unit, and copies said one or more spectra from said first
memory to a second memory included on a device comprising
said parallel processing unit.

36. The system of claim 31, wherein said system output the
peak list and stores the peak list to non-volatile memory, and
wherein said one or more spectra are stored in volatile
memory during said analyzing and said one or more spectra
are not stored to non-volatile memory for output as a result of
said analyzing.



