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TECHNICAL FIELD

[003] The disclosed technology relates to methods and apparatus that can be used with

Hadamard-transformed data, including mass spectrometry applications.
BACKGROUND

[004] Hadamard transform multiplexing has been used in mass spectrometry in order to
increase the signal-to-noise ratio (SNR) of ion intensity data. When applied to ion mobility
mass spectrometry (IMS), the transformed data are susceptible to periodic artifacts, such as
those that occur when deconvolution is applied assuming that the data are precisely aligned to

the mathematical sequence used to encode it.

[005] Previous techniques, for example, those discussed by Belov et al. in U.S. Patent No.
7,541,576, involve the use of multiplexing with an ion mobility spectrometry (IMS)
quadrupole time-of-flight (QTOF) mass spectrometry instrument, which utilizes an ion trap

that allows for higher ion utilization and duty cycles greater than 50%.
SUMMARY

[006] Applying a Hadamard transform multiplexing scheme to an ion mobility mass

spectrometer instrument system can improve the signal-to-noise ratio and duty cycle of the
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instrument. A pseudorandom sequence (or “PRS™) is used to both encode and decode the
data. However, minor perturbations in the convolved data that do not perfectly align with the
pseudorandom sequence will cause periodic “echo” artifacts that lower the signal-to-noise
ratio (SNR) and appear as noise in downstream processing of the data (e.g., processing of the
deconvolved or transformed data). Certain embodiments disclosed herein include the use of
general deterministic numerical analysis to discover and eliminate periodic data artifacts
based on knowledge of the deconvolution of the pseudorandom sequence, thereby boosting
the SNR. Instruments that utilize simplex matrices and the Hadamard transform can utilize
this technique. The decoded data exhibit a type of periodic symmetry about an axis of
reflection corresponding to the encoding pseudorandom sequence, which can be utilized to
remove the resulting data artifacts. Knowledge of the true signal peaks that is derived from
the encoded data allows for both artifacts and noise to be removed with high confidence,

decreasing the likelihood of false identifications in subsequent data processing.

[007] In some examples of the disclosed technology, a method of resolving data artifacts in
Hadamard transformed data includes identifving at least one pair of symmetric intensity
peaks in the Hadamard transformed data using a pseudorandom sequence (PRS) that was
used to generate the Hadamard transformed data and filtering the identified pair of symmetric
peaks from the transformed data, thereby producing filtered data. Some examples of this
method include removing negative data from the filtered data, validating peak(s) in the
filtered data, and filtering or removing non-validated peaks from the transformed data. In
some examples, for 1 value bits of a PRS corresponding to a portion of time, existence of a
peak in untransformed data (on which the transformed data is based) is confirmed; conversely
for 0 bits of the PRS, the existence of a peak in the untransformed data is ignored. In some
examples, a Hadamard transform is applied to intensity data generated by a detector in

response to receiving a signal modulated by the PRS.

[008] In some examples, an apparatus for performing this method includes a spectrometer
comprising a gate configured to modulate introduction of analytes to a detector according to
the PRS. Logic (e.g., processor(s) and/or reconfigurable logic devices such as FPGAs)
coupled to the detector operates the gate, modulating introduction of the analytes to the

detector.

{0091 In some examples of the disciosed technology, a method of resclving data artifacts in
Hadamard transformed data includes validating peaks in transformed data using a

pseudorandom sequence (PRS) and filtering the peaks that were not validated. In some
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examples, if there is a peak in the untransformed intensity data at a portion of the
untransformed data corresponding to a 1 bit of the PRS, the selected peak is designated as
valid, and if there is not a peak in the untransformed data at first portion corresponding to a 1
bit of the PRS, the selected peak is designated as invalid. In some examples, the selected
peak is designated as valid even if there are peaks in the untransformed data at any portion

corresponding to a 0 bit of the PRS.

{010] 1In some examples of the disclosed technology, a method of resolving data artifacts in
Hadamard transformed data includes identifying at least one pair of symmetric peaks in the
Hadamard transformed data using a pseudorandom sequence (PRS) that was used for
producing the Hadamard transformed data, filtering the identified pair of symmetric peaks
from the transformed data, removing negative data from the filtered data, validating peaks in

the filtered data using the PRS, and filtering the peaks that were not validated with the PRS.

[011] In some examples, one or more computer-readable storage media store computer-
readable instructions that when executed by a computer, cause the computer to perform one
or more of the foregoing methods. In some of the foregoing examples, the meaning of the 0
bits and 1 bits is swapped (thus, peaks are ignored for 1 bits and validated for 0 bits), and in

other examples, different symbols are used to describe the PRS.

{012] In some examples, a method of validating data produced from a muitiplexing process
on an analytical instrument is disclosed. The method includes using a pscudorandom
sequence to encode a multiplexed segment of data and applying a Hadamard transform to
generate a demultiplexed segment of the data. The method also includes aligning the
pseudoraindom sequence to the multiplexed data. The method further includes calculating a
score for at least one positive value in the demultiplexed segment to find a valid

demultiplexed value.

[013] In some examples, aligning the pseudorandom sequence to the multiplexed data
includes aligning a first ‘1° bit of the pseudorandom sequence to a positive value of the
demultiplexed data. In some exampiles, the method further includes summing the multiplexed
values that correspond to a ‘1" in the pseudorandom sequence. In some examples, the
method further includes altering the alignment of the pseudorandom sequence to the
multiplexed data where the first “1° bit of the pseudorandom sequence is aligned with a
different positive value of the demultiplexed data, summing the muitiplexed values that

correspond to a ‘1’ in the pseudorandom sequence, and repeating until all positive values
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have been scored, wherein the largest positive sum represents the valid demultiplexed value
in the muitiplexed segment of data. In some examples, the method also includes subtracting
the valid multiplexed value from other positive muitiplexed values that correspond to a ‘1’ in
the pseudorandom sequence to create a second multiplexed segment of values. In some

examples, the method also includes finding additional valid demuitiplexed values.

[014] In some examples, a method of validating demultiplexed data from a multiplexed
segment of data after Hadamard transform is disclosed. The method includes providing a
pseudorandom sequence. The method also includes scoring each positive value in the
demultiplexed data using the pseudorandom sequence. If a score is above zero then the
associated demultiplexed value is retained. In some examples, the method further includes
repeating the scoring process until no further valid demultiplexed values is found. Non-valid

demuitiplexed values are removed.

{015] In some examples, a method of validating demultiplexed segment of data from a
muitiplexed segment of data after Hadamard transform is disclosed. The method includes
summing the demultiplexed segment of data and determining is one or more values in the
demultiplexed segment of data matches the sum. In some examples, if more than one of the
values matches the sum, then the entire demultiplexed segment is zeroed out. In some
examples, if only one of the values matches the sum, then an index in the segment of the
matched value is validated against a pseudorandom sequence. In some examples, if none of
the values matches the sum, then the multiplexed data is aligned with a pseudorandom
sequence and each positive value in the demultiplexed data is scored using the pseudorandom
sequence. In some examples, if a score is above zero then the assoctated demultiplexed value

is retained.

{016] This summary is provided to introduce a selection of concepts in a simplified form
that are further described below in the detailed description. This summary is not intended to
identify key features or essential features of the claimed subject matter, nor is it intended to
be used to limit the scope of the claimed subject matter. The foregoing and other objects,
features, and advantages of the invention will become more apparent from the following

detailed description, which proceeds with reference to the accompanying figures.
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BRIEF DESCRIPTION OF THE DRAWINGS

[017] FIG, 1 is a flow chart that outlines an exemplary implementation of filtering

symmetric pairs as can be used in certain embodiments of the disclosed technology.

{018] FIGS. 2A-2J are charts that illustrate data processing in an exemplary implementation

of the disclosed technology

{0191 FIG. 3 is a flow chart that outlines an exemplary implementation of validating peaks

as can be used in certain embodiments of the disclosed technology.

{020] FIGS. 4A-4G are charts that illustrate data processing in an exemplary

implementation of the disclosed technology.

021} FIG. 5 is a flow chart that outlines an exemplary implementation of filtering data as

can be used in certain embodiments of the disclosed technology.

[022} FIG. 6 illustrates a spectrometry system as can be used in certain embodiments of the

disclosed technology.

[023] FIG. 7 illustrates a generalized example of a suitable computing environment in

which described embodiments, techniques, and technologies can be implemented.

{024} FIGS. 8A-8D are tables of data that illustrate processing for validating the data, in

accordance with one embodiment of the disclosed technology.
DETAILED DESCRIPTION

1. General Considerations

{0251 This disclosure is set forth in the context of representative embodiments that are not

intended to be limiting in any way.

{0261 As used in this application and in the claims, the singular forms “a,” “an,” and “the”
include the plural forms unless the context clearly dictates otherwise. Additionally, the term

“includes™ means “comprises.”

[027] The systems, methods, and apparatus disclosed herein should not be construed as
being limiting in any way. Instead, this disclosure is directed toward all novel and

non-obvious features and aspects of the various disclosed embodiments, alone and in various
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combinations and sub-combinations with one another. The disclosed systems, methods, and
apparatus are not limited to any specific aspect or feature or combinations thereof, nor do the
disclosed systems, methods, and apparatus require that any one or more specific advantages
be present or problems be solved. Furthermore, any features or aspects of the disclosed
embodiments can be used in various combinations and sub-combinations with one another.
Furthermore, as used herein, the term “and/or” means any one item or combination of items

in the phrase.

[028] Although the operations of some of the disclosed methods are described in a
particular, sequential order for convenient presentation, it should be understood that this
manner of description encompasses rearrangement, unless a particular ordering is required by
specific language set forth below. For example, operations described sequentially may in
some cases be rearranged, omitted, or performed concurrently, Moreover, for the sake of
simplicity, the attached figures may not show the various ways in which the disclosed
systems, methods, and apparatus can be used in conjunction with other systems, methods, and

apparatus. Additionally, the description sometimes uses terms like “receive,” “produce,”

EEE 14 2% 4K 5% s

“identify,” “transform,” “modulate,” “calculate,” “predict,” “evaluate,” “validate,” “apply,”

bR 1Y bEREAS

“determine,” “generate,” “associate,” “select,” “search,” and “provide” to describe the
disclosed methods. These terms are high-level abstractions of the actual operations that are
performed. The actual operations that correspond to these terms can vary depending on the

particular implementation and are readily discernible by one of ordinary skill in the art.

[029] Some of the disclosed methods can be implemented with computer-executable
instructions stored on one or more computer-readable storage media (e.g., non-transitory
computer-readable media, such as one or more volatile memory components (such as DRAM
or SRAM), or nonvolatile memory components (such as hard drives) and executed on a
computer. Any of the computer-executable instructions for implerenting the disclosed
techniques as well as any data created and used during implementation of the disclosed
embodiments can be stored on one or more computer-readable media (e.g., non-transitory
computer-readable media). The computer-executable instructions can be part of, for
example, a dedicated software application or a software application that is accessed or
downloaded via a web browser or other software application (such as a remote computing
application). Such software can be executed, for example, on a single local computer (e.g.,

any suitable commercially-available computer) or in a network environment (e.g., via the
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Internet, a wide-area network, a local-area network, a client-server network (such as a cloud

computing network), or other such network) using one or more network computers.

[030] For clarity. only certain selected aspects of the software-based implementations are
described. Other details that are well-known in the art are omitted. For example, it should be
understood that the disclosed technology is not limited to any specific computer language or
program. Likewise, the disclosed technology is not limited to any particular computer or type
of hardware. Certain details of suitable computers and hardware are well-known and need

not be set forth in detail in this disclosure.

{031} Theories of operation, scientific principles, or other theoretical descriptions presented
herein in reference to the systems, methods, and apparatus of this disclosure have been
provided for the purposes of better understanding and are not intended to be limiting in
scope. The systems, methods, and apparatus in the appended claims are not limited to those
systems, methods, and apparatus that function in the manner described by such theories of

operation.

1l. Introduction to the Disclosed Technology

[032] Matrix transform multiplexing (e.g., Hadamard transform multiplexing) can been
used with time-of-flight mass spectrometers to increase the duty cycle and overall resolution
of the instrument. In one example using a pulsed ion mobility spectrometry (IMS)
separation, the process begins with a discrete packet of ions entering an ion funnel trap via a
heated capillary. The ionization of gas or vapor molecules can be performed using
photoionization, electrospray, or matrix-assisted laser desorption/ionization, or other suitable
technique. The duty cycle of a traditional orthogonal ion mobility spectrometry quadrupole
time of flight mass spectrometer (IMS-QTOF-MS) is typically approximately 10% without
mutltiplexing due to a requirement of the instrument that all ions must arrive at the detector
before the next packet of ions is pulsed. The duty cycle can vary based on the trap and
separation time. Otherwise, a spectral overlap will occur that may prevent adequate
identification of individual ions. In order to obtain higher resolution, relatively small packet

sizes (relative to the total scan time) are introduced into the drift cell.

{033] The Hadamard matrix H, is a 2" x 2" matrix that (scaled by a normalization factor)
can be used to transform 2" real numbers x, into 2" real numbers X;. The Hadamard
transform can be defined recursively or by using a binary {(i.e., base-2) representation of the

indices n and k.
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[034] The 1 x 1 Hadamard transform Hj can be defined by the identity Hy= 1. The matrix

H,; for m > 0 can then be recursively defined by:

Hm — _1_ (Hm-l Hm—l)

\/E Hpn1 —Hpo

1. . . ~ R . . .
where \EIS a normalization factor that is sometimes omitted. Thus, other than this

normalization factor, Hadamard matrices are made up entirely of 1 and —1.

{035] The Hadamard matrix can also be defined using a binary representation by defining

the (k, n)-th entry of the matrix as follows:

i<m

k= Z k2l = kg 27 k2™ 2 ka2 + kg
[}

and

i<m

n= Z 7;2¢

0

il

nm..lzrnnl + nm_-zz-m'—z"{‘ ot n12 + g

where the &; and »; are the binary digits (0 or 1) of kand », respectively. Note that for the
element in the top left corner of the matrix, the definition X = 7 = 0 is defined. In this case,

we have:

1
(Hmdn = —m (1) § kiny
22 7

[036] Some examples of Hadamard matrices follow.

H0= +1

1
Hy = :5@ 1)

[ S S
(IR
|
[y
|
jond
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1 1 1 11 1 1 1
1 -1 1 -1 1 -1 1 -1

1 1 -1 -1 1 1 -1 -1

o= 111 -1 -1 1 1 -1 -1 1
3311 1 1 1-1 -1 -1 -1
291 4 1 —1-1 1 -1 1
1 1 -1 -1-1 -1 1 1

1 -1 -1 1-1 1 1 -1

1
(Hn)i,j = (-
22

where 7 * j is the bitwise dot product of the binary representations of the numbers i and j. For
example, if 7> 2, then (Hy)s2 = (177 = (IO = )y = (1)l =1 agreeing with the
above (ignoring the overall constant). Note that the first row, first column of the matrix is

denoted by (H,)o o

{037] Hadamard transform ion mobility spectrometry (IMS) time-of-flight mass
spectrometry can increase the duty cycle to greater than 50%. For example, using a 4 ms
trapping time and releasing 8 packets during a 60 ms separation time would result in a duty
cycle of 32/60, or 53%. When using IMS, several ion packets are simultaneously traveling in
the flight tube. The packets are encoded by modulating transmission of the ion beam based
on a Hadamard matrix generated by a pseudorandom sequence. Due to overlap in ions, the
data are convolved using a simplex matrix (or S-matrix), which is based on “1”'s and “0”s of
the pseudorandom sequence representing the gating of the ions. Based on the encoding
scheme, the data are deconvoluted, resulting in a substantial signal-to-noise ratio (SNR)

improvement.

[038] Noise and artifacts both tend to distort the deconvolved data. Noise is statistically
distributed (and tends towards a Gaussian distribution), whereas artifacts are usually
introduced due to a pseudorandom sequence that does not accurately match the on and off
states of the puised ion source. This causes the simplex matrix, S,, which is based on the

pseudorandom sequence, to convolve the data in a way that produces artifacts or defects.

{039] Filtering can be performed by treating remaining data for a portion of the overail
time-of-flight period (or a “time segment bin”) as noise and eliminating the data without
considering whether the data represent real signal values. However, using such cutoff
regions in the ion mobility space actually eliminates real data, especially +1 charge state ions,

which tend to drift for higher m/z {(mass-to-charge) ratios.
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[040] Therefore, technologies based on identifying data artifacts that are a result of applying
an invertible transform (e.g., a Hadamard Transform) to received intensity data can be used to
eliminate both data artifacts and noise while real data are maintained. Knowledge of the bit
sequence and periodicity can be used to eliminate data artifacts. Deconvolved data remaining
in transformed data after applying a Hadamard Transform corresponds to the pseudorandom
bit sequence used in generating the intensity data. Positive and negative peaks display
periodicity with a period of a time in which analytes are introduced into a spectrometer. By
introducing (or not introducing) analytes into the spectrometer at regular intervals according
to a pseudo-random sequence, subsequent analysis of the intensity data using time segment
bins having a duration based on the length of these intervals, can assist in analysis of the
intensity data. It should be noted that the location of time segment bins can vary based on,

for example, the sample and drift cell used.

[041] Intensity values of the deconvolved data often have corresponding reflected values.
These values indicate a periodicity of the data corresponding to the bit sequence. These data
points tend to exhibit symmetry about an axis of reflection. True peaks will not display
periodicity or have a symmetric pair. Symmetric pairs are identified pairs of peaks in data
that have symmetrical characteristics. For example, a pair of peaks may exhibit symmetry
about the x-axis. Such symmetric pairs can be introduced when a Hadamard transform is
applied to intensity data, and are an undesirable artifact of applying the transform. After
removing symmetric pairs of peaks, the amount and locations of “true” peaks can be
determined by examining the encoded data and comparing to the bit sequence used for the

multiplexing process.

[042] Some of the technologies disclosed herein are based on a discovery that points in
post-Hadamard transformed data are symmetric about an axis of reflection. Some of the
technologies use a priori knowledge of the bit sequence, periodicity, and/or symmetry to
eliminate data artifacts in transformed data, Some of the technologies use an identification of
the number of real peaks that should appear in the decoded data by examining the nature of

the encoded data prior to demultiplexing.

[043] Some of the technologies disclosed herein can be applied to any signal data or
instrument that uses a Hadamard transform. Such embodiments can efficiently remove
artifacts and noise, while retaining real data, such as Hadamard transform IMS-QTOF-MS

{(lon Mobility Spectrometry-Quadrupole Time of Flight-Mass Spectrometry) data.

-10 -
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III.  Exemplary Method of Filtering Data By Removing Symmetric Pairs

[044] FIG. 1 is a flow chart 100 that outlines an exemplary method of filtering transformed
data by identifying and removing one or more pairs of symmetric peaks, as can be used in
certain examples of the disclosed technology. Although the method of FIG. 1 is described
using an example of processing analyte intensity data received with a spectrometer, the
disclosed techniques can be used to process any other suitable data that has been produced
with an invertible transform (e.g., a Hadamard transform), as will be readily apparent to one

of ordinary skill in the art.

{045} At process block 110, transformed intensity data and a pseudorandom sequence (PRS)
used to generate the transformed intensity data are received (e.g., with an 1/O interface or

network interface of a suitable computing environment).

{046] In some examples, the transformed intensity data, which is based on applying a
transform to encoded {untransformed) data, can be expressed in terms of ion counts received
at a number of different times or during a number of different time segments. In some
examples, the transformed intensity data is generated when a number of analytes are received
at a detector based on a pseudorandom sequence. Analytes can be introduced into an ion
mobility mass spectrometer according to a gating sequence applied based on the
pseudorandom sequence. For example, when the pseudorandom sequence includes a 1,
analytes are allowed to enter the spectrometer for the corresponding time segments. On the
other hand, if the pseudorandom sequence includes a 0, analytes are not allowed to enter the
spectrometer for the corresponding time segments. As will be readily understood by those of
ordinary skill in the art, the assignment of 1's to opening the gate and 0’s to closing the gate
according to the pseudorandom sequence is arbitrary, and other suitable conventions can be

used to describe the sequence.

{0471 Shifts in the location of the multiplexed peaks (e.g., approximately 1/4 to 1/2 of a
scan) generate periodic echo peaks that are symmetric about an axis. The pericdicity of the
data is a type of artifact error which is distinct from noise in that it does not exhibit
tendencies to conform to the central limit theorem, and does not resemble any known
distribution. Two points are symmetric about an axis of reflection and are the same value
except for one being (potentially) the negation of the other. The axis may be, but is not
limited to, y = 0 in general, but the axis of reflection can theoretically occur anywhere in the

range {—0, ©0). This axis of reflection interval implies that two values may both be positive,

-11-
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or negative, yet still be reflected about an axis, and therefore be symmetric. The processing
of the Hadamard transformed data can utilize translation of the scan intensity values to reflect

about an axis, such as y = 0.

[048] After receiving the transformed intensity data and the PRS, the method proceeds to

process block 120.

[049] At process block 120, one or more peaks in the transformed data are identified. The
peaks may be positive or negative, and can be identified using any suitable technique. For
example, absolute values, relative values, thresholds, or shape can be used to identify the one
or more peaks. In some examples, the highest intensity peak is also specially indicated
versus the other peaks, for use in identifying symmetric pairs. After identifying the peaks,

the method proceeds to process biock 130.

[0501 At process block 130, pairs of symmetric peaks are identified in the transformed data.
In some examples, knowledge of the pseudorandom sequence that was applied when
generating and receiving the analytes at process block 110 can be used to identify symmetric
pairs in the transformed data. For example, the pseudorandom sequence can be reversed and
aligned with the highest intensity peak identified at process block 120 to identify symmetric
pairs. In some examples, a symmetric pair in the transformed data can be identified based on
symmetry of the pairs. For example, peaks of a symmetric pair can be substantially identical

across the x-axis (i.e., y = 0).

[051] In some examples, the symmelric pairs can be compared to the psecudorandom
sequence as follows. If the location of a potential symmetric pair corresponds to two “1”s in
the pseudorandom sequence, or two “0"s in the pseudorandom sequence, then the alignment
of the pseudorandom sequence to the transformed data is discarded, because the PRS does
not properly align with the symmetric pairs Conversely, if for each of the symmetric pairs in
the transformed data, one of the peaks in the symmetric pair corresponds to a 1 bit in the
PRS, and the other respective peak of the prospective pair corresponds to a § bit in the PRS,
then the pseudorandom sequence is determined to be aligned to the transformed data
according to a shift that matches the symmetric pairs. If a potential pair of symmetric pairs
does not match complementary values in the PRS, then the method proceeds back to process
block 120 to identify additional pairs of symmetric peaks in the data. Once one or more
symmetric pairs have been identified in the transformed data, the method proceeds to process

biock 140.

-12 -
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[052] At process block 140, filtered data are produced by filtering the transformed data
based on the pseudorandom sequence and the peaks identified at process block 120. For
example, data associated with a symmetric pair that were identified at process block 140 are
removed to produce modified data. Thus, based on knowledge of the pseudorandom
sequence that was applied when introducing analytes into the spectrometer, symmetric peaks
corresponding to the pseudorandom sequence can be identified and filtered from the data,
thereby producing filtered data. In some examples, the method returns to process block 120

to identify additional peaks to be filtered.

{053] In some examples of the disclosed technology, in order to compare two values about
the y = 0 axis, the values of one of the peaks are inverted and then compared to another peak
by taking the difference and determining if that is less than a certain value or margin of error,
(e.g., less than an upper bound on relative error due to floating-point rounding, or maching
epsilon). If the values are equal within the margin of error, they are determined to be artifacts
and set to 0. In this way, periodic data that is symmetric about the axis is eliminated, but real
data (e.g., data which does not have a reflected pair about an axis), is preserved. The filtering
of periodic data and preservation of real data allows for an improvement to the signal-to-

noise ratio (SNR}.

{054] After filtering the symmetric pairs, the filtered data produced at process block 140 can
then be subjected to further analysis in order to more accurately identify and characterize the
composition of the sample used to produce the transformed intensity data at process block
110. This filtered {or modified) data can be used to evaluate the sample that was used to

produce the analytes they were by the spectrometer.

[055] Thus in some examples, using knowledge of the PRS used to “encode” the analytes,
ion mobility scan intensity values are selectively compared to “periods™ that correspond to a
matching of “0s” to “1s” in the PRS. A data point can be determined to be “real” (a valid
signal data point) based on only two comparisons. These real data points are kept, while data
corresponding to data artifacts are removed (e.g., by changing the corresponding filtered data

values to 0).

IV. Experimental Results for Filtering Symmetric Pairs from Transformed Data

{056] FIGS. 2A through 21 are charts 200-209 depicting an experimental data set as data is
transformed and symmetric pairs are filtered. For example, the method illustrated in FIG. 1

can be used to filter the symmetric pairs. FEach of the charts 200-209 corresponds to an

-13 -
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additional act of data processing as can performed in identifying peaks of “real” data (for
example, transforming the data according to a Hadamard transform or applying a
pseudorandom sequence to the transformed data to identify symmetric peaks in the
transformed data, and then removing the identified symmetric peaks from the transformed

data),

{057} FIG. 2A is a chart 200 illustrating intensity data 215 (e.g., a count of the number of
ions detected for a segment of time) plotted along a drift time axis 220 (as shown, the x-axis)
expressed in millisecond units. The drift time axis 220 has been divided into 360 time period
bins, each of 167 us (microsecond) duration. The detected intensities corresponding to a drift
time are plotted along the y-axis 221. FIG. 2A illustrates an encoding bit sequence
106110101111000 (reference number 230), which was used to control gating of analytes that
were generated from a sample into a drift cell and then into a TOF mass spectrometer. The
encoding bit sequence 230 is a pseudorandom sequence. In this particular example, the total
time period of a drift time sequence corresponds to 360 time units and is shown along the x-

axis.

[058] Asshown in FIG. 2A, each of the bits of the pseudorandom sequence are aligned to a
portion of the drift time period. Because the pseudorandom sequence used included 15 bits,
the time period is divided into 15 time segments. Each of the time segments corresponds to a
distinct 24-scan period of time in which analytes are (or are not, according to the
pseudorandom sequence) introduced intc a spectrometer. Note that the superimposed
pseudorandom (231) sequence of FIG. 2A is shifted relative to the applied encoding bit
sequence 230. The first superimposed 1-bit is circled 232. The shifting is observed because
data that are received at the detector were shifted due to delays in analytes traveling from the
ion gate to the detector. This drift is not constant, but is dependent upon factors such as the
sample being analyzed and the instruments employed. Thus, one aspect of the disclosed
technology is determining the proper shift to align bits of the pseudorandom sequence to time

segment bins for the transformed data.

[059] 1t should be noted that the data shown in FIGS. 2A-2J represent a single example, and
that in other examples, the number of time units and length of the time segments can be
varied according to a number of different parameters, such as the instrument used to generate

the data, the number of scans performed, and the length of the pseudorandom sequence.
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[060] FIG. 2B is a chart 201 illustrating transformed intensity data 225 generated by
applying a Hadamard transform to the intensity data 215 shown in FIG. 2A. As shown in
FIG. 2B, seven pairs of symmetric peaks (e.g., pairs 240, 241, and 242) are identified in the
transformed intensity data 225. In the example of FIGS. 2A-2], each symmetric pair of
intensity values includes a corresponding reflected value, which is usually a negation or
opposite of the corresponding peak of the pair, but this property is not necessarily exhibited
in other examples. In some examples, true signals in the received data will not display any

periodicity or have a symmetric pair.

[061] Each of the seven pairs has a peak associated with a time segment for a value of the
PRS (e.g., a “1”) and a complementary time segment for a compiementary value (e.g., a “0").
For example, FIG. 2B illustrates that the transformed intensity data 225 include a first pair
240, a second pair 241, and a third pair 242 of symmetric peaks. Each of the identified pairs
of FIG. 2B have peaks symmetric about the x-axis. For example, symmetric pair 240
includes a first peak 250, and a second peak 251 symmetric to the first peak about the x-axis.
Also shown in FIG. 2B is a peak 255 that is not associated with any symmetric pair. The 1-
bit associated with this peak 255 is circled in FIG. 2B. As will be discussed further below,
this peak represents real signal data and will not be filtered out, as it can be used to evaluate
the composition of a sample being analyzed. As used herein, the term “evaluate™ refers to
analysis including, but not limited to, identification, characterization, and/or quantification of
one or more properties of the sample being analyzed and/or its corresponding analytes. For
example, molecules of a sample and/or analytes generated from a sample can be identified or

quantified.

[062] An example of such an alignment of the PRS to symmetric pairs is illustrated in FIG.
2B. A circle 234 indicates the first bit of the reversed encoding bit sequence 233, which is
aligned with the peak 255. The reversed encoding bit sequence 233 is aligned with peaks in
the transformed intensity data 225 in the x-direction in the reverse of the order of the
encoding bit sequence 230 that was shown in FIG. 2A (in the direction indicated by the
arrow). Thus, the second, third, fourth, etc. bits of the encoding bit sequence 230 are aligned
with peaks to the left of the starting peak 255. As shown in FIG. 2B, the symmetric pair 240
includes peaks corresponding to the 4th and 15th bit of the pseudorandom sequence 230,
while pair 241 includes peaks corresponding to the 7th and 14th bit of the pseudorandom
sequence. In some examples, the symmetric pairs will always be located in the same relative

location along the drift time axis 220.
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{063} It should be noted that the polarity of the peaks does not necessarily correspond to
whether the associated bits are a 1 bit or 0 bit. For example, while the pair 240 has a positive
peak 250 corresponding to a 1 bit and a negative peak 251 corresponding to a 0 bit, another
pair (245) has a negative peak 256 associated with a 1 bit and a positive peak 257 associated
with a 0 bit.

[064] The transformed intensity data 225 shown in FIG. 2B have been generated by
applying a Hadamard transform to the intensity data 215 of FIG. 2A, by techniques that will
be readily apparent to one of ordinary skill in the relevant art. However, other invertible

transforms besides the Hadamard transform may be used.

[065] Examples of iteratively removing symmetric pairs (e.g., symmetric pairs 240 or 241)
from the transformed intensity data 225 are illustrated in FIGS. 2C-2I. For example,
transformed intensity data after removing the first pair 240 is illustrated in FIG. 2C, while
transformed intensity data after removing the second pair 241 are shown in FIG. 2D. FIGS.

2E-2H illustrate subsequent removal of symmetric pairs from the transformed intensity data.

{066] The chart 208 of FIG. 21 iilustrates filtered transformed intensity data after all the
identified symmetric pairs have been removed. As shown, a few small negative data artifacts

260 remain in the filtered transformed intensity data.

[067] In some examples the filtered transformed intensity data are further filtered to remove
negative intensities (e.g., the negative data artifacts 260) in the transformed data. An
example of the filtered transformed intensity data after such further filtering, thereby
producing reduced-noise data, is illustrated by FIG. 2], As shown in the chart 209 of FIG. 21,
the reduced noise data exhibits “real” data 270, with a substantial portion of data artifacts and

noise removed.

V. Exemplarv Method of Validating Peaks in Transformed Data Using a PRS

[068] FIG. 3 is a flow chart 300 that outlines an exemplary method of validating peaks by
analyzing untransformed data that is used to generate transformed intensity data, as can be

used in some examples of the disclosed technology.

{069] At process block 319, one or more peaks that remain in transformed intensity data are
identified. For example, peaks can be identified for validation based on the magnitude of the
data in each of the time segment bins. Each of the identified peaks will be validated in

comparison to the pseudorandom sequence to determine which peaks should be validated and
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thus not removed. In some examples, symmetric pairs have already been removed from the
transformed intensity data (e.g., using techniques similar to those discussed above regarding
the method outlined in FIG. 1). In other examples, symmetric pairs are not removed from the
transformed intensity data prior to identifying peaks. After identifying one or more peaks,

the method proceeds to process block 320.

{070] At process block 320, one of the peaks identified at process block 310 is selected to
be validated. Once a peak has been selected in the transformed data, the method proceeds to

process block 330.

[071] At process block 330, a bit of the pseudorandom sequence is selected to compare to
peaks in the untransformed data, starting with the first bit identified at process block 320 and
then proceeding to subsequent bits of the PRS on subsequent executions of process block
330. The peaks can be identified starting with time segment bins centered about the apex of
the peak selected at process block 320. If the corresponding bit of the PRS is a 0, then there
may or may not be a corresponding peak in the untransformed data. Thus, the method can
proceed back to process block 330 to get the next bit of the PRS. Alternatively, if the
corresponding next bit of the PRS is a 1, then there should be a corresponding peak in the

untransformed data in order for the selected peak to be considered valid.

1072] The untransformed data is analyzed. If there is no peak in a time segment bin
corresponding to a 1 bit of the PRS, then the selected peak is designated as invalid (and thus
can be removed), and the method proceeds to process block 340 in order to designate the
selected peak as being invalid and/or to remove the selected peak from the filtered data.
Similar techniques to those discussed above regarding process block 140 can be employed to
remove or filter the data, thereby producing modified data. In some examples, negative
intensity values, or values less than a certain threshold, are also removed, to produce reduced-

noise data.

{073] Alternatively. if there is a peak corresponding to a 1-bit time segment bin for each bit
of the pseudorandom sequence, then the selected peak is designated as valid {and thus should

be retained) at process block 350.

{074] After determining that the selected peak is valid or invalid, additional peaks of those
peaks identified at process block 310 are validated by repeating the acts of process blocks

320, 330, and 340 or 350 for each of the additional peaks. In some examples, the time
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segment bins used to compare the pseudorandom sequence can be shified relative to the apex

of each selected peak.

f075] An evaluation (e.g., by identifying and/or characterizing molecules) of a sample used

to produce the transformed intensity data can be performed using the validated peaks.

VI  Experimental Results for Validating Peaks in Filtered Transformed Data

{076] FIGS. 4A through 4G are charts 400406 depicting an experimental data set as data is
transformed and peaks in the data are validated. The charts 400-406 illustrate an example of
correlating the encoding pseudorandom sequence (PRS) “100110101111000” (reference
number 410) when there are multiple “real” data signals present in the untransformed (or
“raw”) intensity data 420 (e.g., before applying a Hadamard transform to the data), as can be
performed in certain embodiments of the disclosed technology. As shewn in the chart 400 of
FIG. 4A, there are a number of peaks (e.g., peaks 421, 422, and 423) in the untransformed
intensity data 420.

[077] FIG. 4B is a chart 401 that illustrates transformed intensity data 430 after applying a
Hadamard transform to the untransformed intensity data 420. As shown, a number of peaks,

including peak 431, are included in the transformed data 430.

{078] FIG. 4C is a chart 402 illustrating filtered transformed data 440 after removing
symmetric pairs from the transformed data 430 according to the PRS 410. As shown, a
number of peaks 441443 are present in the filtered transformed data 440. The techniques
discussed above regarding process blocks 120-150 of the method of FIG. 1 can be employed
to filter symmetric pairs from the transformed intensity data, or other suitable filtering

methods can be employed.

{0791 FIG. 4D is a chart 403 that indicates a corresponding peak 421 in the untransformed
intensity data 420 that will be compared to the selected peak 441 in the filtered transformed
data 440 for validation. Dashed lines indicate that the untransformed data has been aligned
with time segment bins corresponding to the peak 421 and the PRS 410. As shown in FIG.
4D, a first time segment bin is associated with the corresponding peak 421 and the first bit the
PRS 410, which is indicated by a circle. This can be performed by determining the x value
(drift time scan) of the apex of the peak to be validated (e.g., at x;=123, as shown in FIG.
4D). Then, by moving to the right along the x-axis by one segment length {24 drift time

scans, as shown in FIG. 4D, another apex of a peak at is searched for at that x value (e.g., at
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x2 = x;+24, or 147). The apexes of peaks at different time segment bins may not match
exactly, but a threshold can be used to determine how close an apex in the data should be to

the x value modulo segment length.

{080] It should be noted that the untransformed data 420 is cyclic. Thus, the time segment
bins (indicated by the dashed lines) may not necessarily start at the first time point {(e.g., time
0} and end at the end time point (e.g., time 360). The data can “wrap around,” thus allowing

a segment of time to exist at both the end and beginning of the x-axis.

[081] As shown in FIG. 4D, each 1 bit of the PRS corresponds to a peak in the
untransformed data 420. While there are also some peaks in time segment bins
corresponding to 0 bits of the PRS, this is acceptable, as those time segment bins can have
peaks according to the method outlined in FIG. 3. Thus, peak 441 of FIG. 4C is validated as

a real peak in the transformed intensity data.

[082] FIG. 4E is a chart 404 illustrating a comparison of using the PRS 410 for a second
selected peak 442, which corresponds to a peak 422 in the untransformed data. As shown,
the first bit of the PRS 410 (circled) is aligned with the corresponding position of the peak
442 in the untransformed data. (That is, the PRS 410 has been shifted to the right one time
segment bin relative to the comparison shown in FIG. 4D). The iterative comparison
described above regarding process block 330 is carried out for the second peak 442. As with
the first peak 441, there is a peak corresponding to each 1-bit time segment bin according to
the PRS 410, and thus, peak 442 is also validated as a real peak in the transformed intensity
data using the PRS 410.

[083] FIG. 4F is a chart 405 illustrating a comparison using the PRS for a third selected
peak 443, which corresponds to peak 423 in the untransformed data 420. As shown, the first
bit of the PRS (circled) is aligned with the corresponding position of the peak 423 in the
untransformed data 420. (That is, the PRS has been shifted to the right five time segment
bins relative to the comparison shown in FIG. 4D). The iterative comparison described above
regarding process block 330 is carried out for the third peak 443. In contrast to the first two
peaks 441 and 442, there are a number of peaks missing in the untransformed data, which are
each indicated by an “x” in the chart 405 of FIG. 4F. Thus, the third selected peak 443 is
determined to not be a valid peak, and will be designated as invalided (e.g., using techniques

discussed above regarding process block 340).
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{084] An example of modified data 450 produced according to the method of FIG. 3 is
illustrated in the chart 406 of FIG. 4G. As shown, only two peaks 441 and 442 from the

filtered transformed data 440 are still present in the modified data 450.

VIiL. Exemplary Method of Filiering Detector Data Generated bv PRS Modulation

[085] FIG. 5 is a flow chart 500 that illustrates an exemplary method of identifying peaks in
data generated by modulation using a pseudorandom sequence, and transforming the data by
an invertible transform (e.g., a Hadamard transform), as can be used in certain embodiments

of the disclosed technology.

[086] At process block 510, intensity data generated by a detector responsive to a signal
modulated using a pseudorandom sequence is received. The intensity data can be received in
a computing environment using an /O port, a network, or other suitable hardware. In some
examples, the intensity data are based on a received signal generated by a detector coupled to
a mass spectrometer. The mass spectrometer can allow for introduction of analytes into the
spectrometer according to a pseudorandom sequence. A description of the pseudorandom

sequence used to modulate the signal can also be received at process block 510.

[087] After receiving the intensity data and the pseudorandom sequence used to generate the

intensity data, the method proceeds to process block 520.

[088] At process block 520, a Walsh-Hadamard transform (also called a Hadamard
transform) is applied to the intensity data received at process block 510. An exemplary

equation for applying a Hadamard transform for the data is shown below:

frans = Hypl
[089] where [ is a vector of the intensity data received at process block 510, H, is a
Hadamard matrix of size nxn (selected according to the length of the pscudorandom
sequence used to encode the intensity data), and J,a, is the transformed data according the
Hadamard matrix. As will be readily apparent to one of ordinary skill in the art, the
application of a Hadamard transform will vary depending on the number of bits in the
pseudorandom sequence used to encode the intensity data. Applying the Hadamard
transform introduces a number of artifacts into the resulting transformed data. These artifacts
reduce the signal-to-noise ratio of resulting data, and can be removed as discussed below

regarding process blocks 530, 540, and 550.
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[090] In some examples, an input/output (1/O) or network interface in a computing
environment can be used to receive intensity data and apply an invertible transform to the
intensity data. The transformed intensity data can be generated by, for example, applying a
Hadamard transform to intensity data received from a detector coupled to an ion mass

spectrometer.

{091] After generating the transformed intensity data, the method proceeds to process
block 530.

[092] At process block 530, one or more a symmetric pairs in the transformed data from
process block 520 are identified. In some examples, knowledge of the pseudorandom
sequence that was applied when generating and receiving the analytes at process block 510
can be used to identify symmetric pairs in the transformed data. In some examples, a
symmetric pair in the transformed data can be identified based on symmetry of the pairs. For
example, peaks of a transformed intensity data that are substantially identical across the x-
axis (7.e., y = 0) can be identified as symmetric pairs. In some examples, the transformed data
are analyzed to identify symmetric peaks corresponding to zeros and ones in the transformed

data.

{093] Once one or more symmetric pairs have been identified in the transformed data, the

method proceeds to process block 540.

[094] At process block 540, data associated with a symmetric pair that were identified at
process block 530 are filtered or removed to produce modified data. In some examples, data
for a corresponding time segment for each of the peaks of the symmetric pair are set to zero.
In some examples, data for the symmetric peaks are subtraded from the corresponding

portion of the time period.

[095] At process block 550, the filtered transformed intensity data are further filtered to
remove negative intensities in the transformed data. After filtering the negative data artifacts,

the method proceeds to process block 560.

[096] At process block 560, peaks in the data are validated in comparison to a
pseudorandom sequence (e.g., pseudorandom sequence 230) used to encode the intensily
data. In some examples, peaks in the reduced noise data are compared for each time segment
corresponding to the pseudorandom sequence. For any time segment “1” value in the

pseudorandom sequence, there should be a corresponding peak in the untransformed raw
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data. If a corresponding peak is not found in the raw data, then the peak in question is
marked as invalidated and is removed from the reduced noise data. For time segments
corresponding to a “0” value in the pseudorandom sequence, there may or may not be a peak,
meaning that the “0” value time segments can be ignored. A further detailed example of
validating peaks in filtered transformed data is explained below regarding the exemplary
method of FIG. 3, although other suitable techniques can also be used. After a number of

validated peaks are produced at process block 560, the method proceeds to process block 570.

[097] At process block 570, data corresponding to peaks that were not validated at process
block 560 are removed from the reduced noise data. Similar techniques used to those
described above for removing peaks of symmetric pairs regarding process block 540 can be

used to remove non-validated peaks.

[098] The data from process block 570 represents the intensity values for an associated m/z
(mass to charge ratio) value. These data can be used to evaluate the sample that was used to
produce the analytes detected by the spectrometer. As will be readily understood by those of
ordinary skill in the art, along with the filtered transformed data and/or reduced noise data,
additional information may be used to identify, quantify, and characterize the sample. As the
filtering performed at process blocks 530-570 removes artifacts, noise, and invalid data from
the transformed data, the data generated thereby can be used to more accurately evaluate
{e.g:, identify, characterize, and/or quantify) the sample. Methods used to evaluate the
sample using the validated data will be readily apparent to one of ordinary skiil in the

relevant art.

VIEL. Exemplarv Mass Specfrometrv Apparatus

{099] FIG. 6 illustrates a system 600 comprising an ion mobility spectrometer 605 and a
time-of-flight mass spectrometer 607 coupled to a computing environment 610 with a
controller 615, as can be used in certain examples of the disclosed technology. The
computing environment 610 includes one or more processors, memory, and computer-
readable storage media that can store software 617 for implementing the disclosed
technologies. In some examples, at least a portion of the software 617 can be stored and/or
executed in a server or a computing cloud 619 at a location remote from the spectrometer
605. In some examples, field programmable gate arrays (FPGAs) or other reconfigurable
logic devices can be used to augment, or instead of, the processors and/or memory. The

computing environment can include some or all aspects of the computing environment 700 as
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described below regarding FIG. 7. An Agilent model 6224 time-of-flight mass spectrometer
or Agilent model 6538 quadrupole time-of-flight mass spectrometer can be used as the time-

of-flight mass spectrometer 607, although any other suitable spectrometers can also be used.

[0100] As shown in FIG. 6, an electrospray ionization (ESI) source 620 having a heated
capillary provides ionized analytes produced from a sample under analysis. The ESI source
620 is operatively coupled to allow particles to travel into an ion funnel trap 625 before
entering the ion mobility spectrometer 605. The analytes travel through the ion funnel trap
625 before reaching a region gated with an ion gate 630. In some examples, the ion gate(s)
630 are a Bradbury-Nielsen shutter, while in other examples, other suitable gating
technology, such as dual grids or varying designs, can be used. The generated analytes
generally travel through the spectrometers 605 and 607 along the path indicated dashed line
627.

{0101} Opening and closing of the ion gate(s) 630 is modulated by the controller 615
responsive to the computing environment 610. Thus, the ion gate(s) 630 can control
introduction of analyte ions into a drift cell 640 in accordance with a pseudorandom sequence
“010001101011110” (reference number 650). This pseudorandom sequence 650 can be
referred to as a 4-bit multiplexing sequence, as there are 2*-1 (27-1, where n=4) bits in the
sequence. The pseudorandom sequence 650 is applied in reverse order to the modulate
operation of the ion gate(s) 630 sequentially over time. For example, the reversed seven
rightmost bits of the pseudorandom sequence 650 (“0111101™) correspond to sequentially
sending the commands close, open, open, open, open, close, and open to the ion gate 630. In
some examples, the gate open command opens the ion gate(s) for a portion of the time period
allocated to the corresponding bit of the pseudorandom sequence. Thus, the ion gate(s) 630
are open during at least a portion of a corresponding “1” period, thereby allowing analytes to
travel into the drift cell 640. Conversely, a zero value corresponds {o the ion gate(s) 630
being closed for the entirety of a corresponding time period, thereby not allowing analytes to
enter the drift cell 640 during the corresponding time segment. The drift cell 640 is operable

to apply an electric field in the direction indicated by an arrow 641.

[0102} Analytes {e.g., ions produced by the ESI transmitter) further travel through the length
of the drift cell 640 and are introduced into a rear ion funnel 660. The ion funnel 660 is
operatively coupled to one or more electrical and/or magnetic multi-pole elements (e.g.,
quadrupole elements, DC quadrupole elements, octopole elements, or other suitable muiti-

pole elements), which allows selected analytes within a certain range of mass-to-charge ratios
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(m/z) to reach the time-of-flight mass spectrometer 607. The time-of-flight mass
spectrometer uses well-known elements, such as ion extractors, reflectrons, and a detector, to
produce intensity values. As will be readily understood to those of ordinary skill in the
relevant art, any suitable detector can be employed to detect analytes, for example, a
microchannel plate detecter. In some examples, additional components of the fon mobility
mass spectrometer 605 and a time-of-flight mass spectrometer 607 can include inputs and

outputs for gases, such as sample gas outlet(s) and a drift gas inlet(s).

[0103] Also illustrated in FIG. 6 is application of a 4-bit multiplexing sequence 655
according to the pseudorandom sequence 650. Packets of analytes are shown traveling
through the drift cell 640 that have been released by the ion gate(s) 630 according to the
pseudorandom sequence 650. Time segments of the total multiplexing time sequence are
allotted to each bit of the pseudorandom sequence. Each of the time segments (also called
“bins”) can be further subdivided into time periods (or “sub-bins™) (e.g., sub-divided in 10
sub-bins). The first “1” of the PRS is applied to the ion gate(s) 630 by pulsing the ion gate
for the first one tenth of the time segment (a first sub-bin), followed by the ion gate(s) 630
being closed for the remainder of the time segment (nine subsequent sub-bins). For time
segments of the pseudorandom sequence corresponding to zero, the ion gate(s) 630 remain

closed for the entire time segment (e.g., for ten sub-bins).

(0104] In some examples of the disclosed technology, two aspects are used in an analysis of
analyte intensity values. The first aspect is the encoding pseudorandom sequence (PRS) bit
string, which in some examples can be constructed based using maximal length shift
registers. In some examples, the PRS is a series of “1s” and “0s” that is of length 2" and
has the property that there is one less “0” than “1.” The second aspect is the length of an
encoding segment. The length of a segment represents a temporal extension of the PRS in an
attempt to separate the events of releasing and collecting ions. For example, if the length of a
segment is ten, then when a “0” is found in the PRS, the sequence applied to the ion gate is
filled with ten zeroes, or 0000000000. When there is a “1” in the PRS, the sequence applied
to the ion gate is filled with nine 0’s and one 1, or 0000000001. In some examples, a

sequence other than a PRS may be used.

IX. Exempiary Computine Environment

[0105] FIG. 7 illustrates a generalized example of a suitable computing environment 700 in

which described embodiments, techniques, and technologies can be implemented. For
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example, the computing environment 700 can be used to receive intensity data, apply

invertible matrix transforms, and filter transformed data, as described above.

{0106} The computing environment 700 is not intended to suggest any limitation as to scope
of use or functionality of the technology, as the technology can be implemented in diverse
general-purpose or special-purpose computing environments. For example, the disclosed
technology can be implemented with other computer system configurations, including hand
held devices, multiprocessor systems, microprocessor-based or programmable consumer
electronics, network PCs, minicomputers, mainframe computers, and the like. The disclosed
technology can also be practiced in distributed computing environments where tasks are
performed by remote processing devices that are linked through a communications network.
In a distributed computing environment, program modules can be located in both local and

remote memory storage devices.

[0107] With reference to FIG. 7, the computing environment 700 includes at least one central
processing unit 710 and memory 720. In FIG. 7, this most basic configuration 730 is
inciuded within a dashed line. The central processing unit 710 executes computer-executable
instructions and can be a real or a virtual processor. In a multi-processing system, multiple
processing units execute computer-executable instructions to increase processing power and
as such, multiple processors can be running simultaneously. In some examples, FPGAs or
other reconfigurable logic devices can be used to augment, or instead of, the central
processing unit 710 and/or memory 720. The memory 720 can be volatile memory (e.g.,
registers, cache, RAM), non-volatile memory (e.g., ROM, EEPROM, flash memory, eic.), or
some combination of the two. The memory 720 stores software 780 that can, for example,
implement the technologies described herein. A computing environment can have additional
features. For example, the computing environment 700 includes storage 740, one or more
input devices 7530, one or more output devices 760, and one or more communication
connections 770, An interconnection mechanism (not shown) such as a bus, a controller, or a
network, interconnects the components of the computing environment 700. Typically,
operating system software (not shown) provides an operating environment for other software
executing in the computing environment 700, and coordinates activities of the components of

the computing environment 700.

{0108} The storage 740 can be removable or non-removable, and includes magnetic disks,
magnetic tapes or cassettes, CD-ROMs, CD-RWs, DVDs, or any other medium which can be

used to store information and that can be accessed within the computing environment 700.

-25-



WO 2015/134190 PCT/US2015/016419

The storage 740 stores instructions for the software 780 and data (e.g., measurement data or

correlation data), which can be used to implement technologies described herein.

[0109] The input device(s) 750 can be a touch input device, such as a keyboard, keypad,
mouse, touch screen display, pen, or trackball, a voice input device, a scanning device, or
another device, that provides input to the computing environment 700. For audio, the input
device(s) 750 can be a sound card or similar device that accepts audio input in analog or
digital form, or a CD-ROM reader that provides audio samples to the computing environment
700. The output device(s) 760 can be a display, printer, speaker, CD-writer, or another

device that provides output from the computing environment 700.

0110} The communication connection(s) 770 enable communication over a communication
medium (e.g., a connecting network) to another computing entity. The communication
medium conveys information such as computer-executable instructions, compressed graphics

information, video, or other data in a modulated data signal.

[0111] The input device(s) 750, output device(s) 760, and communication connection(s) 770
can be used with a control system to control inputs and/or outputs for a spectrometer. For
example, input devices can be used with a control system for modulating an ESI transmitter,
an ion gate, or gas inputs and outputs of a mass spectrometer. Further, output devices can be
used with a control system for sampling or removing analytes or gases from a spectrometry
system. In some examples, a communication connection 770, such as an RS-232, USB,
Ethernet, or other suitable connection, is used to control spectrometer operation and

detection.

{0112} Some embodiments of the disclosed methods can be performed using computer-
executable instructions implementing all or a portion of the disclosed technology in a
computing cloud 790. For example, applying Hadamard transforms and filtering data by

removing symmetric pairs can be performed on servers located in the computing cloud 790.

{0113] Computer-readable media are any available media that can be accessed within a
computing environment 700 and include, by way of example, and not limitation, include
memory 720 and/or storage 740. As should be readily understood, the term computer-
readable storage media includes the media for data storage such as memory 720 and storage

740, and not transmission media carrying modulated data signals or transitory signals.
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[0114] Any of the methods described herein can be performed via one or more computer-
readable media (e.g., storage or other tangible media) comprising (e.g., having or storing)
computer-executable instructions for performing (e.g. causing a computing device to
perform) such methods. Operation can be fully automatic, semi-automatic, or involve

manual intervention.

X. Method of Validating Demuitiplexed Data from a Multiplexed Seoment of Data

{0115} In some embodiments, a method of validating data produced from a multiplexing
process on an analytical instrament is disclosed. The method includes using a pseudorandom
sequence to encode a multiplexed segment of data and applying a Hadamard transform to
generate a demultiplexed segment of the data. The method also includes aligning the
pseudorandom sequence to the multiplexed data. The method further includes calculating a
score for at least one positive value in the demultiplexed segment to find a valid

demultiplexed value.

[0116] In some examples, aligning the pseudorandom sequence to the multiplexed data
includes aligning a first “1” bit of the pseudorandom sequence to a positive value of the
demultiplexed data. In some examples, the method further includes summing the multiplexed
values that correspond to a ‘1" in the pseudorandom sequence. In some examples, the
method further includes altering the alignment of the pseudorandom sequence to the
multiplexed data where the first *1° bit of the pseudorandom sequence is aligned with a
different positive value of the demultiplexed data, summing the multiplexed values that
correspond to a ‘17 in the pseudorandom sequence, and repeating until all positive values
have been scored, wherein the largest positive sum represents the valid demultiplexed value
in the multiplexed segment of data. In some examples, the method also includes subtracting
the valid multiplexed value from other positive multiplexed values that correspond to a ‘1’ in
the pseudorandom sequence to create a second multiplexed segment of values. In some

examples, the method also includes finding additional valid demultiplexed values.

EXAMPLE

{0117] The following example serves to illustrate certain embodiments and aspects of the

disclosed technology and not to be construed as limiting the scope thereof,
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[0118] FIGS. 8A-8D are tables of data that illustrate processing for validating the data, in
accordance with one embodiment of the disclosed technology. The data shown is only one

segment of a TOF bin (in/z slice) of a single IMS frame.

[0119] FIG. 8A shows the starting multiplexed and demultiplexed data. The multiplexed
data column is the original multiplexed data. The demultiplexed column is the data
immediately after Hadamard transform. For each positive value in the multiplexed data —
highlighted in FIG. 8A — it is hypothesized that it is a true signal. For that reason, the
pseudorandom sequence (PRS) is set to coincide with that index of the segment, as illustrated
in FIG. 8B.

[0120] The first set of data uses the multiplexed data value ‘12306 as a first candidate
location of a true signal. Therefore the PRS is aligned so that the starting *1” in FIG. 8B is
aligned to value “12306°. All rows where a ‘17 value exists in the PRS column are summed.
This step is repeated for other positive values, such as using the next multiplexed data value

‘5672’, shown in FIG. 8C, as the next candidate location of a true signal.

[0121] All other positive values are calculated (data not shown) and the largest sum was

found when *12306° was used as the candidate location of a true signal (FIG. $B).

{0122} Next, the value of the true signal in the multiplexed segment, i.e. 12306, is subtracted
from all values in the segment that correspond to a “1° in the encoding PRS aligned to the
index of the location of the true signal. In other words, the true signal is being subtracted out
from all places the signal should be. This now becomes the muitiplexed data used in the next

iteration of the process. The newly created multiplexed segment is shown in FIG. 8D.

[0123] The next step, assuming iteration can be proceed, is to determine which values in the
newly created multiplex segment (FIG. 8D) should be candidates for the next round of
validation. To be a candidate for validation, rows (indices in the segment) must have a
positive value in both the multiplexed segment and the demultiplexed segment. It should be
pointed out that, in this example, none of the values in FIG. 8D meet this condition.

Therefore, the process terminates.

[0124] If however, there were values to validate, the process would be repeated to find the
candidate with the largest sum that is greater than zero. If no other sums are found to be

positive values, then no other true signals in the data segment exist.
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[0125] A high-level description of this example is shown in ALGORITHM 1 and
ALGORITHM 2 below.

ALGORITHM 1. Segment Creation
Input: TofBin, Single TOF bin containing intensity values
Qutput: Segments s. The number of segments y equals the input length a divided by the
PRS length A.
Segment number i = (),
for each s in TOF bin do
k=1i+( x y);wherejisanindexofs
s; = TofBiny ;

end

ALGORITHM 2. Validation of Demultiplexed Values
Input: Multiplexed segment u, Demultiplexed segment w
Output: Demultiplexed segment w ¥ that contains only validated intensity values.

for each w do
f3x ewx= Yw)and @lx = Yw)

then
for each intensity | inw do
i=0;
end
end
elseif @lx ew,x =2 w)
then
for each intensity i inw do
if{ +x)
then
i=0;
end
end
end
n = 0;
repeat

for each value in w where value > 0 do
index j = index of value in w

P =0
if (' < 0)
then

Y =20
end
else

for each index 1 of PRS vector P do
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if (o == 1)
then
m = (I + j)%A4, where A is the PRS length;
Y=Y+ uy;
end

end
end
(v Yv<0)
then

return w*

end
g = index in w of Yy, 44
create u™;
for each index | of PRS vector P do

if (py==1)

then

m = (I + g)%A4;
u:’.*l;l = u;;i - UE;

end

end
=pn+{
until Vip : p < 0
end

X1, Base Cases

[0126] In another embodiment, a method of validating demultiplexed segment of data from a
multiplexed segment of data after Hadamard transform is disclosed. The method includes
summing the demuitiplexed segment of data and determining is one or more values in the
demultiplexed segment of data maiches the sum. In some examples, if more than one of the
values matches the sum, then the entire demultiplexed segment is zeroed out. In some
examples, if only one of the values matches the sum, then an index in the segment of the
matched value is validated against a pseudorandom sequence. In some examples, if none of
the values matches the sum, then the multiplexed data is aligned with a pseudorandom
sequence and each positive value in the demultiplexed data is scored using the pseudorandom
sequence. In some examples, if a score is above zero then the associated demultiplexed value

is retained.

[0127] Having described and illustrated the principles of our innovations in the detailed
description and accompanying drawings, it will be recognized that the various embodiments

can be modified in arrangement and detail without departing from such principles. It should
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be understood that the programs, processes, or methods described herein are not related or
limited to any particular type of computing environment, unless indicated otherwise. Various
types of general purpose or specialized computing environments can be used with or perform
operations in accordance with the teachings described herein. Elements of embodiments

shown in software can be implemented in hardware and vice versa.

(0128] In view of the many possible embodiments to which the principles of the disclosed
invention may be applied, it should be recognized that the illustrated embodiments and their
equivalents are only preferred examples of the invention and should not be taken as limiting

the scope of the invention.
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We claim;

I. A method of validating data produced from a multiplexing process on an analytical

instrument comprising:

using a pseudorandom sequence to encode a multiplexed segment of data by
modulating introduction of analytes to a detector based on the pseudorandom sequence;

generating received intensity data with the detector;

applying a Hadamard transform to the received intensity data to generate a
demultiplexed segment of the data;

aligning the pseudorandom sequence to the multiplexed segment of the data; and

calculating a score by summing at least one positive value in the demultiplexed segment
of the data corresponding to a predefined value in the pseudorandom sequence to find a
valid demultiplexed value.

2. The method of Claim 1 wherein aligning the pseudorandom sequence to the multiplexed
segment of the data includes aligning a first ‘1’ bit of the pseudorandom sequence to a
positive value of the demultiplexed data.

3. The method of Claim 2 further comprising summing the multiplexed values that
correspond to a ‘1’ in the pseudorandom sequence.

4. The method of Claim 3 further comprising altering the alignment of the pseudorandom
sequence to the multiplexed segment of the data wherein the first ‘1’ bit of the
pseudorandom sequence is aligned with a different positive value of the demultiplexed
data, summing the multiplexed values that correspond to a ‘1’ in the pseudorandom
sequence, and repeating until all positive demultiplexed values have been scored.

5. The method of Claim 4 wherein the largest positive sum represents the valid demultiplexed
value in the multiplexed segment of data.

6. The method of Claim 5 further comprising subtracting the valid multiplexed value from
other positive multiplexed values that correspond to a ‘1° in the pseudorandom sequence
to create a second multiplexed segment of values.

7. The method of Claim 6 further comprising finding additional valid demultiplexed values.

8. A method of validating demultiplexed data comprising:

providing a pseudorandom sequence;
receiving a multiplexed segment of data generated by applying a Hadamard
transform to intensity data produced by a detector responsive to detecting analytes

introduced into an analytical instrument according to the pseudorandom sequence; and
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10.
11.

12.

13.

14.

15.

16.

scoring each positive value in the demultiplexed data using the pseudorandom
sequence, wherein if a score is above zero then the associated demultiplexed value is
retained.
The method of Claim 8 further comprising repeating the scoring process until no further
valid demultiplexed values are found.
The method of Claim 8 wherein the non-valid demultiplexed values are removed.
A method of validating demultiplexed data from a multiplexed segment of data after
Hadamard transform comprising:
receiving the multiplexed segment of data after a Hadamard transform is applied to
intensity data produced by a detector responsive to detecting analytes introduced into an
analytical instrument according to a pseudorandom sequence;
aligning the pseudorandom sequence to the multiplexed segment of data, the aligning
including aligning a first “1° bit of the pseudorandom sequence to a positive value of the
demultiplexed data; and
calculating scores for each positive value in the demultiplexed segment of data,
wherein the highest total score represents a valid demultiplexed value.
The method of claim 11 further comprising summing the multiplexed values that
correspond to a ‘1’ in the pseudorandom sequence.
The method of Claim 12 further comprising altering the alignment of the pseudorandom
sequence to the multiplexed data wherein the first ‘1’ bit of the pseudorandom sequence
is aligned with a different positive value of the demultiplexed data, summing the
multiplexed values that correspond to a ‘1’ in the pseudorandom sequence, and repeating
until all positive demultiplexed values have been scored.
The method of Claim 13 wherein a largest positive sum represents the valid demultiplexed
value in the multiplexed segment of data.
The method of Claim 14 further comprising subtracting the valid multiplexed value from
other multiplexed values that correspond to a ‘1’ in the pseudorandom sequence to create
a second multiplexed segment of values.

The method of Claim 15 further comprising finding additional valid demutliplexed values.
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