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Abstract In this paper, we present and analyze a fast algorithm that determines
the possible molecular formulae corresponding to the resolved peaks in the spectral
data obtained from a mass analyzer like an FT-ICR-MS. In contrast to our approach,
most known algorithms and software that attempt to solve this important problem
are brute-force in nature and consequently, highly prone to combinatorial explosion
when dealing with the volume of real data. We also present an object-oriented imple-
mentation of our algorithm in a general-purpose, user-friendly, interactive, and easily
extensible software tool PG Compound Match Finder. A run-time performance
analysis of our software shows that even when dealing with several billion theoretical
possibilities matched against tens of thousands of resolved peaks, a complete analysis
using today’s standard desktop machines can take only a few minutes.

Keywords Spectrometry · Analysis · FT-ICR · Algorithm · Software

1 Introduction

Fourier Transform Ion Cyclotron Resonance Mass Spectrometry (FT-ICR-MS or
FT-ICR or just FT-MS) is widely considered the most versatile and complex method
of mass analysis and detection. First developed in the early 1970s at the University of
British Columbia by researchers Alan Marshall and Melvin Comisarow [1], today it
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is one of the most sensitive methods of ion detection and enjoys a myriad of important
applications in areas like Chemistry, Biology, Biochemistry, Biomedicine, Forensics,
and Environmental Science. FT-ICR depends heavily upon high speed computing and
also the mathematical algorithms that determine the spectroscopic parameters from
the numerical computer data.

In this paper, we build on the work done in [2] by providing a complete theoretical
and computational solution to the problem of analyzing data from a mass spectrometer.
While our initial work on this project was motivated by the spectral analysis problem
of comparing marine sediment to oil samples described in [3], the full scope of our
algorithm and accompanying software tool (PG Compound Match Finder) may
be understood by considering the general problem of trying to efficiently identify the
molecular structure of compounds corresponding to the significant peaks obtained
from an instrument such as a mass spectrometer. In the case of FT-ICR-MS, we may
be dealing with tens of thousands of data points (resolved peaks). When faced with this
computationally taxing problem, a researcher must find effective ways to preprocess
the large (often numbering several billions) list of theoretically possible compounds
that may be potential matches for the real FT-ICR data. In the past, several techniques
have been proposed to help solve the problem of reducing the number of theoreti-
cal possibilities [4–6]. For example, recently, as an extension of the work done on
the utilization of isotopic abundance patterns of mass spectra to reduce the number
of formula candidates [7], the authors in [8] propose a set of rules that help in par-
ing down the list of theoretical possibilities. Our approach in [2] was more efficient
because by studying the geometry of the algebraic constraints, we were able to develop
an algorithm that constructed only the valid possibilities. Furthermore, our methods
are easily extensible to incorporate many families of quantitative rules in the search
for theoretical compounds. In this paper, we extend the procedure developed in [2] to
include highly efficient automation of the full problem of identifying the molecular
formulae for the resolved peaks contained in an FT-ICR Mass Spectra.

We hope that PG Compound Match Finder will prove to be an effective tool
for researchers who use Mass Spectrometry and with feedback form the research
community, we hope to continually upgrade our software to be more efficient and
useful.

2 Full problem statement

We begin by defining the variables necessary to describe the problem and our solution.
Let E = {x1, x2, . . . , xN } denote the set of N elements chosen by the user. For each
i, 1 ≤ i ≤ N , let L(xi ) and U (xi ) denote the user-specified lower and upper bounds,
respectively, for the number of atoms of element xi and let n(xi ) denote some integer
value in this range. A user may provide a range of charges (k) associated with each
choice of N elements. Next, a user of the computer program can also specify that the
ratios of the number of atoms of certain pairs of elements be fixed within a specified
tolerance. For i and j where 1 ≤ i �= j ≤ N , let r(xi , x j ) denote the ratio of n(x j )
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to n(xi ) with tolerance t (xi , x j ). That is to say, the user specifies that the following
must be true:

r(xi , x j ) − t (xi , x j ) ≤ n(x j )

n(xi )
≤ r(xi , x j ) + t (xi , x j )

Given N , L(xi ), U (xi ), r(xi , x j ), t (xi , x j ), let V denote the set of combinations (the-
oretical compounds) of N elements chosen from E which satisfy the following con-
straints:

1. For each i, 1 ≤ i ≤ N ,we must have

0 ≤ L(xi ) ≤ n(xi ) ≤ U (xi ).

2. (Ratio Rule) For i and j where 1 ≤ i �= j ≤ N , we must have

r(xi , x j ) − t (xi , x j ) ≤ n(x j )

n(xi )
≤ r(xi , x j ) + t (xi , x j ).

3. (C − H ) Rule Denoting the elements carbon and hydrogen by C and H , respec-
tively, if n(C) �= 0, then we must have

n(H) ≤ 2n(C) + 2.

Let S(r) denote the set of values (peaks) obtained from an FT-ICR-MS and let t
denote the tolerance at which the user is seeking matches with the real data. Now we
are ready to state the full problem.

Problem Statement: For each value of the charge k and each real data value r in
the set S(r), determine all the combinations from the set V whose masses/charge are
within tolerance t of the value r.

In other words, find the set of theoretical compounds, that adhere to any specified
ratio rules, whose mass/charge falls within tolerance of any ICR values, given the
user’s choice of elements, bounds, ratios, tolerances, charges, and ICR values.

Remark Constraint 3 above may be easily generalized to include any algebraic
inequality relating n(H) and n(C), or any other pair of elements. Also, any math-
ematically describable chemical constraints such as say those mandated by molecular
graphs [9,10] may be included as constraints. Based on user feedback, future versions
of our software may include such additional rules as user-activated options.

3 Analysis of mass spectrometry data

The speedy analysis of raw spectral data is one of the principal bottlenecks in the
effective use of increasingly sophisticated spectroscopic techniques. This is because
the high resolution capabilities of techniques like FT-ICR using very powerful mass
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spectrometers results in large data sets with tens of thousands of values. One then has
to determine the molecular composition corresponding to each value by comparing it
to each of the theoretical possibilities. Certainly, one way to analyze mass spectra is
through completely brute force techniques. With thousands of data values and billions
(even trillions) of theoretical compounds, it is easy to see that such techniques have
very limited scope because of enormous runtime even for very small problems (see
Sect. 6.2). Unfortunately, from what we can tell, there are few (if any) published tech-
niques that make creative use of mathematics and computer science to make this task
efficient. In fact, many published software tools appears to be brute-force in nature.
In this paper, we provide a fast algorithm and develop a user-friendly software tool to
accomplish this complex task. We use mathematical and computational optimization
techniques in our development of an efficient method to preprocess the spectral data
and then determine matches to desired quantitative constraints and tolerances.

We can think of this task of complete analysis of ICR data as two problems: (1)
How do we reduce the theoretical possibilities (based on the user’s input) to a set of
only valid possibilities that satisfy all ratio rules? We refer to this as the Preprocess
step. (2) How do we compare a set of valid compounds to the ICR data? We refer to
this as the Analyze step.

3.1 Preprocess step

Here, we consider two different algorithms to preprocess the user inputs to reduce the
set of theoretical compounds. First, note that it is possible to optimize our choice of the
upper bound for each element chosen by the user. Of course, the user is allowed to input
any values he/she chooses for lower and upper bounds (as long as L(xi ) ≤ U (xi )),
but in fact, since the maximum value in the ICR data set forces a limit on the upper
bound for any element (by considering a theoretical compound comprised entirely of
that element), we describe the algorithm that allows us to consider only the necessary
upper bound for each element xi chosen in the analysis. Let

mi = mass of an atom of the element xi .
ni = number of atoms of the element xi .
k = charge of the compound
R = maximum ICR value contained in the data set S(r).
t = tolerance specified by user.

Then, for a compound composed solely of element xi , for each k, we must have

∣
∣
∣
ni mi

k
− R

∣
∣
∣ ≤ t.

This is equivalent to

k(R − t)

mi
≤ ni ≤ k(R + t)

mi
.

We note that ni is maximized when k is the maximum value provided by the user.
Suppose the maximum value of k is denoted as km . Then, before computing the valid
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theoretical possibilities using the algorithm developed in [2], we re-define the upper
bound for each element xi to be equal to

max

{

L(xi ), min

(

U (xi ),

⌊
km(R + t)

mi

⌋)}

where L(xi ) and U (xi ) are the user specified lower and upper bounds for the element
xi .

In conjunction with this algorithm, we also consider the algorithm considered in
[2] which specifies a technique for automatically determining complete set of valid
compounds. The algorithm to tighten the upper bounds, followed by the algorithm in
[2] is referred to as PG.

As a contrast to PG, we consider a brute force approach to preprocess the input
data. For this approach, we compare each possible theoretical compound against each
of the rules that are specified to arrive at a set of valid compounds. We refer to this
algorithm as BF. We compare the two Preprocess algorithms, PG and BF in Sect. 4,
in terms of complexity and in Sect. 6 in terms of experimental run-times.

3.2 Analyze step

We also consider two different algorithms for comparing the set of valid compounds
with the ICR values to determine if there are matches. The first approach, for each
valid compound, uses a series of binary searches [11] on the ICR data. Traditionally,
a binary search is a very fast way to find a particular search value in a sorted structure
of N values and has worst-case complexity O(logN ). However, it can be modified to
return the position of the first value that is greater than or equal to the search value.
The general idea with a binary search is that the initial list of sorted values is divided
in half, resulting in a low and high side. Next, the side containing the search value
is determined by a comparison with the largest value on the low side. Finally, this
side where the search value was found is subdivided into a low and high side and
the process is repeated. To adapt a binary search for the Analyze step, consider these
definitions:

m = mass of a valid theoretical compound determined by the algorithm.

k = charge of the compound.
t = tolerance specified by user.
r = real data value from the FT-ICR analysis.

The implementation of binary search that we use, returns the index of the first value
in the ICR list that is greater than or equal to our search value. In our case, for a
particular valid compound and for each charge, we use binary search twice, to search
for m/k − t and m/k + t in the (sorted) list of ICR values. Any ICR values that fall
between the two positions returned from the two binary searches are matches. We refer
to this algorithm as BS.

A completely brute force approach for the Analyze step is, for each valid compound,
for each charge, for each ICR value, check to see if |m/k − r | < t , the definition for
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a match. However we can make an improvement on this in the case where a range of
charges have been specified. The modified brute force approach we describe below
essentially eliminates the step of looping over the charges by automatically determin-
ing the correct charge (if it exists) for a valid compound and an ICR value.

Now, for each m, r, and t, we are seeking values of k (if any) such that

r − t ≤ m

k
≤ r + t

It is easy to see that the inequality above is satisfied if and only if k ∈
[

m
r+t ,

m
r−t

]

.

Now suppose the range for k specified by the user is [L(k), U (k)]. Then for each
m, r, and t, we are seeking the intersection (if any) of the two intervals. If this inter-
section is non-empty, it must be equal to the interval

[

max

{⌈
m

r + t

⌉

, L(k)

}

, min

{⌊
m

r − t

⌋

, U (k)

}]

.

It must be noted that the intersection is empty (i.e. no such k exists for given m, r, and t)

in one of two cases: Either
⌈

m
r+t

⌉

> U (k) or
⌊

m
r−t

⌋

< L(k).

We refer to this modified brute force algorithm as BFk. We compare the two Analyze
algorithms, BS and BFk in Sect. 4, in terms of theoretical complexity and in Sect. 6 in
terms of experimental run-times.

3.3 Recommended algorithm

The complete algorithm that we propose for solving the problem is PG for Preprocess
and BS for Analyze. We refer to this algorithm as PG-BS. However, in Sects. 4 and
6, we consider other combinations of the algorithms for the sake of comparison with
our recommended algorithm. For instance, we contrast PG-BS with the most basic
approach, BF-BFk. The software implements all four combinations of algorithms.

4 Worst-case complexity analysis

In this section, we discuss the worst-case complexity of our approach, PG-BS com-
pared to the brute force approach, BF-BFk. We assume that the primitive operations
(such as division, comparison etc.) are independent of the inputs. This is a valid
assumption in general and certainly in the context of our specific application [12]. We
will use the ”big-oh” notation [12,13] to express the complexity.

4.1 Brute force (BF-BFk)

It was shown in [2] that the worst-case complexity of a brute-force approach for pre-
processing is at least O(N 2 K N ) where K = max{U (xi ) − L(xi ) + 1 | 1 ≤ i ≤ N }.
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Thus, K is the largest range provided by the user and N is the number of elements
chosen by the user.

Next, for the Analyze step, we have to compare each of the |V | elements with
each of the |S(r)| real data values. Thus, the worst-case complexity of this analysis is
O(|V ||S(r)|).

Consequently, the worst-case complexity of a brute force approach is O(N 2 K N )+
O(|V ||S(r)|).

4.2 Recommended algorithm (PG-BS)

Again, from [2], we know that the worst-case complexity of the PG preprocess algo-
rithm is O(N 3 K 2). However, we have improved on even this performance by redefin-
ing the user’s upper bounds (as described in Sect. 3.1) to consider only those values
that are possible based on the largest ICR value, element mass, and charge in question.
Note that a user is still in full control of the bounds for each element, but we are now
dealing with the smallest necessary K (say, K̂ ), namely

max

{[

max

{

L(xi ), min

(

U (xi ),

⌊
km(R + t)

mi

⌋)}

− L(xi ) + 1

]

| 1 ≤ i ≤ N

}

.

To this, we must add the worst-case cost of the analyze algorithm, BS. Using the well-
known worst-case complexity of binary search, it follows that for each theoretical
compound, the worst-case complexity of trying to find a match with a real data value
is at most O(log(|S(r)|). Since this must be done for each valid compound, we must
undertake at most O(|V | log(|S(r)|) operations.

Thus, the worst-case complexity of our algorithm is

O(N 3 K̂ 2) + O(|V | log(|S(r)|)).

It is easy to see that our algorithm requires significantly fewer operations compared to
any brute-force approach. In Sect. 6., we present run-time data analysis that unequiv-
ocally demonstrates the speed of our algorithm and implementation.

5 Software development

5.1 Software

The software, PG Compound Match Finder is a GUI based MS Windows program
developed in C#.NET, under the .NET framework 1.1 and runs on any computer run-
ning Windows XP or better. Anticipating requests for additions and changes prompted
a very flexible design which was implemented using object orientation and design pat-
terns. During preliminary testing, it was found that this flexible design took 15–20%
longer to complete an ICR analysis than a streamlined version that did away with
some of the design patterns and the strict object orientation. The faster version of the
program was adopted, continues to be developed and is available from the authors.
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Fig. 1 PG compound match finder panels: a, b on row 1, c, d on row 2

Figure 1 shows the user-friendly interface of PG Compound Match Finder.
A tabbed dialog is used organize the various inputs and outputs. The Files tab (not
shown) is used to specify the ICR data file and an output file where matches are writ-
ten. The Analysis Spec tab is shown in Fig. 1a and b. In Fig. 1a, the user can choose to
add or remove elements (including isotopes) as well as adjust their bounds. Figure 1b
shows that the user can supply global parameters such as the charge range and overall
tolerance for matches. Also shown in Fig. 1b is how the user can select elements to
form a ratio and edit the ratios and tolerances. When the problem specification is com-
plete, the user can press the Run Analysis button to perform the ICR analysis. When
it is complete, the Results tab is displayed (Fig. 1c, d) which shows the matches and
various run statistics. The software also has a feature (not shown) that allows the user
to load a complete specification from a text file.
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5.2 Future enhancements

Currently, we are investigating an algorithm to estimate the length of time that a run
will take using the PG-BS algorithm. The idea is to preprocess (using PG) the data and
then present the user with an estimate of the time required to complete the analysis
and the ability to abandon further analysis. This could be a very useful feature as it is
easy to specify a set of elements and rules that generate a very large number of valid
compounds and consequently takes a long time to complete the analysis. One other
usability feature that is under design is providing a mechanism for the user to stop a
long running analysis gracefully. Of course we would also like to implement any rules
that individuals might suggest that could help the preprocess step reduce the size of
the set of valid compounds in certain circumstances.

6 Computational analysis of algorithm and software

In this section we test the software’s run-time performance using various combinations
of the algorithms for Preprocess and Analyze for different input values. A complete
analysis of all the factors that affect the algorithms and their implementations is beyond
the scope of this paper. However, we do present compelling evidence that the PG-BS
algorithm is extremely fast and several orders of magnitude faster than any brute force
algorithms.

6.1 Testing environment

All testing was done on a brand new, fairly standard HP Compaq dc7700 Core 2 Duo
with 2 GB RAM and two, 1.86 GHz processors, running Windows XP. The computer
was not connected to any networks, no virus protection software was running, nor any
process other than the standard Windows processes. In order to make cleaner infer-
ences on the results, all timing data excludes all disk IO. Also, in order to have a fair
comparison of the Preprocess algorithms, we did not want the algorithm for reducing
the upper bounds (Sect. 3.1) to come into play. In order to achieve this, we simply
chose a single, very large ICR value to include in our ICR data file so that no bounds
would ever be reduced.

6.2 Analysis of preprocess algorithms

In the first experiment we consider the PG algorithm with 10 randomly chosen ele-
ments, six ratios rules (all with a ratio of 1 and a tolerance of 0.5), charge from 1 to 3,
and a single ICR value. A single value was chosen because the Preprocess step does
not depend on the number of ICR values (except as noted above, but controlled for
in this experiment). For any given run, the upper bounds for each element were all
the same. We varied the upper bound on each element from 5 to 16 which produced
9.8 million to 1.1 trillion possible compounds, respectively. The setup for considering
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Fig. 2 PG preprocess runtimes, 10 elements, 6 ratios

Fig. 3 BF preprocess runtimes, 10 elements, 6 ratios

the BF algorithm was essentially the same. A few extra runs on the low end were done
in order to fill in the graphs.

Figure 2 shows the results for the PG algorithm and Fig. 3 for the BF algorithm.
Note that the horizontal and vertical axes for the PG algorithm are in trillions and
seconds, respectively, while for the BF algorithm they are in billions and minutes,
respectively. We see that 1.1 trillion possible combinations were preprocessed by PG
in only 35 s compared with BF which took almost 90 min to preprocess only 1.1 billion
possible combinations. Clearly, there is an extreme difference in the results with the
PG algorithm running several orders of magnitude faster than the BF algorithm. We
also note that the growth in run-time is not as fast for PG compared to BF.

In the next experiment, we choose 10 elements and 8 ratios as recommended in
[8]. In this case, there were two dominant elements, Carbon and Hydrogen where we
consider upper bounds of up to 162 and 208, respectively. Also, all the ratios involve
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Fig. 4 PG preprocess runtimes, 10 elements, 8 ratios

Carbon. Figure 4 shows the results of the PG algorithm. The times here are much
faster than the values in Fig. 2. For instance the case with 1.1 trillion possibilities was
reduced from about 35 s (Fig. 2) to about 0.5 s (Fig. 4). We conjecture that, as in Fig. 2,
when all the upper bounds are nearly equal, this serves as a sort of worst case in terms
of preprocessing effort.

As shown in Fig. 4, we also examine the effect of the size of the tolerance on the
ratios. We vary this for the Hydrogen-Carbon ratio from the case where the tolerance
is roughly equal to the ratio down to where the tolerance is about one-fourth the ratio.
More dramatic than the differences in run-times are the differences in the number of
valid compounds that were found. As expected, as the tolerance gets close in value
to the ratio, the valid region opens up more allowing for more valid compounds. This
situation seems to be accentuated when there are several dominant elements as in this
experiment. For instance, with the tolerance approximately equal to the ratio in the
case with 1.1 trillion possible combinations, more than 200 billion were found to be
valid. When the Hydrogen-Carbon tolerance was reduced to one-half the ratio only
about 1 million valid compounds were found.

6.3 Analysis of analyze algorithms

The Analyze algorithms depend only on the number of elements and the number of
ICR values. They do not depend on the number or makeup of the ratio rules, nor the
upper bounds of the elements. Thus, no mention of these are included in the follow-
ing experiments. Figure 5 shows the results of comparing BS and BFk, with 1000
ICR values, charge from 1 to 3, where the number of valid combinations is varied.
Clearly the BS algorithm is vastly superior to the BFk algorithm. For instance, when
the number of valid combinations is about 32 million, BS takes about 3 min compared
to BFk which take about 115 min. Also, as the complexity suggests, growth in either
case appears to be approximately linear (for a fixed number of ICR values).
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Though not analyzed here, it should be noted that the number of elements does
play a role in the run times for Analyze algorithms. This so because the compound
mass must be calculated by summing the product of the mass of each element with
the number of atoms of that element, for each element, before comparison with ICR
values.

Figure 6 shows the run time performance of the BS algorithm for 1, 1000, and
100,000 ICR values. As shown, approximately 32 million valid compounds compared
against 100,000 ICR values takes about 3.8 min.

6.4 Analysis of complete algorithm

To compare both algorithms (PG-BS and BF-BFk) for a complete problem, we chose
the setup in Sect. 6.1 where we had 10 elements and 6 ratios which resulted in a fairly

Fig. 5 BS, BFk analyze runtimes, 10 elements, 1000 ICR values

Fig. 6 BS analyze runtimes, 10 elements
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Table 1 Run time (seconds),
10 elements, 6 ratios,
1000 ICR values

Preprocess Analyze Total

PG-BS 1 49 50 <1 min
BF-BFk 5250 1787 7037 ≈ 2 h

small number of possible compounds (1.1 billion) and valid compounds (8.2 million).
The results are shown in Table 1 where we see that the PG-BS algorithm is clearly
superior, running about 140 times faster than the BF-BFk algorithm.

So far, we haven’t encountered cases where the PG algorithm blows up. We have
tested PG where there were almost 1,000 trillion possible compounds and it completed
Preprocess in just a few seconds. However, it is conceivable that there are certain com-
binations of input factors that would fracture the set of valid compounds so much that
software would run out of memory trying to intersect (as described in [2]) all the rule
matrices. The real bottleneck, however is with BS. Its run-time will always be a linear
function of the number of valid compounds (for a fixed number of ICR values). How-
ever, as shown in Fig. 6, if the number of valid compounds is kept below 30 million,
the run time should be no more than a few minutes.

The BF-BFk algorithm can take a very long time if either the total number of pos-
sible combinations is large or (to a lesser degree) the number of valid combinations
is large. In one case we considered, based on the conditions in [8], There were about
1 trillion possible combinations that were reduced to about 700,000 valid compounds.
Although the Analyze time (using B Fk) is quite modest, about 2.5 min, the Preprocess
time (using B F) would be enormous, estimated to be about 59 days!

7 Conclusions

This work has clearly shown the robustness and efficiency of our algorithm and its
implementation. This has been a truly inter-disciplinary project drawing from math-
ematics, computer science, statistics, and chemistry. We hope that by presenting our
algorithm(s) and software to the research community, we are able to contribute to the
important problem of efficient mass analysis of spectral data. Furthermore, it is our
hope that feedback from the research and industrial communities will spawn further
developments in this arena. We are excited about the prospect of continually enhancing
features of our algorithms and software. Ultimately, our goal is to meet the needs of
researchers using mass spectrometry in seeking better and faster technological tools
to help them conduct their basic research in areas like proteomics, petroleomics, and
pharmacokinetics.
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