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Abstract 
A method has been developed for the evaluation of spectral library search methods to measure their capabil-
ity in giving useful results if the unknown is not contained in the database. The similarities of the chemical 
structures in the hitlist and the structure of a test compound are measured by the Tanimoto index (calculated 
for a set of binary substructure descriptors). Results for IR and MS databases show that in general the first 
hits have highest structural similarity with the unknown. A new type of spectral similarity for MS data is de-
scribed that improves significantly the structural similarity between the found hits and the unknown. 
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1. Introduction 
The chemical structure information contained in 
infrared spectra (IR) or mass spectra (MS) is dif-
ficult to extract because of the complicated and 
widely unknown relationships between spectral 
data and chemical structures. For instance, the 
fragmentation processes which result in the 
measured data characterize MS as a chemical 
method. Chemical effects are, in general, more 
difficult to describe and to predict than physical 
ones.  

The aim of spectra evaluation can be either the 
identification of a compound (assuming the spec-
trum is already known and available) or the in-
terpretation of spectral data in terms of the un-
known chemical structure (with the spectrum of 
the unknown usually not available) [1-3].  

Identification is performed best by library search 
methods based on spectral similarities; a number 
of spectral databases and powerful software 
products are offered for this purpose and are rou-
tinely used. 

The more challenging problem is the interpreta-
tion of spectra which still is a topic of research 
projects in chemometrics and computer chemis-
try. No comprehensive solutions are available and 
these methods are not used in routine work.  

Although spectral library search methods are suc-
cessfully applied in many laboratories, their bene-
fits are sometimes doubted when used for the in-
terpretation of spectra from unknowns that are 

not present in the library. An interpretative power 
is claimed by some spectroscopic database sys-
tems, however, systematic investigations are rare 
that quantify the similarity between the chemical 
structures of hitlist compounds and the chemical 
structure of test compounds. In this work pre-
liminary results from a systematic investigation 
of this subject with MS and with IR data are pre-
sented. 

 
2. Theory 
The interpretative power of a spectral library 
search system is the ability to produce hitlists 
(containing the most similar spectra from a data-
base) which provide molecular structures similar 
to that of the query compound. For a systematic 
evaluation of library search systems it is neces-
sary to define similarity criteria for spectra as 
well as for chemical structures. Similarity con-
cepts are always relative and refer to some spe-
cific context [4]; nevertheless they are necessary 
and useful if relationships between available data 
(spectra) and desired data (chemical structures) 
are not known sufficiently. All results, however, 
refer to the applied mathematical definitions for 
similarity and the used data sets.  

2.1. Similarity of spectra 

An infrared spectrum is characterized by a vector 
a with the component ai being the averaged ab-
sorbance in wave number interval i. The range 
used was 500 to 3700 cm-1 with 801 intervals, 
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each 4 cm-1 wide; ai was scaled to a mean of zero 
for each spectrum. The similarity s(IR) of two IR 
spectra A and B was defined as [5] 

s(IR)   =  999(r + 1) / 2  

with  

r  =  Σ(aiA aiB) / [Σ(aiA)2  Σ(aiB)2]0.5  

for  i = 1 ... 801 

r corresponds to the correlation coefficient, and 
s(IR) ranges between 0 and 999. 

A mass spectrum is characterized by a vector y 
with the components yi being numerical features 
derived from a low resolution mass spectrum. A 
basic approach is to use the peak intensities (in % 
of the base peak intensity) at masses i as features 
yi. Another approach is described in the Result´s 
section. The similarity s(MS) of two mass spectra 
A and B was defined as [6] 

s(MS)  =  Σ(yiA yiB) / [Σ(yiA)2  Σ(yiB)2]0.5  

for  i = 1 ... p 

p is the number of features; s(MS) corresponds to 
the correlation coefficient and is in the range 0 to 
1 because yi was always positive.  

2.2. Similarity of chemical structures 

A chemical structure has been characterized by a 
vector d with the components di being binary 
substructure descriptors. A set of 135 substruc-
tures was defined - with the aim to cover a broad 
range of chemistry; di is 1 if substructure i is pre-
sent in the molecule and 0 otherwise. The similar-
ity of two structures A and B was defined by the 
Tanimoto index t [7] 

t  =  Σ AND(diA, diB) / Σ OR(diA, diB) 

AND denotes the logical "and" operation, and 
OR the logical "or" operation; summation is cal-
culated over all 135 descriptors. t is in the range 0 
to 1; the value 1 is obtained if all descriptors are 
pairwise equal.  

2.3. Similarity between the structure of a test 
compound and the hitlist structures 

The quality of a hitlist - in terms of high struc-
tural similarity to the structure of the test com-
pound - was defined by an averaged Tanimoto 
index, th  

th  =  (1/h) Σ tj            with  j = 1 ... h 

h is the number of hits considered, and tj is the 

Tanimoto index calculated from the structure of 
the test compound and hit j.  

A spectral similarity search method was charac-
terized by averaging the results for n randomly 
selected test compounds. Th is the averaged struc-
tural similarity between the n test compounds and 
the corresponding first h hits. Th  ranges between 
0 and 1. If the spectral similarity actually reflects 
the structural similarity then maximum values for 
Th  are expected for a low number of h. Different 
spectral similarity search methods were compared 
by comparing the corresponding results for Th  as 
a function of h.  

 
3. Results 
3.1. Databases and software 

The IR database used consists of 13484 com-
pounds and is part of the SpecInfo system [8]. 
The MS database used consists of 60909 com-
pounds and is part if the NIST mass spectral da-
tabase 98 [9]. Chemical structures for both spec-
tral databases were available as connection tables 
(Molfile format).  

Substructure searches for the calculation of sub-
structure descriptors were performed by software 
SubMat [10]. Most other software used was de-
veloped using Matlab 6 (The Mathworks, Inc.). 

3.2. Infrared spectra 

A random sample with 200 test compounds was 
selected from the IR database. For each test com-
pound a hitlist containing the compounds with 
the most similar spectra was determined; the 
compound identical to the test compound was ex-
cluded. Figure 1 shows the averaged structural 
similarities T between the hitlist compounds and 
the test compounds. From this result is evident 
that in general the structure(s) of the first hit(s) 
has (have) highest similarity with the structure of 
the test compound.  

The results obtained from hitlists can be com-
pared with two extreme situations. First is the 
generation of pseudo hitlists by selecting the 
compounds randomly from the database. In this 
case the structural similarity of hitlist compounds 
corresponds to the average Tanimoto index 
within the database, which is 0.23 (with a stan-
dard deviation of 0.13). The averaged structural 
similarities using hitlists are in the range 0.5  to 
0.7 and thereby significantly higher than the 
mean within the database. 

The other extreme is to search for the compounds 
with highest structural similarity to the test com-
pound. Such pseudo hitlists exhibit the maximum 
structural similarity that can be obtained with the  
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Fig. 1. IR data: Averaged structural similarity T 
between test compounds and h hitlist compounds. 
OPT, pseudo hitlist containing database struc-
tures with maximum similarity to test compound; 
SIM, hitlist by spectral similarity; RAN, pseudo 
hitlist containing a random selection of the data-
base. 
 

 

used database. As shown in Figure 1 these maxi-
mum values are considerable higher than those 
obtained from hitlists based on spectral similarity. 

Further experiments indicate that a representation 
of IR spectra by only 100 data points (instead of 
801) does not reduce the structural similarity of 
the hitlist compounds.  

3.2. Mass spectra 

A random sample with 200 test compounds was 
selected from the MS database. For each test 
compound a hitlist containing the compounds 
with the most similar spectra was determined; the 
compound identical to the test compound was ex-
cluded.  

Figure 2 shows two curves of the averaged struc-
tural similarity, T , versus the number of hits, h. 
One curve is for using peak intensities in the 
similarity criterion, the other for a new approach, 
namely using spectral features. As with IR data 
the structure(s) of the first hit(s) has (have) high-
est similarity with the structure of the test com-
pounds. The new approach with spectral features 
yields significantly better results than obtained 
with peak intensities. Generation of spectral fea-
tures from low resolution MS data has been de-
scribed elsewhere [6,11,12]; a summary is given 
in Table 1. 

In Figure 3 the first three hitlist structures ob-
tained by these two methods are given for a se-
lected test compound. For comparison also the 
results are given as obtained by the software dis- 
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Fig. 2. MS data: Averaged structural similarity T 
between test compounds and h hitlist compounds. 
FEAT, 658 features used for spectral similarity; 
INT, peak intensities (% base peak) used for 
spectral similatrity. 

 

 

 

Table 1. Mass spectral features  

group feature description 

1 
 
2 
 
 
3 
 
4 
 
5 
 
6 
 
 
7 
 
8 

intensities (% base peak) at single masses 
(m/z 25-150) 
intensities at single masses normalized to 
local ion current (window of 7 masses, 
m/z 25-150) 
averaged intensities of mass ranges m/z 
25-39, 40-70, 71-100, 101-150 
logarithmic intensity ratios of peaks with 
mass differences 1 and 2, m/z 25-150 
modulo-14 summation for mass ranges 
25-120, 25-250, and 121-250 
autocorrelation for mass differences of 1, 
2, and 14-60 in mass ranges 25-120, 25-
250, and 100-250 
spectra type features describing the distri-
bution of peaks 
peak series features that characterize the 
joint presence of peaks at given masses 

 

tributed with the NIST mass spectral database 98. 
This system uses a library with 108000 com-
pounds; the applied spectral similarity criterion is 
not published in detail. Best results were obtained 
with the new approach using spectral features in 
the calculation of spectral similarities; average 
Tanimoto index T3 of the first three hits is 0.783. 
Only poor results were obtained using peak 
intensities (T3 is 0.146). Result from the NIST 
system with T3 = 0.612 is considerably lower 
than that obtained with the new approach. 
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Fig. 3. MS data: Hitlists obtained by three different methods of spectra similarity search. A, this work, using 
peak intensities; B, this work, using spectral features; C, NIST MS database system. Numbers near the struc-
tures are Tanimoto indices calculated from the structure of the test compound and the structures of the hitlist 
compounds; T3, mean of Tanimoto indices for the first three hits. 
 

 
4. Conclusions 
Hitlists from spectral library searches in IR and 
MS databases have been investigated in terms of 
the structural similarity between hitlist structures 
and structures of query compounds. The first hits 
(corresponding to the most similar spectra) ex-
hibit highest structural similarity. For MS the use 
of spectral features (instead of peak intensities) 
for calculating the spectral similarity yields a sig-
nificant improvement of the structural similari-
ties. The presented method provides an objective 
approach for an evaluation of spectra similarity 
searches for situations in which the unknown is 
not contained in the database. 
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