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Introduction: The olfactory system in chronic animal experiments is studied according to the records of bioelectric activity 
recorded with microelectrode arrays located on the dorsal surface of the olfactory bulb. It is believed that the response of the 
olfactory bulb bioelectric activity to the odorant presentation is associated with fluctuations synchronized by respiration and 
belonging to the range of so-called gamma rhythms. Purpose: To develop a method of automatic search for time boundaries of 
odor-induced gamma rhythm patterns in the bioelectric activity of an olfactory bulb. Results: The complexity of automatic search 
for odor-induced patterns are due to masking them by spontaneous oscillations of gamma rhythms unrelated to the olfactory 
system activity. Besides, the modal frequency of the patterns is a priori unknown and changes dynamically during an experiment 
on an anesthetized animal. The Hausdorff distance is used as a cost function of the search. In order to increase its sensitivity, 
an adaptive band-pass filter was synthesized based on a multichannel singular spectrum analysis. Its passband in the analyzed 
time sample corresponds best to the spectrum of the required patterns. The results of experiments on rats are presented. The use 
of band-pass filters based on the Fourier transform with parameters unchanged during the experiment due to the non-stationary 
nature of the frequency characteristics of the desired patterns does not ensure their effective search. In particular, when using the 
Butterworth band-pass filter in the search algorithm, significant errors were observed in determining the time boundaries of the 
epochs of patterns, and omissions of patterns. But the use of a synthesized adaptive band-pass filter provided reliable automatic 
search for patterns and determination of their time boundaries with a high accuracy. Algorithm failures in this case were observed 
only in rat motion artifacts. Practical relevance: The developed method extends the existing tools used to study the olfactory 
system of a living organism. 
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Introduction

Experimental studies of the olfactory system in 
chronic animal experiments presume the analysis of 
multidimensional time records of bioelectric activ-
ity (BEA) of the olfactory bulb (OB), recorded with 
microelectrode arrays. The observed BEA reflects 
the averaged aggregates of synaptic, neuronal, and 
axonal activities of neuron groups which represent 
the functioning of the neural network in the volume 
of tissue [1, 2]. The difficulties of the research in 
this case are mainly due to the fact that the appli-
cability of the event-related potentials (ERPs), a 
well-proven method in studying other sensory sys-
tems, is fundamentally limited here. Classically, 
the ERPs method is based on a dogma that there is 
a certain synchronizing factor, a stimulus label. In 
experimental studies of the somatosensory, visual 
or auditory system of a living organism, the time 
moments of their external influences are known 
quite accurately. This allows us to reasonably sum-
marize a large number of EEG fragments which 

immediately follow the presentation of a stimulus, 
reflecting a weak BEA response from the organ-
ism. Thus, averaging the selected epochs by their 
implementations makes it possible to pick out ERPs 
components in the EEG against the background of 
other oscillations unrelated to the BEA response of 
the sensory system under study.

In the olfactory system, the main synchronizing 
factor is the moment of inhalation. Normally, respira-
tion is characterized by variability in frequency and 
depth of inhaling [3]. Respiratory activity patterns 
affect the temporal structure of the sensory input and 
subsequent processing in the brain [4], amplifying 
the modulation of the incoming sensory signals [5]. 
Such variability, especially taking into account the 
weak reaction of the olfactory system to a low concen-
tration of odorants makes it impossible to accurately 
determine the initial moment of the organism’s reac-
tion and, thus, to perform multiple summation of the 
response ERPs. Besides, the latency (duration) of a 
reaction to the presentation of odorants in the BEA 
structures of an OB is still unclear; this reaction is 
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determined both by changes in the air concentration 
of the odorant and by the adaptation of the olfactory 
system to the presented odorant at different levels of 
its organization, or by other reasons.

The activation mechanisms and information 
coding principles used in the olfactory system are 
not fully understood yet, unlike the other sensory 
systems. At present, it is generally accepted that an 
OB, when an odorant is presented, produces a BEA 
response associated with fast gamma oscillations 
synchronized with the respiration and related to the 
frequency range 30–150 Hz [1, 2, 6]. The difficulties 
in the automatic search for epochs containing such 
odor-induced gamma rhythm patterns are caused 
by the following reasons. The activity pattern has 
a narrow-band spectrum within 30–150 Hz, and 
at certain moments of observation the spectrum 
width can be only 20–35 Hz. Moreover, its modal 
frequency is not only a priori unknown; it is also not 
constant, dynamically changing during the experi-
ment, in particular, on an anesthetized animal. The 
pattern duration is 20–25% of the respiration peri-
od, falling on the final phase of the inhalation, and 
the amplitude is only 10–30% of the recorded BEA 
record amplitude. Thus, odor-induced patterns are 
masked by other rhythms of a close frequency range 
which have a significantly higher amplitude, and by 
spontaneous gamma oscillations of a strong intensi-
ty with close frequency spectra.

The existing approaches to solve similar prob-
lems of search and time-axis localization of a pri-
ori undefined structures of unknown frequency 
oscillators are well developed. For example, there 
is a widely used technique which, through win-
dowed Fourier transform, or through discrete or 
continuous wavelet transforms, turns a temporal 
representation into a time-frequency one, and runs 
a search based on various entropy criterion func-
tions. Such methods were used in the problems of 
identifying the effects of alcohol on EEG [7], as-
sessing cardiac rhythm irregularities by ECG [8], 
diagnosing epilepsy [9], and others. 

However, it is the temporal non-stationarity in 
the frequency characteristics of gamma rhythm 
patterns that makes it impossible to use many of 
the existing approaches for their search. For exam-
ple, the authors of [10, 11] discuss methods which 
allow you to detect low-intensity gamma oscilla-
tions in EEG when their frequency spectra are al-
so unknown and close to the characteristics of the 
noise components. But the additional criterion 
functions introduced here in order to select the fre-
quency range most suitable to the spectrum of the 
sought patterns can be used only if the frequency 
characteristics of the patterns are stationary over 
the observation interval.

Therefore, in order to expand the available tools 
for studying the olfactory system by a recorded 

BEA, we need a method of automatic search for the 
time boundaries of odor-induced gamma rhythm 
patterns.

Formalization of the problem 

Using the microelectrode array on the dorsal sur-
face of an OB, at time moments t[t0; T] we record 
a multidimensional time series of BEA S(t)(S1(t), 
S2(t), …, SJ(t))T, where t0 is the initial moment equal 
to zero by default; T is the current sampling inter-
val; J is the number of electrodes in array; and T is a 
transpose operator. Thus, for a sampling interval T 

at each jth  1  ,j J  channel of array, the observed 

BEA can be presented as a one-dimensional time se-

ries     1,
K

j j k k
S T s


  as large as KT t numbers, 

where t is the discretization interval. At short 
time intervals significantly smaller than the sam-
pling interval T, the presence of periodic odor-in-
duced BEA is assumed, manifested in the form of 
low-amplitude patterns. The frequency spectrum of 
the narrow-band patterns is unknown beforehand; 
it refers to the range of 30–150 Hz, changing dy-
namically during the experiment. The problem is to 
find temporal epochs in the recorded signal which 
would contain such patterns.

Synthesis of an adaptive narrow-band 
band-pass filter

To solve the problem, it is reasonable to use the 
traditional approach when the search is performed 
within a certain sliding time window, much smaller 
than the sampling interval T. The criterion function 
for that should reflect the presence or absence of the 
desired gamma rhythm patterns in the current win-
dow. Apparently, ensuring a sufficient sensitivity of 
such a function when searching for low-amplitude 
patterns is possible on the basis of preliminary fil-
tering of multidimensional BEA records in order to 
select the frequency range of interest. Experimental 
studies have shown that due to the presence of noise 
in the BEA records with frequency spectra close to 
the spectra of the sought patterns, the use of band-
pass filters (BPF) with a priori specified parameters 
does not ensure that the criteria search functions 
are sensitive enough. In the multidimensional signal 
S(t), we need to pick out a narrow frequency range 
which would most closely match the spectrum of the 
sought patterns. Besides, it should be taken into ac-
count that the synthesized BPF must be adaptable to 
temporary fluctuations in the frequency character-
istics of the sought patterns.

In order to synthesize a BPF that meets the for-
mulated requirements, it is a good idea to apply 
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the technique of Singular Spectrum Analysis of 
time series (SSA), also called “Caterpillar” in its 
Russian version [12–14] or, in the multidimension-
al case, MSSA (Multichannel SSA). It allows you to 
synthesize a set of one low-frequency filter (LFF) 
and (M – 1) linear BPFs. After applying the MSSA 
technique at a sampling interval T (see Appendix), 
we can use a set of M filters to split a multidimen-
sional record S(T) into M time series, so-called re-
constructed components (RCs), of the same dimen-
sion JNk as the original record S has:

   T1 1 1 2 1 1 ,, , ,... JT S S SS     ..., 

    T1 2 ., , ,...M M M J MT S S SS      (1)

The frequency spectra F1, …, FM of the RCs 
(1) are sorted in ascending order, and the upper 
boundaries of the spectra satisfy the inequality 

â â â
1 2 ,Mf f f    where â 0 5 ;,M sf f  fs1t is the 

sampling frequency. The sum of the narrow-band 
RCs is the initial multidimensional time series

 
       1 2   .... MT T T T   S S S S     (2)

Varying the number of filters M leads to chang-
es in their passbands. The frequency spectra F1, 
…, FM of the RCs change in a similar way (1). 
Therefore, when varying M based on the features 
of the signal under study and selecting the required 
RCs (1), we can separate the harmonic components, 
even those which intersect in the time-frequency 
space [15–18]. 

In order to simplify the synthesis of the required 
BPF, let us restore the narrow-band signal by just 
one multidimensional reconstructed component 

 m TS   1  ,m M  from (1). In [12, 17, 18] it is 

shown that the number M can be constrained by an 
upper limit Mmax  0,5Nk. Since it is known that the 
largest possible width of the sought patterns cannot 
exceed 35 Hz, we also can find a lower limit Mmin. 
The following reasoning will help us reach our goal.

It is known that MJ counts of the eigenvector Vm 
of the averaged sample correlation matrix C (A.2) 
formed from the trajectory matrix X(T) (A.1) for 
S(T) are MJ counts of the impulse response func-

tion hm of the non-recursive mth  1  ,m M  fil-

ter [13]. The frequency response Hm is a Fourier 
transform of the impulse response function 

  1 22
0 ,,

MJ j f nj f
m m nnH e h e   

  where f[0; 0,5] 

is a reduced frequency, and the frequency response 
of this mth filter is a function of the number of fil-
ters M used in the MSSA:

 
   2  .,j f

m m mA H e A f M     (3)

Since for a given M the width of the effective 
passband Fm(M)fm

u – fm
l is the same for all the 

BPFs [12–14], where fm
u and fm

l are the upper and 
lower cut-off frequencies of the frequency response 
(3), the value of Mmin can be found from the condi-
tion

  35 .min argmax m
M

M F M    

With the reduced frequency step f1fs chosen 
in (3), we can calculate the values of the frequen-
cy response Am(f, M) in the actual frequency range 
f[0; 0.5fs] with 1 Hz resolution. Thus, when M is 
selected in the range Mmin M Mmax, the effec-
tive passband width of each BPF will approximately 
correspond to the a priori known width of the gam-
ma activity pattern spectrum.

Due to the fact that the components S1(T), …, 
SJ(T) of a multidimensional BEA S(T) measured on 
a living organism on J channels in array at the same 
time moments are produced by the same physiolog-
ical process, it would be permissible to average the 
corresponding counts of the power spectrum (PS) 
for the channels in the frequency range of interest:

 

   
1

1
;

J

j
j

f P f
J 

 P  f[30; 150] Hz,  (4)

where Pj(f) are PS values of a one-dimensional 

signal   1,
K

j k k
s


 for each count of frequency f. It 

should be noted that averaging over J channels of 
the similar on time kth counts of the components 

  1,
K

j k k
s


 with the subsequent calculation of the PS 

function is incorrect since, as we know, some of the 
J one-dimensional time series of the BEA can be 
recorded inverted.

Frequency responses of the BPF (3) have a Gaus-
sian shape [13]. Apparently, for an adaptive BPF, 
the frequency fm

max corresponding to the maximum 
of its frequency response Am

max at every moment of 
the observation should be close to the current mod-

al frequency    30 150max argmax ;
f

f f f   P  

of the sought gamma activity pattern. Hence, the 
characteristics of the required mth BPF should be 
such that the averaged PS function 

 

   
1

1
,

J

m m j
j

f P f
J 

 P    (5)

of the RC  m TS  comes nearest to the PS function 
P(f) (4), where f[30; 150] Hz. 

Based on the presented reasoning, we can make 
a final conclusion that if the optimal values of Mopt 
and mopt should be chosen from the condition 
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    2

30 150
 ;

min max

min ,m
M M M f

f f M
   

     
  

 P P

 

 max max,mf f
 

 (6)

then the spectrum of the BPF output signal  m TS  
most closely matches the spectrum of the sought 
gamma activity patterns.

Criterion function and algorithm 
of search for gamma activity epochs

Within the reconstructed narrow-band compo-
nent  m TS , the search for epochs with gamma ac-
tivity patterns can be based on the comparison of 
two adjacent non-overlapping time samples N and 
N + 1 (where N1, 2, …, Kn is the sample num-
ber), equal in volume and each containing n << K 

similar on time counts     1,

N n
m j k k N n
s



  
  and 

   1

,

N n
m j k k N n
s

 

 
  from each jth channel. If a pattern 

is present in any of these samples, this fact should 
be reflected by a corresponding criterion function. 
Thus, with the resolution of n counts, you can de-
termine the time boundaries of a pattern begin-
ning or end. The choice of a criterion function is 
determined by the choice of a metric. For example, 
Hausdorff distance (HD) dH [19–21] is used quite 
efficiently for the purposes of this kind. We will use 
this metric here.

The algorithm for search and time-axis local-
ization of epochs containing low-amplitude nar-
row-band BEA patterns will finally be as follows.

1. On the sampling interval T with a sampling 
frequency fs on J channel in array, we observe BEA 

        T1 21 1 1
,, , ,

K K K
k k J kk k k

T s s s
  

S   which 

is a multivariate time series of the dimension JK. 
The interval T is chosen to satisfy the hypothesis 
that the frequency characteristics of the sought 
patterns are stationary. Then we calculate the cur-
rent modal frequency f

max(T) of the gamma activity 
pattern.

2. With MSSA technique and a solution of the op-
timization problem (6), from the original record we 
extract a narrow-band signal  m TS  of the same di-
mension JK counts, whose spectrum most closely 
matches the spectrum of the sought patterns.

3. The multidimensional series  m TS  is divided 
into Kn non-overlapping time samples of the same 
dimensions Jn, and for all the adjacent time sam-
ples the Hausdorff distance dH is calculated. The 
size n << K of the sliding time window is chosen so 
that the a priori known duration of the gamma ac-

tivity pattern is guaranteed to exceed the value of 
nt. Then, if any of the adjacent samples contains 
an initial or final pattern border, the criterion func-
tion dH will have a local maximum.

4. Next, the subsequent K measurements of the 
BEA S(T) are accumulated on the same interval T, 
and the algorithm is repeated.

Experiments on rats

The experiments are carried out on sexually ma-
ture adult rats about 10 months old and 300–400 g 
of weight, under xylazin-zoletil anesthesia at the 
rate of 0.6 and 30 mg/kg respectively. 10–14 days 
before the experiment, in the course of a surgical 
operation, J16 microelectrodes are implanted 
into their olfactory analyzer structures. The mi-
croelectrodes are made of glass-insulated tungsten 
alloy with a tip diameter of about 5 μm and resist-
ance 0.5 M. The BEA is recorded with respect to 
two reference electrodes which are microscrews in 
the skull bones. The microelectrode matrix is fixed 
with six 0.7 mm bolts screwed into the skull bones.

The experiments are started after a complete 
postoperative rehabilitation of the animal. Under 
anesthesia, it is placed in a shielding chamber 
eliminating background electromagnetic interfer-
ence. The BEA is recorded by a 32-channel MAP 
(Multichannel Acquisition Processor) from Plexon 
Inc. with a recording frequency of 10 KHz. After 
that, the records are decimated by a factor of 10 to 
the sampling frequency fs1 KHz. The duration of 
the experiment is about 2 hours, during which the 
16-channel BEA is continuously recorded. Olfactory 
stimuli are given by spraying various odorants at 
the animal’s nose. After the experiments are com-
pleted, the animal is carried back to the vivarium 
for recovery.

Two time samples of BEA were obtained during 
the same experiment but at its different stages and 
their fragments for some of the J16 channels are 
shown in Fig. 1, a and b. Each time sample contains 
4 patterns associated with the activity of the olfac-
tory system structures. The graphs of dH search 
functions calculated using the developed BPF or us-
ing the Butterworth BPF (BBPF) for the both time 
samples of BEA are shown at the same figures. The 
interval for analysis and the sliding time window 
size are chosen equal to T6 s, n100 ms.

Results and conclusions

Figure 1 show s that the sought patterns are 
masked by spontaneous oscillations of the gamma 
rhythm range and by high-amplitude alpha and be-
ta rhythms similar in their frequency spectra and 
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unrelated to the olfactory system activity. These 
facts, as well as the inversion of the multichannel 
BEA signal in some channels, explain the low sensi-
tivity of the search function.

The research has confirmed that the use of band-
pass filters with parameters unchanged during the 
experiment does not provide an effective search, 

because the frequency characteristics of the sought 
patterns are non-stationary in time. For example, 
in Fig. 1 (the graphs “HD with BBPF”) you can see 
that when the BBPF is used in the search algorithm, 
there are gaps in patterns, and errors in determin-
ing the epoch boundaries. BBPF parameters (its 
order and cut-off frequencies) were chosen in the 

 Fig. 1. Two time samples (a) and (b) of the bioelectric activity of an olfactory bulb and Hausdorff distances using BPF 
and BBPF calculated for the both samples
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beginning of the experiment. The “best on average” 
BBPF in the experiment under discussion, using 
which the time boundaries of the gamma rhythm 
patterns were found with the least number of er-
rors, had an order 6 with cut-off frequencies 50 and 
120 Hz.

For the two samples of the original BEA shown 
in Fig. 1, a and b we calculated PS function P(f). 
In Fig. 2, a the solid line shows the graph of PS 
function calculated for the time sample of the BEA 
from Fig. 1, a and in Fig. 2, b the solid line shows 
the graph of the same PS function calculated for the 
time sample of the BEA from Fig. 1, b. The graphs 
show the PS components caused by the above-men-
tioned spontaneous gamma rhythms which are not 
associated with the olfactory system activity. It can 
also be seen how much, during the same experiment, 
the modal frequencies f

max(T) of odor-induced pat-
terns differ, equal to 106 and 83 Hz respectively for 
the considered time samples.

On the other hand, the use of a developed adap-
tive BPF provides a reliable automatic search for 
odor-induced patterns (see, for example, the graphs 
“HD with the developed BPF” in Fig. 1). The time 
boundaries of the gamma rhythm epochs are de-
termined with an accuracy not worse than 0.5nt. 
Algorithm failures in the experiments are observed 
only in cases of motor artifacts, which significantly 
distort the BEA records and are usually excluded 
from the analysis.

The obtained effect can be explained by the fact 
that a developed BPF provides filtering of S(T) so 

that the output signal  m TS has a spectrum on the 
analyzed time sample which most closely matches 
the current spectrum of the sought patterns. In 
Fig. 2, a the dotted line shows the graphs of PS func-
tion  m fP  calculated for the BEA from Fig. 1, a
and in Fig. 2, b the dotted line shows the graphs 
of the same function calculated for the BEA from 
Fig. 1, b. You can see that the developed BPF ad-
justs itself to the current spectrum of odor-induced 
patterns and excludes the signal components unre-

lated to the olfactory system activity. Due to this, 
the search function has the required sensitivity.

A final conclusion can be drawn that the devel-
oped method provides a reliable real-time automatic 
search for the time boundaries of odor-induced pat-
terns in a recorded BEA of an OB. The method can 
be used in the studies of information coding in an 
animal’s olfactory system.

Appendix. MSSA algorithm

1. By a measured multidimensional time series 

      T1 21 1 1, , ,
k k kN N N

k k J kk k k
s s s

  
S  of the di-

mension dim(S)J Nk, you build a block trajecto-

ry matrix

 1 2 ,j JX X X XX     (A.1)

where 

1 2

2 3 1 1
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, , , ,

, , , ,
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j j j k j K

j j j k j K
j

j M j M j M k j N
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 

 

 
 
   
  
 

 
 

     
 

is a Hankel matrix of the dimension dim(Xj)M K, 
built for each jth component separately; M is the 
caterpillar length (embedding dimension); K
Nk  – M + 1. 

2. You calculate the restored matrix 

   
1

M

m
m

T T


 X X  ,  (A.2)

where 

 1 1 1 1 2 1 ,, , ,JX X XX   

 2 2 1 2 2 2 ,, , ,JX X XX     …., 

 1 2, , ,M M M M JX X XX   

 Fig. 2. Functions P(f) (solid lines) and  m fP  (dashed lines) both calculated for the bioelectric activity shown in 
Fig. 1, a (a) and for the bioelectric activity shown in Fig. 1, b (b) 

а) b) 

f, Hz

 f max f max

f, Hz

PS of a BEA 
pattern, and PS 

of RCBEA PS components 
caused by spontaneous 

oscillations

P(f), P(f), 

30 50 70 91 111 131 30 50 70 91 111 131
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are block Hankel matrices generated by the 
corresponding eigenvectors Vm of an averaged 
sample correlation matrix С1 K(XXT); V(V1 … 
Vm … VMJ) is an orthogonal matrix of eigenvectors 
Vm (dim(Vm)(MJ) 1) of the matrix C, built as a 
result of ordering the eigenvectors Vm in descending 
order of their eigenvalues 1 2 … MJ 0; 
CVVT is a singular value decomposition of 
the matrix C; diag(1 2 … MJ) is a diagonal 
matrix of eigenvalues. The blocks Xm,j of the 
restored matrices from (A.2) are calculated as 
follows:
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2 1 2 1
1 1

1 1

;
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where p1,1, p2,1, …, pk,MJ are elements of a non-
centered principal components matrix.

3. The application of antidiagonal averaging 
procedures to each of the matrices 1X , …., MX  
(A.2) allows you to form M multidimensional nar-
row-band RCs  1 TS , ...,  M TS  (1). 
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Метод автоматического поиска одорологически вызванных паттернов в биоэлектрической активности 
обонятельной луковицы крысы
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Введение: изучение обонятельной системы в хронических экспериментах на животных проводится по записям биоэлектри-
ческой активности, регистрируемой с использованием микроэлектродных матриц, расположенных на дорзальной поверхности 
обонятельной луковицы. Считается, что ответная на предъявление одоранта биоэлектрическая активность обонятельной луко-
вицы связана с колебаниями, синхронизированными дыханием и относящимися к диапазону так называемых гамма-ритмов. 
Цель: разработать метод автоматического поиска временных границ подобных одорологически вызванных паттернов гамма-рит-
мов в биоэлектрической активности обонятельной луковицы. Результаты: сложности автоматического поиска одорологически 
вызванных паттернов обусловлены маскированием их спонтанными осцилляциями гамма-ритмов, не связанными с деятельно-
стью обонятельной системы. Кроме того, модальная частота паттернов априорно неизвестна и динамически изменяется в ходе 
эксперимента, в частности, на наркотизированном животном. В качестве критериальной функции поиска использована метри-
ка Хаусдорфа. В целях увеличения ее чувствительности на основе аппарата многомерного сингулярного спектрального анализа 
синтезирован адаптивный полосовой фильтр, полоса пропускания которого на анализируемой временной выборке максимально 
соответствует спектру искомых паттернов. Представлены результаты экспериментов на крысах. Применение полосовых филь-
тров на основе преобразования Фурье с неизменяемыми в ходе эксперимента параметрами в силу нестационарности во времени 
частотных характеристик искомых паттернов не обеспечивает эффективного их поиска. Так, при использовании в алгоритме по-
иска полосового фильтра Баттерворта наблюдались значительные ошибки в определении границ временных эпох паттернов, про-
пуски паттернов. Использование же синтезированного адаптивного полосового фильтра обеспечило надежный автоматический 
поиск паттернов и определение их временных границ с высокой точностью. Сбои алгоритма в этом случае наблюдались лишь при 
двигательных артефактах крыс. Практическая значимость: разработанный метод расширяет существующий инструментарий, 
применяемый для изучения обонятельной системы живого организма. 

Ключевые слова – обонятельная луковица, биоэлектрическая активность, одорологически вызванные паттерны, метрика Ха-
усдорфа, многомерный сингулярный спектральный анализ.
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