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ABSTRACT

Progress in the molecular biology of olfaction has revealed a close relationship between the structural
features of odorants and the response patterns they elicit in the olfactory bulb. Molecular feature-related
response patterns, termed odor maps (OMs), may represent information related to basic odor quality.
Thus, studying the relationship between OMs and the molecular features of odorants is helpful for better
understanding the relationships between odorant structure and odor. Here, we explored the correlation
between OMs and the molecular parameters (MPs) of odorants by taking OMs from rat olfactory bulbs and
extracting feature profiles of the corresponding odorant molecules. 178 images of glomerular activities in
olfactory bulb that are corresponding to odorants were taken from the OdorMapDB, a publicly accessible
database. The gray value of each pixel was extracted from the images (178 x 357 pixels) to fabricate an
image matrix for each odorant. Forty-six molecular feature parameters were calculated using BioChem3D
software, which was used to construct a second matrix for each odorant. Correlation analysis between the
two matrixes was first carried out by establishing coefficient maps. Results from hierarchical clustering
showed that all parameters could be segregated into seven clusters, and each cluster showed a relatively
similar response pattern in the olfactory bulb. Using the information from the OMs and MPs, we mapped
odorants in 2D space by incorporating dimension-reducing techniques based on principal component
analysis (PCA) and t-distributed stochastic neighbor embedding (t-SNE). Artificial neural network models
based on the OM and MP feature values were proposed as a means to identify odorant functional groups.
An OM-PCA-based model calibrated via extreme learning machine (ELM) was 94.81% and 93.02% accuracy
for the calibration and validation sets, respectively. Similarly, an MP-t-SNE-based model calibrated by
ELM was 86.67% and 93.35% accuracy for the calibration set and the validation set, respectively. Thus,
this research supports a structure-odor relationship from a data-analysis perspective.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

ception, particularly at the molecular level, has grown significantly
[5-7].

As the most primitive sense, olfaction plays an essential role
in our daily lives [1]. Over 400,000 chemicals are known to pro-
duce a sense of smell in people. Recent research has reported
that we can discriminate more than 1 trillion olfactory stimuli [2].
The mechanism through which olfactory perception is achieved
remained basically unknown until Richard and Buck discovered
odorant receptors and described the organization of the olfactory
system [3,4]. Since then, our knowledge regarding olfactory per-
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Research into the response patterns of neurons in the olfactory
bulb (OB) has helped clarify the mechanism of biological olfaction
[8]. The first relay station of the olfactory system is the olfactory
bulb (OB), which has a cortical structure with distinct layers and
numerous glomerular modules [9]. Molecular features of odorants
have been shown to be represented by spatiotemporal patterns of
activity across olfactory sensory neurons in the OB [10,11]. Odor-
ants are discriminated and recognized in mammal brains through
analysis of these glomerular activity patterns [12,13]. By imag-
ing the 2-deoxyglucose uptake in rat glomeruli, Johnson and his
team systematically mapped spatially odorant-evoked activity into
two dimensional (2D) images for more than 300 odorants [14],
and these odor maps now comprise a database (OdorMapDB) that
can be freely accessed (http://gara.bio.uci.edu/) [15]. Johnson et al.
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Fig. 1. Schematic diagram of data processing.

concluded that clustering responses on the glomerular surface to
the molecular features of odorants is likely a general strategy for
odor encoding [ 16]. Additionally, Mori et al. have summarized nine
molecular-feature clusters that they found at stereotypical OB posi-
tions [17].

Research into the molecular biology of olfactory perception
has revealed a close relationship between the structural features
of odorants and their olfactory perception. For example, func-
tional groups and carbon-chain length play central roles in odor
perception [18-20]. Indeed, several studies have been devoted
to describing the structure-odor relationship [21,22]. For mea-
suring the similarity between two odorants, a vector containing
1664 descriptors is applied to describe the structure or shape of
molecules, and the physicochemical space (principal component
space) is used to evaluate the “distance” between them [23,24].
Further, mass spectra and infrared absorption spectra are used to
encode odors via artificial neural networks or self-organizing maps
[25]. However, olfaction is extremely complex, and a complete
understanding of the structure-odor relationship has yet to be real-
ized. Despite efforts have been made to measure smell, none can
describe all pertinent aspects of olfactory perception [26], and the
results are difficult to explain without knowledge of biology [27].

Finding basic odors is difficult because the numbers of olfac-
tory receptors and odorants are very large. While most studies
focus on attempting to connect odorant physicochemical proper-
ties to olfactory perception [28], objective information such as OB
response patterns has rarely been considered [29]. Nevertheless,
studying the relationship between olfactory response patterns and
the structural features of odorants can be helpful in understanding
the mechanisms underlying olfactory perception and for predict-

ing the structure-odor relationship [30]. Consequently, the primary
goal of this experiment was to explore the relationships between
odor-induced patterns of activity and the associated molecular fea-
tures.

We first obtained 2-deoxyglucose glomerular activity-pattern
images for 178 odorants from the Johnson freely available odor-
map database [31]. For each map, the gray value of each pixel
was extracted from the images to fabricate a 178 x 70329 image
matrix. Forty-six molecular feature parameters for the odorants
were calculated using BioChem3D software. A schematic of the
data-processing method is shown in Fig. 1. Based on the charac-
teristic variables extracted by principal component analysis (PCA),
hierarchical clustering analysis (HCA) was performed on the Pear-
son correlation coefficient maps (PCC-maps) to investigate the
effects of the molecular parameters. 2D artificial cluster maps
based on the olfactory and molecular information were generated
via t-distributed stochastic neighbor-embedding (t-SNE). Based
on these datasets, three machine learning models—learning vec-
tor quantization (LVQ) network, support vector machine (SVM),
and extreme learning machine (ELM)—were employed to establish
odorant function-group discrimination models. We then assessed
the feasibility of odor maps (OMs) and molecular parameters (MPs)
for odorant function-group classification using each model.

2. Materials and methods
2.1. Glomerular activity patterns and molecular parameters

We used glomerular activity patterns (odor maps) from the dor-
sal part of rat OB. OMs (grey image), chemical abstracts service
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Table 1
46 types of molecular parameters extracted by ChemBio 3D.

No. Molecular parameter No. Molecular parameter No. Molecular parameter

1 Boiling point 18 Total energy 35 Shape coefficient

2 Critical pressure 19 Dipole 36 Sum of degrees

3 Critical temperature 20 Number of Hbond acceptors 37 Sum of valence degrees
4 Critical volume 21 Number of Hbond Donors 38 Topological diameter

5 Gibbs free energy 22 Ovality 39 Total connectivity

6 Heat of formation 23 Principal moment 40 Total valence connectivity
7 Henry’s law constant 24 Elemental analysis 41 Wiener index

8 Ideal gas thermal capacity 25 Molecular weight 42 Core-core repulsion

9 LogP 26 LogS 43 COSMO area

10 Melting point 27 Pka 44 COSMO volume

11 Mol refractivity 28 Balaban index 45 Electronic energy

12 Vapor pressure 29 Cluster count 46 Ionization potential

13 Water solubility 30 Molecular topological index

14 Connolly accessible area 31 Num rotatable bonds

15 Connolly molecular area 32 Polar surface area

16 Connolly solvent excluded volume 33 Radius

17 Exact mass 34 Shape attribute

(CAS) numbers, and functional group labels were extracted using
semi-automatic and manual methods from the Johnson and Leon
database. Forty-six MPs for 178 odorants (Table S1) were deter-
mined using the MOPAC and GAMESS packages in ChemBio3D Ultra
11.0(2008, Cambridge Soft, Massachusetts, USA) by establishing 3D
models for odorants based on simplified strings of molecular input-
line entry specifications (SMILES). All the parameters used in this
study are listed in Table 1.

2.2. Construction of PCC-maps for molecular features

We used the following computational process to generate PCC-
maps for investigating the relationship between OMs and MPs.

Step 1. Each 357 x 197 OM was transformed into a 1 x 70329
vector. We created a matrix of odor maps (Mom) by combining the
178 OMs (gray images) (Fig. 2a).

Pi1i P2 P1,70329

Py1 P P3,70329
Mom = (1)

P178,1 P178,2 P178,70329 1 17g,:70329

Step 2. We created a similar matrix of odorant parameters
(Mop), which contained 46 molecular parameters from 178 odor-
ants (Fig. 2b).

Viin Vig - Vigs

Voi Voo - Vage
Mop = (2)

Vizg1 Vizs2 V178,46 1 178,45

Step 3. We calculated the correlation coefficients between
molecular parameters and the gray-level value of each OM pixel.
The Pearson correlation-coefficient (PCC) matrix Mpcc_map Was
defined as follows:

MPCC—map ={Rij|RiJ =Cor(Mom(i, Z), Mop(j, :)), i=1,2,3, ... 49,
j=1,2,3,...,70329}where, Mom(i, :) and Mom(j, :) indicate the i-
th and j-th row vector in Mom and Mop, respectively. Cor(x, y) was
defined in Formula (3).

N
> =R -9)
i=1

N N
PRSI eIk
i=1 i=1

where, X and y are the mean values of vector x and y, respectively.
N is the dimension of vector x or y (here, N was 70329). Thus, the
PCC matrix Mpcc_map Was established as Formula (4).

Cor(x,y) = 3)

Ri1 R R1,70329
Ry1 Rap R3 70329

MPCC—map = (4)
R49,1 R49,2 R49,70329 49%70329

Step 4. We performed HCA based on the Euclidean distances in
the latent variables extracted by PCA, and applied Ward’s method
as a similarity criterion to cluster the 46 molecular parameters into
homogeneous groups. The clustering results were then evaluated
and analyzed to investigate the relationships between MPs and
OMs.

Step 5. We reshaped each row vector of Mpcc_map asa 357 x 197
matrix and obtained the PCC-map for each MP.

2.3. Selection methods for characteristic variables

2.3.1. Principal component analysis (PCA)

PCA is generally used to extract characteristic variables from a
high-dimensional data set [32]. PCA can remove linear and dupli-
cated information by constituting principal components (PCs) from
original data. The PCs listed first in the output are selected as char-
acteristic variables according to the cumulative contribution rate,
while those listed at the end of the output are removed because of
noise [33].

2.3.2. Barnes-Hut t-distributed stochastic neighbor embedding
(t-SNE)

t-SNE is a novel, unsupervised embedding method that has been
used to visualize high-dimensional data at a lower dimension [34],
and that allows dataset embeddings to be learned. The computa-
tional process is as follows.

Step 1. Given a high dimension dataset L={x;|x; € R™, i=1, 2,
..., N}, where ¥x; is a vector (1 x m) of the i-th sample, m indicates
the total variable number of each sample, and N indicates the total
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Fig. 2. Schematic diagram of obtaining matrix of odor maps (Mom) (a) and molecular parameters (Mop) (b).

sample number in the dataset, the function d(x;, x;) is the com-
puted distance between a pair of samples. Here, we calculated the
Euclidean distance, d(x;, x;) = [1x; — x||.

Step 2. We used Formula (5) to calculate the pairwise similarities
(pjj) between the samples.

_exp(—|x; — x,1%/28%)
Sk (—lxg — x12/28%)

where 8 is the variance parameter of the Gaussian function.

Step 3. We calculated the similarity (g;;) between target values,
T={yilyi e R™,i=1, 2, ..., N}, in a low-dimensional space (m=2 or
3)using a normalized Student-t kernel with one degree of freedom.

(5)

i

-1
(1+ llyi — yi11%)
-1
S ke (1 +1yk —yil12)

Step 4. Based on Kullback-Leibler divergence measuring, we
determined the locations of the embedding points (Y).

C(Y)=KL(PIIQ) = Zzpif log% -
e i
i

The optimal low-dimensional representation Y was calculated
by minimizing C(Y). Barnes-Hut t-SNE was employed to establish
2D artificial odor maps. Here, t-SNE was calculated using the R
(version 3.2.2) package named “Rtsne” (version 0.1). More detailed
explanations of t-SNE processing can be found elsewhere [35].

(6)

qij =

2.4. Sample division method

Rational division of sample sets is crucial for improving the val-
idation accuracy of models [36]. The calibration set should include
the utmost main information from the original samples. Another
benefit of rational sample-set division is that it avoids overlap-
ping in machine-learning models. Here, the Kennard-Stone (KS)
algorithm was selected for the sample partition [37]. The details
of this process have been described by other research [38,39]. In
the current study, 178 odorants were divided into calibration and

validation sets via the KS method. The ratio of samples between cal-
ibration and validation sets was 3-1. The calibration set therefore
contained 135 samples and the validation set contained 43.

2.5. Modeling methods

2.5.1. Learning vector quantization (LVQ)

As a supervised learning algorithm for classification, LVQ is
mostly applied for pattern recognition or qualitative analysis based
on self-organizing maps [40]. An LVQ network can be optimized by
confirming the decision boundaries between neighboring groups.
The network contains three layers: an input layer, a competitive
layer, and a linear output layer [41]. In this study, LVQ1 was applied
to establish the classification models. Additional information about
this type of LVQ network can found elsewhere [42].

2.5.2. Support vector machine (SVM)

SVM s a powerful classification model based on statistical learn-
ing theory, which has been widely applied in machine vision,
image processing, and pattern recognition [43,44]. By establish-
ing a hyperplane as a decision surface, the positive-examples and
counter-examples can be divided such that they are separated by
the greatest possible distance [45]. Details regarding SVM have
been published elsewhere [46,47]. In the current study, a radial
basis function (RBF) was selected as the kernel function for the
SVM model, which was established using the Libsvm (version 2.81)
package [48].

2.5.3. Extreme learning machine (ELM)

ELM is an efficient single-hidden-layer feed-forward neural net-
work that is widely used for establishing non-linear relationships
because of its good performance at generalization [49]. ELM can also
overcome some difficulties in traditional learning methods, such as
learning rate and epochs [50]. If the number of hidden layer nodes
is assigned, the weights between input neurons and hidden neu-
rons can be chosen and fixed randomly [51]. Details regarding the
computational process for ELM can be found elsewhere [52].
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Fig. 3. Correlation map for 46 types of molecular parameters.

3. Results and discussion
3.1. Molecular parameters and functional group labels

In our previous study, PCA was carried out on the basis of 79
molecular parameters of odorants from the odor-map database
[53]. The result indicated that the number of parameters that are
important for generating odor maps was not large. Indeed, only 15
parameters showed strong relevance to the first 6 PCs. Based on the
above results and limitation of the software (Chembio 3D), in this
study we only calculate 46 parameters to carry out the analysis.

The research of Mori reveal that in the rat OB there exist nine
independent zones which is corresponding to different functional
groups [54]. Other evidence has shown that functional groups affect
odor sensation. For example, dorants with the functional group ‘-
COOH'’ are perceived as smelling like sweat [55]. The above results
indicate that functional groups may be a good labels for odor-
ant classification, and the identification of functional groups is
a better way to understand odorant sensation. We summarized
the functional group label that appeared in the OdorMapDB. The
300 odorants are labeled by seven functional groups in which
most show crossed information, especially for complicated odor-
ants with high molecular weights. For odorant classification, the
labels should not intersect each other. To simplify the model and
to improve prediction accuracy, 14 non-intersection labels col-

lected from 178 odorants were chosen to test our hypothesis (Table
S2).

3.2. Clustering characterization for PCC-maps of molecular
parameters

A correlation heat map for the 46 molecular parameters (Fig. 3)
shows that some parameters are linearly related and that some
redundant information is included in the molecular parameter
matrix. Therefore, before clustering, we performed PCA to reduce
the dimensions of the PCC-maps and MPs. Based on Euclidean dis-
tances between the first four latent variables extracted by PCA
(accumulative contribution =90.9%, Fig. S1 a), HCA was performed
to investigate the relation between MPs and OMs. The results
wereas organized and depicted by a heat map shown in Fig. 4a.
The horizontal dendrogram of the heat map shows the 46 MPs are
clustered into 7 groups. All the PCC-maps were provided in Fig. 5.
Similar response pattern is shown in each group. It indicated that
the MPs in the same group could contribute the similar informa-
tion to OMs. For example, most of parameters contained energy
information are clustered in group 1, and parameters contained
polarity information are clustered in group 2. Further, low cor-
relation coefficients are observed for each molecular feature. This
finding indicates that the relationships are non-linear, and that one
odor receptor could be linked to multiple physicochemical odor-
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ant features. These conclusions are supported by Kaeppler's and
Johnson’s work [28,56].

Through the same procedure, HCA was applied to the first 11
PCs (cumulative contribution rate =91.4%) of the Mop (Fig. S1b),
and the result is shown in Fig. 4b. Groups visualized by these heat
maps shared some similarities to the PCC maps, such as cluster 2
and cluster G, cluster 5 and cluster D, and cluster 6 and cluster F.
However, some parameters are clustered differently between the
two heat maps. This indicates that these parameters are sensitive
to olfactory information.

3.3. Mapping the odorants in t-SNE space

Next, we investigated the possibility of mapping odorants in 2D
space. Before using t-SNE, we always employed PCA to extract vital
information from the original matrixes. Generally, when PCs have
more than 85% cumulative contribution from the original dataset,
these PCs can be used to replace the originals [57]. Here, the first
80 PCs (cumulative contribution rate = 86.0%) for Mom and the first
23 PCs for Mop (cumulative contribution rate =99.0%) were used
as the inputs to the t-SNE analysis (Fig. S2). Next, the Barnes-Hut
t-SNE algorithm was utilized to plot the odor maps in 2D space.
In total, 178 odorants from odors with 14 functional groups were
mapped into 2D t-SNE space. The initial dimensions were set to 80
for Mom and 23 for Mop, and the perplexity and maximum number
of iterations were set to 50 and 10000, respectively. Table S1 shows
the details for the data calculated by t-SNE.

The artificial map generated from the olfactory information is
showninFig. 6a. Itindicates that 64.04% of samples within the same
category are clustered together (Table S3). Additionally, samples
from the chemical categories small aliphatic ester (C < 8), aliphatic
or alicyclic hydrocarbon, aromatic, and carboxylic acid are clustered
in multiple groups. This indicates that carbon-chain length is a vital
factor for aliphatic esters (cluster 1) and alcohols (cluster 9), and that
branched chains play a role in distinguishing odorants with hydro-
carbon alkanes (cluster 6) from those with carboxylic acids (cluster
12). Most odorants classified as aromatic (cluster 3, 4, and 7) are
mapped in the left of t-SNE space. However, some aromatic odor-

ants are scattered and not clustered together. We attribute this
result to insufficient numbers of samples which cannot completely
identify hidden patterns of the molecular structure. Some clusters,
such as clusters 4,7,6-1,and 10, overlapped in t-SNE space, demon-
strating that they would be smelled similarly by a rat. Compared
with olfaction information maps, cluster overlapping is observed
more in the molecular information maps (Fig. 6b). Interestingly,
some clusters, such as clusters 1,9, and 12, are clustered into mul-
tiple groups in the olfactory map, but are clustered into a single
group in the molecular information map. For example, the olfactory
images for odorants in cluster 12-1 are different from those in clus-
ter 12-2 because of the distance between these two groups in the
olfaction information map. However, in the molecular information
map, odorants in cluster 12 are clustered into only one group. This
demonstrates that 46 parameters are not enough for ideal mapping,
and that some vital functional group parameters could have been
missing from the analysis.

3.4. Functional group-identification models

To assess the potential for OM and MP to classify odorants, we
applied LVQ, SVM, and ELM classification methods to each and com-
pared the results. The features acquired by PCA or t-SNE were set
as the input data for 178 odorants, and the 14 types of functional
group labels were set as the output of the models.

3.4.1. LVQ models

To acquire optimized LVQ models, training epoch, learning rate,
and learning goal were set to 500, 0.1, and 0.05, respectively. As
a necessary parameter for LVQ networks, the number of hidden
nodes is always set by trial and error. Here, the range of hidden
layer nodes was 1-100 (Fig. S3). We chose the smallest numbers
because these were associated with greater accuracy. The numbers
of hidden layer nodes for OM-PCA, OM-tSNE, MP-PCA, and MP-tSNE
were 35, 15, 34, and 98, respectively (Table 2).

The accuracy of functional group identification for calibration
and validation sets using the four types of datasets are listed in
Table 3. The results suggest that models calibrated by PCA higher
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Fig. 5. The PCC-maps for 46 molecular parameters. The value on each pixel of a PCC-map indicates the correlation coefficient between a pixel and a molecular parameter.

All PCC-maps are clustered seven groups.

Table 2

The optimal training parameters of LVQ, SVM and ELM models.
Input data LvVQ SVM ELM
Odorant Pretreatment Input layer Hidden layer Output layer c g Input layer Hidden layer Output layer
descriptor methods nodes nodes nodes nodes nodes nodes
Odor maps PCA 80 35 14 1.000 0.100 80 54 14

t-SNE 2 15 14 1.000 0.100 2 51 14

Molecular PCA 23 34 14 5.657 0.354 23 21 14
parameters t-SNE 2 98 14 22.627 11314 2 47 14
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Table 3
Identification accuracies of LVQ, SVM and ELM models.

Odorant descriptor Pretreatment methods

Modeling approach

Accuracy (%)

Calibration set Validation set Mean

Odor maps PCA LvQ 72.09 68.89 70.49
SVM 29.63 18.60 24.12

ELM 94.81 93.02 93.92

t-SNE LvVQ 14.81 13.95 14.38

SVM 14.81 13.95 14.38

ELM 72.59 90.70 81.65

Molecular PCA LvVQ 65.93 69.77 67.85
parameters SVM 93.33 90.70 92.02
ELM 89.63 93.02 91.33

t-SNE LVQ 21.48 23.26 22.37

SVM 82.22 83.72 82.97

ELM 86.67 95.35 91.01

accuracies than those calibrated by t-SNE. Compared with t-SNE,
LVQ thus more suitable for the dataset obtained by PCA. How-
ever, LVQ identification of odorants generally poor, with the highest
accuracy being only 69.77%.

3.4.2. SVM models

The SVM kernel function was set to RBF, and 5-fold cross vali-
dation was performed to obtain the penalty factor (c) and the RBF
parameter (g). The parameters for the SVM models are listed in
Table 2, and the accuracy of each SVM model is shown in Table 3.
For the calibration set, the accuracies for the MP-PCA-SVM and
MP-tSNE-SVM models are 93.33% and 82.63%, respectively, which
higher than those observed for the OM-PCA-SVM and OM-tSNE-
SVM models (29.63% and 14.81%, respectively). Similar results are
shown for the validation sets. This demonstrates that the SVM
models calibrated by molecular information performed better than
those calibrated by olfactory information.

3.4.3. ELM models

We set the excitation function for the ELM models to “sig.” The
number of hidden layer nodes for ELM models were also deter-
mined by trial and error. Here, one model was trained 1000 times
to overcome the randomness of ELM models. The numbers of hid-
den layers were chosen based on the average accuracy across the
1000 models (Fig. S4),and equaled 54,51,21 and 47 for the OM-PCA,
OM-tSNE, MP-PCA, and MP-tSNE models respectively (Table 2). The
accuracy of functional group identification for calibration and vali-
dation sets using different datasets is shown in Table 3. The results
show that for the calibration set, the OM-PCA-ELM model was more
accuracy (94.81%) than the other models (OM-tSNE-ELM, 72.59%;
MP-PCA-ELM, 89.63%; MP-tSNE-ELM, 86.67%). For the validation
set, all models were more than 90% accuracy. The MP-tSNE-ELM
model was the most accuracy (95.35%), followed by the OM-PCA-
ELM and MP-PCA-ELM models (93.02%), and the OM-tSNE-ELM
model (90.70%). Thus, the OI-tSNE-ELM, MP-PCA-ELM, and MP-
tSNE-ELM models were more accuracy for the validation set than
for the calibration set. Although validation-set accuracy is gener-
ally lower than calibration-set accuracy, the reverse is possible if
most of the represented samples were chosen in the calibration set
that established the model [58,59].

3.4.4. Identification performance for different models

Comparing the three types of models, ELM was the best at func-
tional group identification. This was likely because ELM does well in
generalization. This is consistent with other studies showing good
prediction performance by ELM [60,61]. We also found that SVM
performed well with MP-PCA (93.33% and 90.70%) and MP-tSNE
(82.22% and 83.72%) datasets. However, poor results were observed
for OM-PCA-SVM (29.63% and 18.60%) and OM-tSNE-SVM (14.81%

and 13.95%) models. This suggests that SVM models are more suit-
able for establishing functional group-identification models based
on molecular parameters. Although MP-tSNE-ELM had the highest
accuracy (95.35%) for the validation set, its accuracy in the calibra-
tion set was only 86.67%. The model calibrated by OM-PCA-ELM
presented acceptable identification accuracies for both the calibra-
tion (94.81%) and validation (93.02%) sets. Therefore, we suggest
that OM-PCA-ELM is the optimal model for identifying functional
groups of odorants. Compared with other datasets, for functional
group identification in odorants, the features extracted from odor
maps via PCA contained more information than the 46 molecular
parameters.

3.5. Discussion

An odorant can be described by multiple molecular parameters
or by a neuronal response pattern in the mammal OB. Investigat-
ing the relationship between molecular features and OB-derived
images of neuronal activity is a challenge in developing sensor-
based machine olfaction. Many analyses have been carried out
focusing on the classification of odor descriptors or molecular fea-
ture [62-64]. The importance of the olfactory information in OB is
not fully understood and thus less attention has rarely been paid
to the image analysisi of OB. In our previous study that was based
on PCA, 15 key parameters were obtained by evaluating the corre-
lations between the molecular parameters and PCs [53]. However,
only six PCs were analyzed which might not be enough for describ-
ing all odorant features due to the complexity and nonlinearity
of the dataset. In the present study, t-SEN was applied for the
high-dimensional data analysis. t-SNE was considered to be able
to provide a competitive performance in dimensionality reduction
if compared with conventional methods such as PCA and multi-
dimensional scaling. The result shown in this study confirm that
t-SNE can be used as an effective approach to establish relationship
between molecular parameters, odor map and functional groups.

The odor clustering in olfactory bulb is not well understood due
to the limited amount of reported odorant molecules. To discover
all the primary clusters may be a massive undertaking for clarify
the mechanism of olfactory perception. The more data that can be
acquired, the higher the model accuracy will be. In this study, only
178 odorants with non-intersecting labels were considered. There-
fore, the model is applicable for limited types of chemicals. The
current model cannot predict the functional groups for molecules
with high molecular weight and complicated structures. In the
future, more odor-response images of neuronal activity in the OB
will be investigated to determine the hidden patterns in t-SNE
space. Additionally, a larger variety of molecular parameters will
be considered so that the possibility of describing an odorant by
molecular information closer to the mammal olfaction.
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4. Conclusions

In this study, we accumulated and analyzed 178 odor maps
from the LJ database and their 46 types of molecular features.
PCC-maps for molecular parameters turned out to be clustered
in seven groups, and the parameters in each group had a sim-
ilar effect on the images of olfactory responses. Low correlation
coefficients indicated that the relationship between molecular fea-
tures and the odor map responses was not linear. All odorants were
mapped in 2D space, and similar odorants were clustered together.
Compared with the cluster map generated by molecular parame-
ters, olfactory images contained more detailed information, such
as the lengths of carbon and branched chains. We tested how well
different models could identify functional groups when the mod-
els were calibrated based on olfactory information or molecular
parameters. The results showed that OM-PCA-ELM was the opti-
mal model. Although models calibrated by molecular parameters
were weaker than those based on odor maps, a comparative model
could be established if it was based on enough molecular features.
This research supports the structure-odor relationship from a data-
analysis perspective.
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