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Application of Fuzzy Clustering and Piezoelectric Chemical Sensor Array for Investigation on Organic Compounds
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Abstract The Fuzzy c-Means (FCM) clustering models were used for the discrimination of organic compounds using piezoelectric chemical sensor array data of 14 analytes. Appropriate clusters are found by the sum of the weighted quadratic distances between data points and cluster prototypes. A priori known information can be integrated into the clustering algorithm by using constrained prototypes. A sensor array was built using piezoelectric quartz crystal sensors. Four AT-cut quartz crystals with 9 MHz fundamental frequencies were applied. Sensing materials were OV1, OV275, ASI50, and polyphenil-ether. The appropriate coating materials were found by a principal component analysis. The application of the fuzzy clustering method has been proved to be reliable way of identifying similar, pure organic compounds.
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Introduction The feature extraction is the key of the data processing of the signals of a non-selective sensor array. The characteristic information contents of the signal trace have to be recorded. Different chemometric tools could be applied for this purpose. Multicomponent Analysis (MC), Cluster Analysis (CA), Principal Component Analysis (PCA), Pattern Recognition (PARC) and Artificial Neural Network (ANN) have been widely used for classification of analytes. Sensor array of nine piezoelectric quartz crystal sensors has been developed by Carey and coworkers [1]. Organic vapors were investigated using partially selective sensing materials. Multiple linear regression (MLR) and partial least square (PLS) methods were applied for data processing. Two and three component mixtures were analysed and the data processing was compared. The PLS method was superior over MLR for prediction of concentration. PCA and CA have been described in details in [2]. In cluster analysis, points related to the analytes are grouped according to their place in n dimensional space. For example, cluster analysis can be widely used for discrimination of patterns of beverages and liquors in the food industry [3]. A brief history of electronic noses was summarized by Gardner et al. [4]. Other chemometric tool for discrimination of the signals is the pattern recognition method. Piezoelectric sensor array was built by McAlernon et al. [5] and hexane, o-xylene, toluene, dodecane and tetradecane were distinguished by pattern recognition. Complex chemical pattern recognition has been established by DiNatale and co-workers [6]. A sensor array was formed by metal-oxide semiconductor gas sensors. The system has been successfully applied to recognize the different vintage years of the same kind of wine. Several sensing materials of piezoelectric quartz crystal sensors were investigated by Carey et al. [7]. Fourteen analytes were applied and 27 sensing compounds were investigated. Pattern recognition techniques were used to obtain the frequency shift data. PCA was also introduced to estimate the number of the sensors in the array. Neural network pattern recognition was applied for detection of different odorants by Chang et al. [8]. Amyl-acetate, acetoin, menthone and other organic vapours were determined by a piezoelectric sensor array. The patterns of the compounds were
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discriminated using a three-layer ANN. A composed ANN has been applied for recognition of gas mixtures by DiNatale and co-workers [9]. The sensor array was formed by six non-selective piezoelectric quartz crystal detectors. Hybrid network was developed using the feed-forward network theory and self-organizing maps. Binary mixtures of organic compounds were determined. The rate of identification was 80-100 % depending upon the class to be discriminated. An excellent solution for the analyte distinction approach is the application of fuzzy algorithm [10]. Hümmer et al. [11] applied four piezoelectric quartz sensors and fuzzy c-means method for classification of benzene, toluene, chloroform hydrochloric acid and formic acid. Non-selective but differently sensitive



sensing



materials



of



polybutadien,



polypropylene,



p-tert-butyl



calix(8)aren and povimal U2 were applied. Using the fuzzy clustering, proper classification could be performed. In this work, fuzzy c-means and fuzzy c-lines algorithms [12] were applied for classification and quantitative determination of different volatile organic compounds. Fuzzy Clustering The aim of cluster analysis is the classification of objects according to similarities among them, and organizing data into groups. A cluster is a group of objects that are more similar to other ones than to other clusters. In metric spaces, similarity is often defined by means of distance based upon the length from a data vector to some prototypical object of the cluster. The prototypes are usually not known beforehand, and are sought by the clustering algorithm simultaneously with the partitioning of the data. Therefore, clustering techniques are among the unsupervised (learning) methods, since they do not use a prior class identifiers. The prototypes may be vectors (centers) of the same dimension as the data objects, but they can also be defined as “higher-level” geometrical objects, such as linear or non-linear subspaces or functions. Since clusters can formally be seen as subsets of the data set, one possible classification method can be according to whether the subsets are fuzzy or crisp (hard). Hard clustering methods are based on classical set theory, and it requires
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an object that either does or does not belong to a cluster. Fuzzy clustering methods (FCM) allow objects to belong several clusters simultaneously with different degrees of membership. The data set, Z, is thus partitioned into c fuzzy subsets. In many real situations, fuzzy clustering is more natural than hard clustering, as objects on the boundaries between several classes are not forced to fully belong to one of the classes. However, they rather are assigned to membership degrees between 0 and 1 indicating their partial memberships. In our research work, the clustering of quantitative data is considered. The data are typically observations of some physical phenomenon. Each observation consists of n measured variables, grouped into an n-dimensional column vector



z k = [z1k ,..., z nk ] , z k ∈ ℜn . A set of N observations is denoted by Z = {z k k = 1,2,..., N } T



and represented as a n × N matrix:



 z11 z Z =  21  M   z n1



z12 K z1N  z 22 K z 2 N   M M M   z n 2 K z nN 



(1)



In the pattern recognition terminology, the columns of z called patterns or objects, the rows are called the features or attributes, and Z is called the pattern matrix. The objective of clustering is to divide the data set Z into c clusters. A



c × N matrix



U = [µ ik ]



represents the fuzzy partitions if its elements satisfy the



following conditions:



µ ik ∈ [0,1], 1 ≤ i ≤ c, 1 ≤ k ≤ N c



∑µ i =1



ik



= 1, 1 ≤ k ≤ N



N



0 < ∑ µ ik < N , 1 ≤ i ≤ c k =1



where: c is the number of the fuzzy clusters,



µ ik denotes the degree of the membership,
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(2) (3) (4)



The z k = [z1k ,..., z nk ] -th observation belongs to the 1 ≤ i ≤ c -th cluster. T



The objective of the FCM model [10] is to minimize the sum of the weighted squared distances between the data points, z k and the cluster centers, v i . The distances Di2,k are weighted with the membership values µ i,k . Therefore, the objective function is c



N



J (Z, U, V ) = ∑∑ (µ ik ) Di2,k



(5)



m



i =1 k =1



where U = [µ ik ] is a fuzzy partition matrix of Z, V = [v 1 , v 2 ,..., v c ]



is a vector of cluster prototypes (centers),



m ∈ 1, ∞ ) is a weighting exponent that determines the fuzziness of the



resulting clusters and it is often chosen as m=2.



Di2,k



can be determined by any appropriate norm, e.g., an A-norm: Dik2 = z k − v i



A



=



(z k − v i )T A (z k − v i )



(6)



The minimization of the c-means functional (Eq. 5) represents a non-linear optimization problem that can be solved by using a variety of available methods [13]. The most popular method, however, is the alternating optimization (AO), known as the fuzzy c-means algorithm (FCM-AO), which is given in the Table 1. Using points, as prototypes in the FCM, result in spherical clusters (corresponding to the A-norm). Different cluster shapes can be obtained with different norms as suggested in the Gustavson-Kessel algorithm [14], or with different kinds of prototypes, e.g., linear varieties (FCV) [12], where the clusters are linear subspaces of the feature space. An r-dimensional linear variety is defined by the vector v i and the directions s j , j = 1,..., r . In this case, the distance between the data z k and the ith cluster is:



Dik2 ==



r



(



z k − v i − ∑ (z k − v i ) A V ij 2



j =1



6



T



)



2



(7)



The corresponding fuzzy c-varieties alternating optimization (FCV-AO) brings up to determine the centers v i in step 1. (Table 1), and it computes the directions s ij as the unit eigenvectors of the r largest eigenvalues of the fuzzy scatter matrix: N T S iA = A1 / 2 ∑ µ ik (z k − v i ) (z k − v i )  A1 / 2  k =1 



(8)



If r=1, this results in fuzzy c-lines (FCL) and FCL-AO algorithm.



Experimental The sensor system A sensor array was built using piezoelectric quartz crystal sensors. Four AT-cut quartz crystals with 9 MHz fundamental frequencies were applied (GAMMA Co., Hungary). The quartz crystals were coated by different sensing materials as gas chromatographic stationary phases: OV1 (Poly-dimethyl siloxane, SUPELCO), OV275 (Poly-cyanoakryl organosilane, SUPELCO), ASI50 (Poly-methyl-phenyl siloxane, Applied Science Laboratories Inc.), and polyphenilether (Carlo Erba), respectively. The appropriate coating materials were found by experimental and theoretical way based upon a PCA [15]. Nitrogen (T 45, Messer Griesheim, Hungary) was used as carrier gas and 20 L/h mass flow were maintained by a GFM17 31 digit flow controller (AALBORG). The nitrogen was dried by a CRS 202268 packed GC column (Chromatography Research Supplies, USA) to remove the traces of water. The analyte was injected by a syringe. A NAFION drying unit (DM-060-24, Perma Pure Inc., USA) was set into the analysis flow line for decreasing the interference of the moisture. Data handling card was built and a computer program was developed to measure the frequency shift. The detailed set-up of the system was published in [16]. The connection of the fuzzy clustering method to the sensor array The fuzzy clustering algorithm can be used to handle the frequency signals
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of the piezoelectric quartz crystal sensors. The vapours of the investigated compounds were injected into the flow of the carrier gas and the analytes were adsorbed by four sensing materials simultaneously in the detector. All sensing materials gave a different response to each analytes. The decrease of the frequencies proportional to the deposited mass was recorded. The detector has four crystals, so each observation consists of four measured variables. Depending upon the sensing materials the frequency values measured ranged between 10 and 200 Hz. They are grouped into a four dimensional column vector containing the smallest output frequencies of the four detectors measured during one experiment. The ratio of the measured frequencies is characteristic and it can be used to discriminate the compounds. The same frequency ratio was found in the 100-700 vppm concentration range. When the kth experiment is performed, the computer program reads the four frequency values:



z k = [OV1k , OV275k , ASI k , POLI k ] , z k ∈ ℜ4 T



A certain amount of the analytes was generated by a vapour generator device (details in [17]). Results and discussion Identification of 14 analytes using fuzzy c-means clustering The aim of the fuzzy c-means clustering method was the recognition of the signals of 14 analytes at 600 vppm (Figure 1). Therefore, the number of clusters was equal to the number of the analytes, c = 14 , and the size of the input vector z k was equal the number of sensors. The number of observation was 21 for each analytes, so the size of the pattern matrix, Z, was (21×14)×4. The weighting exponent, m, was set to 2, in order to give a good partitioning. If m approaches one from plus infinitive, the partition becomes hard and v i , 600 is an ordinary means of the clusters, where the index 600 denotes the concentration of the analytes. As m→∞, the partition becomes maximally fuzzy ( µ ik = 1 / c ). The termination factor, ε , was set to 10-5. The fuzzy c-means clustering algorithm was realized using MATLABTM and Fuzzy Logic Toolbox [18].
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Using the proposed algorithm the prototypes (centers), summarized in Table 2, were determined. The performance of the clustering algorithm depends greatly on the randomly initialized partition matrix. The lowest c-means objective function was 1382.39. Fault classifications have not been observed. Similar compounds like alcohols (buthanol, ethanol and methanol) and aromatic hydrocarbons



like



benzene,



toluene



and



etyl-benzene



have



also



been



discriminated successfully.



Identification of 4 analytes using fuzzy c-lines clustering The application of fuzzy c-means clustering method was successful in identifying pure organic compounds at same concentrations, but it was failed for the discrimination of analytes in different amount. To solve this problem, some a priori informations were used. Due to Sauerbrey’ s fundamental equation, the change of frequency of the quartz crystal (QC) is proportional to the change of loaded mass [19]:



∆F = −2.3 × 10 6 × F 2 ×



∆M A



(9)



where ∆F is the change of the frequency (Hz); F is the basic frequency of the quartz crystal (MHz); ∆M is the change of mass (g); A is the area coated (cm2).



It can be seen that the mass sensitivity of a QC can be directly calculated from its resonant frequency. Thus, no individual calibration is required provided that the deposited material covers crystal surfaces entirely. Using a calibrated microbalance as a reference, Saurbrey found that experimentally obtained mass sensitivity value of 14 MHz AT-cut QC resonators was accurate to within 2 % of the theoretical value for deposited mass of up to 20 µg/cm2 [19]. However, calibration curves are prepared for each analyte to be measured and the linear ranges depend on the type of analytes and sensing materials. 9



After injection, adsorption and desorption processes were recorded in only some hundreds of msec. Using volatile organic compounds in 600 vppm concentration, the adsorption mechanism was in the linear part of the adsorption curve. The frequency change recorded was an equilibrium response signal. The recovery rate was the same for all analytes in the applied concentration range. The reversibility, selectivity and sensitivity of the piezoelectric sensors to vapours rely on the sensing materials. One simple non-selective sensor is not able to differentiate and can not be used directly to measure the concentrations of analytes. Using sensing materials as GC stationary phases the sensor array shows low selectivity on the organic compounds. But, as it was mentioned earlier, the ratio of the measured frequencies of different type of sensors is characteristic, and can be used to discriminate the compounds. Considering this knowledge, the clusters have to be linear type (r=1) and the axes of the linear type clusters crosses the origin (if ∆M = 0 then ∆F = 0 ). In this case s i1 have to be equal with



s i1 =



vi vi



(10)



instead of the unit eigenvectors in the fuzzy scatter matrix (Eq. 8). By using Eq.10, the clustering results can be improved by incorporating a priori knowledge on the data into the clustering algorithm. So, the clustering is faster, since there is no need to solve the eigenvector problem in Eq.8. Four analytes were selected to perform a set of experiments in 100, 200, 300, 400 and 600 vppm (Figure 2). The number of the linear clusters was equal to the number of the analytes. Twenty-one observations were taken for each analytes at a given concentration, so the size of the pattern matrix, Z, was (21×5× 4)×4. The weighting exponent and the termination factor, ε , was set as previous. The fuzzy c-lines clustering algorithm was realized using MATLABTM. As the result of the algorithm, the prototypes (centers) summarized in Table 3, were determined. The lowest objective function was 655.66. In this case no miss-classification was observed. No interferences due to the different concentrations have been experienced.
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Quantitative determination of four analytes As it was proposed in the previous chapter, the fuzzy c-lines algorithm was able to qualitatively classify the analytes in different concentrations. Based on these results the concentration of the identified compound can be determined. As Eq.9 shows, the signal of chemical sensor is directly proportional with the concentration of analytes. Therefore, using the c-means prototype of the examined analytes at 600 vppm, v i , 600 , the concentration can be estimated as follows:



qi =



zi v i , 600



⋅ 600



(11)



To demonstrate the applicability of this method, the concentration of the acetone was determined (Table 4). The standard deviation of the estimated concentration is approximately identical in every concentration and equal to 2,29. This value is almost the same with the standard deviation obtained from the measured data. Results calculated by fuzzy algorithm were compared using PCA method [15]. The factors for benzene, toluene, methanol and pentane were calculated and an essential similarity was observed. The characteristic values for chloroform, acetone and cyclohexane were well separated and were found far from those of the aromatic hydrocarbons. Acetone, chloroform and cyclohexane could be identified in a mixture by the piezoelectric sensor array developed. Due to the identical adsorption features of benzene and toluene on the sensing materials, the two aromatic hydrocarbons could cause interference and they could not be identified in a mixture. The determination of the aromatic compounds was also interfered with by methanol and pentane. This method was applied for characterization of seven organic compounds, since the others could not be identified by PCA [15]. The problem was solved by fuzzy algorithm. If the eigenvectors of the sensing materials were different, organic compounds could selectively be identified. However, similar factors for benzene, toluene, methanol and pentane were observed. The characteristic eigenvalues for compounds with different structure and polarity, like chloroform, acetone and cyclohexane, were 11



well separated. These analytes were successfully identified by PCA algorithm. The fuzzy c-means algorithm has proved to be better in the discrimination of analytes with similar structure, like benzene and toluene. Fourteen organic compounds (Table 1.) can be distinguished by fuzzy clustering. Similar alcohols, aromatic hydrocarbons and open chain hydrocarbons were easily discriminated (see Fig. 1a.). Conclusions The application of the fuzzy clustering algorithm was remarkably advantageous if the measured property (mass, concentration, ect.) should not be connected exactly to the signal of transducers of a chemical sensor. The frequency responses of the detectors were analysed. The clustering results can be improved by incorporating a priori knowledge on the data into the clustering algorithm. The application of the fuzzy c-means and fuzzy c-lines algorithms method has been proved to be a reliable way of qualitative classification and quantitative determination of similar, pure organic compounds.
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Figure 1a. The measured frequencies at 600 vppm Figure 1b. The measured frequencies at 600 vppm (Enlarged from the framed part of Figure 1a.) Figure 2. The measured frequencies at different concentrations
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Table 1. The algorithm of fuzzy c-means



Initialization: Given the data set Z, choose the number of clusters c, the weighting exponent m, the termination tolerance ε > 0 and initialize the partition matrix randomly. Repeat for l = 1,2,... Step 1.: Compute the cluster centers:



∑ (µ ) N



vi(l ) =



(l −1) m zk ik



k =1 N



, 1≤ i ≤ c



∑ (µ )



(l −1) m ik



k =1



Step 2.: Compute the distances: Dik2 = z k − v i



2



=



(z k



− v i )T A(z k − v i ), 1 ≤ i ≤ c, 1 ≤ k ≤ N



Step 3.: Update the partition matrix: If Dik > 0 for



1 ≤ i ≤ c, 1 ≤ k ≤ N ,



1



µ ik( l ) =



 Dik  ∑  j =1  D jk c



2



 m−1   



otherwise



µ ik(l ) = 0 until U (l ) − U ( l −1) < ε
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Table 2. The c-means cluster prototypes, v i , 600 , at 600 vppm



Analytes



OV1k



OV275 k



ASI k



POLI k



mark s



Acetone



-111.380



-261.380



-251.380



-391.380



Benzene



-97.378



-26.381



-41.381



-126.382



Buthanol



-321.380



-29.380



-14.380



-76.380



Cyclohexane



-161.380



-176.380



-4.380



-101.380



Ethanol



-75.377



-22.374



-41.373



-126.374



Etylbenzene



-86.379



-21.379



-13.379



-157.378



Heptane



-187.379



-20.380



-41.379



-116.380



Chloroform



-151.380



-121.380



-179.380



-451.380



Methanol



-76.379



-31.378



-51.378



-51.379



Nitropropane



-129.380



-133.380



-64.380



-195.380



Pentane



-178.381



-49.381



-31.381



-171.381



Pentanone



-275.380



-131.380



-5.380



-332.380



Pyridine



-164.377



-33.377



-13.377



-156.377



Toluene



-101.379



-27.380



-43.380



-70.379
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Table 3. The c-lines cluster prototypes



Analytes



Z1(OV1)



Z2(OV275)



Z3(ASI)



Z4(POLI)



mark s



Acetone



-60.015



-140.060



-134.657



-209.501



Benzene



-53.530



-14.607



-23.154



-69.418



Chloroform



-81.531



-65.499



-96.557



-241.834



Pentane



-96.948



-27.233



-17.507



-92.920



Table 4 The results of the qualitative determination of acetone



True value



Mean



(vppm)



estimated (vppm)



100



102.285



200



201.957



300



301.418



400



400.357



600



600.002
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Figure 1a. The measured frequencies at 600 vppm
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 See Fig. 1b. 
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Figure 1b. The measured frequencies at 600 vppm (Enlarged from the framed part of Figure 1a.)
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Figure 2. The measured frequencies at different concentrations
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