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Abstract

With the aid of Raman spectroscopy, the vibrational spectrum of molecules can be examined. Functional groups like amino, carboxyl or hydroxyl groups can be identified through characteristic vibrational frequencies. An automatic system is necessary in order to use RAMAN spectroscopy for high-throughput screening. We describe in this paper our novel method for automatic RAMAN spectra identification. The method is based on a featureless representation. The representation calculated based on delta modulation. Is a 0/1 sequences which can be used for comparison between different spectra's. Three different similarity measures, the Hamming distance, the Levenshtein distance, and the Damerau-Levenshtein distance, have been studied. The pros and cons of these three distances are discussed in this paper. Finally, we present a novel and powerful method for spectrometer interpretation. 




Introduction

Specific molecular interactions between bio-molecules form the basis for nearly all biochemical processes in living cells [1]. The bonding between a protein and a ligand, between complementary DNA single strands, between enzymes and their substrates, or between a receptor and its stimulus are all based on specific molecular interactions. The detection and analysis of these interactions are necessary for the understanding of biochemical processes as well as for the development of new active pharmaceutical ingredients.


With the aid of Raman spectroscopy, the vibrational spectrum of molecules can be examined. Functional groups like amino, carboxyl or hydroxyl groups can be identified through characteristic vibrational frequencies. The specific interaction between biological molecules is usually based on hydrogen bonds between functional groups. Because hydrogen bonding affects the force constants between the atoms of a functional group, its vibrational frequencies will show a significant shift compared to the free functional group. The relation between the energy of the hydrogen bond and the frequency shift is called Badger-Bauer relationship [2]. When recording two spectra of the free and the bonded protein under identical conditions and subtracting the spectra, a Raman difference spectrum can be calculated that shows frequency shifts with high sensitivity [3].

We have therefore worked on a system for automated RAMAN screening. Our specific interest concerned the development of a novel software system that can automatically pre-process and analyze RAMAN spectra. We introduced a novel technique to smooth and code the spectrometer signal in a featureless way so that it can be easily interpreted by a similarity-based method. This technique makes it easy to store a huge number of signals without the need of a large memory. Therefore, it can be implemented in a fast computing circuit for high-performance computing.

In this paper, we will explain the architecture of the automated Spectrometer System in Section 2. The architecture of the automated spectrometer signal analysis system is explained in Section 3. The novel smoothing and coding technique based on the Delta Modulation is described in Section 4. The similarity measures are presented in Section 5. A comparison of different representations based on different delta modulation methods and different similarity methods will be given in Section 6. Finally we summarize our work in Section 7.

Architecture of the Automated Spectrometer System

A system that can automatically screen and interpret biomolecular interactions based on RAMAN Spectroscopy has been developed (Figure 1). The system consists of a special probe handling carrier well suited for small sample sizes. A special RAMAN Spectroscope has been developed. Raman spectra can be recorded from protein solution, but also from protein crystals. Focusing of the laser enables the measurement of spectra from crystals even if only very small crystals are present. Because of the high concentration of protein in the crystal, good signal to noise ratios can be obtained. Protein crystals contain a large amount of water and can be used in binding studies. Small ligands can diffuse into the crystal and bind to the proteins. This can be analyzed with the help of Raman spectroscopy [4].
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 Figure 1:   RAMAN Spectroscope



Raman spectroscopy

For clarity reasons we provide a short description of Raman spectroscopy taken from [1]. As the concept of difference spectroscopy is based on the comparison of similar spectra, it is important to record spectra with excellent signal to noise ratios, so that small spectral changes induced by the ligand bonding can be detected. A confocal optical system using a microscope objective with high numerical aperture and a laser for excitation of Raman signals enables good collection efficiencies. The same objective is used for excitation and collection of Raman signals, so the analysis needs only one optical access. Microtiter plates with a glass bottom are used to carry the samples and the optics is placed under the plate. This is ideal for high throughput screening because no expensive cuvettes are needed. Another advantage of the confocal setup with the strong focusing of the Laser is an inherent reduction of fluorescence in relation to Raman signals. The high laser intensities lead to strong saturation and bleaching of the fluorescence whereas the Raman signals cannot be saturated. The Laser is focused to a spot of less than one μm diameter, so the sample volumes can also be very small. To prevent the protein solutions from drying, small sample droplets can be placed under oil that inhibits evaporation.

Figure 2 shows the schematic experimental setup with the components laser, spectrometer and optics for the separation of laser light and Raman signals. The Laser is an external cavity diode Laser emitting at 785nm with a spectral bandwith of only 1MHz and nearly 1W optical power [5]. The Laser can be spectrally shifted for about 14cm-1, this can be utilized for the reduction of fluorescence by a technique of shifted excitation [6].

The Czerny Turner spectrometer is equipped with three different gratings for overview spectra (maximum spectral range 2800cm-1) and for a detailed analysis of smaller regions of the spectrum (maximum resolution 0.5cm-1). The recording of the spectra is done with a cooled CCD detector with low readout noise and high quantum efficiency [7]. A compact optical module for the separation of Laser light and Raman signals was developed and built at the Fraunhofer Institute for Laser Technology ILT that is shown in Figure 3. The module consists of a microscope objective with high numerical aperture (NA=1,2) for focusing of Laser light and collection of Raman signals. The Laser beam enters the module with the help of adjustable mirrors and it is filtered with a line filter prior to irradiating the sample. A dichroic mirror and an edge filter separate the Raman signals from reflected Laser light and Rayleigh scattering and a second objective focuses the Raman signals into an optical fiber leading to the spectrometer. 



[image: ]

 Figure 2:    Schematic experimental setup. The adjustment sensitive components (microscope objectives, filters, optical fiber) are integrated in a compact optical module.
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 Figure 3:      Optical module fort the separation of Laser light and Raman signals. Three dimensional technical drawing on the left and the complete module on the right hand side. The optical fiber that is connected to the module leads to the spectrometer.



Signal analysis and interpretation

A new signal analysis program has been developed that can preprocess the RAMAN spectrometer signal, automatically extract peaks, and describe the signals by specific signal parameters that enable automatic interpretation of the peaks of the spectra is presented. The software is based on an incremental learning procedure so that knowledge about the spectral characteristics of various proteins and ligands can be learned over time and used for automatic interpretation. 


Architecture of the Automated Spectrometer Signal Program
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 Figure 4:    Memory for Coded Spectrometer Signals Feature Less Representation of the Spectrometer Signal.



The architecture of the automatic spectrometer identification system is shown in Figure 4. After preprocessing the spectrometer signal, the signal is coded into a featureless representation by a delta modulator. The delta modulator codes the signal into a sequence of 1 and 0. While this is done, the signal is smoothed by a stepwise function. The featureless representation makes it unnecessary to develop special high- level features that describe all interesting properties of the spectra. The sequence itself can be interpreted in different ways. It can be analyzed for identity, similarity of the whole sequence, or for partial identity or similarity. This enables identification of part-spectra, special single peaks, or peak combination within a spectrum.

This sequence is compared to sequences of reference spectra stored in a memory. The name of the spectrum where the coded sequence gives the highest similarity is output to the user. A side effect of coding is also that the spectrum is not stored with its real values but instead it is stored as 0/1 sequence. This saves memory capacity and makes implementation of the method in a special purpose processor possible. When no similar sequence is found in the data base, the input spectrum is stored in the data base after it has been coded by the delta modulator. This data collection is necessary since the appearance of the spectra for different proteins is not known yet.

In this special case, the pre-processing of the RAMAN spectra is a baseline correction [8], a Fourier transformation to eliminate the influence of the special system device and its parts [5], and the calculation of the difference between the spectrum of the buffer and the spectrum of the liquid in the buffer.

Featureless Representation of the Spectra by Delta Modulation

The delta modulator compares the actual signal value s(i) with an estimated signal value r(i) of the coder. This difference e(i) is coded by only one bit. Three different methods exist to estimate and predict the signal value: linear delta modulation (LDM) [9], constant factor delta modulation (CFDM) [10], and  continuously variable slope delta modulator (CVSD) [11,12]. We study how these methods work on spectrometer signals and what kind of similarity measure is appropriate for the resulting representation of the spectrometer signal.

Linear delta modulation
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 Figure 5:    Sampling Frequency.



In case of the linear delta modulation (LDM), the difference e(i) between the actual value s(i) and the estimated value r(i) at sampling point i is formed, (Figure 5). Coding is done only in the direction of the modification (D.. = "1" positive, D.. = "0" negative). This binary signal D(i) is stored in the memory. At the same time, the magnitude of the signal expected at the next sampling point i is estimated based on it. The corresponding rule is:


 [image: ]

The incremental size is a constant value which has to be selected as a function of the effective value δA of the first-order difference signal Δ(i) = s(i) - s(i -1) .

For reproducing the signal (which is not necessary here since we do not want to reconstruct the signal), an inversely functioning decoder then generates the original curve by means of the binary signal stored in the memory. This approximated signal is s'(i). The difference between the original signal and the approximated signal is the approximation error , (Figure 6).
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 Figure 6:      Diagram with Input Signal, approximated Signal, and Binary oded Signal.



When process dynamics change, the linear delta modulator is no longer optimally adjusted anymore and the reconstruction error increases strongly. The adaptive delta modulators compensate this disadvantage. They dispose of a function block which takes over the control of the incremental size in accordance with process dynamics. In the literature, different adaptive delta modulators are known, two of which are presented in the following section.


Constant factor delta modulation


The instantaneous value compander, also called "constant factor delta modulator" (CFDM), changes its increment size at each sampling point. An adaptation logic decides based on the input signal sequence {Dn, Dn-1} by which factor k the preceding increment size has to be multiplied:
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A requirement is that P. Q = 1 in order to observe the stability condition. For speech signals and road data of a robot[13]	the values P = 1.5 and Q = 0.66 are known from the literature; according to our study these values also perform well in case of the spectrometer signal application.

Continuously variable slope delta modulator

The syllabic compander, also called continuously variable slope delta modulator (CSVDM), pursues, in contrast to the instantaneous value compander, the tendency of the signal course. Only when the same state has been recorded three times in a coincidence register {Dn = Dn-1 =n-2}, the syllabic compander increases its increment size. It is therefore more inert than the instantaneous value compander. The rule for syllabic companding is:

3 bit coincidence k = 1 Δui =Δui-1  +1 (4)

no coincidence k = 0 Δui =Δui-1- 1 until Δui = 0      (5)

As ΔU must not become zero, a minimum increment size larger than 1 must be added. A standard value umin =√δΔs can be assumed wherein δΔs is the variance of the first-order difference of the signal Δs = s(i) _ s(i _ 1).

Similarity Determination between the Featureless Spectra Representations

The spectra are represented by 1/0 sequences. To compare different spectra we need a distance measure that can work on such a representation. Different measures are known from text comparison and DNA sequence analysis. We choose for this work the Hamming distance [13], the Levenshtein distance [14]	,	and the Levenshtein-Damerau distance [15] and compare the performance of these measures on a data set of Raman spectrometer signals.

Hamming distance

The representation of a spectrum A and spectrum B is illustrated in Table 1. We assume that all spectra have the same length i and that the peaks are stable at their position (wavelength) in the spectra. Then we have to compare two binary vectors A and B. The distance d between these two binary representations is the number of bits in which the two vectors differ. This is the well-known Hamming Distance:
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 Table 1:     Representation of a spectrum and the coincidence bits.
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Levenshtein distance

Let dL ( A, B) = Dm,n/n be the Levenshtein-Distance between the binary vectors A and B with m = |A| and n = |B|. The Levenshtein Distance between the binary vectors A and B is defined as the minimum of modifications needed to transform vector A in vector B. The allowed operations are substitution, inseration or delation of a single signal value.
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Damerau-Levenshtein distance

Let dL(A,B) = DLm n /n be the Damerau-Levenshtein Distance between the binary vectors A and B with m = |A| and n = |B| . The Damerau-Levenshtein Distance between the binary vectors A and B is defined as the minimum of modifications needed to transform vector A in vector B. The allowed operations are substitution, inseration or delation of a single signal value or the transposition of two adjacent single signal value. The Damerau-Levenshtein Distance in compared to the Levenshtein Distances has the translation as additional operation.
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Evaluation and Results

Based on a data set of 30 spectrometer signals, each of the spectrometer signals has been processed and coded by delta modulation. The achieved results are presented in Section 7.1. The final outcome is a string of 0/1 bits. We first calculated the three distance measures: Hamming distance, Levenshtein distance, and the Damerau-Levenshtein distance. We evaluated our method by calculating the pairwise distance between the spectra and used the single-linkage clustering method to show the distance between the spectra based on the similarity measures.

Representation of the spectrometer signal by delta modulation

An exemplary representation of the real signal by the approximated signal of the delta modulator is shown in Figure 7 for linear delta modulation and in Figure 8 for constant factor delta modulation. The binary coded signal for both methods is shown in Table 2. It can be seen that the coded signal is different depending on the used delta modulation method. Table 3 shows the mean and maximum approximation error between the input signal and the approximated signal by the delta modulator. As expected, the CFMD method shows the best result. The mean error is 1.677 increments and the maximum error is 16.04 increments. The CVSDM has not been tested yet. Future work will address this method. 
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 Figure 7:      Representation of Benzoic Acid Using LDM.
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 Figure 8:     Representation of Benzoic Acid Using CFDM.



 
 Table 2:    Binary representation of the spectrum of benzoic acid.
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 Table 3:      Mean and maximum approximation error between input signal and approx. signal.
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Results for similarity between the spectra
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 Figure 9:     Dendrogram Using Hamming Distance in CFDM.



In Section 7.1, we have demonstrated that the CFDM delta modulator gives the best result for calculating the featureless representation of the signal. The results for the different similarity measures between the 30 spectra are shown in Figure 9-11. The Hamming distance shows the highest differences in similarity but does not represent the similar groups well (Figure 9). A much better representation of the similar groups is provided by the Levenshtein (Figure 10) and Damerau- Levenshtein similarity (Figure 11). 
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 Figure 10:      Dendrogram Using Levershtein Distance in CFDM.




[image: ]

 Figure 11:    Dendrogram Using Damerau-Levershtein Distance in CFDM.



The featureless representation of the spectra by a 0/1 sequence is a good representation for a spectrometer signal. While coding the signal in a 0/1 sequence, the signal is also smoothed by a stepwise function. To keep the approximation error between the original signal and the coded signal small, an adaptive delta modulator has to be selected. In the experiment presented above, we used the CFDM delta modulation method instead of the linear delta modulator. An even better method might be the continuously variable slope delta modulator. Constructing such a modulator for this kind of signals is the aim of further work.

Three different similarity measures have been used: Hamming distance, Levenshtein distance, and the Damerau- Levenshtein distance. While the Hamming distance is very fast and simple to calculate, the latter two distances seem to represent the similar groups of spectras very well. However, these two distance measures are more computationally complex than the Hamming distance. The advantage of the Levenshtein and the Damerau-Levenshtein distances is that these distances can compare strings with different numbers of bits and can delete and substitute bits; it is therefore possible to eliminate small differences in the sequence caused by noise or by the behavior of the delta modulation.
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