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Abstract 

Ultrasonic inspection might be difficult and tricky when the bonded specimen has small thickness, and 
substrate material properties have similar acoustic impedance compared to the bonding material. Conventional 
signal analysis techniques use signal amplitude, signal energy, or frequency domain quantities obtained from 
spectral analysis. An alternate starting point as proposed by Hughes is to regard the digitized waveform as a message 
and to apply the concepts of information theory. In the present work conventional time domain and frequency 
domain features along with Shannon entropy are computed from digitized waveforms for each location of the C-
scanned domain of a Glass epoxy composite panel having a Teflon insert. Data set are subjected to systematic 
grouping as per Ward algorithm and results are used for imaging the scanned zone. A feature selection procedure 
based on the ID3 algorithm is also performed on the dataset. It is found that the sensitivities of Shannon Entropy and 
harmonic having 0.175 MHz frequency are more compared to the conventional ultrasonic features in detecting 
inclusion type flaws in Glass-Epoxy composite laminates. 
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1. Introduction 

Composites are increasingly used in aerospace, naval and automotive vehicles due to their high 
strength and stiffness to weight ratio. However, the mechanical properties of composite materials 
may degrade severely in the presence of defects. While delamination and fibre breakage are the 
common outcomes of an impact, composites can also degrade due to inclusion type defects. The 
challenge in detecting such defects is that they may not be adequately sensitive to the 
conventional time domain features like peak amplitude, signal amplitude etc. Moreover, 
difficulties are encountered when substrate material properties have similar acoustic impedance 
compared to the bonding material. Conventional signal analysis techniques essentially extract 
information from digital waveforms in the form of features like peak amplitude, signal 
amplitude, or frequency domain quantities obtained through spectral analysis techniques [1]. The 
basic idea of all of these techniques is to regard the signal as a faithful representation of a time-
dependent physical quantity, such as the time varying pressure field incident on and averaged 
over the aperture of a piezoelectric transducer. Hughes [2] considered an alternative approach of 
calculating continuous waveform entropy by considering the digitized waveform as a message 
and to apply the theorems and concepts of information theory. The method was applied to data 
acquired from a plexiglass block with artificial defects to produce an entropy image. The method 
was found to produce same or better image contrast compared to those generated by Fourier 
series approach in a lesser time. This is so as the approach has better immunity to noise with 
number of calculations being much less. Hughes also compared performances of Shannon 
entropy and signal energy analyses of scanned acoustic waves for detection of defects, 
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deliberately implanted in a specimen of plexi-glass [3]. Discussions on the relationship between 
information and entropy may be found in [4]. 
 
2. Present Work  

In this work an alternative concept of Shannon Entropy based signal analysis is implemented to 
make an effective classification of the scanned data. Previous applications of entropy made a 
general focus on its use as a post-processing tool for enhancement of the quality of C-scan 
images based on features like signal energy, total attenuation, phase-velocity etc. 

Mathematically, Shannon entropy is defined as ∑
=

=
N

i
ii ppH
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2log where N is the number of 

distinct symbols appearing in the digitized signals and pi is the number of occurrence of the ith 
symbol in it. According to Shannon, H gives the average information per symbol of a message 
transmitted over a communications channel. The minimum entropy occurs when all symbols in 
the message are the same, while the maximum occurs when each symbol occurs exactly once. 

In the present work, ultrasonic C-scan is performed on glass epoxy composite panels 
having inclusions in the form of a Teflon insert. The insert is implanted after the 8th ply in a 17-
ply panel during fabrication. The immersion type C-scan is performed in normal beam pulse 
echo mode with spatial resolution of 2mm in both X and Y directions in an in-house developed 
set up. The A-scan trace of the ultrasonic waveforms (in RF mode) for each position of the 
probe, digitized at 80MHz, is stored in the controlling computer via a pulser, receiver and 
digitizer board. A computer code is developed and used in extracting peak amplitude, signal 
energy, Shannon entropy (H) and amplitudes of different harmonics (obtained through FFT) 
from the waveform. A feature selection procedure based on the ID3 algorithm [5] is also 
performed on the dataset to found the sensitivities of different features. Finally automated 
imaging of the scanned domain is done through hierarchical clustering of dataset pertaining to 
the aforesaid features based on Ward’s criterion. 
 
3. Ultrasonic Measurement 

The in-house developed ultrasonic C-scan set up is meant for data acquisition in the form of 
digitized A-scan trace at each position of the transducer during automated immersion scanning of 
the composite laminate. The facility, shown in Fig. 1, is comprised of (i) an acrylic glass tank 
furnished with lead screws in mutually perpendicular directions, (ii) stepper motors and 
controllers to drive the lead screws holding the probe holder assembly, (iii) the PCUS11 
ultrasonic board [6] to act as the pulser, receiver and digitizer, (iv) its compatible software to 
view, condition and saving the digitized signal [7], (iv) an interfacing computer, and (v) the 
normal beam longitudinal wave transducers. Two stepper motors drive the lead screws and a 
common nut moves linearly due to their rotation and holds the probe holding device. The 
transducers fitted in the probe holding device, can move along two mutually perpendicular 
directions in precise steps and are capable of scanning any predefined two-dimensional region. 
The transducers are connected to an ultrasonic board that acts as the pulser, receiver and digitizer 
of the ultrasonic waveform. The present ultrasonic board is PCUS11, which can digitize signals 
with a sampling rate up to 80 MHz. The board seamlessly interacts with manufacturer supplied 
data acquisition software that has the capability to condition, gate and zooming of the digitized 
signal. The composite laminate is kept immersed in water and is held parallel to the plane of the 



movement of the transducer(s). The minimum linear movement of the probe holder (rotational 
movement of the stepper motor) can be adjusted by using the stepper motor controller. Necessary 
settings may be given as input to the stepper motor controller via a wired remote control. 

 

Fig. 1: Immersion type Ultrasonic C-Scan set up 

4. Data analysis method 

Automated imaging of the scanned domain is done with the help of data clustering methodology. 
It is essentially based on automated grouping of data set pertaining to any feature(s) obtained 
from ultrasonic scan. The analysis create group of objects in such a way that the profiles of 
objects in the same group are very similar and those in different groups are quite distinct. The 
automated grouping helps to generate images in a systematic manner and does not require any 
prior information regarding nature and distribution of the data. The methodology is particularly 
appealing in respect of composites as the scan data is found to vary statistically owing to the 
inherent anisotropy and local heterogeneity. Methods of hierarchical grouping analysis generally 
follow the following prescribed set of steps. 

� Obtaining of the data matrix. 
� Standardization of the data matrix. 
� Computation of the Resemblance matrix. 
� Execution of grouping by merging two groups having maximum resemblance. 



In the data matrix, the value of data for any ith attribute and jth object is denoted as . 

Standardization of the data matrix converts the original attributes to new unit less attributes. The 
corresponding value of the standardized data, denoted as, may be expressed as 

 

(1) 

where  and  are the standard deviation and mean of the object values for the ith attribute 

respectively. The grouping algorithms operate on the standardized data and differ on the basis of 
calculating the resemblance between two groups. Initially each object is treated as a separate 
group and merger of those two groups take place at a time which have the maximum 
resemblance. The resemblance matrix is updated after each merger and the process is continued 
till desired number of groups is left. In the present case grouping of ultrasonic data pertaining to 
any particular feature is performed by the Ward algorithm [8] and the sensitivity test of the 
feature is performed by the ID3 algorithm [5] respectively. Brief outlines of these algorithms are 
presented below. 
 

4.1 Ward Algorithm 

 For execution of the clustering method resemblance matrix can be computed and revising it at 
each and every steps.  Like other clustering method, Ward’s method follows a series of 
clustering steps that begin with t clusters, each containing one object, and it ends with one cluster 
containing all objects. At each step it makes merger of those two clusters of the cluster set that 
will result in the smallest increase (∆) in the value of an index E, called the sum-of-square index, 
or variance. This means that at each clustering step the criterion tries to make all possible 
mergers of two clusters by computing the value of ∆E and select those two for merger for which 
the resulting ∆E is minimum. When two clusters p and q with mp and mq data points respectively 
are merged, then the increase in error ∆Epq may be expressed as 
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Here, xijp is the data belonging to ith of n variables for the jth of the mp data units in the pth cluster. 
 

4.2 ID3 Algorithm 
It is a mathematical algorithm originally developed to calculate the homogeneity of a data 
sample. In the present work, ID3 algorithm is used to compute the sensitivity of different 
ultrasonic features to the changes in the signals originating from different locations of the 
laminate, i.e., the inclusion zone and the non-inclusion zone. The ID3 judges the feature 



performance through computation of a statistical property, called information gain. It is based on 
the information theory and calculation of entropy. At first the entropy of a collection of data 
sample S is calculated as follows: 

∑
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Where, N is the number of classes that is present in sample S and p(i) is the proportion of S in 
the ith class. Gain (S, A) is the information gain of example set S on attribute A and is defined as 

( ) ( )( )∑−= vv SEntropySSSEntropyASGain *)(),(   (4) 

Where, ∑ is each value v of all possible values of attribute A. Sv = subset of S for which attribute 
A has value v, |Sv| = number of elements in Sv , |S| = number of elements in S. 

Initially the entropy of the total dataset for a particular attribute chosen from two different 
locations of the laminate is calculated using equation 3. The data set is then split to different 
segments and the entropy for each segment is calculated. These entropies are then added 
proportionally, to get total entropy for the split. The resulting entropy is subtracted from the 
entropy before split to get the information gain as given in Eq. (4). Hence the information gain or 
decrease in entropy will be obtained. The attribute that yields the largest information gain is 
considered to have the maximum sensitivity to inclusion. In the present case the sensitivity of the 
different ultrasonic features on flawed composite specimen is checked with ID3 algorithm. For 
the glass-epoxy composite specimen with inclusion type flaw, the test has been conducted for 60 
data, out of which 40 are selected from non-inclusion region and the remaining is from the 
inclusion region. The information gain values for different features are calculated and the same 
are presented in Table 1. From the result it is found that for inclusion type flaw the sensitivities 
of Shannon Entropy and harmonic having 0.175 MHz frequency are much better compared to the 
conventional features like peak amplitude, signal amplitude and signal energy in detecting the 
inclusion as the information gains of the formers are substantially higher. The qualities of the 
generated C-scan image of the scanned domain based on these features also substantiate this. 
This is presented and discussed in the next section. 

Table: 1: Information gain values of different features on inclusion flaw 

Composite Specimen Feature Name Sensitivity (information gain) value 

Shannon Entropy 0.7299 

Signal Energy 0.1827 

Peak Amplitude 0.0737 

Signal Amplitude 0.0852 

Glass Epoxy with 
inclusion flaw 

Harmonic with 
frequency 0.175 

MHz 

0.6615 

 



5. Results and Discussions 

In the present investigation a glass epoxy composite laminate having implanted flaws in the form 
of Teflon inserts is subjected to C-scan and different features such as signal amplitude, peak 
amplitude, Shannon entropy, signal energy and harmonics are computed from the digitized 
ultrasonic waveform for each location. These features are then classified into three groups by 
Ward algorithm for generation of C-scan images. Locations belonging to the same group are 
assigned same grey shades to generate the image. 

It is already found in the preceding section that the sensitiveness of Shannon Entropy and 
harmonic having 0.175 MHz frequency are much better compared to the conventional features 
like peak amplitude, Signal amplitude and signal energy in detecting the inclusion as their 
information gains are higher. Finally imaging of the scanned domain is done based on these 
features and the image qualities substantiate the above claim. 

                   
      2(a):  By Peak Amplitude         2(b):  By Shannon Entropy 

Figs. 2(a)-2(b): C-scan Images based on Ward Algorithm 
 

                   
     3(a):  By Signal Energy        3 (b):  By Signal amplitude 

Figs. 3(a)-3(b): C-scan Images based on Ward Algorithm 



 

Fig 4: C-scan images based on 14th harmonic (having frequency 0.175 MHz) and Ward 
Algorithm 

The C-scan images based on Peak amplitude, Shannon entropy, Signal energy, Signal amplitude 
and harmonic by Ward clustering are shown in figures 2(a), 2(b), 3(a), 3(b) and 4 respectively. 
The image generated by the peak amplitude and signal amplitude is not in conformity with the 
scanned domain. The data points belonging to different clusters are found to remain scattered 
throughout the image and hence are not able to bring out any specific pattern to represent the 
Teflon inclusion region. The images of signal energy, Shannon entropy and harmonic of 
frequency 0.175 MHz are comparatively better and give a clear idea about the inclusion zone. 
However in case of image based on signal energy similar black shades (representing the 
inclusion zone) are also visible in some non inclusion areas. In respect of the flawed inclusion 
region, Shannon entropy is found to generate the best image. This is also in agreement with 
observations of Hughes [9]. 

6. Conclusions 

Based on the results presented and discussions thereof, following conclusions can be made. 

The ultrasonic C-scan technique has been employed for assessment of implanted inclusion type 
flaw on glass epoxy composite panels. Hierarchical grouping based on Ward’s algorithm is 
found to be effective tool for systematic classification of acquired data pertaining to a single 
ultrasonic feature and thus pave the way for automated C-scan image generation. Images based 
on Shannon Entropy and Harmonic of frequency 0.175 MHz show the inclusion zone area 
clearly and are nearly similar with the implanted inclusion in shape and size. Features sensitivity 
checking by the ID3 algorithm also reveal the sensitivities of Shannon Entropy and harmonic 
having 0.175 MHz frequency to be substantially better compared to the conventional features. 
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