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ABSTRACT 

Accuracy and stability of the image being reconstructed are very crucial in an electrical charge 
tomography system (EChT). To obtain the quality and quantitative information from the cross-
sectional images of the solid flow materials in conveyor pipeline, a suitable reconstruction method 
is needed for EChT. The problem with the methods introduced before such as linear back 
projection (LBP), filtered back projection (FBP) and least square (LS) methods is that they are ill-
posed due to the ill-conditioning of sensitivity matrix produced in the forward modeling. Thus, the 
images introduced by these methods are not accurate.  This paper will introduce CCD Camera as 
an alternative method to generate image concentration profile of material distribution in gravity-
dropped conveyor pipeline using digital image technique. This technique is easy to set up and is 
not influenced by environmental disturbances such as humidity, charge static, noise and others. 
This alternative method has been tested in electrical charge tomography measurement system. 
The results show that the image concentration profiles obtained from this technique is better than 
the image reconstructed by LBP and FBP methods.   
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1.  INTRODUCTION 

Tomography is an advanced technique that controls and monitors processes in industries for the 
purposes of better process control, optimization and efficient production (Rahmat et. al., 2010). This 
technique is applicable especially to the high-risk industries such as chemical plant, reactor plant, and 
coal-fired power plant as well as those with inaccessible locations. Apart from that, it is needed for the 
industries to monitor the behaviour of the material flowing in the pipeline conveyor. Currently many 
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industries and academic institutions embark into research and development of tomography system 
especially in electrical-based tomography system in order to maintain, control, and monitor processes 
in industries (Dti, 2004).

The imaging material behaviour in conveyor pipeline of the industrial process is the most challenging 
in the electrical tomography system. Pneumatic conveying is an important type of operation used in 
various industries such as food processing, plastic product manufacturing, textile, paper, power 
generation, solids waste treatments (Arko et. al, 1998). It has extensively been used for transporting 
granular material and powder in factories, sites and plants (Rahmat, 1996). The granular and powder 
materials that can be transported by pneumatics means range from acidic acid to zircon (Yan, 1996). 
The advantages of this type of transportation are due to its relatively high level of safety, low 
operation cost, flexibility lay out, ease of automation and installation, and low maintenance (Lim et. al., 
2006) 

The nature of solids distribution in a pneumatic pipeline can be highly inhomogeneous. It depends on 
the pipeline orientation, measurement positions, phase loading, conveying air velocity and the 
properties of the solid materials including particle size, moisture content, cohesiveness, and 
adhesiveness (Yan, 1996). Figure 1.0 shows some of the flow patterns for solid distribution in a 
pipeline conveyor. A particularly different type of inhomogeneous distribution is the ‘roping’ flow 
regime, where most of the moving particles are concentrated into a small portion of the cross- 
sectional area of the pipe (Yan, 1995). 

The measurement of solid phase has become the primary interest to the operator of pneumatic 
conveyor. Nowadays, in order to improve plant control and operation, the exact requirement of flow 
measurement and cross-section distribution of solids or powder in pneumatics pipeline is required. 
This is because the industrial flow pattern that changes rapidly requires the efficient data processing 
at an acceptable cost. In the United Kingdom, a number of flow instruments designed for measuring 
suspended material in pipelines especially for pulverized coal flow are available either commercially or 
in prototype. The problem with these instruments is that they are flow regime-dependent, i.e. the 
relationship between the true solids fraction and the measurement is highly non-linear and changes 
significantly (Yang and Liu, 2000).  

Pneumatic conveyor systems are used to transport the solids or powder materials such as plastic 
beads, sand, cement in industries.  Despite using tomography for measurement of cross-sectional 
distribution of solids in pipeline, industries may need other alternative methods to produce 
concentration profiles of material being conveyed.  This paper will introduce CCD camera as an 
alternative method in producing image concentration profiles of material distribution in gravity-dropped 
conveyor pipeline with the combination of a digital image processing. The advantages of this 
technique is that it is easy to set up and not influenced by environmental disturbances such as 
humidity, charge static noise and others. This type of noises normally affects the accuracy of electrical 
signal measurement especially in electrical charge and capacitance tomography. Otherwise, to set up 
electrical sensing devices around the pipe may need some modification to the vessel. The alternative 
method proposed using CCD camera has been tested for electrical charge tomography system 
(EChT). The results show that the image produced with this technique provides in good match with 
the image reconstructed using sensor technique. In addition, it produces images with more accuracy 
in terms of particles distribution in the pipe.    
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2. DIGITAL IMAGING TECHNIQUE IN TOMOGRAPHY SYSTEM 

Image reconstruction process and digital image technique are two separate but inter-related 
techniques. Image reconstruction process is the process to produce the image in the sensing area 
using a particular image reconstruction method. On the other hand, digital image technique is the 
process to extract the image from the digital video captured by the CCD camera to produce image 
concentration profiles of image distribution of material in the sensing area.  

In EChT there are many image reconstruction methods that have been proposed such as linear back 
projection (Yang, et. al., 2003), filtered back projection (Green, et. al., 1997) and least square 
methods (Machida, et. al., 2005). Normally, these systems use electrodynamics sensor to detect the 
natural charge on moving particles in conveyor pipeline. Then, the data measured by the 
electrodynamics sensor will be used to reconstruct the particles being conveyed in the pipeline using 
the image reconstruction methods (Rahmat, et.al., 2009). Normally, inverse problem solution in image 
reconstruction process involved ill-posed due to the matrix sensitivity derived from forward modeling.  
As a result, the image obtained is inaccurate and unstable or termed as ill-conditioned.  The more 
superior technique to analysis the ill-posed of matrix is by using Singular value decomposition (SVD) 
method (Hansen, 2007). The ratio between the first singular value and the last positive singular value 
will be identified as the level of ill-posed for a particular matrix that is called condition number. Each 
matrix will be classified as ill-posed problem if its condition number obtained is as big as x 1020 (Isa, 
et. al., 2008).

In digital imaging technique, CCD camera is used to interrogate the flow in the pipeline around the 
sensing area. The image of materials or particles flowing through the pipeline can be acquired using 
CCD camera with suitable illumination light source (Carter, et. al., 2003). Many authors have 
introduced CCD camera to capture image of particles for various purposes such as particle size 
analysis, particles size distribution and mass flow rate (Carter, et. al., 2003;Sugita, et. al., 2003; Cater, 
et. al., 2005). It is quite a simple matter to focus a CCD camera on this system and acquire digital 
images. This general concept is illustrated in Figure 2.  

The materials being used in this system are plastic beads particles with the nominal size of 2 mm. A 
CCD camera will capture the video of materials moving through the pipe hole and send it to the 
computer system at the sampling rate of 15 frames/second with picture size of 1000 X 1000 pixels. 
Frame images are extracted from the video and digital image processing are conducted off-line using 
various application programs such as Matlab, Virtual Dub and Adobe Photoshop to produce single 
image concentration profile of particles in pipeline being monitored. 

3. MEASUREMENT SYSTEM 

To comprise the results, two techniques in data measurement are used i.e. CCD camera and 
electrodynamics sensor. Figure 3 shows the experiment apparatus for data and video capturing 
process by using both electrodynamics sensor and CCD camera.  The CCD camera is placed above 
of the apparatus as shown in Figure 3 and being labeled A. With the assistance of the light from the 
bulb installed at the corner at the end of the pipe - labeled B, video capturing process will be 
conducted through the hole in the pipe where the material is being dropped and recorded by a 
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computer (PC1) that is connected to the CCD camera. The image has a resolution of 1000 x 1000 
pixels and captured at a rate of 15 frames/second. The electrodynamics sensors are located 10 mm 
below the ‘L’ curve of the pipe as labeled C. The material used in this system is the plastic beads 
particle with the size of 2 mm. The electrostatic charge carried by these particles will be induced to 
electrodynamics sensor whenever it passes through it. This charge will be converted into voltage and 
sent to computer storage (PC2) via Keithely SsTA-1800HC data acquisition card as labeled D. 
Approximately 15 sets (1 set contain 16 data equivalence to 16 sensor) of data were sampled for 
each sensor in 1 second. Thus one frame of video referring to one set of data capture by 
electrodynamics sensor. 

The length between the point of the video being captured by the CCD camera and the point of the 
electrodynamics sensor location is very short, i.e. 50 mm. Therefore, the image captured by the CCD 
camera and the image reconstructed from the measured data by electrodynamics sensor are 
assumed to be similar. 

4. IMAGE CONCENTRATION PROFILE FOR PARTICLES USING DIGITAL IMAGE 
PROCESSING

The video captured by the CCD camera will go through several processes to produce a single image 
concentration of particles in the pipeline. The algorithms for image processing are shown in Figure 4. 

Figure 4 shows the algorithm to generate the image concentration profile using digital image processing. 
The steps 1 to 5 below presents the procedures to obtain a single image concentration profile from video 
that has been captured by CCD camera. 

Step 1; Image acquisition (Video) 

The video image is captured using CCD camera. The image has a resolution of 1000 x 1000 
pixels and captured at a rate of 15 frames/second. The first image captured is fixed as the 
background frame. Subsequence frames are subtracted from this background frame to obtain 
difference image. 

 Step 2: Preprocessing 

Several video frames will be extracted from the video captured by CCD camera.   Figure 5 
shows the samples of frames that have been selected.  

Two of the best frames are being selected and subtracted to obtain a difference image as 
equation (1).  

1c i iI I I Threshold!" !             …(1) 

Where Ic is image of particle concentration, Ii is the ith image in the sample selected and Ii-1 is
the previous image Ii. In order to get a clearer and better image the threshold 0.004 is used. 
As for an example, frame 3 will be subtracted by frame 2 as shown in Figure 5. As a result, 
Figure 6 shows the image obtained from this process. Figure 6(a) is the original difference 
image without threshold and Figure 6(b) is the difference image after threshold process.    

Step 3: Produce single image 
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Figure 7 shows the steps in the process to obtain the image sensing area in the pipe cross-
section.  The image in Figure 7(a) which is obtained from step 2 has to go through other 
processes to produce a single image concentration profile in sensing area cross-section as the 
image detected by electrodynamics sensor. Figure 7(b) is the frame background to select cross-
sectional area marked with white circle. The area inside the white circle is the sensing area 
cross-section for electrodynamics sensor. Figure 7(c) shows the image concentration of particles 
in sensing area obtained after masking the difference between Figure 7(a) and Figure 7(b).       

Step 4: Processing 

Figure 8(a) shows an image in the pipeline cross-section in the sensing area obtained from 
process step 3. Figure 8(b) shows the real image of the particle concentration in grayscale 
mode; whereby the black area is the area where the particles are being sensed in the pipe 
cross-section while the white area is the area with no-particles in the pipe. The image in 
Figure 8(c) is a down-sampled image of Figure 8(b) at 16 X 16 pixels. This size is equivalent 
to the size used in the forward solution of image reconstruction process for EChT (Isa, et. al., 
2009)  

Step 5: Display image of particle concentration 

Figure 9 shows the final single image concentration profile that has been converted from 
grayscale to color mode.  This image is used to compare with the image obtained from 
reconstruction process using FBP method.    

5. RESULTS AND DISCUSSION 

Due to the accuracy of the area concentration detected by FBP method compare others. Thus, FBP 
method is the best method to reconstruct the image being introduced. For the purpose of comparison, 
image particles concentration profile obtained by CCD camera is compared with the images 
reconstructed by FBP methods based on the data captured by electrodynamics sensor. The accuracy 
of the image is based on similarity of the image produced by CCD camera compared with images 
produced by FBP. In terms of stability, both images are being analyzed using SVD method. The 
image that produces the smallest condition number is identified as the best image produced. This 
comparison is based on images produced from two samples of data at mass flow rate of 443 g/s and 
968 g/s.  

i) Image concentration profile at mass flow rate of 443 g/s 

Figure 10(a) shows the image reconstructed by FBP. In general, the image with high concentration 
area presented by FBP is located at the top left hand side of the image. The pattern of high 
concentration area shown by FBP is uniformly scattered from the edge of the pipe (at the top left hand 
side of the pipe) and reducing toward the center of pipe, labeled as A. It shows that FBP detects the 
high concentration area as a huge point with more charges at the edge and less charges at the center 
of the pipe.

Figure 10(b) shows the image of particles concentration in pipeline conveyor recorded by CCD 
camera which has been processed using digital image processing. It shows that the high 
concentration area focuses at the top left hand side of the pipe as being detected by FBP. However, 
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the concentration pattern is not uniform but homogeneously scattered around the half part of the pipe. 
Many pixels in the middle of high concentration are with the highest concentration value, labeled as B. 
The other high concentration zone areas can be labeled as zones C, D, and E. It shows that many 
particles are being detected in the sensing area. This is the advantage of the image produces by CCD 
camera compare to the one image produced by FBP method.   

ii) Image concentration profile at mass flow rate of 968 g/s 

Figure 11 shows the images reconstructed by FBP compared to the image captured with CCD 
camera.  Figure 11(a) is the images that have been reconstructed based on data measured by 
electrodynamics sensor using FBP method.  Figure 11(b) shows the particles concentration image by 
CCD camera. 

In general, images in Figures 11(a) and 11(b) show that they are being produced at the same high 
concentration area of particles, i.e. at the bottom left and right of the images and at the top right of the 
images, labeled as A and B. However, the image particles are different in terms of their concentration 
patterns. 

FBP shows that the concentration pattern in zones A and B are uniformly scattered where high 
concentration value occurs at the edge and reduces toward the centre. This means that FBP detects 
more charges near the edge but fade away toward the centre of the pipe. However, the image 
produced by CCD camera is scattered around the high concentration area with some higher pixels 
while the rest are at lower pixels. This means that the images of particles detected around the sensing 
area by the CCD camera is homogenously scattered. It shows that CCD camera has the capability to 
differentiate between two or more charges presence in the sensing area as well as particles 
concentration, but not by FBP method. This is the advantage of CCD camera compared to FBP 
method. In addition, visual observation in the pipe shows that the same portion of the pipe is being 
occupied with the material and some portion are not. This is due to the affected of the natural rotation 
behavior of the rotary valve in measurement system. The rotary valve releases the plastic beads 
downwards through the vessel in wave of clusters. This sometimes causes the flow occupying only 
some portion of the pixels location while leaving the rest of the pixels unoccupied or empty. As a 
result, the flow of material conveyed through the pipe is not uniform but homogenously scattered 
around the sensing area and sometimes produces ‘roping’ pattern.  

Apart from the accuracy of the images produced by CCD camera, the stability analysis of the image is 
performed using singular value decomposition (SVD) method for images as discussed in (i) and (ii). 
Table 1 summarizes the condition number obtained for each image.  

From the result, it shows that CCD camera produces the lowest condition number compared with FBP 
methods. As a result, it reflects that CCD camera has produced a better image stability than any other 
FBP methods. 

6. CONCLUSION 

Due to the computer processing time is very fast (MHz and GHz). The time required for data capturing 
process by electrodynamics sensor and CCD camera are similar (15 set of data/second or 15 
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frame/second.  Then, time taken for digital image processing to produces image concentration profile 
from video and to reconstruct the FBP image from data captured by electrodynamics in this system 
take less then 1/15 second. Thus it is possible for this technique to be used on-line monitoring of 
solids material (Plastic beads) flowing in conveyor pipelines. 

The results imply that CCD camera has given a good and promising result of the particles 
concentration in the pipeline conveyor. Moreover, this technique is applicable to be used as an 
alternative method in monitoring and controlling the processes in industries for solids material 
(plastics beads) flowing in conveyor pipelines. 
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(a) Homogeneous flow    (b) Non-homogeneous flow 

(c) Roping flow 
Figure 1 Sample of solid distribution in pipeline 

Figure 2 Particles imaging technique 

International Journal of Tomography and Statistics

54



Figure 3 The EChT with digital imaging technique measurement system

Figure 4.0 Schematic flow of the algorithm for digital image processing 

- Identification of sensing area     (grayscale) and 
size (pixels)

- Change image mode 
- Display image of particle concentration 

- Extract video frame     
- Select frame background  
- Select best frame with particles   
- Produce a single image 

Image Acquisition (video) 

Preprocessing

Processing

A

C

D
B

PC 1

PC 2
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Frame 1 Frame 2 Frame 3  Frame n 

Figure 5 Sample of video framed in to n frame 

(a) (b) 

Figure 6 Image obtained before and after threshold process 

(a) (b) (c) 

Figure 7 Image concentrations in pipeline (a) Original image with absolute 
threshold value (b) Frame background with sensing area selected (c) Image in sensing 

area with particles
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(a) (b) (c) 

Figure 8 Image concentration profiles of particles in sensing area (a) Original 
image (b) Real Image particles grayscale mode (c) Real image in 16 X 16 pixels 

grayscale mode 

Figure 9 Particle concentration profile in color mode 

(a) (b) 
Figure 10 Images being compared (a) Image reconstructed by FBP (b) Image 

captured by CCD camera 

C
E

D       A 
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(a) (b) 
Figure 11  Images being compared (a) Image reconstructed by FBP (b) 

Image captured by CCD camera

Table 1 Images condition number for two types of flow 

Mass
flow 
rate
(g/s)

CCD camera 
(condition
number)

FBP
(condition
number)

435 659.30 2.12 X 106

968 805.71 2.33 X 105

      A       A 

B B
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