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Abstract. Texture analysis methods are widely used in various monitoring and
measurement tasks in machine vision solutions. In this paper we present a novel
method for the determination of grain size distributions in the manufacturing
processes of crystalline products. Our method, maximum difference histogram
(MDH), is based on statistical gray level differences in the texture images. Us-
ing this method, it is possible to estimate the grain size distributions in the im-
ages. It is also possible to monitor the average grain sizes in the image series
acquired during the crystallization process. This is carried out by determining
the center of gravity (CoG) of the distribution represented by MDH. Experi-
mental results obtained from images acquired from a carbohydrate crystalliza-
tion process reveal that the proposed method is useful in in-line grain size
measurement tasks.

1 Introduction

The use of image information in material characterization has been in strong growth
during recent years. Materials in various industrial processes can be effectively char-
acterized and their visual properties can be measured using image analysis and ma-
chine vision methods. In the process industry, significant amounts of information on
the process can be acquired using machine vision. This information is utilized in proc-
ess monitoring and control tasks.

The inspection and measurements of granular products is a fundamental problem in
several industrial processes. Traditionally, the characterization of the granular prod-
ucts has been carried out by manual inspection. That is, the grain properties have been
inspected by sieving or microscope analysis. This kind of approach is time consuming
and hence unable to provide on-line information from the granulation process. For
this reason, image analysis methods have been adopted to inspection of grain proper-
ties in several industrial processes. In the field of pharmaceutical sciences, the charac-
terization of grain size distributions of powders has become an actively studied topic.
Laitinen et al. [2],[3] for example, have used image analysis methods for the
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inspection of pharmaceutical powder distributions. In the field of crystallization, Qu
et al. [7] have inspected crystal growth using image analysis applied to image material
acquired using a video microscope.

The application field of this paper is related to the manufacturing process of crys-
talline products. In this process the average size and size distribution of the product
play a constitutive role. The properties of the crystal population are important as well
for the end use functionality as for the ease of downstream processing. In industrial
processes fluctuations in the processing conditions can occur for several reasons.
Such fluctuations must be compensated by the operators in order to keep the product
quality stable. Visual observation of the process has remained an important tool in
evaluation of the expected product quality in terms of crystal size. Up to now quanti-
tative size measurements from the in-line process data have been scarce due to
difficulties in receiving reliable information on the crystal size from very dense sus-
pensions present in industrial processes.

Texture analysis is common in various industrial machine vision applications. Tex-
ture analysis is used to e.g. estimate different properties of surfaces. Typical industrial
applications of texture analysis include the inspection of different surface materials
such as paper, metal or textiles [6]. In these applications, the classification and recog-
nition of different surfaces is based on texture properties. These properties are for
example roughness, granular size or directionality of texture. According to Rao and
Lohse [8], the most essential texture properties in human perception are repetitive-
ness, directionality, granularity, and complexity. The directionality of non-
homogenous natural textures has been discussed in our earlier work [4]. The analysis
of grain properties in rock images can be found in [5].

When image analysis is utilized in the analysis of grain properties of crystalline
products, one needs to choose between two kinds of approaches. The traditional ap-
proach is to extract the grains from the image by using some image segmentation
method. The grain properties, such as size or shape, are then measured from the seg-
mented image. However, there are several difficulties with this kind of approach.
Firstly, the image segmentation algorithms are often sensitive to illumination changes
in the process. In addition, the color (or gray level) distributions of the grains are not
always homogenous. On the contrary, the colors of the grains to be extracted from the
images may vary significantly. These factors may cause difficulties in the segmenta-
tion process. Secondly, the segmentation causes computational load that may be criti-
cal in the case of on-line analysis and inspection applications. An alternative for the
extraction of the grains from the image background is the employment of texture
analysis in the granularity measurements. It has been found that texture analysis meth-
ods can be applied to the analysis and inspection of granular products. Using texture
analysis tools, it is often advantageous to inspect the particle populations as larger
surfaces, not by extracting single grains from the image. Compared to the traditional
approach, texture analysis does not have the problems related to image segmentation
process. In addition, the whole image can be used in the granularity inspection, not
only the single grains.

In this paper, we apply texture analysis methods for granularity analysis of crystal-
line products. The testing material used in this study is image data obtained from the
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crystallization process in carbohydrate manufacturing. The rest of this paper is organ-
ized as follows. Chapter 2 describes statistical texture analysis methods and particu-
larly the proposed method, Maximum difference histogram. In Chapter 3, we present
two kinds of experiments in which the proposed texture analysis method is used to
estimate granular sizes of the carbohydrate crystals. The experimental results are
discussed in Chapter 4.

2 Statistical Texture Analysis

Numerous techniques have been proposed for texture description. Tiiceryan and Jain
[9] have divided texture description methods into four main categories: statistical,
geometric, model-based, and signal processing methods. In this study, we concentrate
on the statistical texture analysis methods.

Statistical techniques are based on the description of the spatial organization of the
image grey levels. On the basis of the grey level distribution, it is possible to calculate
several kinds of simple statistical features. Grey level co-occurrence matrix developed
by Haralick [1] has been a popular tool in texture analysis and classification. Co-
occurrence matrix estimates the second order joint probability density functions g(i,j |
d, ©). Each g(i,j | d, ©) is the probability of going from grey level i to grey level j,
when the relative position between the gray levels is d and the direction is ©. These
probabilities create the co-occurrence matrix M(i,j | d, ©). It is possible to extract
textural features from the matrix [1]. The most commonly used textural features ex-
tracted from the matrix are contrast, entropy, and energy. Preliminary experiments
have revealed the contrast is the most sensitive of these features for granularity.

In addition to the co-occurrence matrix, several other statistical texture analysis
methods have been presented. One example of them is grey level difference method
originally presented by Weszka et al. [10]. In this method, the histograms formed by
absolute differences between pairs of gray levels are used. The grey level difference
calculation is based on pixel pairs whose relative position is defined by displacement
vector d=(d,,d,).

2.1 Maximum Difference Method

In the statistical methods presented in the previous Chapter, the relative position or
distance between the gray level pairs, d, is fixed. Consequently it is necessary to de-
fine constant spatial distance between the gray levels used in the statistical measure-
ment for the whole image set to be inspected. This can be problematic because in
certain texture types the grain sizes are varying. For this reason, the use of fixed dis-
tance d is not practical, especially in the cases in which texture analysis is employed
to measure the granular sizes of texture. For this reason, fixed distance is not the best
alternative for granularity measurements.

In our approach, we use adaptive relative position d in the texture statistics. In the
proposed statistical texture measure, maximum difference histogram, a histogram
formed by relative positions that produce maximum difference between gray levels of
the pixel pairs is formed. The method can be presented as follows.
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1. The texture image is inspected pixel by pixel.

2. For each pixel (gray level) i, select the following n pixels in direction ©.

3. Find the highest absolute difference between gray level i and the gray levels
within the following n pixels. If computational efficiency is required, the n
should be selected small.

4. The gray level j that has the highest absolute difference to gray level i is se-

lected.

. The spatial distance d between gray levels i and j is determined.

6. This procedure is repeated for each gray level of the texture. The values of d
are presented as a histogram.

W

The resulting histogram is called maximum difference histogram (MDH), and it can
be employed in the estimation of the grain size distribution. If only the average of the
grain sizes in the population is interesting, it is possible to determine it based on the
histogram. This can be done by determining the center of gravity (CoG) of the histo-
gram.

3 Experiments

In the experimental part of this paper, we present two kinds of test results obtained
from the granularity inspection of carbohydrate crystals. In the first one, we use the
proposed maximum difference histogram method for the estimation of granular size
distributions of images acquired from the carbohydrate crystallization process. In the
second experiment, an in-line measurement of the crystallization process is presented.
Before these experiments, is given a short description of the carbohydrate manufac-
turing process.

3.1 Carbohydrate Manufacturing Process

The crystallizing substance used in this study is a carbohydrate product. The crystalli-
zation process of the carbohydrate is based on evaporation of the solvent in a constant
temperature. The resulting supersaturation in the carbohydrate-solution acts as a driv-
ing force for the phase change operation from liquid to solid. During the evaporation
process the final crystal population is created through growth of existing crystals and
formation of new crystals, starting from an initially given seed crystal population. The
target is to obtain a pre-defined average crystal size and a possibly narrow crystal size
distribution. This is achieved by balancing the processes of crystal growth and crystal
formation by adjustment of the process parameters.

3.2 Determination of Grain Size Distribution

In the first experiment, we estimated grain size distributions of some selected micro-
scope images obtained from the carbohydrate crystallization process. We used the
maximum difference method to make a histogram that estimates the grain size distri-
butions of the images. Figure 1 presents two examples of the grain images and their
maximum difference histograms. The purpose is to estimate the grain size distribu-
tion. The histograms express normalized granular size distributions of the images in
pixels. In all the histograms, the distance d is determined in horizontal direction.
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Fig. 1. Grain images and their respective maximum difference histograms. The center of gravity
(CoG) is marked with green star.

The results presented in figure 1 show that the Maximum difference histogram is able
to estimate the grain size distributions with reasonable accuracy. In subfigure (b), the
effect of small grains is visible in the histogram. On the other hand, in subfigure (a),
these small particles are not present. So, the method can be used to track the formation
of small crystals during the process. However, just by looking at the obtained average
value the growth into larger crystals visible in subfigure (b) can not be detected. The
histograms shown in figure 1 represent number based distributions of the crystal sizes. If
the small particles are not considered interesting, the growth of larger crystals can be
followed easier by representing the histograms in a volume based (d°) form. The grain
image presented in subfigure (a) has also certain smooth regions which do not contain
any grains. These kinds of regions can be problematic for the proposed grain size esti-
mation method and they may cause some errors to the distributions. Also noise and
other distortions may cause small variations. However, the method seems to estimate
the mean grain size (marked with green star in figure 1) sufficiently good. Another topic
to be considered is the transform from pixels to metric system, because distribution
expresses the grain sizes in pixels. This can be done experimentally.

3.3 Measurement of Mean Grain Level in the Crystallization Process

In the practical carbohydrate manufacturing, one needs to monitor and control the
growth of the grain size during the crystallization process. In the beginning of the
process, the grains are small sized and their amount is also small. However, the grains
start growing very soon after the beginning of the process and also their number
grows fast. After that, the grain sizes tend to stabilize on certain level although their
shapes get smoother. To monitor the grain size growth, one needs some image de-
scriptor that is capable of expressing the mean grain size in each image.
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Fig. 2. Example images from the test set acquired from the carbohydrate crystallization process.
The images are numbered from 1 to 1200.

In order to test the procedure for monitoring an industrial crystallization process
using textural methods, images were acquired through a common process control
microscope in a real production process. Images were taken using a process micro-
scope and a process surveillance camera attached on the side of the evaporation ves-
sel. The camera was connected to a computer with a frame grabber card. Images were
saved on computer using Image-Pro Plus image analysis software. Additional in-
house software was used for automation and timing of the image capture procedure.
The image acquisition was started at the time of seed crystal addition and stopped at
the end of the process. That means that in addition to crystal size and crystal size
distribution, also the solids fraction in the images changes remarkably. The resulting
set of images contained approximately 1200 images. Image size was 768x460 pixels.
Figure 2 shows some example images acquired in different phases of the crystalliza-
tion process.

We used maximum difference method to estimate the growth of the grain size. In
this experiment, only the average size of the grains was determined. This was carried
out by calculating the center of gravity (CoG) for each MDH. The MDH was calcu-
lated using value 50 for parameter n in horizontal direction. The CoG was calculated
for each image in the sequence. Figure 3 presents the CoG during the process.

The results presented in figure 3 show that the graph representing the center of
gravity follows the real crystal growth process. The graph rises very fast between
samples 1 and 150. After that, it stabilizes on certain level. This kind of growth can be
seen also in the image set presented in figure 2. Based on manual inspection, this kind
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Fig. 3. Mean grain sizes in the sequence of 1200 crystal images acquired from a carbohydrate
crystallization process

of graph seems to estimate the real development in the crystal population during the
process reasonably well. Formation of new crystals and attrition of existing large
crystals sets into a dynamic balance, while the number of crystals keeps rising until
the end of the process.

4 Discussion

In this paper we have presented a novel texture description method, Maximum differ-
ence histogram for the estimation of grain size distributions in the images. The ex-
perimental results reveal that this method is able to relatively well estimate the mean
grain size in the population. The distribution is somewhat sensitive to noise and other
distortions in the image. Also areas without grains may cause problems. For this rea-
son, the shape of the distribution may have small differences. These difficulties can be
overcome by using e.g. image preprocessing, edge detection and thresholding, or
other image enhancement before the calculation of the histogram. This could be sub-
ject of further investigations.

On the other hand, in its current form the Maximum difference histogram method
has proved to be able to approximate the mean grain size in the grain population. We
employed the method in the monitoring of carbohydrate production. The experimental
results show that the method is able to estimate the grain growth in the crystallization
process.

The computational cost of the proposed method is at the same level as with other
statistical texture analysis methods. The computation can be made lighter by e.g.
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limiting the inspection area in the pixel neighborhoods (selecting parameter n). In any
case, the computational cost is not a significant problem in the use of the proposed
method in in-line process monitoring.

In conclusion, the Maximum difference histogram method is able to estimate the
mean grain sizes of a particle distribution relatively accurately. It is suitable to be
used in real process monitoring tasks in industrial machine vision applications.
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