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Froths can be characterised according to several features, such as colour, bubble size distribution,
velocity, mobility or texture. In the case of texture, there are some alternatives that can be used to analyse
and classify them, like the texture spectrum analysis, the grey-level co-occurrence matrix, or the wavelet
texture analysis. In this work, a variogram-based technique is introduced. Variograms are a widely used
geostatistical technique to describe the degree of spatial dependence between sample values as
separation between them increases, and have been used before to analyse textures in applications that
range from microscopy to satellite images. The purpose of the current work is to introduce the
variogram-based technique to compare and classify foams (water-air froths) according to their texture,
and studying the effect of frother type on the texture of foams generated in a quasi-2D cell and in a
laboratory column. In the case of the quasi-2D foams, the variogram-based textural classification
algorithm was able to classify foam images according to the frother used, with an accuracy of 88.9%. In
the case of the foam images generated in the laboratory column, the results suggest that foam texture
is mainly defined by froth type, with some effect of foam height. The column foam images did not show
similar characteristics when grouped by foam gas holdup, which was confirmed with the variogram-
based textural analysis.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction 1.1. Texture
It is well known that froth behaviour has a strong impact on
flotation (Barbian et al., 2005; Tsatouhas et al., 2006; Hadler and
Cilliers, 2009). Froth features such as froth colour, bubble size,
froth velocity and froth texture can be used to classify froths in
order to develop appropriate flotation control strategies for each
type. The froth classification, which may appear simple for an
experienced operator, may be difficult for automated systems,
and requires good imaging instruments and adequate image
analysis techniques.

There are different ways of characterising froth images. They
can be characterised by colour and/or by applying morphological
algorithms to determine bubble size and shape (Bonifazi et al.,
2001), which can be considered physically meaningful features
(Aldrich et al., 2010); however, this information may not be
descriptive enough to consider the possible spatial distribution of
the image components, and froth texture.
Texture is usually perceived as related to the properties that a
certain area has, usually associated with perceptions such as
roughness, smoothness, directionality, among others. Extrapolat-
ing to image processing, this concept is related to the perception
of an object, or surface, and its description of local variability
(Tuceryan and Jain, 1998). Since texture is a local feature that
describes the arrangement or structure in a specific area, it can
be considered as an important characteristic that could be used
to compare and classify froths or foams, which is the objective of
this work.

Some alternatives to analyse and classify froth texture are the
textures spectrum analysis (Holtham and Nguyen, 2002), the
Grey-Level Co-occurrence Matrix (GLCM) (Moolman et al., 1995b,a)
and the Wavelet Texture Analysis (WTA) (Bartolacci et al., 2006).
In the current work, the use of a variogram-based technique is
introduced, which is an alternative method to the co-occurrence
matrix for classifying image textures (Carr and De Miranda, 1998).
1.2. Geostatistics and image analysis

The variogram, a widely used geostatistcal technique, is a two-
point statistical function that describes the degree of spatial
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Table 1
Reagents used.

Frother Characteristics

MIBC Composition 4-Methyl 2-PentanolP 98%
Supplier Sigma Aldrich

Octanol Composition OctanolP 99%
Supplier Sigma Aldrich

Oreprep Composition Polyglycols (DF250 simile)
F549 Supplier Cytec Chile

DF250 Composition Polyglycols
Supplier Dow Canada

PEG300 Composition Polyethylene glycolP 99%
Supplier Sigma Aldrich
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dependence between sample values as separation between them
increases. It characterises the spatial continuity or roughness of a
data set, elements in an image for instance, and allows identifying
differences that common descriptive statistics and histograms can-
not (Barnes, 2003). The variogram in particular, and geostatistics in
general, are nowadays frequently applied image processing
techniques.

This is not the first time that two-point statistics is used to char-
acterise images related to flotation. Previously, Emery et al. (2012)
and Kracht et al. (2013) had used a geostatistical approach to esti-
mate the bubble size distribution of bubbles generated at a labora-
tory flotation cell, which proved to be a good solution to the
problem of sizing bubbles that appear touching each other or over-
lapping (clusters) in the images.

As shown by Woodcock et al. (1988a,b), variogram characteris-
tics such as height, range and shape, relate to the spatial variation
in images. This spatial information can provide data on texture that
can be used for classification (Atkinson and Lewis, 2000). Different
uses of variogram-based texture analysis are reported in the liter-
ature, ranging from microscope to satellite images. Bonetto and
Ladaga (1998), for instance, used the variogram method to charac-
terise the texture of scanning electron microscope (SEM) images;
Chica-Olmo and Abarca-Hernandez (2000) used geostatistical tex-
ture analysis to classify lithologies; Wu et al. (2006) used
variogram-based texture analysis to classify urban land-use from
aerial images; Jakomulska and Clarke (2001) used variogram-
based measures to discriminate between vegetation classes from
aerial images; and Fotsing et al. (2013) used variograms to charac-
terise and classify satellite images.

The purpose of the current work is to introduce a variogram-
based technique to compare and classify foams according to their
texture, and studying the effect of frother type on the texture of
foams generated in a quasi-2D cell and in a laboratory column.

2. Experimental

The foam images used in this work were generated from two
separate, independent experimental campaigns, the first one per-
formed in a quasi-2D cell, where the images generated correspond
to vertical sections of the foam (Fig. 1, left); and the second one
performed in a laboratory flotation column, where the foam
images correspond to the top of the foam (Fig. 1, right).

2.1. Reagents

The reagents used in this study were: MIBC, Octanol, Oreprep
F549, DF250 and PEG300. The composition and supplier of the
reagents are summarised in Table 1.

2.2. Quasi-2D cell

A narrow quasi-2D cell was designed in order to study the foam
structure. It consisted of an acrylic cell of 20 cm height, 15 cm wide
and 1 cm depth, as shown in Fig. 2.
Fig. 1. Example of foam images generated in a quasi-2D cell (left) a
A slot sparger, similar to the one proposed by Li et al. (1994),
was used for air dispersion. It consists of a system that injects air
through a long and narrow slot located at the bottom of the cell,
generating a discrete arrangement of equidistant bubble nodes.
The slot sparger was built using acrylic and a 100 lm thick stain-
less steel strip. The gas flow rate was measured with an Omega
mass flow meter, FMA1820, and controlled with a rotameter
Dwyer, combined with a manometer Festo.
2.3. Laboratory column

The column tests were performed in a Plexiglass laboratory
column of 4 m height and 10.16 cm internal diameter with a por-
ous sparger for air dispersion. The column was equipped with a
mass flow meter MKS (0–20 L/min) to measure and control the
gas flow rate, a differential pressure cell (Bailey) that allows the
gas holdup in the collection zone (eg) to be calculated, and a
conductivity meter, to estimate the foam gas holdup (beg;f ) at
the top of the column. The foam height was controlled by adding
water to the column with a pump. The foam images were
captured at the top of the foam (foam surface) as represented
schematically in Fig. 3.
2.4. Variogram-based textural classification

2.4.1. Image database
The images in both sets of experiments where taken with the

same controlled light (two LED spotlights of 50 W each). This white
light was significantly brilliant, in order to overcome any other
difference in ambient light. Moreover, all the experiences were
performed in a laboratory without direct sunlight.

The original pictures were centred cropped in order to avoid
edge lighting variations. Original size of the images for the quasi-
2D experiment was 4280� 2840 pixels and they were cropped to
3250� 1700. In the case of the column experiments, the original
size of the images was 5180� 3450 and they were cropped to
3900� 2600.

Figs. 4 and 5 show sample images of these two databases.
nd in a laboratory flotation column (right). Images not at scale.



Fig. 2. Quasi-2D cell with a slot sparger.

Fig. 3. Laboratory column setup.
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The use of different frothers to generate images in both the
quasi-2D cell and laboratory column generates foam images with
particular bubble separation, shape and arrangements. In both
cases the image characteristics suggest variations in the foam tex-
ture when different frothers are used.

2.4.2. Textural classification algorithm
An algorithm was developed to compare and classify different

foam images according to their texture. In order to extract the
Oreprep F549 MIBC

Fig. 4. Sample images from the quasi-2D experi
structure information of the image, a variographic map is calcu-
lated, which is a widely used tool in the field of geostatistics to
analyse the spatial behaviour of a variable Deutsch and Journel
(1997). The algorithm is intended to capture the main spatial fea-
tures of the images in order to discriminate information for
classification.

The definition of the experimental variogram, which is
employed here as the image feature to characterise the foam tex-
ture, is presented in Eq. (1):

cðhÞ ¼ 1
2NðhÞ

XNðhÞ
k¼1

ZðxkÞ � Zðxk þ hÞð Þ2 ð1Þ

where h 2 R2 is a vector that represents the distance used to anal-
yse the variability in the data or lag distance, NðhÞ is the number of
pairs of points to consider for that lag distance and ZðxkÞ is the value
of the image Z, which correspond to the pixel intensity at position
xk. The matrix containing the variogram information for different
lag vectors h is called variographic map.

For an adequate comparison of the variographic maps, they are
normalised by dividing each one by its maximum value. With this,
all the variographic maps have the same range values. Then, to per-
form a comparison between the variograhic maps of each foam
image, the Mean Square Error (MSE) metric is used, which is pre-
sented in Eq. (2):

MSEðX;YÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXN

k¼1
Xk � Ykð Þ2

r
ð2Þ

where X and Y are variographic maps to be compared.
The procedure for comparing and classifying foams correspond-

ing to different classes, e.g., generated with different frother types,
Octanol

ment according to each frother agent used.



DF250 MIBC Octanol PEG300

Fig. 5. Sample images from the column experience according to each frother agent used.

Oreprep F549

Fig. 6. General scheme of the classification process using the variogram map method.
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is as follows: first, the variographic map of an image in the data-
base is calculated. Then, this map is compared against every other
map in the database, using MSE metric. Finally, the predicted class
corresponds to that of the nearest variographic map (minimum
MSE) is obtained as shown in Fig. 6.

The result of applying the algorithm is expressed in a square
matrix of n� n, where n is the number of classes tested. This is
known as the confusion matrix (see Fig. 7). Rows correspond to
the actual class (e.g., frother type) of each image, while columns
correspond to where the image is classified by the algorithm.

Fig. 7 shows an example of a confusion matrix where a total of
164 images, corresponding to three classes, are compared and clas-
sified. In the example, there are 75 images of Class A, of which 73
are well classified and 2 are misclassified in Class B; from the 54
images corresponding to Class B, 50 are well classified, whereas
1 is misclassified as A, and 3 as C; finally, the 35 images
corresponding to Class C are well classified. The accuracy of the
classification process can be calculated as the sum of images
well classified, i.e., the values in the diagonal of the confusion
matrix, divided by the total number of images tested, as expressed
in Eq. (3).
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Fig. 7. Example of confusion matrix.
Accuracy ¼
Pn

i¼1ai;iPn
i;j¼1ai;j

� 100% ð3Þ

where ai;j is the component i; j of the confusion matrix.
In the case of the example presented in Fig. 7, the classification

accuracy is 96.3% (158 images well classified over a total of 164
images). A perfect classification would result in a diagonal matrix,
with a classification accuracy of 100%.

Texture classifiers require that the homogenous region of each
class in the image are large enough, so that the variogram can be
computed up to a reasonable number of lags (Atkinson and
Lewis, 2000). In the current work this is not an issue because the
technique here is applied to compare and classify textures between
images, therefore, in this case the region of each class corresponds
to the entire image.
3. Results and discussion

3.1. Quasi-2D foams

Three frothers were used in the 2D experimental campaign:
Oreprep F549, MIBC and Octanol, at a concentration of 100 ppm.
The system was characterised by running tests at Jg = 2.0, 2.5, 3.0
and 3.5 cm/s. For each superficial gas velocity, the equilibrium
foam height (Hf ;eq) was recorded in order to generate the
Jg � Hf ;eq curves presented in Fig. 8.

At the highest Jg both Octanol and Oreprep F549 presented
foam overflowing; therefore, at this condition it was not possible
to determine their equilibrium foam height. This explains why
the only value of Hf ;eq reported at Jg ¼ 3:5 cm/s in Fig. 8 corre-
sponds to MIBC.

The Jg � Hf ;eq curves were used to select a condition at which the
three frothers generate roughly the same equilibrium foam height,
and there is enough foam in the cell to capture images. At
Jg = 2.5 cm/s and foam height Hf ;eq � 4 cm the three frothers gener-
ated roughly the same equilibrium foam height. The quasi-2D foam
images were taken at this condition.

Prior to applying the variogram-based textural analysis, all the
images were analysed in the classical way to determine foam bub-
ble size distribution, which are presented in Fig. 9.

As it can be seen in Fig. 9, there is not a significant variation in
the bubble size distributions generated at Jg = 2.5 cm/s for the



Table 3
Frother concentrations used in the column tests.

Frother CCC95, ppm C� , ppm

DF250 20 35
MIBC 12 80
Octanol 10 25
PEG300 79 150
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Fig. 8. Equilibrium foam height vs superficial gas velocity in the quasi-2D cell.
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three frothers tested. Therefore, the classical image analysis and
the bubble size distribution do not allow the identification of dif-
ferences between the foams generated with these frothers.

3.2. Textural analysis of quasi-2D foams

The same images analysed for foam bubble size distribution
were processed using the variogram-based textural analysis algo-
rithm. For this purpose, a variographic map with a 50 pixels radius
was considered, obtaining the confusion matrix shown in Table 2.
Since the only difference between foams is the frother type, the
classes defined for comparison and classification correspond to
the three reagents used: Oreprep F549, MIBC and Octanol.

The classification accuracy is high, with a value of 88.9%. With
this result it is possible to say that, even though the bubble size
distributions presented in Fig. 9 are the same for the three reagents
used, the textures of the quasi-2D foams generated with Oreprep
F549, MIBC and Octanol, are recognised as different by the
variogram-based textural classification algorithm. Note that this
proves that images can be classified according to their texture,
Table 2
Confusion matrix for quasi-2D foams.

Confusion matrix
DF250 22 4 1

2 24 1
0 1 26

2
4

3
5MIBC

PEG300
Classification accuracy:

95.9%
but does not allow an absolute measure of the texture to be
defined, which in not an objective of this work.
3.3. Column foams

Four frothers were used in the laboratory column experimental
campaign: DF250, MIBC, Octanol, and PEG300. The reagent concen-
tration and the operational conditions of the column were defined
in order to have a similar gas dispersion in the collection zone for
all the frothers used. This means having the same bubble size (d32),
superficial gas velocity (Jg), and gas holdup (eg). First, the frothers
were characterised and their CCC95 was determined, which corre-
sponds to the frother concentration giving a 95% of the size reduc-
tion in d32 (Finch et al., 2008). A 100% of size reduction due to
frother addition corresponds to the difference between d32 gener-
ated without frother and d32 generated at a frother concentration
above CCC. CCC95 corresponds, therefore, to the frother concentra-
tion at which a 95% of that size reduction is achieved. At these con-
centrations, all the frothers produce a similar mean bubble size,
d32 � 0:83 mm. After that, the system was characterised, and
curves Jg � eg were generated for all the frothers, at concentrations
higher than the CCC95, with the purpose of finding a frother con-
centration C�, higher than CCC95, at which both Jg and eg coincide
for all the frothers. Those concentrations are shown in Table 3,
along with the values of CCC95 determined for each frother.

The gas dispersion conditions in the collection zone, for each
frother at concentration C�, were: Jg ¼ 0:75 cm/s, eg ¼ 15%, and
bubble surface area flux Sb = 54 s�1. A series of tests was performed
at these conditions in the column, but varying the foam height Hf

from �16 cm, which was the minimum foam height at which the
foam gas holdup could be measured, until the maximum foam
height achievable with each frother. The results of beg;f vs foam
height Hf are presented in Fig. 10. The trend line included does
not represent any model and is there only as a reference.

For each data point in Fig. 10, a series of images of the top of the
foam was captured for textural analysis and classification. Note
that the higher the value of Hf the higher the foam gas holdup,
50

55

60

10 20 30 40 50 60 70

Fo
am

 g
a

Foam height, cm

DF250
PEG300
Octanol

MIBC

Fig. 10. Foam gas holdup beg;f vs foam height Hf .



Table 6
Classes defined according to foam height.

Classes (Hf ) Conditions: Frother type (Hf )

16–18 cm Octanol (16 cm); PEG300 (16–17 cm); MIBC (18 cm)
22–24 cm DF250, MIBC and Octanol (22 cm); PEG300 (24 cm)
26–29 cm MIBC (26 cm); Octanol (26–29 cm); DF250 (27 cm)
P36 cm DF250 (36–62 cm)

Table 7
Confusion matrix for column foams considering foam height, excluding images in the
same group for comparison.

Confusion matrix
Hf : 16–18 cm 16 35 25 12

44 4 24 16
20 47 21 0
39 7 0 42

2
6664

3
7775Hf : 22–24 cm

Hf : 26–29 cm
Hf : P36 cm

Classification accuracy:
23.6%
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which is in agreement with the bubble coalescence and liquid drai-
nage phenomena expected to occur in the foam. Besides that, there
is an important difference between the maximum foam height for
MIBC (Hf ;max = 26 cm) and DF250 (Hf ;max = 62 cm), which was also
expected since MIBC is considered a weak frother that generates
froths/foams less stable than DF250, considered a strong frother.

3.4. Textural analysis of column foams

In this case, the foam images can be grouped in three different
sets of classes: by frother type, foam height and foam gas holdup.
Table 4 shows the results of comparing and classifying the foam
pictures according to the reagent used.

The classification accuracy is high, with an error lower than 5%.
The results, in this case, may be showing that within each class
there are images share texture, for example images corresponding
to the same condition of frother and foam height, but not necessar-
ily that all the images in the class have the same texture. Therefore,
it is of interest to perform the classification but excluding the
images generated under the same conditions in the step of com-
parison. In this way, for instance, in order to classify a foam image
corresponding to DF250, at Hf = 31 cm, in the class of DF250, its
texture has to be close enough to the texture generated with
DF250, but at any other foam height.

Table 5 shows the results of comparing and classifying the foam
pictures according to the reagent used, but excluding the images
generated under the same conditions of frother type and foam
height from the comparison.

The classification accuracy drops from 95.9% to 67.2% when
comparing the results of Tables 4 and 5. This means that foam
height has some effect on texture, even if the same frother is used.
It can be seen from Table 5 that the most important contribution to
the drop in classification accuracy is given by the misclassification
of PEG300, a polyethylene glycol that is not commonly used as a
frother, because it is considered too weak, which is confirmed from
the values of CCC95 presented in Table 3. According to the results,
PEG300 is the frother that presents the strongest effect of foam
height on texture. If PEG300 was excluded from the comparison
and classification, the accuracy would increase to at least 75%. This
is the value that results when the classification accuracy is calcu-
lated without considering the numbers of the last row in the con-
fusion matrix presented in Table 5. The actual classification
accuracy, excluding PEG300, might be even higher since some of
Table 4
Confusion matrix for column foams considering frother type.

Confusion matrix
DF250 149 0 0 5

0 66 0 0
0 0 105 5
7 0 0 81

2
664

3
775MIBC

Octanol
PEG300

Classification accuracy:
95.9%

Table 5
Confusion matrix for column foams considering frother type, excluding images in the
same group for comparison.

Confusion matrix
DF250 112 0 0 42

0 50 2 14
0 0 87 23
32 13 11 32

2
664

3
775MIBC

Octanol
PEG300

Classification accuracy:
67.2%
the images misclassified as PEG300 could be well classified if this
reagent was not considered.

As mentioned before, the foam images can be grouped not only
by frother type, but also by foam height or foam gas holdup. The
definition of classes according to foam height, Hf , is presented in
Table 6.

The images here are assigned to different classes according to
the foam height, without taking into account the frother type. With
this, as shown in Table 6, there will be different frothers in each
class. The result of comparing and classifying the foam images
according to foam height is presented in Table 7. For the reasons
explained above, the images generated under the same conditions
of foam height and frother type were excluded from the compar-
ison, which means that in order to classify an image generated,
for instance, with MIBC at Hf ¼ 26 cm as belonging to Class Hf :
26–29 cm, its texture has to be close enough to either Octanol
(26–29 cm) or DF250 (27 cm).

The results presented in Table 7 shows a low classification accu-
racy (23.4%), suggesting that the foam texture is not defined by
foam height, and frother effect is far more important, as shown
in Table 5. This was expected since the characteristics of the foam
should depend not only on the absolute value of foam height, but
Table 8
Classes defined according to foam gas holdup.

Classes (beg;f ) Conditions: Frother type (Hf )

�52% MIBC (18 cm); Octanol (16 cm)
�56% PEG300 (16 cm); Octanol (19 cm)
�58% PEG300 (17 cm); Octanol (22 cm)
�63% MIBC (26 cm); Octanol (29 cm)
�68% DF250 (27 cm); PEG300 (24 cm)

Table 9
Confusion matrix for column foams considering foam gas holdup, excluding images in
the same group for comparison.

Confusion matrixbeg;f � 52% 0 30 2 12 0

18 1 0 1 24

5 0 8 0 31

29 12 2 0 1

0 23 21 0 0

2
6666664

3
7777775

beg;f � 56%beg;f � 58%beg;f � 63%beg;f � 68%
Classification accuracy:

4.1%



Fig. 11. Foams with beg;f = 63% generated with MIBC at Hf = 23 cm (left), and Octanol at Hf = 29 cm (right).

58 D. Mesa et al. /Minerals Engineering 98 (2016) 52–59
on the height relative to the maximum foam height achievable
with the reagent being tested. For instance, it cannot be expected
that a 26–27 cm of foam generated with DF250 behave in the same
way as 26–27 cm of foam generated with MIBC, because the latter
corresponds to the maximum height achievable with MIBC, while
DF250 can generate twice as much foam in the same system. It is
interesting to notice that the classification accuracy of a random
classification would be around 25%, so foam height cannot be con-
sidered to define foam texture.

Finally, the last way of grouping the foam images, is by foam gas
holdup. This is done in Table 8 for beg;f ranging between 52% and
68%. To avoid the generation of too many classes, the images gen-
erated at the highest values of foam height with DF250 were not
considered.

The result of comparing and classifying the foam images
according to foam gas holdup is presented in Table 9. The images
corresponding to the same conditions of foam gas holdup and
frother type were excluded from the comparison step when apply-
ing the variogram-based textural classification.

The results show a classification accuracy of 4.1%, i.e., more than
95% of images are misclassified when the foam gas holdup is con-
sidered to generate the classes. This means that even though the
foam gas holdup may be the same, textures differ depending on
frother type and/or foam height. This can be confirmed directly
from the foam images, as it can be seen in Fig. 11, where foams
with the same beg;f are presented.

Fig. 11 shows foam images generated with different frothers, at
different foam heights, but with the same foam gas holdup (63%).
The image on the left corresponds to MIBC at Hf = 23 cm, and the
image on the right corresponds to Octanol at Hf = 29 cm. In this
case, the difference in texture can be easily detected with the
naked eye.
4. Conclusions

A variogram-based technique to compare and classify foams
according to their texture was introduced. The technique was used
with two sets of images, corresponding to foams generated in a
quasi-2D cell and in a laboratory column. In the case of the
quasi-2D foams, even though the bubble size distribution in the
images did not show a significant variation between frothers,
the textures generated with Oreprep F549, MIBC and Octanol
were recognised as different by the variogram-based textural
classification algorithm, with a classification accuracy of 88.9%.
In the case of the foam images generated in the laboratory column,
three sets of classes were generated, corresponding to frother
type, foam height and foam gas houldup. The results suggest that
foam texture is mainly defined by froth type, with some effect
of foam height. The column foam images did not show similar
characteristics when grouped by foam gas holdup, which was
confirmed with the variogram-based technique. The classification
accuracy in this case was lower than 5%, showing that foam texture
in the column was not determined by foam gas holdup.
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