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Activated sludge monitoring of a wastewater treatment plant
using image analysis and partial least squares regression
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Abstract

The biomass present in a wastewater treatment plant was surveyed and their morphological properties related with operating parameters such
as the total suspended solids (TSS) and sludge volume index (SVI). For that purpose image analysis was used to provide the morphological
data subsequently treated by partial least squares regression (PLS) multivariable statistical technique. The results denoted the existence of a
severe bulking problem of non-zoogleal nature and the PLS analysis revealed a strong relationship between the TSS and the total aggregates
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rea as well as a close correlation between the filamentous bacteria per suspended solids ratio and the SVI.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The activated sludge is a complex ecosystem mainly
f bacteria and protozoa. In fact, a good balance between

he bacteria and protozoa and among the different species
f each group is crucial for efficient pollution removal,
ood settleability properties and low suspended solids
ffluent levels. Bacteria agglomerate as aggregates, mainly
ue to exopolymers excretion and a filamentous bacteria
ackbone towards an ideal floc with reasonable size and well
alanced floc-forming and filamentous bacteria composition.
urthermore, they should be also quite robust and have good
ettling capabilities, hence leading to a low organic matter
nd low turbidity final effluent. However, when the operating
onditions are not perfect mainly in terms of organic load,
utrients and oxygen contents some malfunctions may occur
uch as the ones reported by Bitton[1]: pinpoint flocs bulking
ue to the absence of filamentous bacteria, leading to hardly
ettleable small flocs;filamentous bulkingdue to filamentous
acteria surplus, leading to hardly settleable huge and

∗

linked flocs;dispersed growthdue to floc-forming bacter
not flocculating leading a non-settling turbid effluent
zooglealor viscous bulkingdue to flocs with poor settlin
abilities and compaction leading to high viscous and org
contents final effluents.

Image analysis has become nowadays a very impo
tool with a large field of applications due to its ability
remove the subjectiveness of human analysis, the poss
to extract quantitative data and avoid tedious and highly t
consuming tasks to human researchers. Some of the
important applications of image analysis reside on me
imaging (magnetic resonance, X-ray computer tomogr
and ultrasound images), geographical data (landsat the
and synthetic aperture radar based maps) and biolog
biotechnology (muscle fibres and plant-cells embryo stu
and DNA sequencing) among several others[2].

In fact, the rather tiring, imprecise and time-consum
classical methods to characterize aggregates and ev
filamentous bacteria contents by manual counting u
a microscope[3,4] are being progressively step aside
the development of automated image analysis met
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such as the works of Ganczarczyk[5], and Grijspeerdt and
Verstraete[6] to characterize the aggregates morphology, and
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relate it to settleability properties. Indeed, automated image
analysis seems to be an appropriate method to characterise
quantitatively both aggregates and filamentous bacteria as
shown by the methods proposed by Cenens et al.[7], Da
Motta et al.[8] and Amaral et al.[9] subsequently used to
monitor bulking events in pilot plants[10].

The prime objective of the present work resided on the sur-
vey of the filamentous bacteria and aggregates contents and
morphology, in the biomass present in an activated sludge
treatment plant, during a period of three and a half months.
Furthermore, the relationship between biomass and operat-
ing parameters, such as the total suspended solids (TSS) and
sludge volume index (SVI), could be enlightened by the use
of the multivariable statistical technique partial least squares
(PLS) regression.

2. Materials and methods

2.1. Biomass sampling

The activated sludge analyzed in this work, was taken from
a wastewater treatment plant (WWTP) treating domestic ef-
fluents in Braga municipality for a period of three and a half
months[11]. For the image analysis the maximum period of
time between sample collection and image acquisition did
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SZ 4045TR-CTV Olympus stereo microscope (Olympus,
Tokyo) with a total magnification of 40 times and a total
of 25 images per sample. In both cases the microscopes
were coupled to a Sony CCD AVC–D5CE (Sony, Tokyo)
grey scale video camera. Computer image grabbing was
performed in 8-bit (256 grey levels) 768× 576 pixels matrix
by a Data Translation DT 3155 (Data Translation, Marlboro)
frame grabber using the commercial software package
Image Pro Plus (Media Cybernetics, Silver Spring).

Aggregates and filamentous bacteria morphological
descriptors were determined using two programs created
in Matlab 6.5 (The Mathworks, Natick): the floc program
and the filaments program. Each programme consists of 2
sub-routines that can be used together or separately. A more
detailed description of each program code as well as the algo-
rithms used to identify the filamentous bacteria or aggregated
biomass and measure the main morphological parameters
can be found in[10,9]. The first of the sub-routines is an
image processing automatic procedure to obtain the binary
images of the filaments from the original 256 grey level
images. The second one is a fully automatic image analysis
programme to determine and save the morphological pa-
rameters of the filaments/aggregates. The main stages of the
first programme comprise the image pre-treatment, image
segmentation and debris elimination whereas the second pro-
gramme is oriented to the morphological parameters deter-
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ot exceed 3 h with no more than half an hour without
tion. For the filaments and aggregates image acquisit
olume of 50�L was taken to a slide and covered with
4 mm× 24 mm cover slip for visualization and image
uisition in phase contrast and direct light, respectively.

.2. Operating parameters

The total suspended solids (TSS) were determine
eighting according to standard techniques[12]. The sludge
olume index (SVI) was determined according to[13] as the
olume in millilitres occupied by 1 g of a biomass susp
ion after 30 min settling. However, for highly concentra
ixed liquors it is preferable to use the diluted sludge vol

ndex:

VI = h30

h0 TSS
fDil

hereh0 is the initial diluted sludge height, h30 the settled
iluted sludge height after 30 min of settling time andfDil the
ilution factor.

.3. Image analysis

.3.1. Image acquisition
Filaments image acquisition (Fig. 1a) was accomplishe

hrough phase contrast microscopy on a Zeiss Axiosco
roscope (Zeiss, Oberkochen) with a 100 times magnific
nd a total of 30 images per sample. Aggregates im
Fig. 1a) were acquired through the visualization o
a

s

mination.

2.4. Filaments program

2.4.1. Image pre-treatment
The first step of the filaments programme resides on

normalisation and improvement of the grey level origin
image. In this stage the original image is divided by a ba
ground image to minimize background light difference
re-shifted back to retain the original median, followed b
a grey scale cut off (value 2) and finally a 4× 4 pixels grey
scale bottom hat filter[17] is applied in order to improve the
filaments definition.

2.4.2. Aggregates segmentation
This stage consists primarily in the segmentation of t

aggregates and elimination of these in the enhanced filam
image. Prior to the aggregates elimination a series of st
consisting on eliminating filaments and filament-like deb
is performed by the summation of the grey scale cut
image. Subsequently the image is enhanced by the abso
difference of the image to a value of 0.5, a 10th order g
scale closing followed by an aggregates segmentation wi
pre-defined aggregates threshold value being carried ou
the end of this stage, an aggregates gap filling is perform
as well as the elimination of aggregates and debris sma
than 10× 10 pixels from the enhanced filaments image by
10th order erosion and a reconstruction operation.
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Fig. 1. Filamentous bacteria (a) and aggregates (b) images.

2.4.3. Filaments segmentation
This stage consists primarily in a pre-processing step

followed by the segmentation of the filaments. The pre-
processing step resides on the determination of the aggregates
to image area ratio (A/I ratio) percentile and the elimination
of the pixels with lower values than the found percentile,
followed by the difference to the grey scale cut off image
in order to enhance the image. Finally the segmentation
step is performed with a pre-defined filaments threshold
value.

2.4.4. Debris elimination
This step is achieved by the determination and use of a

filaments marker image in the filaments and filament-like
debris image. The filaments marker image can be defined
as an image containing at least one pixel belonging to the
filaments of interest and none of the filament-like debris.
The determination of a second percentile value based on
both pre-defined filaments segmentation percentile level
and the A/Iratio, followed by an images conjugation and
a reconstruction operation are used for that purpose. The
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filaments marker image is then used as a mask in order to
perform a reconstruction of the real filaments in the resulting
filaments segmentation image. Finally the determination
of each object area and gyration radius[14], allowed the
elimination of debris with area smaller than 32 pixels or
gyration radius smaller than 1.2. The last step of this stage
consists in attributing a different intensity value for each
of the different filaments (labelling) found in the binary
image.

2.4.5. Morphological parameters determination
The main morphological parameters determined by this

programme are: total filamentous bacteria number (Fil Nb) as
the number of end-points, divided by 2 and rounded upwards,
after a 12 pixel length branch deletion; filamentous bacteria
mean length (L) as the sum of the pixels of the filament skele-
ton multiplied by a factor of 1.1222[15] to account for the
different directions, divided by the number of filaments; total
filamentous bacteria length (TL) as the sum of all the fila-
ments skeleton pixels within an image multiplied by a factor
of 1.1222[15].

2.5. Flocs program

2.5.1. Image pre-treatment
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2.5.3. Debris elimination
The first step of this stage consists on aggregates gap filling

and an exclusion operation (only pixels which are simultane-
ously white in the first image and black in the second image
remaining) with the resulting image from the aggregates seg-
mentation stage. Subsequently the elimination of aggregates
and debris smaller than 6× 6 pixels by a third order erosion
and a reconstruction operation is performed. Finally the de-
termination of each object area allowed the elimination of
debris with area smaller than a pre-defined aggregates mini-
mum size, as well as objects cut off by the image boundaries.
The last step of this stage consists in attributing a different
intensity value for each of the different filaments (labelling)
found in the binary image.

2.5.4. Morphological parameters determination
The main morphological parameters determined are the

following: total aggregates number (Floc Nb) as the total
number of aggregates not cut off by the images boundaries;
aggregates mean area (A) as the sum of the pixels of the
projected surfaces of the aggregates, divided by the number
of aggregates; total aggregates area (TA) as the sum of all
the aggregates pixels within an image; extent (Ext) defined
as the ratio between the area of an object and its bounding
box area[16]; eccentricity (Ecc) calculated using the area
(
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The first step of the flocs programme resides on the
alisation and improvement of the grey level original ima

n this stage the original image is first divided by a ba
round image to minimize background light differences

hen equalized by histogram equalization in order to enh
he contrast of the aggregates boundaries. Subsequen
mage is filtered by a Wiener filter[3] so that pixel noise ca
e softened.

.5.2. Aggregates segmentation
In the first stage of the segmentation step an aggre

oundary image is obtained by the difference between a
rder grey scale dilation and a first order grey scale ero

mages. Afterwards a two-step aggregates segmentatio
chieved with the determination and use of an aggre
arker image obtained by image segmentation at a 0

hreshold level as well as a preliminary aggregates im
y image segmentation at a pre-defined threshold l
he aggregates marker image (image containing at
ne pixel belonging to the aggregates of interest and
f the debris) is then used as a mask in order to per
reconstruction of the real aggregates in the prelimi

ggregates image. Seemingly are performed an aggre
ap filling and a second segmentation procedure bas

he determination of the aggregates to image area ratio
atio) percentile. The pre-treatment Wiener filter im
s then segmented by this percentile threshold level
onjugated (only common white pixels remaining) w
he resulting binary image from the first segmenta
rocedure.
s

A) and the second order moments (M2) of an object by[2]:

cc = (4π)2(M2X−M2Y )2+4M2
2XY

A2 ; convexity (Conv) defined a
he ratio between the convex perimeter and the perime
n object[2]; roundness (Round) calculated using the
A) and the convex perimeter (PConv) of an object by[2]:
ound= 4πA

PConv
2 ; compactness (Comp) calculated using

rea (A) and the maximum Feret diameter (FMax) of an objec

y [17]: Comp=
√

(4/π)A
FMax

; solidity (Sol) defined as the rat
etween the object area and the convex envelope area[17].

With the aggregates mean area, aggregates total are
entous bacteria length and total filamentous bacteria le
ata, three new parameters could be determined: filame
acteria length per aggregates mean area ratio (L/A) calcu-

ated as the ratio between the filamentous bacteria lengt
he aggregates mean area; filaments contents versus
ates contents (TL/TA) calculated as the ratio between

otal filamentous bacteria length and the total aggregates
nd filaments contents versus solids contents (TL/TSS
ulated as the ratio between the total filamentous bac
ength and the total suspended solids.

.6. Partial least squares regression (PLS)

Partial least squares regression (PLS), is an iterativ
orithm that extracts linear combinations of the esse

eatures of the originalX data while modelling theY data
ependence on the work set being therefore well suite
ultivariate calibration. The most important advantag

his method reports to the non-problematic handling of m
icollinearities relying on an iterative algorithm, which ma



250 A.L. Amaral, E.C. Ferreira / Analytica Chimica Acta 544 (2005) 246–253

possible the treatment of data with more features than objects
[18].

In this method, the latent variablesui (matrixU) are used
for modelling the objects separately in the matrix ofY de-
pendent data, whereas, theti variables (matrixT) are used for
modelling the objects separately in theX matrix of indepen-
dent data. The latent variablesU andT are the basis of the
regression model and are determined byU=A×T +E (PLS
components matrixA and error matrixE) in an iterative pro-
cess with the centred matrices ofX andY as starting points
[18].

Simca 7.01 (Umetri, Um̈ea) software package was used to
perform PLS analysis from the data set. This software itera-
tively computes one PLS at a time, that is, one vector each of
X-scores (t),Y-scores (u), weights expressing the correlation
betweenX andU (w), weights expressing the correlation be-
tweenY andT (c) and loadings (p). The PLS components
are calculated in descending order of importance. For the re-
sponse variables (m) inY, the multiple correlation coefficient
(R2Ycum) or goodness of fit is given by[19]:

R2Ycum =
∑

R2Ya

whereR2Ya is the sum of squares of all theY’s explained by
each extracted component (a).

The variable importance in the projection (VIP) represents

su

as
the

t

that are found to be the most important are the ones presenting
a VIP value larger than 1[19].

The overall error of each predicted value ˆyi can be given
by the normalized distance ˆyDist(i) to the model[19]:

ŷDist(i) =
√∑

f 2
im/(K − A)

√∑ ∑
f 2

im/(N − A − A0)(M − A)

where (N− A− A0) is the number of the degrees of freedom
for PLS, K andM are, respectively, the number ofX data
parameters andY response variables,A the number of PLS
components,A0 is 1 or 0, depending on whetherY is centered
or not andfim are theY residuals for each observation (i) and
response variable (m).

The method used to discard the outliers was based on the
calculation of the normalized distance (ˆyDist(i)) to the model
and elimination of the data points (days) presenting a distance
value larger than 1[19].

3. Results

In this work, the aggregates contents and morphology from
Braga WWTP were surveyed, for a period of three and a half
months, by the aggregates number and projected area and
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I a
the influence of each parameter (k) of the data matrix (X) on
the results matrix (Y), so that the parameters with a VIP
larger than 1 have an above average influence on the re
and are, therefore, the most relevant for explainingY. SIMCA
computes the variable importance in the projection (VIP)
the sum over all model dimensions (PLS components) of
variable influence VINak [19]:

VIN k =
∑

VIN2
ak

For a given PLS dimension (a), VIN2
ak is equal to the squared

PLS weightw2
ak of that parameter, multiplied by the percen

explained sum of squares by that PLS dimension (R2Ya).
The variable importance is then normalized so that

∑
(VIP)2

equals the number of the data parameters (K). The parameters

Fig. 2. Parameters behavior: (a) SV
lt

the above mentioned morphological parameters wherea
free filamentous bacteria contents was surveyed by the
mentous bacteria length and number. Overall, approxima
140,000 aggregates were studied in this survey and the m
collected data is summarized inFig. 2andTable 1.

Throughout all the survey time the sludge volume
dex (SVI) presented values quite high ranging from 200
620 cm3/g, implying thus the existence of a severe bulki
problem. Furthermore, this situation was more problem
in the period between days 67 and 87 with values norm
higher than 500 cm3/g. The total suspended solids conten
(TSS) were somewhat higher than the normal operating
its ranging from 0.5 up to 4.5 g/dm3, with the lower values
corresponding to the higher values of the SVI between d
67 and 87.

nd TSS; (b) aggregates area distribution.
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Table 1
Main morphological parameters average for each aggregates class

Convexity Eccentricity Solidity

0.02–0.1 0.93 0.77 0.71
0.1–1 0.61 0.80 0.65

>1 0.27 0.85 0.57

The analysis of the aggregates area distribution clarifies
the nature of the flocs within the aeration tank. The significant
presence of the 0.1–1 mm diameter aggregates with respect to
the 0.02–0.1 mm and to the >1 mm diameter aggregates seems
to point out the predominance of normal flocs instead of pin
point flocs or zoogleal flocs. Furthermore, the large zoogleal
flocs were practically inexistent from day 46 until the end of
the survey. Therefore, the referred bulking problems within
the aerated tank could not be of zoogleal nature, but proba-
bly of filamentous nature as pointed out by the coincidence
between the higher SVI values and the smaller aggregates
predominance.

With respect to the morphological parameters from
the seven parameters studied, three (seeTable 1) emerged
representing the three major aspects of the aggregates mor-
phology: aggregates ability to take the lesser possible place
(solidity), aggregate elongation (eccentricity) and aggregate
edges roughness (convexity). From this data it was apparent
the formation of somewhat loose elongated structures with
the smaller aggregates presenting smooth edges differing
from the rougher edges of the larger aggregates.

Also, two parameters originating from the filaments con-
tents versus aggregates contents (TL/TA) in one hand and
from the filaments contents versus solids contents (TL/TSS)
on the other were included due to its importance on the pre-
diction of the SVI (Fig. 3). From the analysis of these two
p be
w both
p the
S the
r d ag-
g e ex-

istence of a filamentous bulking phenomenon. Furthermore,
the TL/TSS values larger than 10,000 mm/mg[2] clearly in-
dicate the existence of a filamentous bulking problem.

In order to enlighten the parameters relationships the PLS
regression was performed to this data set with the TSS and
SVI asY variables and the morphological parameters asX
variables.

Regarding the PLS analysis in what the SVI is concerned,
five major aspects were studied: free filamentous bacteria
contents (total filamentous bacteria length and number
and filaments contents versus aggregates contents); free
filamentous bacteria characterization (filamentous bacteria
mean length and filaments mean length versus aggregates
mean area); aggregates contents (total aggregates area and
number); aggregates size (aggregates mean area) and aggre-
gates morphology (convexity, compactness, extent, solidity,
roundness and eccentricity). The parameters most suited for
representing each of these major aspects were found to be,
respectively, TL/TA,L/A, TA, A, and convexity. With respect
to the PLS analyses for the TSS only three key aspects
were studied: free filamentous bacteria contents; aggregates
contents and aggregates morphology. The parameters most
suited for representing each of these major aspects were
found to be, respectively TL/TA, TA and convexity.

When the PLS regression of the raw data was performed
within SIMCA with a built-in autofit option, no significant
i han
o r the
m 22.
R sion
w alues
s iple
c
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t d in
T the
T ggre-
g s area
( ith
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teria co
arameters the most significant information that could
ithdrawn is the fact that there was a strong peak in
arameters correlating roughly with the peak found for
VI. Therefore, a straight dependence of the SVI with

elationship between the free filamentous bacteria an
regates ratio should be considered leading towards th

Fig. 3. Aggregates and filamentous bac
mprovement in the prediction ability occurred for more t
ne latent variable in the TSS study attaining a value fo
ultiple correlation coefficient (goodness of fit) of 0.8
egarding the SVI study a two latent variables PLS regres
as found to be appropriate, as the use of more latent v
hown no significant improvement, resulting in a mult
orrelation coefficient of 0.741.

The variable importance in the projection (VIP) betw
he TSS and SVI and their key aspects are explicite
able 2. The parameter found to contribute the most for
SS (highest VIP value) was the one representing the a
ates contents key aspect, namely the total aggregate
TA) with a value of 1.112 (sole value larger than 1). W
espect to the SVI, the filaments contents versus aggre

ntents (a) and TL/TA and TL/TSS behavior (b).
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Table 2
Partial least squares regression variable importance (VIP) for TSS and SVI
with key parameters

TSS SVI
(1 latent variable) (2 latent variables)

TL/TA 0.901 1.412
TA 1.112 0.893
Convexity 0.976 0.900
L/A – 0.896
Area – 0.773

contents (TL/TA) representing the free filamentous bacteria
contents key aspect was, by far, contributing the most with a
value of 1.412 (sole value larger than 1).

The results were obtained after discarding the days 34 and
67 for TSS and 0, 6, 26, 67, 69 and 87 for SVI, as suggested
by a first PLS trial using all the data set. The method used
to discard the outliers was based on the calculation of the
normalized distance ˆyDist(i) to the model and elimination of
the data points (days) presenting a distance value larger than
1. Furthermore, these outliers were shown to be set quite apart
from the trendline formed by all the other points when plotted
in a predicted values versus observed values graph upon the
first PLS trial.

With respect to the result of the PLS analysis for the
SVI, the parameter found to contribute the most (TL/TA)
presented a correlation regression of 0.839. However, the ob-

served versus predicted SVI correlation regression value of
0.861 (Fig. 4a) was not satisfactory, despite of a good agree-
ment (9.9% difference) between the observed and predicted
values.

The strong relationship between the SVI and TL/TA
parameter led to the investigation of another parameter
(TL/TSS) partially determined by image analysis and par-
tially by physical measurements. Doing so, when the SVI
values were plotted directly against this parameter (Fig. 4b),
a 0.885 correlation regression was found with only 3 rejected
days (in opposition to the 6 days rejected by the PLS). Conse-
quently this parameter seemed to provide the best assessment
of the SVI values and could be used, at some extent, to moni-
tor the SVI behaviour in a wastewater treatment plant aeration
tank.

Regarding the PLS analysis between the TSS and the im-
age analysis data emphasized the relationship with the ag-
gregates contents (TA) with a 0.934 correlation regression
(Fig. 4c) quite satisfactory considering the fact that only 2
days were discarded (same as the PLS). Therefore, it seemed
reasonable to infer that the TSS behaviour could be satis-
factory monitored by the TA parameter. Once again a linear
relationship involving the above-mentioned key aspects of
the TSS was tested and the observed versus predicted TSS
correlation regression was found to be 0.906 lower than the
relationship between the TSS and the TA parameter (Fig. 4d).
F ffered

F
a

ig. 4. Correlations between the observed and predicted SVI (a), between S
nd TA (d), (grey points discarded).
urthermore, the observed and predicted TSS values di
VI and TL/TSS (b), between the observed and predicted TSS (c), and between TSS
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from each other 13.1%. Hence, and given the satisfactory
correlation regression for the relationship between the TSS
and TA it was found preferable to use only this parameter to
monitor the TSS contents.

4. Discussion and conclusions

From the beginning of the experiment and throughout all
the survey time very high sludge volume index (SVI) val-
ues were detected, ranging from 200 to 620 cm3/g, denot-
ing the existence of a severe bulking problem. Regarding the
total suspended solids (TSS) contents their values fell a lit-
tle higher than the normal operating limits between 0.5 and
4.5 g/dm3, with the lower values corresponding to the period
of SVI higher values.

From the aggregates morphological analysis it was ap-
parent the formation of somewhat loose elongated structures
with the smaller aggregates presenting smooth edges differ-
ing from the rougher edges of the larger aggregates.

The aggregates area distribution showed meaningless val-
ues for the larger aggregates throughout the survey, in opposi-
tion to the clear predominant 0.1–1 mm class, which seems to
point out the prevalence of normal flocs instead of pinpoint or
zoogleal flocs. This fact allows inferring that the experienced
bulking problems within the aerated tank were probably not
o hy-
p f the
h ance
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ent
a pect
t d mor
p one
h the
fi ents
v e be-
t s was
f ulk-
i than
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b
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w SVI
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w sion,
w only
3 /TSS
p SVI
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0.934 for 2 days discarded. Consequently it seems realistic to
infer that the TSS could be satisfactory monitored by the TA
parameter, even more attending to the corresponding correla-
tion regression of 0.906 between the predicted and observed
TSS.

Given the fact that, in the course of this survey, the SVI
values were always quite high, only the relationships for high
SVI values could be studied, whereas for a wastewater treat-
ment plant working with satisfactory SVI values these re-
lations may not stand true. Furthermore, as no points were
present in the lower section of the regression lines the search
of good correlation values may also have been hindered.
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