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ABSTRACT

The activated sludge process is commonly used for secondary
wastewater treatment all around the world. This process is
capable of achieving high performance results. However it has
the reputation of being difficult to operate because of its poorly
understood biological behavior mechanisms and information
that is based on qualitative data. It was long recognized that
the operators of activated sludge plants should be equipped
with convenient and efficient methods that augment this
incomplete knowledge with experience and as a result
knowledge-based systems were -introduced to the field. This
paper summarizes the development stages and components of
the Activated Sludge Expert system (ASExpert), which is a
prototype for an integrated knowledge-based decision support
system dedicated for the operators of conventional activated
sludge plants. It is made up of a rule-based expert system
plus a complete database tool. This paper focuses on the
expert system module to explore the new technique
implemented for its development. Finally the paper concludes
that expert systems technology proved its importance for
enhancing activated sludge plants’ performance. In Egypt-
where enormous investments have lately been dedicated for
the construction of these-plants- using applications like the
ASExpert system could certainly increase the anticipated pay-
off and can be considered as important training tools as well.

Keywords: Activated sludge, Expert systems; Knowledge-
based systems, Decision support systems

INTRODUCTION
astewater is a combination of water-
carried wastes  produced  from
domestic, storm water, commercial and
industrial sources. It has a very complex
composition, containing many forms of

heterogeneous dispersion of organic and
morganic  solids, both colloidal and
suspended. It should be effectively treated
‘or many problems would arise.

The Activated Sludge process is
‘nowadays the most used biological process
for domestic wastewater treatment. Figure 1
“depicts the main units of a typical activated

hy

lluting matter, dissolved impurities and a -
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sludge plant, which is basically composed of
an aeration basin and a clarifier in series. In
the aerator, the influent organic material is
metabolized by microorganisms present in
the sludge flocs where mechanical or
diffused aeration provides the required
oxygen and keeps the sludge flocs in
suspension. Then when the mixed liquor
enters the clarifier, liquid-solid separation
occurs due to gravity settling of flocs. From
here, most of the activated sludge is
recycled back into the aeration tank -to
maintain a certain food to microorganisms
ratio-and the excess is disposed of [1, 2].
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Figure 1 The main units of a tvpical activated sludge plant.

The main objective of activated sludge
plants is to transform raw sewage into an
effluent that meets standards defined by
environmental drainage authorities.
Although the activated sludge process is of
widespread use, in practice its operation is
still carried out with unqualified manual
operation. Usually traditional control
strategies are just applied to achieve a
prefixed level of water quality at the outlet
and under normal conditions (conditions
closest to the design) the plants work well
[3, 4]. However complete control of the
activated sludge process is not yet solved
because of the complexity and number of
factors involved, the strongly nonlinear
characteristics of the process, lack of
sensors for on-line measurement and
current mathematical models that still
cannot accurately  describe  process
dynamics. As a result the control
methodologies alone are not enough to
handle process upsets when uncontrollable
situations arise but management based on
operators’ experience becomes essential [4,
5]. Also much of the information used is
based on data that is inexact, uncertain and
qualitative (important factors such as
observations related to color or odor for
example can only be described qualitatively).
Thus to overcome this difficulty knowledge-
based systems (KBS) or expert systems were
introduced to the field. The available
literature on this subject reflects that there
are a number of ways for building these
systems to be wused for the design,
evaluation, diagnosis, operation and control
of the activated sludge process etc. [3-7].

Knowledge-based expert systems, or
simply expert systems, use human
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v
Waste of excess Sludge

knowledge to solve problems thatno
would require human intelligence.
expert systems represent the exj
knowledge as data or rules withi
computer. These rules and data ¢
called upon when needed to solve prob
Conventional computer programs pe
tasks using conventional decision-m
logic containing little knowledge other
the basic algorithm for solving that sp
problem and the necessary bour
conditions. This knowledge is |
embedded as part of the programming ¢
so that as the knowledge changes,
program has to be changed and then rel
Knowledge-based systems collect the S
fragments of human know-how int
knowledge-base which is used to re
through a problem, using the knowle
that is appropriate. A different probi
within the domain of the knowledge-b

through back-traces and to handle levels
confidence and uncertainty provides
additional - feature that conventio;
programming doesn’t handle [8]. :

specialized software tools called she
These shells come equipped with
inference mechanism (backward chainit
forward chaining, or both), and requ
knowledge to be entered according
specified format. They typically come with
number of other features, such as tools ft
writing - hypertext, for constructing friend
user interfaces, for manipulating object:
and for interfacing with external program
and databases. These shells qualify a



nguages, although certainly with a
rrower range of application than most
ogramming languages [8].

This paper summarizes the exerted effort
adapt and develop the Activated Sludge
tpert (ASExpert) system. The ASExpert
stem is a prototype for an integrated
owledge-based decision support system.
is designed to act as a decision aid tool for
rators of conventional activated sludge
mts to help them Dbetter diagnose
erating conditions and as a result select
propriate control actions. It has a very
er-friendly interface and does not require
ecial programming skills to encourage
inary operators to use it and to allow
ng it as a training tool for the new ones.
Egypt, it can provide an additional

'still new and naturally not much
erational control experience has
eloped yet. :

The system is made up of a rule-based
sert system module plus a complete
: tool for data recording and
eval. Its knowledge base is made up of
rules that correspond with the working
ditions of the Halton Southwest water

User

An Integrated Knowledge-Based Decision Support System for an Activated Sludge Wastewater
' Treatment Plant

pollution control plant in Canada [9, 10].
The paper will only focus on the expert
system component of the ASExpert system
to explore the new technique implemented
for its development.
‘This paper is organized as follows: the
first section describes the main components
. of the system and the procedure followed for
its  development. The second section
concentrates on briefly demonstrating its
features and capabilities using mainly print-
outs of the system’s screens during a
consultation session. Finally the paper ends
with  the conclusion = reached and
suggestions for future work.

THE ASExpert SYSTEM

System Architecture

The ASExpert system is made up of the

following components (Figure 2):

e Expert system tool.

e Database tool (data entry sub-system,
data graph tool & a report generator).

o User-interface through which the user
interacts with both tools.

e On-line help component.

User Interface

/’

\ i | "
- :

On-line Help

[ Expert System Tool]
[ Database| e
Tool
v Expert System Shell
Knowledge N Inference Data Report Data Graph
Base = Engine Entry forms Generator Tool

4

4
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Reper

Figure 2 Block diagram of the ASExpert system components [11].
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Development of the ASExpert System
The following steps describe briefly the
system’s development stages: (see Figure 3).

Pre-development stage
e Collect literature on the use of expert
systems technology for the operational
control of the activated sludge process.
e Study the possibilities for knowledge
acquisition.
Select the convenient software that could
handle the current requirements and could
also be maintained to satisfy future needs.
Lisp, Prolog, C, C++, Smalltalk and others
are all good programming languages for
writing expert systems. However expert
system shells are nowadays established as
the most suitable prototyping tools. An
expert system shell is essentially an expert
system without any knowledge. The basis for
shells is that one does not have to write the
inference engine (the routing mechanism
that processes the rules or other type of
knowledge and expertise based on the facts
of the current situation) nor the user
interface for each new expert system. One
should only focus on the collection and
verification of knowledge and thus requires
a minimum time to code the knowledge [9].
As many of the commercially available
expert shells tend to be very expensive, the
“C Language Integrated Production
Language” CLIPS developed by NASA was
chosen. Not only, it is available freely on the
Internet, but it also provides a complete
environment for the construction of rule
and/or object based expert systems. One of
its key features is its ability to be used
within other applications and thus could
easily be extended by a user to suite his
needs [12].
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Knowledge acquisition stage
After an intensive review of the tech
literature on the subject it was found th
1. Reported expert systems in the tech
literature for wastewater treat
mostly use rules that are site-specif
not easily transferable to other plants.
2.The literature seldom provides
documentation of these rules.
3.The necessary knowledge acquisi
needed to develop such a system wt
require a lot of time and
necessitate the assistance of expert
skillful operators. TS
4.The use of activated sludge plants
Egypt is still considered new and
much  experience regarding
- operation is developed yet.

Thus the knowledge-base componen
the system was acquired :
correspondence with Prof. G. G. Patry who
one of the pioneers in applying
techniques to the field and who
developed one of the principal actival
sludge expert systems cited in literature
10]. Most of these rules are rea
transferable to other plants and it
intended to customize the system to fit
present conditions of a conventior
activated sludge treatment plant curren
operating in Egypt.

Development stage
e Knowledge-base  organization: wher
each group of rules is coded usingt
CLIPS syntax in a separate file,
e Design the user interface using Vi
C++ 5.0.
Design the module that calls CLIPS fron
within the Visual C++ interface. :
Design the database tool (data entrn
sub-system, graph tool and repo
generator).
Design the on-line help component.
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’

l”re-development Stage:
1. Collect literature on the use of ES in the field.

2.  Study possibilities for knowledge acquisition.
Decision: use of the rules developed within the Gall & lf’atiﬁv’s
expert system. ' -

3.  Select the appropriate software.

‘Knowledge Acquisition Stage:

- Due to the difficulties met:

no documentation, not much
experience available in Egypt this
stage is skipped.

) ' — Changes in design.
Development Stage:

1. Knowledge-base organization.
Design of the user interface using Visual

CH++.

3.. Design the module that calls CLIPS from
within the Visual C++ interface.

4. Design the database tool (data entry sub-
system, graph tool & report generator).

5. Design the on-line help component and

collect the images to be used within the
system.

b Changes in implementation.

Prototype Implementation Stage:
Write the necessary programs that implement
the designs of the previous stage.

Testing Stage:
Test & prove all parts of the svstem.

No
Satisfacmry/
Yes
End
Figure 3 A flow chart of the development stages of the ASExpert svstem..
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Prototype implementation stage

Write all the necessary programs that
were fully designed during the previous
stage. .

Testing stage

e Test the user-interface program integrity
and the flexibility of calling CLIPS from
within it.

e Test the knowledge base to bring it to its
final form using hypothetical problems.

The ASExpert System Components
Expert system module

The expert system module of the
ASExpert system is a rule-based expert
system where the knowledge representation
formalism takes the form of (If-Then)
associations. This formalism is the most
popular means of representing the expert’s
knowledge about his domain. Rules are two-
part conditional statements the first or the
antecedent expresses a situation or a
premise while the second part or the
consequent states a particular action or
conclusion that applies if the situation or
premise is true.

IF MLSS concentration is low and

decreasing

THEN decrease the Sludge Wastage Rate

Knowledge representation as rules has the
following advantages:

1. Modularity where each rule defines an
independent piece of information.

2. Incrementability i.e. new rules can be
added without affecting existing rules

3. This formalism allows for associating a
degree of uncertainty within the (if-
Then) statements.

4. It also allows for explaining the
reasoning process through back traces
i.e. how this conclusion has been reached.

The  ASExpert system’s inference
mechanism employs a data driven forward-
chaining strategy where CLIPS control
mechanism automatically matches patterns
of the rules IF clauses against the current
state of the fact list to determine which rules
are applicable. It then checks to determine
what additional rules might be true, given
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the facts it has already established
process is repeated until the o
reaches a goal or runs out 0
possibilities. Then when CLIPS inf

consequent of an applicable
generally determine in our case theg

problem cause, equipment to be chedl
repaired, further tests to undergo, corn
control actions etc.). The ASExperts
allows for threes major problem deti
methods; observations, measurement
microscope analysis. Observations
related to four locations; influent, pn
clarifier, aeration basin and secor
clarifier where evidence of unusual co
foam, odour, excess solids, floating slud
scum overflow etc. that are detected b
operator could then be investigated u
the system.

The measurements selection allows:
investigating the results of four of the mi
tests or measurements that are periodice
performed in any activated sludge pla
settleability test or the Sludge Volw
Index  test (SVI), sludge  blank
measurement, Mixed Liquor Suspenc
Solids (MLSS) or the centrifuge test @
Dissolved Oxygen (DO) ;
measurements. Whereas the microsco
analysis is related to the investigation
predominating microorganisms and f
appearance as seen in Figure 4. 1
“Check” menu is a separate menu tt
allows the user to let the system investiga
the results of some the additional che
tests whether directly (routine tests)o:
these check tests are recommended byt
system as a result of the user input duri
a previous session. Thus after speci
the problem detection method, the us
should specify either the location or
certain test whose results seem to |
unusual, this will further take him
another menu or dialog box that will gui
him to describe the present conditi
precisely.

This procedure determines the sea
path to be followed by the ASExpert systs



this structure using simple questions
s the number of rules to be loaded into
memory and thus reduces the search
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the system’s speed performance. (The thick
line in Figure 5 determines the search path
where observations related to unusual foam

for the inference engine and enhances in the aeration basin case).
Root
Problem Detection
Method
Microscope
Examination
Location? Test? Analvsis? ‘
%
Aczration Basin
Blanket Depth @ @
Figure 4  Schematic of the rules logic tree.
Aeration
Basin
What appears
abnormal in the
aeration basin?
Fo: Odour, \ Colour
/&) Turbulenc @\
What does the Describe Describe the Describe the
foam look like? the odour turbulence colour
Sweet Blowom
) Deadspots
lndu:mal
oF Figure 5 Initial Aeration Basin logic tree [9].
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Database tool

The ASExpert system is also intended to
perform full database functions in an easy
way and no database programming skills is
required to do so. The database tool is
actually made up of three sub-systems. The
data recording sub-system facilitates
entering, storing and retrieving of the plant’s
daily measurements and test results. As the
ASExpert system emphasizes the use of
graphics a data graph component is also
added. This graph tool allows the selection
of variables to display and the type of graph
to plot (pie, bar, lines etc.) in a flexible way.
Graphic data forms are considered to be
much more superior to tabled data. The
human eye can easily recognize patterns
this way and thus graphs provide an
additional support to decision makers.
Finally the report generator tool provides
monthly reports of the required data. These
three tools integrate to provide sound and
reliable records for the plant’s data. The
database component represents a strong
potential towards daily data recording
through its easy to use data entry forms.
Data can be easily maintained for the
analysis of historical data or to satisfy any
future need. Not to mention the extreme
importance of the availability of reliable data
if we were to integrate a simulation
modeling component to the ASExpert
system in the future. The database
component won’t be explored much further
as the principal interest of this paper -as
stated earlier- is to focus on the expert
system module. 1

On-line help component

This component was incorporated to make
the ASExpert system as easy to use as
possible and to facilitate using it for self-
training. It includes an operator guide to
assist the user while using the available
menus, performing microscope analysis
and it explains some of the specialized
terms used within the system etc. It also
provides a set of images of the
predominating microorganisms to help him
identify the right species while performing
the microscope analysis.
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~ frequently and to allow for using the syste

User interface 3

People’s ability to absorb inform
and act upon it depends to a greate
on how that information is presented
user interface is the system’s compo
that determines the way for the use
the computer to communicate with
other. Graphical user interfaces (
which add overlapping menus, use imé
graphics, icons and colour present mo
the system’s options on the screen incr
the friendliness of the system. GU
users quickly grasp how to move aro
the environment. Therefore, using VC+
a very flexible user-friendly interfact
designed provided with menus, di
boxes and property sheets to gather us
input plus answers to questions aske
the system. In doing so, the ASEx
system provides assistance to the use
choose the most suitable description to!
problem from a set of feasible selectios
The ASExpert system uses images
predominating microorganisms to help
users identify the results of a microsc
analysis. No programming skills
required to use the system in order
encourage ordinary operators to use

as a training tool as well.

Tools and Techniques

The system provides a Visual C++§
user-friendly interface and uses a Dynami
Link Library (DLL) of CLIPS as the expei
system tool. A DLL is an executable fi
that acts as a shared library of function:
These functions are compiled, linked an
stored separately from the processes th
use them. Then the DLL is activate
whenever a program or another DLL calls
function in the library. The ability to us
CLIPS as a DLL is one of its stron
capabilities that allow for using it from
within other Windows applications [11].
This way CLIPS becomes invisible to the
user. The user doesn’t need to know CLIPS
syntax to the system, which adds to its
user-friendliness. This way the ASExpert
system can provide its own interface and
the user is no longer tied to the standard



interface that could be limited and

ble to handle a large program in a
Cl stomized way.

EF DEMONSTRATION OF THE
ASExpert SYSTEM ;
enever the user observes unusual
nce or detects abnormal results he
then start the system to seek advice.
system’s advice will be related to the
t state of the plant, the direction or
of plant state change, appropriate
frol action to handle the current
jation or further check tests that should

ession with the ASExpert system

e 1 Unusual foam in the aeration basin
jures 6 and 7 represent the screen print-
ts of the following case:

ntegrated Knowledge-Based Decision Support System for an Activated Sludge Wastewater
Treatment Plant

User Input

e roblem detection method = observations.
e ocation = aeration basin.

¢ bnormal feature = brown scummy foam.

Questions asked by the system are related

to the following 2 aspects

o Percentage of scums covering the first 2
tanks.

e The trend of foam/scum change
(increasing, decreasing or the same).

The user should select an answer for both
questions from a set of available choices.

Figures 8 and 9 represent the screen
print-outs when the user clicks the
“Trigger Expert System/Run and Display
diagnosis” menu selection. A notepad
screen will display the results with the
system’s recommended action.

Figure 6 User should first specifv problem detection method and location {11].
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ngre 7 A dialog Hox appears to help the user describe the foam problem, then a second dialog box lets him further
describe the current situation [11}]. ]

Untitled - ASExpert
i |

Figure 8 The user triggers the expert svstem [11].
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Treatment Plant

£l diagnosis - Netepad

Integrated Knowledge-Based Decision Support System for an Activated Sludge Wastewater

Problem Detection Method: Observatiens
Location: Aeratien Basin
Problem noticed by user: Foam (Broun Scummy)
State: Actinomycetes Micro-organisms Growth
There is suggestive evidence 667 that:
state of the plant which may be a problem & causing
the noticed observations or measurements is ACTINOHYCETES
Suggested corrective action: Decrease Aeration/ Increase Wastage/
Skim Secondary Clarifier

It is definite 1887 that suggested corrective ad;ion is

Decrease aeration

Increase wastage

Skim secondary clarifier
Additional tests or observations: Actinomycete source
It is definite 166% that recommended additional tests or
observations is ACTINOMYCETE SOURCE

Figure 9 A Notepad screen displayvs the conclusion reached by the svstem |11].

ase 2 investigating the results of
croscope analysis e

ser Input :

» Problem detection method = mlcroscope

analysis of sludge.

o Type of microscope analysis =

microorganisms analysis.

Questions asked by the system

¢ A list of predominating microorganisms is
provided and the user is instructed to
choose a maximum of three or (Not sure)
if he can’t decide. ;

¢ A new dialog box asks the user to specify
the microorganisms he is unsure about
and lets him view the selection.

¢ Finally the image is displayed the user is
instructed to confirm whether the image
agrees with the microscope result or not.
Figures 10 andl1 demonstrate the case;

the user is provided with a set of the

predominating microorganisms. As he

Alexandria Engineering Journal, Vol. 38, No. 8, November 1999

checked the (Not sure) check-box, a second
dialog box appeared to enable him view the
image of the predominating microorganisms
he chooses. The image he chose (amoebae)
is displayed and he is asked to make a final
confirmation of this choice. This way the
system helps the user pick the selection
most suitable to the current microscope
results.

The ASExpert Trigger Expert System
menu options [11]

This menu is actually the heart of the
expert system module. The following flow
chart Figure 12 explains how the three
selections of the (Trigger Expert System)
menu fulfill the user’s requirements. It
also helps us understand the sequence of
actions that take place whenever the user
invokes the expert system module for any
general case.
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Figure 11 Here the system asks the user to confirm whether the predominating microorganisms look like the
displaved image or not [11].
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Start

2 .

Through the user-interface:
User supplies input & answers to the system’s
questions, which are then saved to an input file.

CLIPS DLL is initialized.

v

Satisfied rules are activated.

v

Run and Displav
Diagnosis

Output is directed to a separate output
file instead of the computer screen.

Activated rules execute.
(Rules’ firing is saved to a separate file).

:

Output 1is then displaved with the
expert system’s conclusion.

1
1
]
i
i
i
1
1
1
1
I
1
]
]
]
]
]
I
|
|
I
1
| ‘L
Continue i
]
1
1
1
1
1
i
i
I
1
1
]
!
1
1
1
1
1
1

Check test is
needed?

Yes —

Refine input.

Display user input selection:
displays the saved input file on the screen
to allow the user to refine input if desired.

v

Why this diagnosis is reached selection:
Restaet displays the saved file of the rules’ firing to explain
the reasoning process behind the conclusion reached.

Satisfied.
No

Figure 12 A flow chart of the “Trigger Expert Svstem” menu.
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Sequence of Actions

When the user triggers the expert system,

the following takes place behind the scene

(the user is completely unaware that CLIPS

has taken control):

e First the CLIPS engine is initialized and
the DLL is loaded into memory, along
with a selection of the knowledge-base
files & the input file, which represents
the facts of the current situation.

¢ Second when all the patterns of a rule
match the supplied facts, the rule is
activated & put on the agenda (agenda
according to CLIPS’ syntax stands for the
collection of satisfied rules). The actions
of applicable rules are to be executed
only when the CLIPS’ inference engine is
instructed to begin execution through the
(Run command).

e Third before running CLIPS, output is
directed to a specific output file instead of
the standard output (computer screen).
This way it could be displayed as & when
needed.

o When multiple rules are in the agenda,
the inference engine uses a conflict
resolution strategy to select which rule
should have its actions executed first The
rule with the highest priority will fire first
i.e. execute the (them) part or the
consequent of the rule.

e When the actions of the selected rule are
executed (which may affect the list of
applicable rules) then the inference
engine selects another rule and executes
its action. This process continues until no
applicable rules remain.

e Finally, the output file can be displayed
on the screen with the system’s
conclusion and recommendations for
further actions.

e The user can review the input that led to
the present diagnosis through the menu
selection “Display user input”. This way
he could further refine his input and start
a new session if he isn’t satisfied with the
current diagnosis. Whereas the “Why this
diagnosis is reached?” selection displays
the rules’ firing on the agenda to explain
the reasoning process that led to the
present conclusion.

C 304 Alexandria Engineering Journal, Vol 38, No. 8, November 1999

e Through the “Notepad” program thet
can also directly print the syst
results and his input or save .then
separate files. '

e As the wuser leaves this menu Cl
exits.

CONCLUSIONS
Since the late 1980s and early 1990s
technical literature began to reflect a chs
of emphasis from the design to
operational control of existing plants.
Since then the trend of activated sl
treatment systems began to be direc
towards the application = of multi

integrated systems. These  syste
incorporate analytical control methods
knowledge-based system, simulat

modeling and a database tool all in ¢
conceptual framework.

However, many conventional plants:
still being operated in different parts oft
world. For some smaller plants advanc
instrumentation and control may not prot
to be economically feasible.

Using applications such as the ASExpe
system  will certainly improve tk
performance of these plants. ASExpert let
the less-skilled operators perform at th
same level of expert ones. ASExpert can al
encourage ordinary operators to U
microscope examination as a rapid troub
shooting guide. Currently despite th
usefulness of this approach for quick
evaluation of problems, it is not yet ver
popular among operators.

Its  database tool represents 2
considerable potential towards daily
recording of routine measurements & test
results and for the analysis of historical data
based on reliable and accurate data records
(usually these records are kept as part of the
routine work and are not fully taken
advantage of).

In Egypt considerable investments have
been dedicated lately to the construction of
activated sludge plants. Thus the economic
implications of applying systems such as
ASExpert can be substantial in both time
and cost savings especially when compared



with the overall cost of plant shut-downs
which can be inevitable in some plant
ailure cases.

- Not to mention the capital cost savings
3s improved operation naturally helps
deferring the need for plant expansion and
acts as a safe guard against damaging the
nvironment.

Finally integrating the CLIPS shell to a
Visual C++ interface leads to a powerful
pplication  that can be continuously
naintained to satisfy future needs.
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