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Abstract. This paper introduces DAI-Depur, an Environmental De- when the plant is not working under the ideal (normal) state. There
cision Support System (EDSS). This systems supports the supervare many characteristics of the process that difficult the success of
sion of Municipal Waste Water Treatment Plants (WWTP). The pa-classical method®.g.the inflow is variable (both in quantity and in
per highlights the succesful application of Al techniques to a com-quality); not only there is a living catalyst (the microorganisms) but
plex environmental problem as the wastewater treatment that haaso a population that varies over time both in quantity and in the rel-
both social and economic impact as well as in the environment. DAl-ative number of species; the knowledge of the process is scarce; there
Depur is successfully performing real-time support to the operatiorare few and unreliable on-line analyzers; and most of the data related
of the Granollers facility, in Catalonia, since September 1999. to the process is subjective and can not be numerically quantified.
Although progress in control engineering, computer technology,
and process sensors has enabled automatic control improvement, in-
1 GENERAL SPECIFICATIONS tegrated operation of WWTP is still far from being solved. The num-

r of measured variables in a WWTP is increasing and the need

The increasing degradation of the environment has forced the sociegpd ibility t trol th is b . ter. With thi
to consider changes in human behaviour for ensuring the essenti [\d possibility to controf the process 1s becoming greater. ith this
Increasing instrumentation there is certainly more information avail-

conditions for the life in the Earth. This consideration has encour- e but it b inded that data rich i t th .
aged research and a great effort has been placed on understandifi ‘e, ut it must be reminde at gata rich 1s not the same as in-
rmation rich [13]. It is not an easy task for operators and process

preventing and correcting environmental degradation. In this sensé, . ; : -
the treatment of water and wastewater has become one of the md&t9/meers o acquire, to integrate and to understand all this day-to-
lay increasing amount of information. The solution could arrive with

important environmental issues. Wastewater treatment is fundame devel t of k ledae-based decisi  svst that
tal to keep the water natural resources (rivers, lakes and seas) in e development o knowledge-based decision support systems tha
andle the particular characteristics of the process, using this avail-

high quality as possible. Not only for this environmental reason, bu . . : . .
ondg yasp y able but incomplete information to guarantee the quality of the dis-

also due to the more and more restrictive social regulations, the cof: . .
harged water. Although knowledge-based systems came into picture

rect management of wastewater treatment facilities has become ve the 1980 th ‘ that th ded for t
important during the last 20 years. in the s, some authors suggest that they never succeeded for two

Environmental systems possess several inherent characteristiﬁ%etlsbong trley vc\j/gre t?OJomplzx,l andéhedayallable l:nowleggicould
which make their understanding and control difficult: they evolve N0t PE captured in refiable models and advisory sys ems [ ]'. sup-
over time, involve processes which take place in a 3-dimensiondf©'t System cannot only be based on mathematical modelling, but

space, are complex, involve interactions between physical-chemicéﬁ]u‘c‘t also take advantage of heuristic knowledge from literature and

and biological processes, are stochastic, and, very often, are IOe|;?_xperts, while including specific experiences accumulated through

odic in time [6]. The complexity and the multi-faceted nature of years of experience in the facility i.tself. '_I'her_e have been some ap-
many environmental problems, suggests that their suitable managB-rO"’lches toimprove WWTP operation using single knowledge-based

ment cannot be based on a single technique. Municipal Waste Waté?chnlques, SUCh_ as [1, 11]. ngever, an effective decision support
Treatment Plants (WWTP) are clear examples of complex processeSyStem to supervise the operation of the process should be described

which meet all these distinctive features of environmental systems. as a hierarchical multi-level structure that integrates different con-

Though an enormous amount of research effort has gone tryin?urrr]er_'t modulgs, ovz_e(;c_:omfl]r_\ghthe limitations w;_tf;)(_al_?se 0; eacr; sllngle
to improve control and supervision of WWTP, its correct manage- echnique, and providing higher accuracy, reliabiiity and Usetuiness

ment is still far from beings successfully solved by the research com* ™"

munity. Classical control methods based on mathematical models,I A r_f:sorlable prol|c()osa|| sdhoulg I|nl(<j f‘d"r"j‘”.ced anolll rObtht c:rc])nt(rjol
have been successfully used to improve and optimize WWTP 0per£ %og ms 1o SF’met nowie _gel- ase tei nlque?],_la gcla In% eth e
tion. However, these classical control methods show some limitation{' ¢ €NJINEETIng to humerical computations, while delegating the
ogical analysis and reasoning to supervisory intelligent systems

1

when trying to control the activated sludge process of WWTP, mainl [15
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with knowledge based and cased based systems in an hybrid architec-
ture. The EDSS is performing real-time support to process operation
since September 1999. The development of this architecure has been

previously described in [10]. —

1.1 Plan of the paper
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SHY T4

ACTION

Section§2 describes the implementation of DAI-Depur the proposed e

EDSS into a real WWTP. Results of the first four-month validation
period are also shown and discussed3n These results are com-
pared with those of year 2001. The facility selected to implement
the EDSS is located in Granollers, in the Bssiver basin (Spain). Rulebased System & Case-based Systern —
The water treatment line encompasses preliminary, primary and sec- i
ondary treatment to remove the organic matter, the suspended solids DATABASE
and, under some conditions, the nitrogen contained in the raw water
of about 130,000 equivalent-inhabitants. The sludge treatment line
encompasses thickening, anaerobic digestion and dewatering. The
raw influent comes from a combined sewer.

In §4 we give the final conclusions and talk about the key steps
which are necessary to transfer the system to another facility and the
economic and social impact of this process.
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2 DAI-Depur

DAI-Depur is structured into five separated levels: data gathering,

diagnosis, decision support, planning and action providing an agent

based architecture with additional modularity and independence (a

key factor to guarantee the re-design and transferability of the sys- Original raw data are often defective, requiring a number of pre-

tem to another facility). See Figure 1 shows the multi-layer architecProcessing procedures before being registered into the database in an

ture of DAI-Depur, connecting the usee.g.the head of the plant) understandable and interpretable way. The first step is the data val-

with the WWTP. The different tasks of DAI-Depur are performed in idation, which includes filtering the correctness of the values (out-

a seven-step cycle: data gathering and update, diagnosis, supervisidg's), the noise, and the missing values. Then, all these filtered val-

prediction, communication, actuation, and evaluation phase. The cyl€s are integrated into an homogeneous unit and time-scale. Since

cle is routinely executed once a day, although it can also be starte WTP are dynamic systems, the optimal monitoring of the process

manually at any time, and it is fired up whenever any alarm sympton$tate must also include information about the evolution of the main

is fulfilled. variables. Thus, the database calculates and analysis the derivatives

of some specific variables to detect sudden deviations, trends, and

. periodicities. Moreover, some on-line data coming from sensors are

2.1 Firstlevel reformatted in order to obtain different time scale averaged values

The first level of the EDSS encompasses the tasks involved in dat%nd some daily accumulated values.

gathering and registration into the real-time database. The data ac-
quisition system, composed by three C++ communication bridges?.2 Second level

gathers all kind of data collected in the Granollers WWTP. On-line . . .
data, previously acquired by means of an SCADA system (SuperviThe second level of the EDSS includes the reasoning modules to in-
sory Control And Data Acquisition), include digital and analogical fer the st_ate of the process, in order to reach a reasonable propqsal
signals from sensors and equipment (e.g. flow rate, pH, pump statu?,f actyatlon to support the yvhqle plant supervision. The result of this

etc.). Off-line data include both numerical and qualitative informa- 2Y€" iS based on the combination between the heuristic knowledge of

tion, provided from analytical determinations in the laboratory, oper-the ES and_analog_ou§ experiences retrieved ‘?V the CBR‘ Both mod-
les deal with qualitative information, and can interact with classical

ator observations, and the result of activated sludge examination (e.g. hods based dell d ing E S The ES
chemical oxygen demand, suspended solids, food to micro-organis ethods based on modelling and computing Expert System. The

ratio, protozoa biodiversity, presence of bubbles in the secondary sefids codified i_nto G2 [5]'_ The Knowledge Base of the ES reflects_t_he
yroblem-solving strategies of the process. The knowledge, codified

tler, etc.). Table 1 shows the amount and frequency of the data gaﬂE ¢ heuristic rul red f Y ¢
ered by the EDSS in the Granollers WWTP. y means o eurls_tlc rules, was acquired from |terat_u_re, rom ex-
perts, and automatically from the database of the facility [12]. The

structure of the Knowledge Base is modular using meta-rules and

Figure 1. DAI-Depur Five-level Architecture

Table 1. Data gathered by the EDSS in the Granollers WWTP. decision rules as the most appropriately knowledge representation
Data source Quantity | Frecuency schem_e_and reasoning s_trategy f[o handle sub-goals. Each module has
Sensors and equipments | 1039 155 a specific task and consists of different sets of rules, methods and/or
Analytical measurements 110 Daily procedures.
Activated sludge observation 43 Weekly Once the ES is launched, it receives any requested data from the

database. Then, the Data Abstraction module carries out a qualitative



abstraction of the whole quantitative data as for example: Whenever ssituationis identified, the diagnosis task of the ES
is reinforced with the detection of the cause of the problem. If the

IF Suspended_Solids — Ef fluent > 35 g/m’ right cause of the problem is determined, a speaifiiationis rec-
) o ommended (s&R.5). If the cause is not successfully determined, a
THEN Suspended-Solids — Ef fluent is high. non-specific actuation must be proposed to soften the effects of the

The boundaries among qualitative modalities liken| normal,  trouble without tackling the real cause.
high] and [increasing, maintaining, decreasihgvere first estab-
lished by means of a statistical study of each variable. Afterwards .
these ranges were submitted to judgement to the head of the plar%;z-1 Case Based Reasoning
who finally adjusted them. Based on this qualitative abstraction, th . o -
Meta-Diagnosis module determines which tree and diagnosis pat g our approach each case 1S Fhe COd'f'.e.d o_Iescnptlon of a 2_4-hour
(i.e. heuristic rules or procedures of the Knowledge Base) must b (_anod state or experience wnth|_n the fa_cmty in a storable, easily re-
explored to infer the situation and to suggest an actuation strategt.'evable way. Each Experience 1S described through the mqs_t relevan_t
Nowadays, the object oriented programming of the EDSS knowledg easur_ements carried out n the process. The set of S.peC'f'C cases Is
base in the Granollers WWTP consists of 440 rules, 2534 proceduregFo_red in a structured fashion na hle_rarchlcal case library. The 16
179 text arrays, 218 quantity arrays, 1232 variables, and 71 objectg.a”ables selected for our application include water and sludge flow

The Knowledge Base is structured into three main sub-modulesr'ates’ organic matter and nutrient concentration in different locations

Fault Detection, Operational Problems and Transition States. Thgf the plant, biomass characteristics as settleability, biodiversity, or
structure of the knowledge Base is depicted in figure 2 predominant species, and physical observations as presence of foam

in the aeration tank. This selection was done according to the criteria
Fault Detection module includes all the knowledge related to g ©f €xPerts. Our CBR proposal is based on a working cycle [11] that
|.consists of the following steps: i) gathering and processing data from
utllge process to define the current case, ii) searching the case library
detection, air system failure, sludge removal system break, etc. and r_etru_evmg the case that best fits the current one, iii) adapting the
« Operational Problems module includes the knowledge to diag- soluthn if the .retrleved case does rlot perfectly match the currgnt
nose 7 primary treatment and 17 secondary treatment problem§2S€: V) @pplying the adapted solution to the process, v) evaluating
e.g. old sludge, storm, overloading, filamentous bulking, low pre_lts consequences, a_nd vi) learning dgtalls about the new experience.
treatment efficiency, foaming, etc. These problems are also di- 10 OPtimize retrieval and learning phases, the case library
vided into biological and non-biological nature depending on theVas organized in a hierarchical discretized tree [10, 14]. Among
cause of the dysfunction. the whole historical days stored in the data base of the plant,

« Transition States module contains all the knowledge necessaryWenty-five days representing typical situations in the Granollers

to cope with transient states that can evolve in some of the undeVWTP were selected as initial cases to seed the case library
( storm, filamentous bulking, overloading,

sirable problems contained in the previous modules. g._g. A ' _
rising, foaming, and normal situation ). After the

4-month validation period, more than 100 new relevant experiences

were learned and stored in the case library e The results for
ACTIONS PLANS .
- year 2001 are shown 8.1

|
4% Integration module ‘47 2.3 Third level

i

‘ | The third level of the EDSS establishes a supervisory and predic-
tive task over the WWTP. The supervision task entails the gather-

[ ]
operational faults due to mechanical equipment or electrical fai
ures: e.g. damaged or clogged pumps and pipes, electrical fa

Primary Secondary ing and combination of the conclusions from both knowledge-based
Treatment Treatment techniques (ES and CBR modules), in order to identify whether there
f 1‘ is a problem or not. The final diagnosis, together with the suggested
| actuation strategy, is sent to the user through the message-board of
Fault Detection ‘ ‘ Operational problems ‘ ‘ Transition States the computer interface. The expert evaluates the suggestions, check-
I 4 i ing its validity and deciding which is the best strategy to deal with

the situation. A mechanistic model of the treatment process of the
Granollers facility was developed using GPS-X, a commercial mul-
tipurpose modelling environment for the simulation of large-scale
WWTP [8].
X The biological reactor was modelled as four Continuous Stirred
‘ Data Abstraction ‘ Tank Reactors, while primary and secondary settlers were modelled
as one-dimensional tank with 10 layer of solids flux without bio-
logical reaction. The calibration procedure is still being carried out
@ to adjust the kinetic, stoichiometric and settling parameters of the
ASM1 model [7] and the settler model [16]. The standard values for
Figure 2. Knowledge Base these parameters given by the GPS-X were used in the first simula-
tions except for those more relevant, which were changed manually.
The model enables the EDSS to simulate several off-line scenarios

Meta-Diagnosis

A




with different operational conditions, changes in the influent char- In the first category, for example, we have: Modify set control
acteristics (underloading, overloading, storms, etc), and alternativpoints and act upon the mechanical elements of the facility; in the
actuation strategies proposed by the EDSS. In spite of these capsecond we have: Regulate aeration flow, waste flow, internal/ exter-
bilities, these kind of models show some limitations when dealingnal sludge recirculation flow; and, in the last we have: Add chemical
with problematic situations of biological origin (filamentous bulking, reagents, nutrients and alcalinity.

foaming, rising, etc.) as well as with situations for which it has not  Of course the systemecommendsot only the action, or the se-
been calibrated. In this sense, the utilisation of soft-computing techguence of actions (a plan), but a value that has to be accepted by the
niques to build a non-mechanistic model to simulate the behavioufacility manager. This is the last level in the architecture that closes
of the plant at any situation is also being studied to be included as the loop. Its depicted in figure 1 as the boxaaftions . In §3.1

new module into the EDSS [2]. According to the predictive results,some data about the acceptance of these recommendations are given.
the head of the plant performs a final validation and decides which
kind of control should be carried out. He/she (acting as an expert
can maintain, modify or deactivate the automatic control over th

plant (i.e._ a closed loop for controlling the qlissolved oxygen level inThe EDSS is performing real-time support to process operation in
the aeration tank), supported by the actuation strategy that the EDSRe Granollers WWTP since September 1999. During the first four
suggested (expert, based on the reasoning procedure that the plaRnths the system was validated. The main objectives of the valida-
manager would do, or _experlentlal, based on historical cases (regl, process were to guarantee the right performance of the EDSS
experiences) occurred in the plant). In fact, levels fourth &8  ,510type, while checking for compliance with user requirement
and fifth§2.5 are designed to either to support or to replace the planiyecifications. The methodology to validate the system was carried
manager in the decision making process. _ out through a two-stage validation procedure: Laboratory testing,
This module also raises the interaction of the users with the comghich involves the execution of series of experiments to validate the
puter system throughout an interactive and graphical user-maching,rectness, consistency, and usability of each module. Face valida-
interface. Moreover, at any moment and until a new supervisory Cysjon and historical cases techniques were combined to discover inac-
cle starts, the user can consult the conclusions of the EDSS as Wel|,racy and inconsistency of the reasoning modules. Field testing of
as any quantitative or qualitative variable to know the state and trenghe gverall EDSS. which was faced up to real cases to detect mod-

of the plant. ule integration errors, and to assure the system could deal with real
qualitative variables and missing information. The flow of informa-
tion throughout the system was strictly followed to detect weak rea-

24 Fourth Level soning. When necessary, the Knowledge Base and the Case library

In this level plans are built and showed to the manager to guidé("ere refined, adjusted, corrected and/or extended. The ES module

the solution of problems. The action plans are structured as specifi/@S tested in the laboratory with historical real cases.
and/or non-specific depending whether the cause of the problem is The standard reference was the_ exper_t crltena_(l.e. the answers of
well determined or not. The plans proposed by the ES are a list of'e ES were compared to the solutions given by different WWTP ex-
general actions suggested in literature to solve an specific problerR€'tS)- The reasoning paths were followed, compared, and discussed
which often do not fit well or cannot be directly applied to the actual With the assistance provided by the expert of the plant. This com-
facility. In that case, the particular strategy proven and validated byParison enabled us to discover which of the rules and procedures
the manager of the studied plant must be collected. had been correctly fllre.d, checking for ulnnecessary IF conditions,
As an example of a generic plan we have that for solving a Fila-2nd redundant, conflicting, subsumed, circular, dead-end, unreach-

mentous Bulking problem caused by the filament 9g&N due to able and missing rules. As a result, during this period, new rules, pro-
alowFE:M ratio . the utilisation of an anoxic zone to induce the cedures or facts were added, whilst others were modified or deleted

selector effect could be recommended as a general action. But th&U!€ refinement, reformulation and revision). On the other hand, the
plan has been shown not to be really effective for t9a&N control CBR module was validated according accuracy (set of acceptable
in the Granollers WWTP. Instead or at least, as complement for it"eSPonses) and adequacy to the domain knowledge covered. Expert
a gradual increase of wasting flow rate is needed and this action h&XPeriences and historical cases with known solutions were used as
been included by the manager in the learning phase of the CBR. stano!ard reference. Several experlme_nts were ca_rrle_zd c_)ut to validate
The set of available actions is described bellow. Those actions afi'€ hierarchical structure of the case library, the similarity measure-
contained in the Task Ontology and therefore they can be adapte@ent used, and the accuracy (_)f using meta-libraries in the retrie_val
to the actual situation, if needed. Also, this Ontology can be used t§"@se. If the CBR response differed from the expected output (i.e.
explain each action and its effect on the process. We have an expdf€ retrieved case suggested a diagnosis that was not similar enough
imental approach using a domain specific ontology, called wawdo© t_he standard reference dlagn05|s), dgtalls_of the CBR r_noc_;lule were
3], to help in the resolution of diagnosis impasses and to represeﬁfv'sed (e.g. the relevant variables, their weight, the similarity crite-

the transitions between two states of the process. ria, the structure of the case library, etc.). )
The second phase of the validation phase was carried out by means

of field tests in the real facility. The main objective was to test the sys-
2.5 Fifth Level tem within its real environment and to identify the need for further

modifications. It was necessary to refine some modules of the EDSS,
The set of actions to be performed to solve problems in this domairstill uncovering unexpected errors or dealing with new cases not pro-
have been defined for a generic facility and they could be easilywided by the system. During this new 4-month period of validation,
adapted to others of the same architecture and technology. The sihie EDSS was able to identify 123 different problem situations. From
of these actions could be classified in three categories: a) Modify théhose, 79.7% were successfully identified (about one third in advance
state, b) Regulate a variable and, c) Add materials. and the rest the same day), and 8.1% were wrong identifications (10

Results



situations) while 12.2% were not identified (15 situations).
After these evaluation phases the system has been autonomousm
working in the facility.

2
3.1 Results of year 2001 2

After 16 months of autonomous functioning in the Granollers facility [3]
we collected a new set of resulting data for year 2001. In this period
the ES performance was 79% and the CBR 82%. In this case wi 4
observed that the CBR has been improving its performance due to
its ability to learn and adapt itself to nesituationsocurred in the
WWTP. [8]

The list of correct situations detected during 2001 includes: Hy- (6]
draulic Shock 21.3%, Non-biological secondary settler problems
15.9%, Primary settler problems 9.7%, Underloading 15.5%, Fil- [7]
amentous Bulking 12.6%, Rising Sludge 6.3%, Bulking tendency
4.3%, Transition state 3.9%, Overloading 2.9%, and other as Am-
monia schock, organic matter schock, overloading tendency, etc. (8l

In a 75% of the cases the actions proposed by Dai-Depur werggj
accepted by the facility operator.

[10]
4 Conclusions

A hybrid knowledge-based supervisory system was developed arml]
implemented to support the operation of a real WWTP. The sys-
tem, which links classical control and numerical modelling to intelli-
gent techniques, was structured into an agent-based architecture wift2]
three different levels: i) data gathering; ii) reasoning and diagnosis;
iii) integration and decision support. In spite of certain reservations
of the scientific community about the use of these techniques, thgg;
system has been successfully supervising the operation of the Gra-
nollers WWTP since September 1999. An 80% of correct identificail4]
tion of the process situation (one third of them in advance) during
the first four-month validation process corroborates this conclusion.
Validation of the proposed actuation strategies could not be evalyis)
ated because the EDSS still does not act directly over the process. A
deeper revision of the whole system has been carried out during the
last year (2001), in order to optimize the reasoning mechanisms
the tool, which is more robust enabling DAI-Depur to act automati-
cally over the process. But this phase still under consideration.
Concerning the transferability of the EDSS to another facility, both
technical and human bottlenecks must be seriously considered, in
order to minimize time and cost effort. Among the long list of tasks
to be scheduled, the key steps are: acquisition of specific knowledge
of the facility, definition of the case and CBR calibration, adaptation
of the ES Knowledge Base, communication of the EDSS to SCADA
system and peripherals, validation of the performance, and delivery
to the owners of the facility. Main human bottlenecks include skill
and motivation of the operators, trust of the head of the plant in the
EDSS, and expert paradigm.

ACKNOWLEDGEMENTS

We would like to thank Consorci per a la Defensa de la Conca del riu
Beds, owner of the Granollers WWTP. U. Cest and M. &nchez-
Marre like to acknowledge the 1ST-2000-28385 Agentcities.NET and
the 1IST-1999-10176 A-TEAM projects. The views in this paper are
not necessarily those of Agentcities.NET and A-TEAM consortia.
We also had the partial support of CICyT TIC2000-1011 and CICyT
DPI12000-0665-C02-01 grants.

REFERENCES

J. BaezaPesarrollo e implementaén de un sistema supervisor para

la gestbn y control de una EDARPh.D. dissertation, Universitat
Autdnoma de Barcelona, 1999.

LI. Belanche, J.J. Valek, J. Comas, |. R.-Roda., and M. Poch, ‘A soft
computing techniques study in wastewater treatment plafisficial
Intelligence in Engineeringl4(4), 307-317, (2000).

L. Ceccaroni, ONTOWEDSS. An ontology-base environmental
decision-support system for the management of wastewater treatment
plants Ph.D. dissertation, Universitat P@inica de Catalunya, 2001.

U. Cortes, M. ainchez-Mar, L. Cecaronni, I. R.-Roda., and M. Poch,
‘Artificial intelligence and environmental decision support systems.,
Applied Intelligence

Gensym, ‘G2 classic 5.1 rev. 7', Technical report, Gensym Corporation,
(2000).

G. Guariso and H. Werthnggnvironmental Decision Support Systems
Ellis Horwood-Wiley, 1989.

M. Henze, C.P.L. Grady Jr.and W. Guijer, G.v.R. Marais G.v.R., and
T. Matsuo. Activated sludge model no. 1. IAWPRC Scientific and
Technical Reports No. 1, December 1987. IAWPRC.

Hydromantis, ‘Gps-x version 3.0’, Technical report, Hydromantis Inc.,
(1999).

G. Olsson, H. Aspegren, and M. K. Nielsen, ‘Operation and control
of wastewater treatment - a scandinavian perspective over 20 years.’,
Water Science and Technolo@y(12), (1998).

I. R-Roda, J. Comas, J. Colprim, M. Poclarghez Marg, U. Corés,

J. Baeza, and J. Lafuente, ‘A hybrid supervisory system to support
wastewater treatment plant operation: implementation and validation’,
Water Science and Technolody press.

I. R-Roda, &inchez Mar, U. Corés, J. Lafuente, and M. Poch, ‘Con-
sider a case-based system for control of complex proces3esmical
Engineering Progres®5(6), 39-45, (1999).

I.R Roda J. Comas, M. Poch, MaBchez-Marg, and U. Co#és, ‘Auto-
matic knowledge acquisition from complex processes for the develop-
ment of knowledge-based systemmgustrial and Engineering Chem-
istry Research40, 3353-3360, (2001).

C. Rosen and G. Olsson, ‘Disturbance detection in wastewater treat-
ment plants.’Water Science and Technolo@y(12), 197-205, (1998).

M. Sanchez Mar, U. Corés, I. R-Roda, and M. Poch, ‘Learning and
adaptation in wastewater treatmentplants through case-based reason-
ing’, Microcomputers in CivilEngineering. Journal of Computer-Aided
Civil and InfrastructureEngineeringl2(12), 251-266, (1997).

G. Stephanopoulos and C. Han, ‘Intelligent systems in process en-
gineering: a review.,Computers Chem. Engng20(6-7), 743-791,
(1996).

|. Takacs, G.G. Patry, and D. Nolasco, ‘A dynamic model of
theclarification-thickening processWater Research25(10), 1263—
1271, (1991).



