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Abstract. Analyzing chemical and biological factors of processed wastewaters shall be as reliable 
and controlled as possible. The key approach to the analysis of such kind of complex systems consists 
in the decomposition of a modeled system into subsystem. The paper discusses main issues concerning 
the development of integrated computer system capable of adequate analysis of a system with complex 
relationships. In particular, it is achieved by the introduction of fuzzy logic analysis. The main 
purpose is to formulate the whole problem by defining some criteria of acceptance or not on decision 
making of processing wastewaters. 
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1 Introduction 
 
The practice of utilization of processed wastewater for agricultural purposes shows that this complex 
problem shall be considered in whole, taking into account all stages of experimental work, analysis of 
the results and decision-making on wastewater control and selection of irrigated species. In order to 
adequately respond those needs we have to formulate the whole problem and develop computer 
intelligent tools integrating the stages and assisting in the analysis and decision-making.  

The paper discusses main issues concerning the development of integrated computer system for 
this application domain. General structure of the system is shown on Fig.1.  

Experiments designed to identify the effect of process wastewater on species’ behavior are 
conducted by series, during long-term period, with the extension of number of investigated species 
and measured wastewater parameters. This means that measurement data are obtained by portions, 
and analyzed for both current set of experiments and whole scope of all previously obtained results. 

Analysis is assisted with mathematical modeling of obtained measurement data. The peculiarity of 
the application domain is that behavior and properties of species grown with wastewater supply are 
the result of complex ecological interactions for which mathematical models of underlying processes 
are unknown. The purpose of mathematical model is to adequately estimate data obtained and 
represent results in the form suitable for further analysis. 

The core element of the system is the knowledge base (KB). It should provide integral data and 
models storage and handling for the purpose of their flexible analysis. In addition, the KB should 
include reasoning tools to facilitate the analysis of complex relationships and reveal regularities within 
multidimensional problem space. Main features of the KB are discussed below.  
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Figure 1. General structure of integrated computer system 

 

 

Analysis of experimental results is intended to determine behavior of species, find dominant 
factors, and to identify how good and reliable are the properties in order to utilize a species for 
agricultural purposes, compare behaviors and properties between different species, etc. Therefore, the 
KB should manage the analysis of arbitrary set of obtained mathematical models.     

Design of new experiments is based on generalized analysis of previous results and is intended to 
fill up the lack of data or knowledge about species’ behavior, involve new species in the study, etc. 
Design of new experiments implies making the decisions about whether to continue the experiments 
for some species and what kind of experiments shall be completed to decrease the uncertainty degree 
of knowledge available, or to choose new species for further investigation. 

The results of study should lead to the development of procedures specifying the parameters of 
wastewater utilized for irrigation of specific species under specific conditions (wastewater control), or 
making the decision about what species are best for plantation in a specific area under specific 
conditions (selection of species).  

Main components of the system are discussed below. 

 

2 MODELS FOR ESTIMATION OF MEASUREMENT DATA 
 
The purpose of a mathematical (estimation) model is to provide description, or approximation, of 
complex non-linear functional relationships between objects on the basis of measurement data. Each 
series of experiments should be estimated, and model obtained based on inductive modeling 
techniques, because mathematical models for those underlying processes are unknown in advance. For 
example, GMDH method can be used, which is the application of inductive self-organizing approach 
to mathematical modeling of complex systems [1]. In comparison with neural networks, GMDH is 
more adequate to the needs to represent structured knowledge in the KB. It provides explicit 
representation of subsets of representative input variables determined during modeling, thus allowing 
the description of inter-dependencies between variables within the integral KB and structural analysis 
of the model itself.  
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The multilayered GMDH algorithm (MIA) can be applied for solving ill-defined modeling 
problems, in cases when number of observations is less than number of variables. The MIA is 
reasonable to apply when it is required to handle a big number of variables. As a result of estimation 
with MIA for ),( yX , where X  is set of input variables and y  is output variable, we get 

)( i
k XFy = , where kF   is the polynomial of degree k in the form of hierarchic-type formulae, 

XX i ⊂  is subset of input variables determined by the model as representative variables, i.e. 
making effect on output variable. 

The knowledge base, together with measurement data, shall describe a set of estimation models  
}{ imM =  obtained for different series of experiments. Each estimation model in the KB shall be 

described so as to represent relationships with measurement data and other estimation models via 
variables and objects involved, and to provide further handling and analysis of the models in common. 
Basic components included in the description for the considered application domain are the following: 

 

Objects:  

1) Set of investigated species (S) with hierarchical description of measured species’ parts (G), e.g. 
roots and leaves [2]. 

2) Set of water supply cases (W): processed wastewater, control (irrigation) water, irrigation water 
+ added chemical elements, etc. [3] 

 

Variables and parameters: 

3) Set of chemical elements and indices (E): general indices (acidity, hardness, conductivity, 
radioactivity,...); inorganic constituents (Ca+2, Mg+2, K+2, NO3, SO4,...); organic constituents; heavy 
metals and trace elements (Cd, Mn, Cu, Zn,.Co,...); solids, and other components [4]. 

4) Properties of species (R): mechanical properties (axial tension, axial compression, cross 
compression, bending); physical indices (height, mortality rates) [5]  

5) Other conditions (K) (area, facility, environmental conditions, etc.). 

 

Basic operations with estimation models in the knowledge base 

The knowledge base describes global sets of input variables (X), output variables (Y) and 
parameters (P), as well as relationships between them and estimation models. Depending on specific 
model, different subsets from sets of objects and variables play role of input or output variables, e.g., 
chemical elements are input variables ( EX i ⊆ ), mechanical properties are output 

variables( RYi ⊆ ), and environmental conditions (temperature, etc.) are parameters ( KPi ⊆ ) [6]. 
Description of an estimation model mi can be generally represented as follows: 

 

)),,(,,,,( iiiiiii SWPYXmDD =                            (1) 

where ,,,,, SSWWPPYYXX iiiii ⊆⊆⊆⊆⊆  

 

The knowledge base shall provide conventional data and models handling, as well as reasoning 
techniques, in particular, possibilities for qualitative reasoning. Data and models handling is used for 
information and analysis purposes. For example, the investigator may want to retrieve details about 
what models and results have been obtained for a species or for a subset of species, thus analyzing 
similarity or difference between the results, comparing input variables; searching for a subset of 
species grown under specific water supply case, subsets of contained chemical elements, etc. 
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In addition, there shall be operations that provide grouping, amalgamation or other transformations 
of estimation models. For example, measurement data obtained at different experimental stages can be 
grouped and, as a result, two or more correspondent estimation models are re-estimated and merged 
into a common model, (mi, mj) -> mk,, in order to take into account new obtained measurements or 
generalize the results for different species, water supply cases, etc. 

Another operation could be useful for the assessment of stability and completeness of the 
estimation models obtained. When we have new measurement data in addition to the experiments that 
have already been estimated (mi), the process of inclusion of new measurement results, re-estimation 
and analysis can be the following. If there is a sequence of models with identical objects and variables 
but with different number of measurement data, then we have a sequence of models: 

)N  ... N  N (  ,...,, k
i

2
i

1
i

21 <<<k
iii mmm ,                     (2) 

where j
iN  is number of measurement data for the model j

im . 

In case if new measurement data are obtained, the current model 1
im  is being re-estimated  

2N1 2
i

ii mm ⎯→⎯  and two models 21, ii mm  are compared by their approximating capabilities, by 
representative input variables and their influence on output variables. The sequence of models with 
new obtained data allows the investigator to analyze the stability of model for the given investigation 
case (Di). If 

k
i

k
i

k
iii mmmmm    ,...,, 121 ≅⇒ − , then the model k

im  can be considered as stable, with 
representative associations between input and output variables allowing meaningful interpretation.  

 

Qualitative analysis tools 

Main feature of the application domain is the process of complex cause-effect ecological 
interactions; hence, the models estimating those interactions involve many variables and have a 
complicated response surface in multi-dimensional problem space. As the set of models in the KB 
extends, their common analysis becomes yet more complicated. One of the ways to facilitate the 
analysis is to apply qualitative reasoning techniques. 

Let us consider the example of qualitative conclusion made by the investigator proceed from the 
analysis of experiments [7]. 

Example: For the increased concentrations of chemical elements ( EEi ⊂ ) in wastewater 

( Ww ∈1 ), the roots ( Gg ∈1 ) absorb high concentrations of chemical elements ( EE j ⊂ ) in 

species ( SSk ⊂ ):  

.}{}{ 11 jki EgSEw →→→→                 (3) 

The above example includes such characteristics as increased and high. The purpose of qualitative 
knowledge being formed on the basis of obtained estimation results is to reduce multi-dimensional 
problem space and simplify response surface, facilitate reasoning about dependencies between input 
and output variables. The variables take a form of qualitative features meaningful for the investigator 
(low or high value, increase or decrease, etc.). Therefore, it is required to extract qualitative features 
of response surface obtained as a result of simulation process, classify them and associate with 
correspondent input variables in a manner enabling further efficient analysis (derivation of tendencies 
of change, classification, generalization, determination of existence boundaries, assessment of feature 
similarity for different ranges of variables, etc.). 

 

Qualitative analysis based on signs combinations 

One of the techniques associated with qualitative simulation approach is described in [8]. For the 
purpose to represent, extract and manipulate qualitative knowledge proceed from obtained simulation 
results, a qualitative description (Q) of response function is considered as a string of signs of 
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differences obtained for discrete values of function on some range of values. Qualitative description Q 
involves differences of first three orders. Therefore, each Q includes three strings over the alphabet 
{+,-,=,N,*}. The symbols "+" and "-" are the signs of difference, "=" denotes zero value of difference, 
"N" - no solution. The symbol "*" means "don't care" similarly to that used in classifier systems. 
Qualitative features such as extrema and their mutual positions, monotonicity, degree of growth, etc., 
can be extracted from combination of Q-signs. Qualitative relations are expressed in the dependency 
network that provides a mapping between variables and features within the framework of model. The 
dependency network is intended for derivation of possible qualitative behaviors given certain sets of 
qualitative constraints. 

In order to provide mapping between variables and features, the estimation model is simulated, 
and values of input variables pr  are associated with correspondent qualitative descriptions {Q} of 
output variables. Two types of investigator’s requests intended to analyze mapping }{Qp ⇔

r
 can be 

pointed out. First type allows us to select a subset (class) from {Q} with required features. For this 
purpose the symbol "*" is used. Prototypes of features under analysis are described in a request string, 
the rest is marked with "*". For example, the request for class K  of strongly monotonically 
increasing function is ,*,*)(+K . Determination of whether Q  belongs to a class K  can be 
provided by mutual comparison of their strings and substitution of distinct symbols by "*". By means 
of symbol "*", one can select a subset of variables to discover regularities of change among them, or 
trace change of single variable under different conditions imposed on the rest of variables. 

 

Qualitative analysis based on fuzzy sets 

Although the above technique allows the investigator to find out regularities of changes, it has 
some shortcomings, namely, a weak representation of functional dependencies between variables, 
which captures the sign information but has no measure of strength of dependencies [9]. For this 
purpose it is reasonable to use the concept of fuzzy sets capable of both capturing knowledge in 
qualitative form and reflect the strength of accumulated dependencies. For the example (3), the notion 
high estimated by fuzzy sets technique could reflect provide the strength of “smoothly” distributed 
value reflecting the accumulated functional dependencies for the investigated subset of species kS . 
Since in the process of analysis the investigator iteratively selects different subsets of objects and 
variables, and hence, estimation models, the knowledge base should provide flexible involvement of 
relevant estimation models, as well as sampling and fuzzifying of their response surfaces. 

In order to apply fuzzy sets technique, we have to describe input and output variables of estimation 
models in terms of fuzzy sets, and obtain fuzzy associations on the basis of sampling of the models. 
Fuzzy variables }{},{ )()( y

jy
x

ix qQqQ ==  are assigned to input variables from iX  and output 

variables from jY  respectively. Here, )()( , y
j

x
i qq  are fuzzy values with overlapping membership 

functions of term set, which reflect qualitative ranges of real values of variables, for example, {zero, 
low, medium, high, very high, highest}. In practice they are symmetric trapezoids or triangles. 

Let the estimation model mi gives mapping ),( 21 xxFy i=  between two non-fuzzy input 
variables and one non-fuzzy output variable. For the purpose to obtain fuzzy associations between 
input and output variables, the system gradually generates (samples) values of iXxx ∈21 ,  on 

ranges ],[
11 xx ba  and ],[

22 xx ba  which are the universes of discourse for iXxx ∈21 , , and gets 

values of iYy ∈  via mapping ),( 21 xxFy i= . Those values are converted to correspondent fuzzy 

values. Then, the fuzzy inference system generates fuzzy associations between xQ  and yQ  on the 
basis of sampling of estimation model. In the process of generation we obtain distributions of fuzzy 
variables. Each data cluster obtained can be interpreted as fuzzy associative rule, e.g. “IF 
concentration of element Cu is low and pH is medium, THEN axial compression strength is medium”. 
The investigator’s request to the KB includes subsets of objects to be analyzed, on the basis of which 
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the KB selects a subset of relevant estimation models to be involved in the processing by fuzzy 
inference system.  

The bank of fuzzy rules would give a general qualitative picture about interaction network without 
more detailed analysis of specific issues in which the investigator could be interested. The investigator 
may put the question of how strongly the concentrations in leaves and in roots differ in whole, and 
then to get to know for what species such a difference is especially significant. Since for the 
investigation process it is impossible to define some predetermined set and sequence of questions, the 
fuzzy system shall be capable of generating the bank of fuzzy rules for each specific request given by 
investigator. Blind generation of all specific mappings is beyond the reasonable procedure because it 
would require successive enumeration of subsets of objects with very large number of combinations 
for complex systems. 

 

3 CONCLUSIONS 
 
The paper discusses main issues regarding the development of computer intelligent system that covers 
different stages of experimental work, analysis and decision-making. Regardless of type of 
mathematical model chosen for the estimation of experimental data, the knowledge base shall be 
capable of handling the sets of data and models obtained at different stages of problem study. AI-
based reasoning techniques shall be developed and integrated in the KB to assist the investigator in 
the analysis of complex dependencies throughout the set of data and models available. A spectrum of 
qualitative reasoning tools, including fuzzy sets, is an essential component intended to simplify the 
analysis of bulk of measurement data. 
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