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Abstract. The paper considers the issues concerning the environmental modeling and analysis of
agricultural and forest plant species grown under different controlled and uncontrolled conditions,
with short data samples available. The key approach to the analysis of such kind of complex systems
consists in the decomposition of a modeled system into subsystems with consistently small number of
samples. The paper shows the examples of how to analyze individual subsystems and generalize
modeling results for different subsystems to the whole system, by utilizing the GMDH advantages and
gualitative analysis techniques. Here, the GMDH has been applied to estimate and analyze features of
the tree growth dynamics, heavy metals impact on species cultivated near the motor road, etc. The
GMDH generates the sets of models with different structures and accuracies thus enabling the
identification of the most relevant structures, the analysis of their similarity and the assumptions
about input of different factors. In particular, it is shown how a pair of linear models of identical
structure describing different subsystems can be compiled into a model that describes a higher-level
subsystem. Qualitative analysis techniques give the possibility to analyze behavior of individual
subsystems as well asthe systemin whole.
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1 Introduction

The paper considers the issues associated withrommvéntal modeling and analysis under the
conditions of short samples available. The respitsented in the paper are based on the studies
carried out to estimate characteristics of diffeqg@ant species irrigated with processed wastewater
well as heavy metals impact on species cultivatedr rihe motor road. For these tasks, GMDH
methods have been applied to estimate various @specplant species behavior: mechanical
properties of trees (axial compression and bendiegending on concentrations of chemical elements
contained in the wastewater [1], growth dynamictreés irrigated with wastewater (development of
tree height and mortality over time) [2, 3], eto. addition, qualitative analysis techniques were
applied to assess plant species behavior undesreiiff conditions: irrigation of forest species with
wastewater and sludge [4], heavy metals impactemMays species cultivated near the major road in
the area Araxos, Greece [5].

Short data samples available for the analysis steoms the nature of problems considered, in
particular:

1) Growth of plant species is a slow process. Thege experiments designed to identify species
behavior are conducted by series, during long-tpariod. Design of the next-stage experiments
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implies making the decisions about whether to caithe experiments and what kind of experiments
shall be completed to decrease the uncertaintyedegfrknowledge available.

2) There are a great number of input variables.,(e@ncentrations of chemical elements) with
small number of measurements.

Here, the key approach to resolve the problem stssi the decomposition of a modeled system
into subsystems, to provide the modeling and arsalyt subsystem(s) that have subset(s) of input
variables consistent with volume of sample avadafihis approach is natural for the analysis of
complex systems, which makes it possible to analyaietails different aspects of system behavior.
At the same time, there is a need to coordinatdérgrdrate the analysis of estimated sub models. Du
to short data sample available at initial stagesystem development, the initial analysis resules ar
virtually assumptions that serve as a basis to design the next-stageriegnts directed to decrease
the uncertainty level or confirm preliminary corgilins.

We consider here two approaches allowing us toyaaddoth separate subsystems and the system
in whole: structural and qualitative analyses basethe GMDH methods.

2 Structural AnalysisBased On The Set Of Generated GMDH
Models

Let us consider the decomposition of a system gubsystems, the subsystem model design, the
merging of two subsystems (sub models) into a migihéer subsystem, as well as control and
optimization issues.

The approach is based on the structural analysihefset of GMDH generated models. The
GMDH generates the set of polynomial dependenciégh different degree of complexity and
accuracy. Therefore, we can consider the set ofrgéed models in whole and select suitable models
according to the structure, complexity, and acouraquirements. Although the most accurate model
is preferred, analysis of the accuracies distrisutf generated models and their structures gives t
possibility to obtain additional information thatloavs us to make assumptions about input of
different variables.

Let us consider the structural analysis on the g@amif growth dynamics models designed for the
forest tree Pinus Brutia irrigated with differentstewater treatment conditions. The experiments
were carried out to identify the height and motyalates of the tree [2, 3].

The land plot was divided into four areas, accaydin different irrigation (treatment) cases
applied to the seedlings during their growth:

Treatment case 1: Irrigation with waste water withapplication of sludge/fW);
Treatment case 2: Irrigation with control waterheitit application of sludgeCiV);
Treatment case 3: Irrigation with waste water gopliaation of sludgeQWW);
Treatment case 4: Irrigation with control water apgblication of sludgeSCW).

The tree growth characteristics considered arétthe height” and “tree mortality” for the above
four treatment cases.

The process of tree species growth is consideredtimse-dependent series of changes in the tree
characteristics. In general, the tree species dr@tta periodtf1) is a function of alt preceding
growth periods. The growth dynamics model can bewgd as a model with distributed lagged
variables. Here, for the assessment purposes, ivanailyze the growth effects with one lag, i.eg t
effects taking place during a current half-yeaiguieand one lagged half-year period, in order keta
into account possible differences in climatic cdiodis during the half-year periods “spring-summer
and “fall-winter”. Therefore, the model will be tlfiest-order lagged model with two output variables

Y(t) =[y(h) (t),y(m> (t)] for each treatment case, wheyéh) (t) is the tree height, angf(m) (t) is the
tree mortality. Meteorological factoré?(t)=[xl(t),x2(t),x3(t)] are: temperature X (t)), relative
humidity (X, (t) ), and cloudinessxz(t) ).

9
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Water content as a factor is not explicitly inclddato the growth dynamics model, because it is
approximately constant over the survey period far ¢tontrol and waste water. Therefore, we will
design the models for each treatment case and certtpaiindividual models.

The linear models of tree species growth dynamas e represented as dynamic input-output
models with first-order lagged variables:

y(k’j)(t +1)=ag+ ay(p) y(k’j)(t) +agpax(t +1) +ag 1 x(t) +

+ag Xt +1) + a1 Xp(t) + g1 Xg(t +1) + g X3(0)- 1)
t=0,.7,k = [h- height, m- mortality],j = [WW,CW, SMW, SCW|

For the purpose to analyze the overall range dafalinmodels, we will use the combinatorial
GMDH algorithm COMBI.

Structural analysis consists of the following s&dgb evaluation of model accuracies; 2) analysis
of model structures; 3) merging of two models (§sbmms) into general model for a treatment type
(see below); 4) assessment of optimal irrigatiomditions for a treatment type.

2.1 Evaluation of model accuracies

In order to make decision if linear models can beduin the assessment of tree growth charactstistic
we need first to check their accuracies. Then, dhieset of selected linear models with the best
accuracies will be used in further analysis.

On the basis of preliminary analysis, proceed ftben application field and experience, and by
comparing accuracies of linear and non-linear no@OMBI and MIA) we can specify an accuracy
range to select a subset of generated models thdtinther be analyzed.

Preliminary selection of a subset of models andiislysis can be demonstrated on the example of
models estimating the treatment case “waste watgy”utilizing COMBI with 8 terms in linear
models, maximum number of generated models witlerint structures is®21.=255. On the basis of
experience, we will accept here the normalized eaofgdeviation RD) as a measure of accuracy. The
RD is a percentage ratio “maximum deviation betwearasared and estimated values / difference
between maximum and minimum measured values”.

The best and the worst models of the first 150 gdgad models for the “tree height” (which are
potentially most representative with no degradedctire) haveRD equal to 0.6076% and 3.9894%
respectively. Proceed from that, one can acdept< 25% covering over 80% of the considered
models. Similar consideration can be done for tke mortality, waste water treatment case. These
models are less accurate than those for the triginthé-or the assessment purposes, let us accept
RD < 30% covering 75% of the considered models. ThusRibehresholds determine the subsets of
models that will be used in further analysis. Theeshold values at first step are approximate and
subjective, and they can be refined at next staginén the iterative process “experiments-modeling-
analysis”.

2.2 Analysis of model structures

Further analysis of model structures shall be deitlein the accuracy range according to the criteria
of accuracy distribution and model structures.

Assessment of structures of model séthen considering the features of a single moded, th
existence of a set of models with acceptable acguaad all positive coefficients indicates stable
increase of an output value. Thus, there are 29%adels with positive coefficients for the “tree
mortality”, treatment case “sludge and waste watéat which RD < 9% (without absolute term).
Distribution of accuracies for the models with piesi coefficients is better than that for the madel
having coefficients with unlike signs. No modelsséxvith negative coefficients only. Therefore, one
can assume that dominated is the case with gepeséive input of factors into the result.
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Pairwise matching of model structure®airwise matching of structures of the models deiszy
two different treatment cases is intended to astbestevel of similarity / difference between model
structures, hence, determine how two treatmentscase similar or different. The existence of
identical or similar models for different treatmesises allows us to merge them into one generalized
model describing a higher-level subsystem. Idehsitractures imply the existence of the same set of
input variables and the same combination of sighsoefficients. In particular, the existence of all
positive coefficients (without absolute term) suisht all coefficients of identical terms of the netsl
meet the same relation (> or <), leads to the apamabout stable difference between output values
of models in the pair. Additional test for non-agisce of a pair with similar structure but with énse
relation between coefficients of identical termswdoconfirm such assumption.

As an example, for the “tree height”, treatmentesda®W and CW, we can choose two pairs of
modelsl+2 and3+4, each model having all positive coefficients. Thlations (>) are met between
coefficients of the models in each pair. Here, agasure of accuracy for a pa), We will take
the sum oRD values for each model in the pair. The pairs hoave below:

Treatment case WW, Model 1 RD=3.9894%):
y(W 11y =1.031 7y (1) + 14.6450¢4(t) )

Treatment case CW, Model 2 RD= 3.5480%):

yMe 4+ 1) =1.0303y M (t) +13.8030(1) )

with RDyga = 7.5374%, and
Treatment case WW, Model 3 RD=1.6592%):

yW(t +1) =0.9945y MWW (1) + 7.8314x4(t +1) +11.3570¢(t) 4

Treatment case CW, Model 4 RD= 1.0840%):

yOt +1) = 0.9944 y("W) (1) +7.0173x4(t +1) +10.9390x(t) (5)

With RD o = 2.7432%

At the same time, there are no pairs with identistalicture and inverse relations between
coefficients (i.e. <). This shows that under thensainitial conditions the height increase when
irrigating with waste water is greater than theréase when irrigating with control water, and this
difference is stable enough.

In general, the structure of a linear mo8edan be represented as an ordered set of symb@s {1
indicating the existence or non-existence (1 oofjelevant term in the model, together with the
accuracy. The structure of linear model (4) can ftmpresented in the formSz; =
(0,1,0,0,0,0,1,1/1.6592).

2.3 Merging of two modelsinto general model for a treatment type

One of the purposes of modeling and assessmerd generalize the models obtained for four
treatment cases into the following two treatmepesy

Treatment type 1W): irrigation with water without application of glge (treatment cas&gwW and
Ccw);

Treatment type 23M): irrigation with water and with application ofuslge (treatment cas&W
andSCW).

Each treatment case is associated with constanevalf concentrations of chemical elements in
the control or waste water. General model for atinent type shall describe the growth dynamics at
varying chemical content of irrigation water. Inder to build a general model for a treatment type,
WW, CW -> W or SWW, SCW -> SW, we shall associate the models with some indidesater
content. This would enable us the explicit assessmithe effect of water quality on tree species
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growth characteristics, as well as the solving mfroum value of water content maximizing the tree
species growth by a given criterion.

Water index. The indices of irrigation water content, pH and ecamtrations of chemical elements
in the control and waste water, are approximatehstant for all periods. Since we have the averaged
constant values of water content, let us defineotrerall water indexXQ characterizing water content
in general, in order to further express the comffits of general model as variables of the overall
water index. For the assessment purposes we va#dpcan overall water index without “weights”
assigned to individual chemical elements, and takito account that all concentrations of elements
in the control and waste water are less than tbemenended maximum concentrations:

1 -G
Niz=in M
Here, m is the recommended maximum concentrationi-tf chemical elementC; is the

measured concentration ieth chemical element. The range of such index is [( g limit 0 means
that all measured concentrations are equal togbemmmended maximum concentrations, and limit 1
means that all concentrations are equal to 0. Theral water index for control water is

Q(CW> =0.8330, and for waste water iQ("W") =0.7942, so in general waste water is more saturated.

Example of model merging. Treatment type 1: WWCW -> W, general model for “tree height”

Let us select the best pair from the subset of tsodéth identical structure and positive
coefficients, without absolute term. The best pdimodels is3+4 (see (4) and (5)). The general
model is the following:

y " +1) = ali? (@ v 0 +afi (Q) et +1)+ ™ (Q) xlt) (7)

Since we have two values Qffor treatment casadW andCW, the coefficientsag of models can
be represented as a linear dependen€g of

as =bys+by s [Q 8
With a greater number @ values one can form the dependence of higher order
Linear dependence for the coefficients is obtaimggair of values(Q,as) which are known for
each treatment case. Thus, for the coeffic@&ﬁﬂ)l(Q) , the linear dependence can be built by the

following points: (Q"*), af}41”) = (07942 78314) and (Q™"), aJ;51) = (08330 7.0173) . Then
the coefficients can be expressed as:

hw) — - ahw) _ A(hw) _
i\ =0996500026Q; aj}y = 24495320982000; ;") =199131107732Q,  (9)

2.4 Assessment of optimal irrigation conditionsfor atreatment type

The purpose of water control on the basis of eséthanodels is the regulation of water content in a
way to provide the best characteristics of treeciggegrowth. In this case the overall water index
Q(t) on the range [0.7942, 0.8330] is considered as raralovariable. By optimal treatment

condition for each treatment type we will undergtanch Q(t) that maximizes “tree height” while

minimizes “tree mortality”. Hence, the general metgnodels can be used to find optimal treatment
conditions.

Preliminary analysis of structures of two generabdels for treatment typ&V shows that
maximum for “tree height” and minimum for “tree ntality” are reached at the low bound of the
overall water index range [0.7942, 0.8330], Jx = 0.7942 (waste water) for all periods.
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In case of treatment typ@W, the optimalQ is within the range [0.7942, 0.8330], which can be
found by successive approximation. The opti@alill show the proportion in whiclCW and WW
shall be mixed at different irrigation periods &ach the maximum result.

3 Qualitative Analysis Based On The GMDH M odels

The considered task is typical for initial experited stage for which it is required to make initial
analysis of factors impact. The task concerns gtienation of effects of heavy metal concentrations
in soil, leaves and roots of Zea Mays speciesvatitd near the major road in the area Araxos,
Greece. [5]

Here, the objective of the GMDH modeling is to dbtde regression models describing different
relationships within the chain of interactions tsoiroots - leaves”, as well as to provide further
qualitative analysis of involved factors. Qualivatiassessment provides initial generalization of
regularities in change of heavy metals concentnatia soil, roots, and leaves, depending on distanc
from the road. It also allows us to determine #heel of certainty / uncertainty of the models aod t
direct future experiments to obtain more detaitddrmation.

The studied system involves three objects: Sijlrpots R), and leavesL(), and has the following
structure:

S(D) -> R(D) ->L (D) (20)
whereD is the distance from the road. Concentrationshehtical elements were measured in soil,
roots, and leaves at distances of 0, 10, and 20m the road.

For this structure, a contiguous relationship, 8.@) -> R (D), is the direct factor for which it is
assumed th&b (D) is the main object effecting dd(D); S(D) is the indirect factor fot (D). In real
situation there may exist other factors unaccouim€dO0), for example, air environment, rainfalic.e

Since at initial stage of the study there is ladkdata enabling the modeling of complex
interactions of chemical elements with account wéal and indirect factors, we will design and
analyze the regression models for individual elesmes functions of distance, as well as estimage th
degree of possible influence of other elementsfacidrs.

Let G LI {S - Soil, R - Roots, L - Leaves} is the set of studied objects,
E LI {Pb, Al, Cd, Zn, Cu, Ni, Co, Fe, Mn} is the setaiemical elements studied in the obj&gtdn
general, estimation models have the following form:

D->E; (C) (11)

i.e., change in concentration of each elentgrih soil, roots, and leaves depending on distance,
and the form:

(D, E () > E(C) (12)

Qualitative analysis of the functioi®, E; (C)) -> E (C) allows us to assess the direct effects of
individual chemical elements, i.e. relationshipswen concentrations of an element within direct
factorsS-> R andR -> L. The parameter of distance included in the fumctioin fact the assessment
of degree of influence of other factors (both eleteeand objects). This will make it possible to
provide initial assessment of what kind of influens stronger: the element itself or other factdtse
models are analyzed on the basis of inclusion/nolusion of the parametér.

Let us consider the estimation of different chemnéd@aments within the chain "roots -> leaves™:
1) Ph = 0.578-0.176Pbs+0.009*(Phg)?

2) Cu,= 10.227-0.3699+0.01*(D)?

3) Zn,_= 22.1-0.385*D)*+0.343*Zng

Case 1h ). The only parametePby is included in the modeD is not present. Therefore, it is
assumed that the eleméepb in roots is the main factor effecting &b in leaves. Other possible
factors are not substantial.
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Case 2 Cu). The only parametdD is included in the modeCug is not present. Therefore, it is
assumed that the eleme®u in roots is not the main factor effecting Gn in leaves. There are other
factors not included in the models, which effectCnin leaves.

Case 3 Zn,). Both parameterd) and Zng, are included in the model. Concentration of the
elementZn in leaves depends on both concentratioZmfin roots and other factors, individually or
as a result of their interactions. There is undegaabout what factor(s) is predominant.

To obtain the generalized qualitative picture, \a@ process the results in the following manner.
Let us partition the distand2 into two crisp distance intervald: = {D1= [0-10], D2= [10-20]}. For
each distance interval, corresponding qualitatalei@sQV are assigned, which describe the change of
concentrations in soil, roots, and leaves:

QV={Z, LD,MD, HD, LI, MI, HI} (13)

where:Z- No Changel D - Small DecreaseyiD - Medium DecreasdiD - High Decreasd,| -
Small IncreaseMI| - Medium Increasetll - High Increase. Qualitative values describing ¢hange
of concentrations of elements at different distantervals can be summarized in thab.1.

Tab.1. Qualitative values obtained for soil, roots, seaves

Elements Sail, QVs Roots, QVr Leaves, QV,
D1 D2 D1 D2 D1 D2
Pb HD LD HD LI LD HD
Al HD z HD LI HD LD
Cd HD Ml MD HI Z HD
Zn HD LI HD LI HD LD
Cu HD LD HD z HD LD
Ni HD LD HD LD LI HD
Co HD LI HD LI z z
Fe HD z HD LI HD LD
Mn HD LD HD LI MD MD

This representation facilitates general view ofdenties of change, as well as computer-based
processing of different cases and subsets of elsmkets us summarize the number of occurrences
over the distance range and generalize the restdtins of the Decrease/Increase tendencies:

Soil: {(D1: 9HD), (D2: 4LD, 2LI, 27, 1MI} or {( D1: 9 Decrease)J2: 4 Decrease, 3 Increase};

Roots: {D1: 8 HD, 1 MD), (D2: 6 LI, 1HI, 17, 1LD} or {(D1: 9 Decrease)J2: 7 Increase, 1
Decrease};

Leaves: {P1: 4HD, 27, 1MD, 1LD, 1LlI), (D2: 4LD, 3HD, 1MD, 1Z} or {(D1: 6 Decrease, 1
Increase),D2: 8 Decrease}.

The results can be represented inThb.2.
Tab.2. General tendencies of change

Distance D1 D2
Object
Sail Decrease Decrease/Incregse
Roots Decrease Increase
L eaves Decrease Decrease

From the Table above, it can be clearly seen that dverall tendency is the decrease of
concentrations, except for roots at B2, and altering tendencies for soil22.

At the next stage with larger sample volume, oneastimate more complicated regressions.
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4 Conclusion

The purpose of the paper is to demonstrate thentayaes of GMDH approach to model and analyze
complex environmental systems at the initial staigéneir study when the sample volume is minimal.
The set of generated GMDH models gives the podyiltib analyze the system from different
viewpoints, according to the model accuracies angctures. In the decomposition of a modeled
system into subsystems, the related sets of GMDIidefsocan be analyzed to identify the most
relevant structures and make assumptions about afglifferent factors, assess the uncertaintylleve
regarding each factor input, as well as to makés@eton how to design the next-stage experiments
to obtain more information about system behavidiisTalso makes it possible to compare the sets of
GMDH models describing different subsystems by rttetiuctural similarity / difference, hence,
merge the models into a model that describes ahilglvel subsystem.

In addition, this provides the basis to develop ptémreasoning procedures for qualitative
assessment of system behavior at different stafdes@-term experiments. Qualitative analysis gives
the possibility, in terms convenient for the enéruso analyze behavior of individual subsystems as
well as of the system in whole.
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