
 
 

CALCULATING THE DEPENDENCY OF COMPONENTS OF 
OBSERVABLE NONLINEAR SYSTEMS USING ARTIFICIAL NEURAL 

NETWORKS 
 

Wolfram Rinke 
University of Applied Science Burgenland, Austria 

wolfram.rinke@fh-burgenland.at 
 
Abstract: 
A method for computing dependency factors between independent and dependent components of an 
observable system is presented. The dependency factors are derived from the analysis of an artificial 
neural network, which models the system observed. The generic approach applies already proven 
methodologies to calculate the input-output sensitivity of multilayer feedforward artificial neural 
networks with differentiable activation functions. The algorithm and the mathematics to compute the 
dependency factors are presented. Different examples from agriculture and marketing illustrate how 
this method can be applied to explain an observable system.  
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exactly this kind of information computed directly from the trained artificial neural network. To calculate 
the values of the dependancy matrix we need to calculate the first order sensitivity of the ANN. This 
can easily be done as proposed by Hashem (Hashem, 1992) to calculate the first order output 
sensitivity directly from the first order partial derivatives of the network directly from the backward 
chaining rule of the learning algorithm. For completeness reasons the underlying mathematics is 
reproduced according to Hashem's publication (Hashem, 1992) and presented below in equation (3) to 
(5). The first-order sensitivity is computed from applying the simple backward chaining partial 
differentiation rule.  
 

• For the network nodes in the output layer N: డைೖడ௛೔ಿ ൌ 	 డைೖడ௡௘௧ೖಿ శభ 	 . డ௡௘௧ೖಿ శభడ௛೔ಿ ൌ 	ܱ௞ሺ1 െ ܱ௞ሻ	. ௜௞ேݓ 	,			    ∀	݅, ݇.  (3) 

 
• For the network nodes in the remaining hidden layers (layer j, j = N – 1,…,1): డைೖడ௛೔ೕ ൌ 	∑ డைೖడ௛೗ೕశభ 	.		 డ௛೗ೕశభడ௡௘௧೗ೕశభ 	.		డ௡௘௧೗ೕశభడ௛೔ೕ ൌ 	∑ డைೖడ௛೗ೕశభ 	 . ݄௟௝ାଵ൫1 െ	݄௟௝ାଵ൯	.		ݓ௜௟௝ 			௟௟ ∀	݅, ݇  (4) 

 
• Finally for the input layer (layer 0): డைೖడூ೔ೕ ൌ 	∑ డைೖడ௛೗భ 	.		 డ௛೗భడ௡௘௧೗భ 	.		డ௡௘௧೗భడூ೔ ൌ 	∑ డைೖడ௛೗భ 	 . ݄௟ଵሺ1 െ	݄௟ଵሻ	.		ݓ௜௟଴		௟௟   ∀	݅, ݇  (5) 

whereas  ܱ௞ : output of the ݇௧௛ node in the output layer (layer N + 1), 
  ݄௜௝ : output of the	݅௧௛ node in layer j, j = 1,…,N, 
 ,௜ : input of the ݅௧௛ node to the ANNܫ  
 , ௟௝ : weighted sum to the ݈௧௛ node in ݆௧௛ layer, j = 1,…,N+1ݐ݁݊  
௜௞௝ݓ     : connection weight between ݅௧௛ node in ݆௧௛ layer and  

  the ݇௧௛ node in layer j + 1, j = 0, …, N . 
 
The partial derivatives for the output layer, the hidden layer and the input layer have to be calculated 
following (3), (4) and (5) above. According to Hashem (Hashem, 1992) the first order sensitivity of a 
feedforward ANN is equal to the first order function derivative of the observed system. To learn about 
the unknown input-output relationships you have to calculate the Jacobian matrix for a certain input-
output-vector. The Jacobian matrix tells us something about the model at a certain point in value 
space, but it tells us nothing about an overall input-output relationship of the observed system. 
 
This is done by a component-wise calculation of the average of the absolute values of the respective 
Jacobi matrix component: For each input node i and each output node k of the ANN we calculate the 
average dependency factor ܦഥ௜௞	as the average over all N training samples s for the respective 
absolute value of derivatives of output vector ܱ௦  by input vector		ܫ௦ . 
 

• The dependence factor ܦഥ௜௞ is calculated as 
 

ഥ௜௞ܦ ൌ ෎ ቤങೀೖೞങ಺೔ೞ ቤಿ
ೞసభே 															     		∀݅, ݇    (6) 

 
• The final dependency matrix ܯܦധധധധധ is calculated as 

 

ധധധധധܯܦ ൌ ۈۉ	
	ۇ ஽ഥభభ୫ୟ୶ೕሺ஽തതതതೕభሻ ⋯ ஽ഥభೖ୫ୟ୶ೕሺ஽തതതതೕೖሻ⋯ ⋱ ⋯஽ഥ೔భ୫ୟ୶ೕሺ஽തതതതೕభሻ ⋯ ஽ഥ೔ೖ୫ୟ୶ೕሺ஽തതതതೕೖሻۋی

,݆∀								ۊ ݇ with ݆ ∈ ሼ1, . . , ூܰሽ	ܽ݊݀	݇ ∈ ሼ1, . . , ைܰሽ (7) 

 
whereas ܱ௞௦ : output value of training data set s of the ݇௧௛ node in the output layer, 
 ,௜௦ : input value of training data set s of the ݅௧௛ node to the ANNܫ  
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N : the total number of training data sets 
s : the training data set, max௝ሺܦതതതത௝௞ሻ : the maximum of all dependency factors of the ݇௧௛ node in the output layer, 

  ூܰ : the number of nodes in the input layer, 
  ைܰ : the number of nodes in the output layer 
 
The resulting matrix shows the normalized dependency factors as defined in equation (4) and (5) of 
the ANNs output parameters with respect to its input parameters.  
 
4. SAMPLE APPLICATIONS 
 
The dependency matrix as presented before, is easy to calculate because the underlying algorithms 
exist as part of a typical ANN programming library. It is a generic tool to calculate the input-output 
dependency directly from an ANN, which was built and trained to model an observable nonlinear 
system. It is an easy way to quantify input-output relationships. In the following examples the 
dependency matrix was used to gain an insight into the observed system respectively or to derive 
additional information to learn about unknown relationships. The following smaple applications of the 
dependancy matrix shall motivate the reader to apply this technology to describe parameter 
dependancies of nonlinear systems in an easy and accurate way, apart from traditional statistical 
methods. 
 

4.1. Tourist marketing research application 
 
Marketing research typically uses market models, to explain the markets. But it is particularly difficult 
to get a good insight into observed markets with traditional statistical methods. The following two 
studies of tourism market research in this and the next subchapter are presented, which use the 
dependency matrix as a tool for market analyses. The aim of this marketing research was to identify 
what influences the tourist expectations in relation to factors describing a touristic regional area or 
location. The first study (Stöckl et al; 2014) analyses the relationship between regional attachment 
factors and affective tourist reactions. One of the results is replicated below for descriptive purposes. 
Further details can be read in the given paper (Stöckl et al; 2014).  
 
Table 1: Dependency matrix showing the relationship of regional attachment factors in relation to affective 
tourist reactions 
 

Dependency 
Matrix 

satisfaction loyalty emotional 
attachment 

pleasure spending 

familiarity 0,26 0,33 0,70 0,32 1,00 
human factor 1,00 1,00 1,00 1,00 0,74 
leisure activity 0,16 0,17 0,21 0,19 0,54 
relish 0,33 0,34 0,38 0,34 0,40 
trust 0,36 0,35 0,22 0,37 0,35 
child-oriented 0,23 0,38 0,39 0,32 0,76 
broaden horizon 0,36 0,46 0,48 0,41 0,61 

Source:  (Stöckl et al, 2014) 
 
The dependency matrix schon in table 1 is derived from the neural network model, that was built on 
the results of interviews done with tourists about their vacation experience in that touristic area. The 
final matrix quantifies how strong regional attachment factors (conditions, habits or offers) influence 
the tourist satisfaction.  
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Figure 3: Spider web diagram of the dependency matrix presented in table 1 above is showing the relationship 
between regional attachment factors and affective tourist reactions 
 

  
Source: (Stöckl, 2014)  
 
The dependancy matrix can easily be visualized using a spider web diagram as shown in figure 3 
above. 
 

4.2. Cross cultural research application 
 
The second example application of the dependency matrix technology is used to study cross cultural 
differences in tourism. Along with other factors the emotional attachment to a certain region, which is 
dependent on regional attachment factors is analysed. The countries compared are Australia, Austria, 
France and Spain. The results of this study are described in detail in the given paper (Rinke, 2014). 
The following table and spider web diagram show the culture dependent differences of the defined 
attachment factors to a certain touristic region. The dependancy matrix is derived from an ANN that 
was build to model the mapping of regional attachment factors to different countries 
 
Table 2: Dependency matrix showing the differences between cultures and 
 the relationship of regional attachment factors and emotional attachment to a region. 
 

Dependency 
Matrix 

Australia Austria France Spain 

familiarity 1,00 1,00 0,43 0,35 
human factor 0,26 0,95 1,00 0,26 
leisure activity 0,10 0,15 0,36 0,44 
Relish 0,28 0,79 0,43 0,15 
Trust 0,11 0,56 0,43 0,21 
child-oriented 0,13 0,11 0,46 1,00 
broaden horizon 0,40 0,30 0,59 0,39 

Source: (Rinke, 2014) 
 
A spider web diagram is a perfect way to visualize the relationships between different cultures and 
important regional attachment factors. 
 
 
 

372



Figure 4: Spider web diagram of the dependency matrix as presented in table 2 showing the cross cultural 
differences for the emotional attachment for a touristic region 
 

 
Source: (Rinke, 2014) 
 

4.3. Agricultural research application 
 
The third example refers to an agricultural application, that makes use of the described dependency 
matrix. This research analyses standardized micro vinified red wines ("Blaufränkisch", "Zweigelt", 
2011) of geologically different areas of the wine growing region of the Burgenland, which were tasted 
and quantitatively assessed in tasting commissions. The dependency matrix was used for the 
presentation of tasting results, on a classification of wines according to increasing descriptive 
intensities. Based on this wines could also be classified according to the soils of their origin. 
Additionally those descriptors typical for the two red varieties on certain parent rocks were determined 
using ANN models for the first time to describe the areal influence (terroir) in relation to the 
characteristics of wine made from that grapes, grown in that specific region. The dependency matrix is 
used to calculate a terroir specific aroma profile for wines in relation to certain terroir based on the 
build and trained artificial neural networks. The results have been confirmed with cluster analyses 
(Flack, 2014). 
 
Figure 5: This spider web diagram visualizes the aroma profile for two traditional wine types produced in the 
north of Burgenland, a district of Austria. 
 

 

Source: (Flack, 2014) 
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5. CONCLUSIONS AND IMPLICATIONS FOR THEORY AND PRACTICE 
 

The dependency matrix is a useful tool to quantify the relationship of input and output parameters of 
an observed system, as long as it is modeled with ANN technology. In all areas where an input-output 
analyses is required and the underlying system is nonlinear, it is very easy to calculate the 
dependancy matrix out of the trained network. It can be used as a standalone tool to gain an inside 
view of any observable system, if the model building has been done with artificial neural network 
technology. The results gained from the dependency matrix are easy to understand and practical to 
use in many different applications and areas of research. The dependancy matrix has been applied to 
many different kind of applications, where the modelbuilding is done with an artificial neural network. 
Appropriate applications are input-output analyses, feature detection, assoziation analyses, 
dimensionality reduction or impact analyses. A comparision of more traditional technology for this kind 
of application has only be done with cluster analyses so far. This leaves room for further research and 
analyses of the dependancy matrix in combination with artificial neural network modelling. 
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