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Abstract

The paper provides a brief overview of the state of the art in middleware benchmarking. The overview is
used to highlight some of the outstanding issues in the area, specifically the issues related to implementing,
running and evaluating regression benchmarks. The issues are analysed in depth and the course of our
work towards resolving them is presented.

1. Introduction

Middleware benchmarking is an integral part of the distributed computing area, where it serves to satisfy an
obvious need to evaluate and compare performance of numerous implementations of communication and
application middleware standards, such as CORBA [1], RMI [2], or EJB [3].

Benchmark results are regularly used both by the middleware users, to compare performance and function-
ality of software products from different vendors, running on different hardware and software platforms,
and by the middleware developers, to evaluate the performance of their product in critical areas, to assess
implementation changes that may have an impact on performance, and to determine the extent of such
impact. In addition, benchmarking can be also used for monitoring and diagnostics, and in less common
cases, for estimation of middleware performance under different, previously untested, conditions [4].
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2. State of the Art

The area of middleware benchmarking currently lacks a standard that would unify the process of middleware
benchmarking in general, so that it would cover benchmarking of different middleware platforms and provide
a common methodology for obtaining the data and guidelines for presentation of the results. For specific
middleware platforms, the situation is better due to demand for comparable and easy to understand results.

The most advanced in this regard appears to be the area of CORBA benchmarking, mostly through the efforts
of OMG and its White Paper on Benchmarking [5], which standardizes the terminology, methodology and
outlines the basic requirements for open, easy to measure and understandable benchmarks. As for other
middleware platforms, such as EJB, the standardization exists in the form of widely accepted benchmarks,
which are used throughout the industry for performance evaluation and comparison.

At present, we are aware of two principal types of benchmarks being widely used in the area, termed model-
application benchmarks and feature-specific benchmarks. These differ substantially in the methodology
for obtaining the data and in the presentation of results, but their popularity suggests that both types of
benchmarks have its use and audience. Depending on the expected type of results, the audience can be split
into the group of middleware users and the group of middleware developers, as described in [6].

2.1. Model-application Benchmarks

Model-application benchmarks usually simulate a model application and yield a tuple of numeric values
expressing the performance of the benchmark application. Often, the results consist of a pair of values, of
which one represents the number of model-application specific operations per second achieved on a given
hardware and software platform, while the other amounts to the cost of a single operation. This practice is
consistent with that of the Transaction Processing Council (TPC) benchmarks for database systems.

While the results produced by such benchmarks are easy to understand, it is very difficult to make any
assumptions about performance of a system under different workloads or for other application types, since
benchmarks of this kind do not collect data concerning the lower-level application-independent functionality
of the middleware platform used.

As an example of this particular benchmark type, consider the EJB platform, which does have an officially
standardized benchmark suite for measuring performance and scalability, called ECperf [7]. The suite
measures performance of a model application simulating real-world business problems with respect to
product manufacturing, order, inventory, and supply chain management. The benchmark results in a pair of
values representing the achieved number of operations per second and the cost of a single operation.

RUBiS [8] is another example of a model-application benchmark and is based on a prototype auction site,
modeled after eBay [9]. The benchmark is meant to be used to evaluate application design patterns and
performance scalability of application servers. SPECjbb2000 [10] is a benchmark emulating a 3-tier system
with business logic engine in the middle tier, which is currently the most common type of server-side Java
application. This enumeration is by no means complete, the intent was to provide only a few examples for
illustration purposes.

2.2. Feature-specific Benchmarks

The other type of benchmarks is intended to provide very detailed coverage of individual aspects of given
middleware platform, such as marshaling, dispatching, or transport efficiency, including aspects specific to
a particular implementation of that platform, such as threading model or shared memory optimizations. The
content of the results produced by such benchmarks usually consists of very detailed and technical data,
and is expected to be read and understood by the developers of the particular middleware platform with
appropriate background.

In measuring performance of isolated aspects typical for a specific middleware platform, these benchmarks
provide information about behavior of the individual aspects on a specific hardware and software platform
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and under various situations, such as heavy thread usage or network distribution. Middleware exhibiting no
anomalies in the behavior of its individual aspects is expected to be performing well in the overall scope.

An example of a feature-specific benchmarking suite is the Open CORBA Benchmarking Suite [6] for
performance evaluation of CORBA middleware. In dealing with the issues mentioned in the White Paper
on CORBA Benchmarking, such as uniform methodology, ease of use, and openness of the whole process
from data collection to publication of the results, the suite serves as a reference for conducting CORBA
benchmarks.

To our best knowledge, there is no comparable benchmark suite for other middleware platforms, especially
RMI and EJB. As for CORBA, the distribution of TAO [11], an open-source implementation of the OMG
CORBA specification, contains benchmarks measuring selected aspects of the CORBA ORB performance.
The Open CORBA Benchmarking suite differs from the collection of TAO benchmarks in that it collects
more detailed data and that it can be easily used for may different ORB implementations, because it is not
tied to a particular ORB at the source code level.

3. Regression Benchmarking

Benchmarks can be very helpful during middleware development. Our experience from a series of CORBA
performance evaluation and comparison projects shows that systematic benchmarking of middleware prim-
itives can reveal performance bottlenecks and bad design decisions as well as implemetation errors. In other
words, detailed, extensive and repetitive benchmarking can be used for finding regressions in middleware
implementations, hence the term regression benchmarking.

Even though it is beyond doubt that regression benchmarking is a valuable tool in the course of middleware
development, our practical experience indicates it is rarely used, both in the commercial and the non-
commercial/open-source domains. As for the open-source middleware implementations, the only exception
from the fact appears to be the already mentioned TAO, which besides having a suite of regression tests to
validate correct functionality, also has a number of benchmarks. The collection, however, does not support
automation, which is needed to perform repeated extensive testing and performance evaluation.

Commenting on the development practices of commercial closed-source middleware vendors is more
difficult, as their practices are closed and our knowledge is thus limited to our experience with their products.
Nevertheless, in the past years we have revealed several performance problems in leading commercial ORB
implementations, which ranged from minor flaws to major scalability issues. These problems would probably
have been found had the software been subjected to regression benchmarking. From this we conclude, that
regression benchmarking has not yet found a regular use even in the commercial sphere. The fact that
most available benchmark results appear to have been edited and formatted by hand also indicates that the
benchmarks are not conducted very often, which only supports our argument.

In our analysis of why the use of regression benchmarks is not more widespread, a major factor appears to
be the fact that the initial cost of setting up regression benchmarking for a software project is perceived to
be higher than the potential benefits. Therefore, there is little or no incentive to invest resources in it. Closer
look at the initial costs reveals what we believe are the major issues causing the perception of unreasonably
high costs:

1. Creation of benchmarks

Creating regression benchmarks requires developer resources, which may not be readily available.
An important factor is the amount of work required to benchmark a specific functionality on a given
platform. Unless the effort/cost necessary to create and, which is more important, update and extend
the regression benchmark suite is reasonably small, the developers and especially the managers are
reluctant to invest effort into work, that does not provide immediate profit.
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2. Execution of benchmarks

Even when the necessary effort has been invested into creation of a suite for regression benchmarking,
our experience shows that it is non-trivial to conduct the actual measurements and conduct them
repeatedly, which is essential for regression benchmarking. The benchmark suite can contain hundreds
of tests and take days or weeks of running time to complete. The amount of collected data can
easily reach the order of gigabytes. Without a mechanism for automated execution and collection of
benchmark data, the task is on the verge of possibility. Also, for the benchmarks to be conducted on
daily basis, the execution time of the entire suite becomes an issue and requires a control mechanism.

3. Evaluation of benchmarks

The data collected during automated execution of the regression benchmarking suite are mostly raw
numbers and in amounts, that prevent direct analysis by a human. The data must be first processed
by a machine and the size and detail reduced to a manageable level. It should be possible to evaluate
the data automatically, at least to identify anomalies and to alert the developers to pay extra attention
to the results. As in the previous case, without automated processing facilities, the benchmark results
are merely gigabytes of useless data.

Based on our experience with industrial partners, we have created a regression benchmark suite, which
attempts to address the above issues using the following concepts:

3.1. Benchmarking Framework

The solution to the issue (1) above requires easy extensibility of a suite in form of new benchmarks, while a
part of the solution to issue (2) should handle automated benchmark execution and collection of the results.
To address these issues, we have created a benchmarking framework with focus on the following features.

Easy creation of new benchmarks

To be of any use to a middleware developer, the benchmarking framework must not constitute an obstacle.
If there is a need to benchmark a specific middleware functionality, it is enough to write the code to test the
functionality and reuse the generic facilities provided by the framework, such as support for data acquisition,
configuration, multi-threading, variation of test parameters, etc.

Portability and extensibility of the benchmark suite

If a particular middleware supports multiple platforms, it is desirable to compare the performance of the
middleware on those platforms. Our framework is reasonably portable to commonly used software and
hardware platforms, including several operating systems, compilers, different version of the middleware
implementation and vendor-specific tools. Extending the suite to support a new broker is a matter of minutes,
adding support for a completely new platform takes longer because of the platform dependent code which
has to be supplied to the framework.

Automated compilation and unattended execution

Manual compilation, configuration and execution of suite benchmarks, as is the case of some application
oriented benchmarks for EJB servers is simply not an option. Our suite contains hundreds of individual
benchmarks and supports running them either locally, or remotely on two different nodes on the network.
The Cygwin [12] environment is used to support remote execution of benchmarks on machines running the
Windows NT class of operating systems.

3.2. Sample Collection Mechanism

Since we want a regression benchmark to produce very detailed information, we cannot settle for collecting
only averages, minima, and maxima of the observed values. Very often, the distribution of the samples, its
median and inter-quartile range are much more telling that the averages, especially if we are interested in
real time behavior or in comparing performance of a particular middleware implementation on different

PhD Conference ’03 8 ICS Prague



Lubomı́r Bulej Current Trends in Middleware Benchmarking

platforms. Therefore, in addition to average, minimal, and maximal values, our framework also collects
individual samples for a selected thread of execution.

In our framework, the execution of a benchmark progresses through several stages and the amount of time
required for a single benchmark run depends on the time spent in the execution of individual stages. The
first stage is warm up, the second is collection of resource usage data both on the client and on the server,
the third is collection of individual samples from a selected thread of execution, and the third is collection
of averaged data.

To avoid interference caused by just-in-time compilation, disk cache flushes, stabilization of adaptive
resource allocation algorithms and other phenomena accompanying application start up, the framework
throws away data from the warm up stage, a fixed time interval at the beginning of the measurement.

Automated adjustment of benchmark execution time

With the exception of the third stage, all stages have a fixed execution time. The execution time of third stage
is determined by a fixed number of individual samples to be collected and the complexity of the measured
action. As such, its duration is not really known in advance and has a major impact on the total execution
time of a single benchmark.

The execution times of individual stages and the number of samples to collect in the third stage have been
chosen conservatively, so that we collect more than enough samples to obtain accurate data for further
processing. Some of the values (such as the duration of the warm up stage) are probably very pessimistic,
resulting in longer execution times than necessary. On the other hand, we prefer accurate data (and longer
execution) to inaccurate data. Currently, the amount of data gathered from execution of the complete
regression benchmark suite ranks in the order of gigabytes and its running time is measured in days or
weeks.

Such running times are not so disastrous for a one-time extensive performance evaluation of particular
middleware implementation, but are hardly acceptable for day-to-day measurements, which are of interest
to the developers. To reduce the running time of the benchmark, it is necessary to be able to correctly
determine the appropriate duration of the fixed-length stages as well as control the amount of data gathered
in the variable-length stage without compromising the credibility of the data.

We expect to be able to control the execution time of the variable-length stage by specifying the required
accuracy of the collected data. By being able to collect the right amount of individual samples to satisfy the
accuracy requirement, we could control the execution time of the most unpredictable (in terms of execution
time) stage of the benchmark, which would in turn produce significant savings in the overall execution time.
As a bonus, we would need to collect and process less data. Besides determining the number of samples
that need to be collected, we would like the framework to be also able to determine the appropriate length
of the warm up stage.

Depending on the type of an individual benchmark, the observed values can be modeled by response
variable with a single constant or variable factor and a random error. This fact led us to evaluate application
of statistical methods to process the data and for estimation/control of benchmark timing parameters.
Assuming that we can find appropriate statistical methods to estimate the length of the warm up stage and
the number of samples required for the specified accuracy of the data, there is one more issue: outliers.

The observed data will contain outliers caused by unpredictable and hardly avoidable events, such as process
rescheduling and other phenomena caused by the operating system interference. Such outliers should not
be hidden from the developer so that it is possible to observe the real behavior of the middleware on a
particular platform. On the other hand, the outliers will be potentially harmful for statistical methods that
make use of variance ��� or sample variance � � , both of which are very sensitive to extreme values in
the population sample. We therefore need a mechanism to detect the outliers and exclude them from the
benchmark parameter estimation/control process.
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Potentially applicable statistical methods

The following section presents an overview of the statistical methods we consider suitable for solving the
issues mentioned in the description of the sample collection mechanism above, along with a short description
of expected application and planned experiments. Most of the methods come from the area of sequential
statistical analysis, which is quite popular scientific discipline with many contributions from the area of
discrete-event simulations.

Whether we can really benefit from the research done in that area is still subject to future work though,
mainly to confirm that certain approaches used in discrete-event simulations can be used for middleware
benchmarking. The values observed by the benchmark can be considered random, but except for a few
specific cases, we cannot make any assumptions about the distribution of those values. The results from
the simulation community mostly apply to stationary processes, i.e. processes whose mean, variance and
autocorrelation structure do not change over time.

� Outlier detection and removal

We plan to use outlier detection methods to identify and hide outliers from the sequential estimation
methods that operate with sample variance � � .

– A simple method that can be used to detect outliers is the application of the Chebychev inequality
and sample mean absolute deviation as an estimator of population standard deviation. Given the
nature of outliers in our case, this method may be too pessimistic even for our purposes and
throw away valid data points.

– More complex procedure to identify the outliers is based on the analysis of the distance to an
example’s nearest neighbours. Knorr [13] defines distance based outlier as follows: An object�

in a dataset � is a �����	��
������������������� if at least fraction � of the objects in � lies farther
than distance � from

�
. We either need to find the right values of the � and � parameters

empirically, or find a way to determine them automatically for the method to give us the desired
results.

� Quantile and histogram estimation

We may want to evaluate using methods for quantile and histogram estimation instead of the methods
for sequential mean estimation to determine the appropriate number of samples for predefined accu-
racy. Such methods should be considerably less susceptible to enormous deviations caused by the the
presence of outliers.

– A simple method for obtaining confidence interval for a population quantile is to use the standard
non-parametric estimation based on the order statistics. While this methods may be sufficient
for our purposes, we may also need to evaluate and experiment with other methods.

– In [14] the authors discuss an implementation of a sequential procedure for constructing pro-
portional half-width confidence intervals for simulation estimator of the steady-state quantiles
and a histogram of stochastic processes.

– Chen [15] describes an implementation of a two-stage procedure for constructing confidence
intervals for a simulation estimator of the steady-state quantiles of stochastic processes. The
algorithm dynamically increases the sample size so that the quantile estimates satisfy the pro-
portional precision at the first phase and the relative or absolute precision at the second phase.

� Warm up stage length estimation

This is a non-trivial task to solve automatically and we will probably have to use an empirical
method with a mechanism for platform dependent parametrization. There is a number of methods
for estimation of the length of the warm up stage in the simulation area, ranging from graphical
methods, through heuristic approaches and statistic methods to various hybrid methods. Contrary to
our case though, the problem is well defined in the area of discrete-efvent simulations in that it usually
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estimates the length of warm up stage of a stochastic process, which can be formally described and
parametrized. For our purposes, would like to estimate the time necessary to filter out phenomena
accompanying an execution of a program in an operating system, i.e. priming of processor caches,
disk cache flushes, just in time compilation, all of which is rather hard to formalize.

� Required number of samples estimation

The basic idea is to specify the relative precision of the mean and determine the number of samples
needed to ensure that the mean will be within the confidence interval with probability ��� ���  , � being
the significance level. Unfortunately, the straightforward two-stage procedure suggested by Stein [16]
cannot be used, because the observed values do not have the normal distribution.

Assuming that the random error component of the observed values comes from an arbitrary distribution
with a mean value � and a finite variance ��� , according to the central limit theorem we can assume
the sample mean to have approximately normal distribution with the same parameters as the original
distribution. Therefore we may very well group the observed values, compute the sample means for
individual groups and thus obtain a sequence of sample means, which is in fact a sequence of random
variables having a normal distribution. This assumption is also used in a class of sequential methods
called batch means procedures. These procedures use the grand mean of batch means as the estimator
of the mean value of the population distribution. Confidence interval is then computed using the
sample variance � � of the batch means and quantiles of Student’s � -distribution.

– Nakayama [17] describes a modification of Stein’s two-stage procedure for use with the method
of batch means. This is the primary method of interest for determining the minimal number of
samples, but our preliminary testing shows that in presence of extreme outliers, which is our
case as mentioned above, the estimation requires too many samples to be practical.

Combined with removal of the extreme outliers the method produces fairly practical results, the
remaining problem being the removal of outliers itself. In future work, we intend to focus on
determining sound and defensible rules for removing outliers in order to obtain useful results
from the sequential analysis process.

– Hlavka [18] describes a three-stage procedure, which improves the asymptotic behavior of
Stein’s two-stage procedure by adding an additional sampling stage. Since this method cannot
be used directly for the same reasons as the original Stein’s two-stage method, we may want to
determine whether it is possible to modify this method for use with the method of batch means.
If the modification is possible, the method may give better results than the two-stage procedure
described by Nakayama.

– Steiger [19] summarizes the results of an extensive experimental performance evaluation of
selected batch means procedures called ABATCH, LBATCH and ASAP. These methods are
iterative and their operation may depend on the results of additional tests performed on the
sequence of batch means, such as von Neumann test for independence or Shapiro-Wilk test for
multivariate normality.

This is the case of the ASAP method [20], which can adaptively change the batch size and the
number of batches in response to the results of the additional tests. While the application of
such methods seems attractive, we would prefer to achieve our goals using simpler (and less
computationally intensive) methods so that we do not disturb the measurement by additional
load caused by complex computations. We plan to evaluate the iterative methods in case the
simpler methods fail.

3.3. Result Processing Mechanism

The amount and the nature of the data collected from the execution of the whole benchmark suite practically
rule out any form of human processing of the collected data. To solve issue (3) mentioned above, automation
is a must to reduce the amount of data to a level manageable by humans.

Automated processing and evaluation of the results
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Even if we have optimal estimate of the number of samples that need to be collected in the variable-length
stage of the benchmark, we still have to process significant amount of data. Currently, our framework is able
to automatically generate HTML reports with dozens of images, which are much more suitable for human
inspection than the raw data. The automatic evaluation of results is left as a topic for future work, where we
expect to be able to detect anomalies in comparison with previous runs of the benchmark.

4. Conclusion

We have provided an overview of the state of the art in middleware benchmarking, which we have extended
with the regression benchmarking approach. To do so, we have pointed out some of the major outstanding
issues related to regression benchmarking and sketched the course in which we plan to address the issues in
our future work.

To our best knowledge, we are not aware of related work comparable to our approach. Of course, there is
a large number of various benchmarking projects for CORBA and EJB middleware, but none of them is
currently comparable to our work either in the methodology used for conducting the measurements, or in
the test coverage in case of CORBA benchmarking.

In the near future, we plan to perform practical experiments using statistical methods to estimate the minimal
number of samples required to satisfy a predefined accuracy, methods for determining the appropriate length
of the warm up stage as well as methods for detecting outliers in the population sample. Optional prototype
results will be available at our website at http://nenya.ms.mff.cuni.cz.
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Abstract

A connector is a first-class entity representing communication between components. It usually en-
capsulates several tasks (e.g. marshaling, unmarshaling, synchronization, logging, etc.). In this paper
we follow a work done on connectors in our group and show how to automatically select a ”connector
configuration” based on designer’s decision (communication style and non-functional properties).

1. Introduction

Connectors emerged recently in component-basedsystems as a first-class entity representing communication
between components. They encapsulate all communication related tasks (e.g. marshaling, unmarshaling,
synchronization, logging, adaptation, etc.) allowing components to contain only a business logic. This leads
to two main benefits: (1) components are easier to develop, and (2) moving communication related code to
connectors, components are middleware independent (i.e. they can use e.g. RMI [1], CORBA [2], SunRPC
[3], etc. without a change).

Communication related tasks contained in connectors code are almost always the same. They comprise
marshaling, unmarshaling, synchronization, etc. The only actual difference between two connectors instances
is that they mediate different type of data and that they can utilize different middleware. Thus, we believe
that stating basic connectors properties [4] (communication style and non-functional properties) we can
generate connectors’ code automatically with respect to target platforms (deployment docks).

2. Background and goal of the paper

In this paper is the continuation of the work done on connectors in our group [5], which presents a connector
model where a connector is build (similar to components) from smaller parts called elements (see Figure 1).
The elements can be compound (composed of other elements) or primitive (directly coded in a programming
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language). The composition of elements forming a connector or a compound element is called connector
resp. element architecture. Unlike components, connector elements (both compound and primitive) have
generic interfaces, which are fixed, with respect to components being interconnected, only in one of the
later phases of connector generation. (This process is called element adaptation.)

Figure 1: Example of a procedure call architecture

Basically the process of connector generation comprises several steps as depicted on Figure 2 (connector
refinement tree). On the top (in the root of the tree) there is a designer’s rough decision what a connector
”should do”. It is expressed in form of selection of a communication style (procedure call, messaging,
streaming, blackboard) and non-functional properties [4]. The non-functional properties (NFPs) describe
connector’s behavior non-visible to attached components such as distribution, logging, etc.

In the second step an appropriate connector architecture is selected with respect to the prescribed communica-
tion style and NFPs. Obviously there can be several architectures implementing a particular communication
style varying in a set of supported NFPs. (There can be e.g. a procedure call architecture with stubs and
skeletons allowing for distribution, as well as an architecture without stubs and skeletons which would be
faster but would allow only for calls within one address space.)

In the third step an implementation element is chosen for each element. Again, one element can have several
possible implementations depending on values of NFPs (e.g. CORBA-based stubs and skeletons support
the distribution property with value ’CORBA’, RMI-based stubs and skeletons support it with value ’RMI’,
etc.). If a compound element is chosen for an element implementation, this step is recursively applied on its
contents.

In the fourth step, generic roles on a connector are fixed (with respect to the attached components) and the
interfaces are propagated inside the connector causing generic interfaces on elements’ ports to be fixed too
(aka element adaptation).

As the result of the fourth step, a complete connector configuration is obtained specifying a connector
architecture, element implementations and fixing all generic interfaces. Now the connector generation is
completed by adapting used element implementations to the interfaces prescribed by the fourth step. The
connector is eventually created at runtime by instantiating single adapted element implementations and
connecting them according to the connector architecture.

In our recent work we described how to perform the last step (element adaptation) [6] and how to instantiate a
connector; provided that a complete connector configuration is specified. However, the path from a designer’s
decision (on the top) down to a complete connector configuration is difficult, requiring deep knowledge of
all target platforms, available elements’ implementations, etc. Thus, to simplify the connectors usage we
need to perform the several steps automatically.

The goal of this paper is therefore to show how to perform the steps resulting into a complete connector
configuration automatically.
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Figure 2: Connector refinement tree
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3. Selecting a connector configuration

In this section we describe how to select a complete connector configuration based on requested communica-
tion style and NFPs. Having presented the refinement tree in the previous section, the problem of connector
generation is reduced to finding a path in the tree from the top layer (designer’s decision) to the bottom layer
(complete connector configuration). Obviously, not all nodes in the tree are correct with respect to requested
communication style and NFPs. However, these are not the only problems which can occur. Basically we
recognize three basic kinds of inconsistencies:

1. Composition inconsistency. Selected element implementations are mutually incompatible (e.g.
CORBA-based stub with RMI-based skeleton).

2. NFP inconsistency. A connector does not comply with all requested NFPs.

3. Environment inconsistency. An element implementation is incompatible with a target platform (e.g.
necessary libraries are missing).

In the rest of the section we present logical predicates which assure that a particular inconsistency does not
occur. Having these rules, a path in the refinement tree leading to a correct connector configuration can be
obtained using backtracking.

3.1. Composition inconsistency

Composition consistency is checked by matching ”types” on adjacent element ports. For simplicity reason,
we show this on an example. Let us suppose the request manager element, which breaks a call into a
sequence of a request and a response (see Figure 1). This element defines four ports (call, mashall, lineIn,
lineOut) used to bind to neighboring elements. In ADL notation [6] this is defined in the following way:

element frame RequestManager {
provides: call;
requires: marshall;
provides: lineIn;
requires: lineOut;

}

We enrich every element implementation of a request manager by a relation between interfaces on its ports.
In our example it will look this way:

���������
	����������� � ��� � � � ��� � ������� � � 
 �������� �������! �"$#&%'� � ��(�� � � � ��� � ������� � � 
 �������� �������! �)��*� ��� � ����+ ��� ��� � ������� � � 
 �������� 

The variable
� �������
	�����

,
� �������

, etc. represent interfaces assigned to a particular port, the local variable
� � ������� � � represents communication protocol (e.g. ’SunRPC’), and terms

�,� � ��� � ��� , ����(�� � � � and � � � ����+ ���
denote a parametrized interface (e.g.

�,� � �&� � ��� ��� � ������� � ��
 � ������  would contain methods � � ��- and �.+ � � ��-
which serialize methods from

� ������
using external data representations defined by � ��������� � � ). It is important

to note that in our approach the word ’interface’ does not indicate only a set of methods but denotes a use
case and expected behavior as well.

Having associated every element implementation with such relation over ports, we state predicates that arise
with every inter-element binding (both local and remote).
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local binding:
��� �  �������� � % ����� �  ��

�
��� � %

remote binding: � � � + � ������� � � � � � � � � � � � � +
	 � ��� �  �������� � % 
 �� �  �� � ��� � % 
The variables

��� �  
������� � %
and

��� �  
�
�
��� � %

denote interfaces on the interconnected ports. The predicate
� � � + � ������� � � � � � � � � � � � � +
	 is defined with respect to available middleware. In our case, e.g.:
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 "#"�" 


where �$	 � � � + 
 � ���  denotes UDP-based communication.

As the result of element binding we get a relation between connector roles (component attachment points).
A connector is then composition consistent if all port interface relation and binding predicates present in the
connector configuration hold and interfaces of attached components are substituable to respective connector
roles.

3.2. NFP inconsistency

NFP inconsistency is checked over a complete connector configuration. For each NFP a predicate exists
that tests whether a given configuration satisfies a particular NFP value. These predicates are constructed
using lower level predicates able to test NFP consistency for a particular element and architecture.

Let us clarify this approach on the example in Figure 1. There exists a predicate for testing the distribution
property in the used connector architecture. It takes the following form:

� +�% � �,� � ��� +�& 	 � � � ��� � � ��� � � ��� ���'	 � � � ��� � � � � ��+
� 
)(+* ��, � � � � 
)� ��+�� ��+�% �-& .���
� � ��+ � ��� � + � � � ��� ��+�� ��+�% �-& 
 �� � � ������� � ����� � ��� �!� ����� 
/
� ��+  ��� � �-� ��+�� ��+�% �-& 
 � � � � � � �/
+�% � � � � ��� +�& ���'	 � � � ��� � ��� � ��+
� 
0(+* ��, � ��� � 
1� � � �2 ��� � � ��+�% ��&  

This predicate yields true if a connector is constructed using a particular architecture (’RemoteProcCallImpl’)
and delegates decision about the value of the distribution property to an implementation of the stub element.
All stub element implementations are then associated with similar predicates, e.g.:

� +�% � �,� � � � +�& 	 � � � ��� � ��! � � � � � � � ��� ���3	 � � � ��� � � � ����+
��
 �4��! � ��
)� ��+�� ��+�% �-& ��5�
� ��+ � ����� � � � � ��� ��+�� ��+�% �-& 
 �#��! � � � � � � � � ���	

The stub element implementations define the value directly (’RMI’ in our example) or delegate the decision
to the marshaller element (in case of a compound stub).

All predicates for testing NFPs are finally put together to form one composed predicate used to test arbitrary
NFP regardless which architecture and element implementations were selected:

� +�% � �,� � � � +�& ��(+* ��( � � � 
0(+* ��, � ��
1� ��+�� ��+�% ��& 6���
+�% � �,� � � � +�& 	 � � � ��� � � ��� � � � � ��(+* ��( � � � 
)(+* ��, � � 
)� ��+�� ��+�% �-& $/
+�% � �,� � � � +�& 	 � � � ��� � ��! � � � � � �!� ��� ��(+* ��( � � � 
0(+* ��, � ��
)� ��+�� ��+�% �-& �/
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3.3. Environment inconsistency

In order to exclude element implementations which would not run propertly on a target platform, we enrich
their definition by a set of environment requirements that have to be satisfied by a target platform. For the
time being, we use for the requirement specification a simple set of key-value pairs (such as ’SunRPC’

� ’2’). Every deployment dock declares its provisions in form of key-value pairs too. The environment
consistency is then assured if for each element implementation used in a connector holds that its set of
environment requirements is a subset of provisions of a deployment dock where the element is going to be
instantiated. This approach is very simplistic though, not allowing to express complex requirements. Thus,
in future work we plan to enhance the mode by a more sophisticated requirement specification.

4. Evaluation and related work

To our knowledge there is no related work addressing the connector generation in this a complexity. Basically
three areas of our work are also discussed elsewhere:

1. Connector model. There is a few component models supporting connectors. To the most important
belong C2 [7], Acme [8], and Unicon [9]. These models lack several features though which we require
from a decent connector modeli [10]. In C2 components communicate via an ’inteligent’ bus capable
of message filtering, but not supporting any other types of connectors. Acme on the other hand allows
for fully user-defined connectors, however, as a tool for prototyping and reasoning about component
systems, it does not deal with implementation and NFPs. Finally, Unicon provides several types of
connectors (namely Pipe, FileIO, ProcedureCall, RemoteProcedureCall, DataAccess, RTScheduler
and PLBundler), but it does not support different middleware.

2. Reflecting NFPs in connectors. Similar to our work is reflective middleware by Blair, et al. [11].
They construct connectors also from smaller parts each part implementing a dedicated connector
functionality. However, as their primary aim is middleware for streaming multimedia, they address
problems related to QoS such as performance monitoring, dynamic adaptation, etc. On the other hand,
in our work we try to address interoperability between different platforms (and middleware).

3. automatic connector adaptation. Very similar to our element adaptation (performed as a final step
during connector generation) is generation of stubs and skeleton in CORBA and RMI. In fact, the
element adaptation (in case of stubs and skeletons) often relies on IDL- or RMI-compiler shipped
with respective middleware. However, our connectors are not bound to only one specific middleware.
Moreover they provide some additional services (e.g. logging, synchronization, etc.).

This paper deals mainly with automation of connector generation. Thanks to the automation, we can specify
only rough requirements (i.e. communication style and NFPs) and let the generator construct a connector
that satisfies them with respect to provisions of target platforms (operating system, installed libraries,
middleware, etc.) This, probably the most important feature of our connector model, is to our knowledge
not discussed anywhere else.

5. Summary and future work

In this paper we proposed a way to automaticaly select a connector configuration with respect to requirements
specified in form of communication style and NFPs. Our approach uses backtracking to traverse a tree of
possible connector configurations. A correct and suitable configuration is chosen using three kinds of
rules checking that: (1) element implementations a connector will consists of are mutually compatible
(composition consistency), (2) the connector will implement all request NFPs (NFP consistency), and (3)
the element implementations will be able to run on a target platform (environment consistency).

The near future work comprises further elaboration on the rules, mainly the rules for environment consistency,
which being currently very trivial do not allow for complex requirements.
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školitel:

PETR HÁJEK
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Abstract

Among all many-valued logics the Lukasiewicz logic plays a fundamental role. However expressive
power of this logic is restricted to piecewise linear functions. In this paper we enrich the language of

 Lukasiewicz logic by adding a new connective which expresses multiplication. The resulting logic P L is
defined and developed. We also deal with several extensions of this logic. At the end of the paper, the
predicate version of P L logic is introduced and developed.

The following text is the introduction from the upcoming paper [5].

 Lukasiewicz logic [7, 6] is indeed one of the most important logics from the broad family of the many-valued
logics. Its corresponding algebraic structures of truth values - MV-algebras - are well-known and deeply
studied. Mundici’s famous result [1] established an important correspondence between MV-algebra and
Abelian � -groups with strong unit. There is an obvious question if there is a logic, whose corresponding
algebras of truth values are in analogous correspondence with � -rings.

There are several papers dealing with so-called product MV-algebras. Fundamental to our aims are Mon-
tagna’s papers [8, 9, 11], there is also one paper by Di Nola and Dvurečenskij [3]. Product MV-algebra
(PMV-algebra for short) is an MV-algebra enriched by product operation in such a way that it corresponds
to % -ring with strong unit. In [8], Montagna proved subdirect representation theorem for PMV-algebras
and established a correspondence between linearly ordered % -rings with strong unit and linearly ordered
PMV-algebras. Later in [9], he introduced PMV � -algebras (PMV-algebras enriched by 0-1 projector

�
)

and proved categorical equivalence between PMV � -algebras and certain extension of % -rings (so-called�
- % -rings). Finally in [11], it was shown by Montagna and Panti that the variety of PMV � -algebras is

generated by the standard PMV � -algebra (over the real unit interval).

Recently in upcoming paper [10], Montagna introduced a quasi-variety PMV � containing only those
PMV-algebras without non-trivial zero-divisors and showed that this quasi-variety is generated by standard
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Figure 1: Relations between studied logics.

PMV-algebra (over the real unit interval).

However so far there is no logic corresponding to above mentioned algebras. The main aim of this paper is
to define and develop such a logic. Our logic, which corresponds to the PMV-algebras, is called P L logic.
Further we introduce P L � logic corresponding to the algebras from PMV � . We also study extensions of P L
and P L � logics by Baaz’s

�
so-called P L � and P L � � . The algebras of truth values of P L � � logic correspond

to PMV � -algebras. This, together with the fact that there are also several other different algebraic structures
called PMV-algebras, is the reason why we denote the algebras of truth values corresponding to P L logic P L-
algebras. Analogously we denote the algebras corresponding to P L � , P L � , and P L � � logics by P L � -algebras,
P L � -algebras, and P L � � -algebras, respectively.

We use the above mentioned algebraic results to obtain completeness for all of these logics, standard
completeness for P L � and P L � � logic. Further we show the example of P L-algebra proving that P L logic is
not standard complete. Then we show a relation of our logics with well-know logic L � , which was defined
in [4]. Roughly speaking the logic L � is the extension of P L � by product residuum.

Furthermore we extend these logics by rational constants in the same way as the Rational Pavelka’s logic
(RPL) extends Lukasiewicz logic (see [13], [12], and [6, Section 3.3]). We obtain RPP L, RPP L � , RPP L � ,
and RPP L � � logics. We prove Pavelka-style completeness of these logics and show that the logics RPP L �
and RPP L � � coincide. Further we prove standard completeness of RPP L � and show the relation of these
logics with R L � (the extension of L � by rational constants; see [4]) and RPL (Rational Pavelka Logic).

Then we investigate the predicate versions of all logics mentioned above with the exception of P L � (the
problem is that we can prove only the completeness of this logic w.r.t. all P L � -algebras but we are not able to
prove it w.r.t. linearly ordered P L � -algebras; thus we leave this problem open). We prove completeness for
P L � , P L �� and P L � � � ; Pavelka style completeness for RPP L � , RPP L ��� and even standard completeness
for RPP L ��� . Then we deal with arithmetical complexity of the set of tautologies for these logics which
gives us that the logics P L� , P L �� and P L � � � does not have the standard completeness property. Finally
we show a relation of these logics with predicate version of L � , R L � (which were introduced in [2]) and
the famous and important logic of Takeuti and Titani [14].

All investigated propositional logics lie between Lukasiewicz logic and R L � logic [2, 4]. Relations between
them are depicted in Figure 2.
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Abstract

The paper presents the abstract of Ph.D. thesis I finished this year. Readers interested in the topic of
it are referred directly to the author david.coufal@cs.cas.cz to obtain the thesis in the printed or
electronic form.

The Ph.D. thesis deals with radial implicative fuzzy inference systems. Implicative fuzzy inference systems
(I-FISs) are the fuzzy inference systems having their rules represented by genuine fuzzy implications, not
by fuzzy conjunctions. Radial implicative fuzzy inference systems (radial I-FISs) are I-FISs exhibiting the
radial property, i.e., having antecedents and succedents of their rules represented by a radial basis function.

Main theoretical results of the thesis are related to the building of radial I-FISs on the basis of a given � -norm
and to the study of some of their properties such as coherency, redundancy and the universal approximation
property.

By the theoretical results it is shown how to specify shapes of fuzzy sets employed in an I-FIS to it retains
the radial property with respect to an a priori chosen Archimedean � -norm (used for the specification of
antecedents of I-FIS’s rules). The radial property enables to specify a computationally very easy algorithm
for testing the coherency of a system, i.e., for testing the non-emptiness of output of a system with respect
to an arbitrary input. The radiality also enables to specify an algorithm for detection of redundant rules of
a system which are unimportant for its computation. Finally, it is shown that radial I-FISs are universal
approximators, i.e., that they are able to approximate any continuous function to a given degree. Moreover,
it is shown that they are even able to approximate two such functions employing the same number of
parameters.

The thesis are accompanied by results related to a practical application of the theoretical considerations.
There are presented algorithms for structure and parameter learning of radial I-FISs based on well known
algorithms of fuzzy clustering and non-linear least squares optimization. These algorithms are implemented
in the MATLAB language and its application is demonstrated on several examples in experimental part.
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ING. FRANTIŠEK HAKL, CSC.

Katedra matematiky, FJFI ČVUT, Praha ÚI, AV ČR, Praha
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Abstrakt

Článek shrnuje základnı́ poznatky o strukturovaných neuronových sı́tı́ch s přepı́nacı́mi jednotkami,
které představujı́ zobecněnı́ původnı́ho modelu lineárnı́ho řetězce. Jeho hlavnı́m cı́lem je představit způsob
reprezentace obecné architektury strukturované neuronové sı́tě. Nalezenı́ vhodné reprezentace je totiž
nezbytné pro následnou optimalizaci architektury neuronových sı́tı́ pomocı́ genetického algoritmu.

1. Úvod

Našı́m cı́lem je nalézt třı́du neuronových sı́tı́, v rámci nı́ž by bylo možné optimalizovat architekturu sı́tı́
tak, aby co nejlépe řešila konkrétnı́ problém separace množin. S ohledem na charakter úlohy jsme jako
optimalizačnı́ nástroj zvolili genetický algoritmus. Jeho použitı́ je podmı́něno možnostı́ rychlého naučenı́
a ohodnocenı́ kvality neuronových sı́tı́ a existencı́ dostatečně obecné reprezentace architektury neuronové
sı́tě.

Zejména kvůli rychlosti učenı́ jsme vyšli z modelu lineárnı́ho řetězce s přepı́nacı́mi jednotkami poprvé
popsaného v [BSK95] využı́vajı́cı́ho k optimalizaci svých parametrů lineárnı́ regresi, která je podstatně
rychlejšı́ než běžně použı́vané gradientnı́ metody. Vzhledem k velkému významu tohoto modelu je pojem
lineárnı́ho řetězce formálně zaveden, a to včetně rozšı́řenı́ o takzvané korekčnı́ jendotky, v části 2.1. Naše
experimenty ukázaly, že lineárnı́ řetězce jsou sice relativně silné nástroje pro řešenı́ různých problémů, ale
bohužel v kontextu s genetickou optimalizacı́ nepředstavujı́ dostatečně širokou třı́du sı́tı́.

Bylo tedy nutné dalšı́ zobecněnı́. Tı́m jsou takzvané strukturované neuronové sı́tě (SNS). Základnı́ myšlenka
SNS spočı́vá v propojenı́ vı́ce lineárnı́ch řetězců a jiných elementárnı́ch neuronových sı́tı́. Výsledná neu-
ronová sı́t’je tedy strukturována do bloků, které sami o sobě představujı́ neuronové sı́tě. V průběhu genetické
optimalizace je pak možné optimalizovat zvlášt’propojenı́ jednotlivých bloků a jejich vlastnosti. Aby však
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bylo možné efektivně využı́t strukturované topologie bylo nutné zavést jejı́ vhodnou reprezentaci. Jako
nevyhovujı́cı́ se ukázala adjacenčnı́ matice. Ta totiž neumožňuje efektivně manipulovat se substrukturami
sı́tě a při generovanı́ acyklických orientovaných grafů je navı́c nutné kontrolovat, jestli daná matice skutečně
reprezentuje acyklický graf. Rozhodli jsme se proto pro takzvané celulárnı́ kódovánı́ (viz [Gruau94]), které
jsme dále rozšı́řili o dalšı́ parametry a implementovali pomocı́ zobecněných readových kódů (viz [Read72]).
Popisem SNS a jejich reprezentacı́ se podrobně zabývá část 3.1. Některé přı́klady netriviálnı́ch architektur,
jejich vlastnosti a vazby na Readovy kódy jsou pak prezentovány v části 4.

2. Lineárnı́ řetězec s přepı́nacı́mi a korekčnı́mi jednotkami

K tomu, abychom kompletně popsali libovolnou neuronovou sı́t’, musı́me popsat neurony, z kterých se sı́t’
skládá, jejich vzájemné propojenı́, neboli topologii sı́tě, a neposlednı́ řadě jejı́ dynamiku, která definuje
akci neuronu na libovolný vstup a způsob učenı́ sı́tě. V následujı́cı́m textu budeme rovněž použı́vat pojem
architektura neuronové sı́tě, kterým označujeme souhrnný popis vlastnostı́ jednotlivých neuronů a topologie
sı́tě.

2.1. Neuron s přepı́nacı́ jednotkou

V souladu s úvodnı́ poznámkou začneme nejprve popisem jednotlivých neuronů, přičemž vyjdeme z násle-
dujı́cı́ definice obecného neuronu.

Definice 1 Necht’jsou dána čı́sla + 
 � 
 ����� , která udávajı́ dimenzi vstupu, výstupu a parametru neuronu.
Dále necht’je dána funkce *���� � �	���
� � 
�� �  , kterou nazveme typ neuronu a parametr ��� ��� � ��*  ,
jehož obraz * �	�  definuje přechodovou funkci neuronu. Uspořádanou dvojici  * 
���� nazveme neuron. Akce
neuronu na libovolný vstup ����� � je dána předpisem � ����� � �  * � � �� ���  .
Každý neuron tedy představuje jistou parametrickou funkci zobrazujı́cı́ vstupy neuronu na jeho výstupy.
Akce neuronu je dána jednak jeho typem a jednak konkrétnı́ hodnotou parametru. Při popisu sı́tě však stačı́
definovat typ neuronu, nebot’ten definuje chovánı́ neuronu pro libovolnou hodnotu parametru. Na základě
s předchozı́ definice již můžeme formálně zavést neuron s přepı́nacı́ jednotkou.

Definice 2 Necht’je dáno:

� čı́sla + 
 � 
 � 
 � 
.-���� , která udávajı́ vstupnı́ a výstupnı́ dimenzi neuronu, dimenzi parametrů
výpočetnı́ch jednotek, dimenzi parametrů jednotlivých klastrů a počet klastrů (respektive výpočetnı́ch
jednotek),

� funkce ��� �
� � 
� � ��� �"!$# � taková, že pro všechna � � � ��� � �-�  je % � � �	� �  
 "�"'" 
)� � � � � '&
disjunktnı́ pokrytı́ � � , která se nazývá typ přepı́nacı́ jednotky,

� funkce (*)��� � �*���
� � 
�� �  , kterou nazveme typ výpočetnı́ jednotky.

Dále necht’je pro všechna �+� ��� � ��� � �-� -, � ��� � �.(*  # � , � � � � � 
�� � 
 "�"�" 
�� �  definována funkce
*)�!� �*���/� � 
0� �  předpisem:

 * � � �� �1�  � �2
�43��65�7 8�9;:0<
= ��� ?>"(* � � � A@ �1� 

a necht’ B��� � . Potom uspořádanou dvojici  * 
CB�D� nazveme neuronem s přepı́nacı́ jednotkou a - klastry.

Každý neuron s přepı́nacı́ jednotkou se tedy skládá z jedné přepı́nacı́ jednotky a jedné nebo vı́ce výpočetnı́ch
jednotek (viz obr. 1). Každá výpočetnı́ jednotka představuje “klasický” neuron, zatı́mco pojmem přepı́nacı́
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jednotka označujeme “zařı́zenı́”, které distribuuje vstupy mezi jednotlivé výpočetnı́ jednotky. Přepı́nacı́ jed-
notka totiž definuje disjunktnı́ rozklad vstupnı́ho prostoru a výraz 5 7 8 9;:0< = �1�  , který vystupuje v předcházejı́cı́
definici 2, zaručuje, že se na zpracovánı́ daného vstupu � podı́lı́ pouze jediná, � -tá výpočetnı́ jednotka neu-
ronu s přepı́nacı́ jednotkou. Tı́mto se neuronové sı́tě s přepı́nacı́mi jednotkami podobajı́ rozhodovacı́m
stromům. Z definice rovněž vyplývá, že typ neuronu s přepı́nacı́ jednotkou je popsán jednak typem přepı́-
nacı́ jednotky ( � ) a jednak typem a počtem výpočetnı́ch jednotek ( (* , - ), přičemž v námi uvažovaných
modelech předpokládáme, že všechny výpočetnı́ jednotky jednoho neuronu majı́ stejný typ (lišı́ se pouze
jejich parametry, jinak by bylo nutné uvažovat mı́sto jediné funkce (* sytém - funkcı́ (* � 
 "'"�" 
 (* � ).

Typ neuronu s přepı́nacı́ jednotkou, který je použit v lineárnı́m řetězci můžeme popsat následovně. Před-
pokládejme, že vstupem neuronu může být libovolný vektor z � � . Následujı́cı́ vztah definuje typ přepı́nacı́
jednotky � � ��� s - klastry:

�
�� ��� �	� �  � � �� � ����� �������� � � 	�
�� 3 ��� ����� � � �� � ������ �

�2� 3�� � ��� � � �� ������ � 	�
�� 3 ��� ����� � � ������ �
�2� 3�� � ��� � �

� � ������
� �� � �� 
 � � � � 
 "#"�" 
�- 


(1)
kde � � � � � . Typ výpočetnı́ jednotky pak pro každé � � � � �

�
definuje rovnost

> (*�� � �  @ ��� ?� � � � � � � 
 � � � � 
 "'"�" 
�� � � � 
�� � �
� # 
 �.����� � " (2)

Z geometrického hlediska si lze funkci výše definovaného typu neuronu * � � "  představit tak, že přepı́nacı́
jednotka nejprve rozdělı́ vstupnı́ prostor na několik pásů (resp. na několik pásů a dvě poloroviny, v přı́padě
dimenze 2). Následně vektor parametrů přı́slušné výpočetnı́ jednotky definuje pro každý takový pás nadrov-
inu s rovnicı́ ��� �

�
�
� �"! ��43�� � � � � �$#

, která tento pás dále dělı́ na “kladnou” a “zápornou” část. Výstup
neuronu je pak kladný právě když vstup ležı́ v kladné části odpovı́dajı́cı́ho klastru.

Pokud je úkolem sı́tě separovat dvě množiny, jsou během učenı́ sı́tě nastavovány parametry neuronů tak,
aby do “kladných” částı́ klastrů mapovaly prvky z jedné množiny a do “záporných” prvky patřı́cı́ do
druhé množiny. V každém okamžiku lze tedy na základě znaménka součtu složek výstupu rozhodnout, do
které z množin by daný neuron zařadil daný vstup. Tento fakt je velice důležitý v kontextu s korekčnı́mi
jednotkami.

Úkolem korekčnı́ch jednotek je odstraněnı́ nežádoucı́ho efektu plynoucı́ho z přı́tomnosti přepı́nacı́ch jed-
notek v neuronové sı́ti. Představme si napřı́klad, že chceme separovat dvě množiny, nazvěme je signál
a pozadı́. Z definice 2 vyplývá že, neuron s přepı́nacı́ jednotkou lze považovat za neuron s po částech
definovanou přechodovou funkcı́ (v přı́padě lineárnı́ho řetězce se jedná o po častech lineárnı́ funkci). Takto
definovaná přechodová funkce však nemusı́ být prostá a proto se může velice snadno stát, že jistá oblast
signálu odpovı́dajı́cı́ některému z klastrů je mapována do stejné oblasti, jako oblast pozadı́ přı́slušejı́cı́ jinému
klastru. Toto “překrytı́” signálu a pozadı́ bránı́ dalšı́ separaci překrývajı́cı́ch se oblastı́. Cı́lem korekčnı́ch
jednotek je uchovat informaci neuronu (resp. části sı́tě) o separaci signálu a pozadı́ a zároveň transformovat
data tak, aby je bylo možné dále separovat. Budeme-li předpokládat, že původnı́ data jsou separovatelná a
jsou jsou částı́ krychle ��� � 
 ��

�
, stačı́ napřı́klad posunout vstupy, které neuron označı́ jako signál do klad-

ného oktantu a ostatnı́ (pozadı́) naopak do záporného. Přesněji zavádı́ pojem korekčnı́ jednotky následujı́cı́
definice.

Definice 3 Necht’+ � + �
�
+ � je dimenze vstupu korekčnı́ jednotky a necht’+ � 
 + �&% #

. Potom pro libovolné� ��� �(' ,�� �*) a � ��� �*) je akce korekčnı́ jednotky dána předpisem

� �+) �  *-, �	�  � � � ?� �/.
��& +10 �2'2

� 3�� �
�43&5

��� 
 "�"'" 
 ��
�76 � �2' �

�
�
� 
 "�"�" 
 �

�2'
�
�+)

�
�+)98 "

K této definici poznamenejme ještě, že poslednı́ch + � vstupů představuje zpravidla (v lineárnı́m řetězci
vždy) vstupy sı́tě, zatı́mco prvnı́ch + � vstupů představuje výstup předcházejı́cı́ho neuronu. Podrobněji
se vzájemným propojenı́m jednotlivých neuronů budeme zabývat v následujı́cı́ podsekci, která popisuje
topologii lineárnı́ho řetězce a jeho dynamiku.
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2.2. Topologie a dynamika lineárnı́ho řetězce

Topologii lineárnı́ho řetězce s přepı́nacı́mi jednotkami (viz [BSK95]) lze popsat acyklickým orientovaným
grafem (AOG), který je cestou (tj. každý vrchol s vyjı́mkou prvnı́ho a poslednı́ho má právě jednoho potomka
a právě jednoho předka). Každý vrchol pak představuje jeden neuron s přepı́nacı́ jednotkou a libovolným
počtem klastrů.

O něco komplikovanějšı́ je topologie lineárnı́ho řetězce s přepı́nacı́mi a korekčnı́mi jednotkami. V podstatě
se jedná o několik lineárnı́ch řetězců s přepı́nacı́mi jednotkami, které jsou mezi sebou propojeny pomocı́
korekčnı́ch jednotek a to tak, že poslednı́ neuron prvnı́ho řetězce je předek prvnı́ korekčnı́ jednotky a
prvnı́ neuron druhého řetězce je potomkem této korekčnı́ jednotky. Druhá korekčnı́ jednotka pak spojuje
stejným způsobem druhý řetězec s třetı́m a tak dále. Navı́c do každé přepı́nacı́ jednotky vede kromě hrany
z předcházejı́cı́ho řetězce také hrana přı́mo ze vstupu sı́tě. Celý řetězec pak může být ukončen korekčnı́
jednotkou nebo řetězcem s přepı́nacı́mi jednotkami (viz obr. 1).

Nynı́ nám již zbývá popsat pouze dynamiku lineárnı́ho řetězce. Vzhledem k tomu, že se jedná o neuronovou
sı́t’s acyklickou topologiı́ je přirozené, že je signál zpracováván sekvenčně směrem od vstupnı́ho neuronu
(odpovı́dá vrcholu, který nemá žádné předky) přes jeho potomky až po výstupnı́ neuron (nemá žádné
potomky).

Učenı́ lineárnı́ho řetězce probı́há analogicky jako zpracovánı́ konkrétnı́ho vstupu. Rozdı́l spočı́vá pouze
v tom, že do daného neuronu je v jeden časový okamžik přivedena celá tréninková množina (respektive
jejı́ obraz zı́skaný průchodem sı́tı́), na základě nı́ž jsou definitivně nastaveny všechny parametry neuronu
(jak přepı́nacı́ jednotky, tak všech výpočetnı́ch jednotek). Následně jsou všechny vstupy transformovány
již naučeným neuronem a předány dále do sı́tě. To znamená, že po jednom průchodu učı́cı́ množiny sı́tı́ je
tato sı́t’naučena. K učenı́ přepı́nacı́ch jednotek se v přı́padě lineárnı́ho řetězce využı́vá Janceyův klastrovacı́
algoritmus zatı́mco k nastavenı́ parametrů výpočetnı́ch jednotek je využı́vána metoda lineárnı́ regrese.
Zbývá nám tedy popsat způsob učenı́ korekčnı́ch jednotek. Ale protože můžeme bez újmy na obecnosti
předpokládat, že vstupy sı́tě jsou normovány tj. ležı́ v krychli � � � 
 ��

�
nenı́ učenı́ korekčnı́ch jednotek nutné

(parametr lze volit jako � � 
 "#"�" 
 ��?��� � ).

Na závěr této sekce poznamenejme, že zde prezentovaný popis dynamiky lineárnı́ho řetězce je společný
pro všechny námi uvažované sı́tě. Lišit se může pouze algoritmus pro nastavenı́ parametrů jednotlivých
neuronů (tj. mı́sto lineárnı́ regrese může být napřı́klad použita libovolná nelineárnı́ optimalizačnı́ metoda).

V následujı́cı́ch sekcı́ch budou popsány obecnějšı́ dopředné neuronové sı́tě s přepı́nacı́mi jednotkami a
způsob jejich reprezentce.

F, p1[        ] F, p2 F, p3[        ] [        ]

S, pc F, p[        ][        ]

L2

L1

[         ]1

2[         ]

F , pC

F , pC

Obrázek 1. Neuron s přepı́nacı́ jednotkou a třemi výpočetnı́mi jednotkami (vlevo) a topologie lineárnı́ho
řetězce s přepı́nacı́mi a korekčnı́mi jednotkami (vpravo).

3. Reprezentace

Topologie lineárnı́ho řetězce je jako graf dána velmi konkrétně a jediným parametrem při konstrukci je jeho
délka. Našı́ snahou bylo nalézt komplikovanějšı́ topologie a bylo proto třeba stanovit, jaké grafy pokládáme
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za topologie. Množina námi požadovaných topologiı́ jsou acyklické orientované grafy a to pouze takové
grafy, jejichž všechny uzly majı́ alespoň jednoho rodiče a alespoň jednoho potomka (vyjma těch, které
považujeme za vstup a výstup sı́tě).

Definice 4 Acyklickou topologiı́ rozumı́me acyklický orientovaný graf � � ��� � ( 
 ��� ����� , 
 2  , ,
	���
,

takový, že existuje orientovaná cesta z
� ( do

��� � a pro libovolný vrchol  �+, existuje orientovaná cesta
z
� ( do  a cesta z  do

��� � .

Protože je možné a v některých situacı́ch výhodné pracovat namı́sto s jednotlivými neurony se skupinami
neuronů – bloky, které jsou dány indukovanými podgrafy v dané acyklické topologii, nazýváme neuronové
sı́tě s acyklickými topologiemi strukturované neuronové sı́tě (SNS). Acyklická topologie, společně s dalšı́mi
přı́davnými parametry jednotlivých neuronů (nejčastěji počet klastrů přı́slušné přepı́nacı́ jednotky, speci-
fikace výběru proměnných definované v kapitole 4), představuje acyklickou architekturu SNS.

Při hledánı́ reprezentace architektury SNS a jejı́ implementace jsme záměrně nevyužili nativnı́ reprezentace
grafu – adjacenčnı́ matice, protože neumožňuje efektivnı́ náhodné generovánı́ acyklických topologiı́, mod-
ifikace substruktur, apod.. Navı́c, jednı́m z cı́lů vývoje SNS byla optimalizace procesů hledánı́ submodelů
a klasifikace kvality dat pomocı́ genetického algoritmu a v tomto ohledu se adjacenčnı́ matice ukázaly
rovněž jako nevyhovujı́cı́. Zavedenı́ operátorů genetického algoritmu křı́ženı́, mutace, které jsou většinou
definovány jako záměny/změny podčástı́ dvou reprezentacı́, je v přı́padě adjacenčnı́ch matic velmi komp-
likované, protože změnou adjacenčnı́ matice acyklické topologie nemusı́me obecně znovu zı́skat adjacenčnı́
matici odpovı́dajı́cı́ acyklické topologii.

3.1. Instrukčnı́ kódy

Druh reprezentace acyklické topologie, který splňuje předchozı́ nároky, je dán na rozdı́l od adjacenčnı́ matice
nikoli jako souhrn popisných informacı́ o acyklické topologii, ale jako informace o způsobu jejı́ konstrukce.
Jedná se o celulárnı́ kódovánı́ ( ��� ) zavedené F. Gruauem v práci [Gruau94].

��� je vlastně posloupnost konstrukčnı́ch přı́kazů, která je uspořádána tak, aby bylo zřejmé, v jakém pořadı́
při sestavovánı́ topologie postupovat a jakých substruktur se konstrukčnı́ přı́kazy týkajı́. Konstrukčnı́ přı́kazy
nazveme instrukcemi. Pořadı́ instrukcı́ je dáno pozicı́ v pěstovaném stromu1, resp. pořadı́m uzlů, v nichž
jsou instrukce uloženy, při procházenı́ tohoto stromu. Protože je strom zvolen jako pěstovaný, je pořadı́
instrukcı́ dáno jednoznačně. Instrukce je možné kódovat napřı́klad vhodným označenı́m vrcholů a tak je
možné ztotožnit CK s pěstovaným stromem, který budeme označovat � .

Konstrukce acyklické topologie dle ��� je založena na jednoduchém rekurzivnı́m schématu, jehož vstupem
je v každém kroku konstruovaný graf � � ��,�
 2  , přı́slušné ��� dané stromem s instrukcemi � a určenı́
aktuálně zpracovávaného uzlu  �+, ���� . Postup konstrukce je potom dán následujı́cı́m algoritmem:

1. je-li kořen � list, pak již uzel  nepodléhá dalšı́m konstrukcı́m

2. nenı́-li kořen � list a instrukce je ‘P’, pak je uzel  zdvojen ‘vedle sebe’:

(a) ,����� � ,����������- � 	�
� � + � ����+ %  � ,���������
(b)

2 ���� � 2 �������� ����
�- �� � ����� �� ������ � - 
�� �� ���! "� �� ��
(c) rekurzivnı́ aplikace algoritmu na graf � , CK dané levým podstromem, který vznikne odebránı́m

kořene z � , uzel  a
rekurzivnı́ aplikace algoritmu na graf � , CK dané pravým podstromem, který vznikne odebránı́m
kořene z � , uzel -

3. nenı́-li kořen � list a instrukce je ‘S’, pak je uzel  zdvojen ‘za sebou’

1Pěstovaný strom je trojice #�$&%�')(+*-,+(.*0/�(21 , kde '3( je strom, ,4(6587�%�'3(�1 je vrchol označený jako kořen a /9( je pevné
zakreslenı́ stromu ' ( v rovině. Ekvivalence pěstovaných stromů je tedy silnějšı́ než ekvivalence stromů, což později umožnı́ existenci
jednoznačného přiřazenı́ acyklické topologie a CK.
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(a) ,�� �� � ,����������- �$	 
� �&+ ������+ %  � ,�������3�
(b)

2 �-�� � � 2 ������ �� 
�- ���� � - 
 � �� ���  � �� ��  � � � ��
  �� � ����� �� ��
(c) rekurzivnı́ aplikace algoritmu na graf � , CK dané levým podstromem, který vznikne odebránı́m

kořene z � , uzel  a
rekurzivnı́ aplikace algoritmu na graf � , CK dané pravým podstromem, který vznikne odebránı́m
kořene z � , uzel -

Algoritmus 2. Algoritmus konstrukce acyklické topologie dle CK. � � ��  , resp.  � �   reprezentujı́
množinu rodičů, resp. potomků uzlu  v grafu � .

Tento algoritmus provedeme pro iniciačnı́ graf � )�� )�� � ������� 
 � 

	��� � 
9� ����� 
 �� 
 ��� 

	��� ��  , nějaké ���
a vrchol � . Výsledkem algoritmu je acyklická topologie definujı́cı́ nějakou ����� .

Z algoritmu vidět, že � je binárnı́ pěstovaný strom, protože počet podstromů použitých v každém kroku
je dán počtem uzlů, které dle instrukcı́ vzniknou. Protože jsou použity instrukce pro zdvojenı́ uzlů a jiné
instrukce nejsou implementovány (napřı́klad smazánı́ daného uzlu, rekurzivnı́ volánı́ původnı́ho ��� pro
daný uzel), budou v dalšı́m uvažovány pouze binárnı́ pěstované stromy ��� .

Takto definované ��� nenı́ jednoznačně svázáno s výsledným grafem, protože nenı́ využita jednoznačná
vazba listů ��� a uzlů výsledného grafu. Listy nebudou obsahovat instrukce, ale parametry neuronů výsledné
sı́tě; tı́m se stává ��� reprezentacı́ architektury ����� . Jednoduchý přı́klad konstrukce architektury ����� dle
��� je na obrázku 3.

Pro implementaci mechanismu CK v programu je výhodnějšı́ pěstované stromy i s přı́slušnými přı́davnými
parametry v listech uchovávat ve tvaru posloupnosti, která umožňuje snadné zacházenı́ s těmito struktu-
rami. Je použit postup rozšı́řených readových kódů (RK), které zavedl R. C. Read pro obecné pěstované
stromy (viz [Read72]). � � pěstovaného stromu � , který označı́me ����� �  , je dán jako posloupnost hodnot# 
 "#"�" 
 	���� ����� 9 � � = � D � � �  �� , kde D

� � ��  je počet potomků uzlu  stromu � % . Tato posloupnost se konstruuje
rekurzivně pomocı́ pravidla

��� � �  �"! � � � ��� %  
)��� � � �  
 "#"�" 
)��� � ��#%$ � 9 ��� =  & " (3)

Pořadı́ ��� � � �  
  � � 
 "�"#" 
 � % � � %  , potomků kořene stromu � je jednoznačně dáno zakreslenı́m pěstovaného
stromu do roviny. � � listu (stromy isomorfnı́ s � � � # 
 � � ) je dán vztahem ��� ���  � #

. Napřı́klad RK
úplného binárnı́ho stromu hloubky � je dán � � 
�� 
 # 
 # 
�� 
 # 
 # � .
Počet prvků posloupnosti ��� ���  je roven počtu uzlů stromu � . Pro množinu pěstovaných stromů je zobrazenı́
��� � "  bijekcı́ množiny pěstovaných stromů a tzv. grafových posloupnostı́2. Náhodná grafová posloup-
nost potom odpovı́dá náhodnému pěstovanému stromu, navı́c je dı́ky shodnosti počtu prvků posloupnosti
s počtem uzlů stromu možné kontrolovat i počet uzlů ve vzniklém grafu.

Protože se jednoznačnost přiřazenı́ grafových posloupnostı́ a pěstovaných stromů zachová i ve speciálnı́ třı́dě
binárnı́ch pěstovaných stromů, je možné kromě skalárnı́ch hodnot � � zachovávat i přı́davné parametry.
Konkrétně je potřeba zachovat pro vnitřnı́ uzly informaci o instrukci při sestavovánı́ výsledné acyklické
architektury a pro listy informaci o hodnotách parametrů neuronů. Pro ��� � tedy zavedeme posloupnost
trojic ����� � �� � 
 � + � � � �� � 
 � � � �-�� �  �� 3�� 
.( � � ,����(' 9� , z nichž prvnı́ hodnota udává hodnotu Readova
kódu, druhá instrukci daného uzlu a třetı́ parametry neuronů. Instrukce existujı́ pouze pro vnitřnı́ uzly
stromu, proto ��� �-�� � � # � � � + � � � �� � � # 
  �

� 
 "#"�" 
 � ,�� �)'� � . Neprázdné instrukce je možné
reprezentovat hodnotami z � nebo nějakou abecedou znaků. Naopak parametry existujı́ pouze pro listy,
proto ��� �-�� � % # � � � � � � �� � � # 
  �

� 
 "�"�" 
 � ,�� �)' 9� . Neprázdné hodnoty parametrů jsou většinou
vı́cerozměrné a reálné, a proto * �,+ � �� � � � udává odkaz na pozici v poli polı́ reálných parametrů všech
výpočetnı́ch jednotek. Popsanou posloupnost trojic nazveme instrukčnı́ kód, zkráceně IKód.

2 -/. splňujı́ tzv. level property – pro lib. pěstovaný strom # platı́, že součet prvnı́ch 0 hodnot 132 % #-1 je většı́ nebo roven 0 a
rovnost nastává pro 0 $54 7�%�' ( 164 . -/. je v tomto smyslu grafovou posloupnostı́ 7 . .
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RK

(2, 'S', 0)

(2, 'P', 0)

(0, ' ', 1)

(0, ' ', 2)

(2, 'P', 0)

(0, ' ', 3)

(2, 'S', 0)

(0, ' ', 4)

(0, ' ', 5) 'S'

'P' 'P'

'I' 'I' 'I' 'S'

'I' 'I'

�����������
	����
Instrukce

ParametryIKód
((3, 7, 8, ...),
(2, 4, 5, ...),
(4, 5, 4, ...),
(4, 2, 4, ...),
(5, 4, 3, ...))

CK

((3, 7, 8, ...),
(2, 4, 5, ...),
(4, 5, 4, ...),
(4, 2, 4, ...),
(5, 4, 3, ...))

Parametry Architektura NS

Obrázek 3. Schéma zobrazenı́ � � a ��� . IKód a ��� jsou ve vzájemně jednoznačném vztahu.

Počet uzlů ve výsledné acyklické architektuře ����� je v jednoznačném vztahu s IKódem, protože počet uzlů
výsledné architektury je pevně dán počtem listů v IKódu. Pro počet uzlů v grafu acyklické architektury a
počet prvků IKódu

� � platı́ vztah

� ,���� 7 � 7 9� � � � � �
�
�� (4)

Pomocı́ tohoto vztahu můžeme účinně kontrolovat počty neuronů v konstruované architektuře ����� .

4. Implementované netriviálnı́ acyklické architektury

Pomocı́ IKódů je možné pracovat s rozsáhlou třı́dou architektur, vhodnou modifikacı́ podmı́nek kladených
na � � část IKódu (kromě level property) lze dosáhnout i speciálnı́ch topologiı́. Z prozatı́m testovaných
architektur sestavovaných dle IKódů uvedeme náhodnou, vrstevnatou architekturu a architekturu sı́tı́, které
jsou užı́vány k separaci a klasifikaci kvality dat zı́skaných simulacemi připravovaného detektoru ATLAS,
nazývanou architektura s výběrem proměnných.

Kromě typu neuronu * � definovaného v části 2.1 vztahy 1 a 2 je v architekturách použı́ván typ neuronu
s výběrem proměnných. Formálně tento typ můžeme pro neuron s vstupnı́ dimenzı́ + � � definovat pomocı́
pevného parametru ��� � # 
 � � � jako zobrazenı́ * :� 7 � � � �$� �  !��� ' : � , které je pro každé � � � � dáno
vztahem

�/ * :� 7 � �1�   � � ���� 
 �
� � 	�
�� ��� ��� ����� � ��� �� � �2� 3�� � � � -

� �� 
 - �
� 
 "#"�" 


�2� 3�� � � " (5)

Parametr � tedy svými nenulovými složkami vytvářı́ masku, která určuje výstupnı́ proměnné neuronu,
přičemž tyto proměnné majı́ stejnou hodnotu jako přı́slušné vstupy; tento parametr je označen jako pevný,
protože je stanoven před konstrukcı́ sı́tě a nenı́ dále modifikován (napřı́klad procesem učenı́).

4.1. Náhodné architektury

Náhodné architektury jsou zı́skávány konstrukcı́ dle IKódů, které jsou náhodně generovány pomocı́ level
property. Jsou použity běžné neurony bez korekčnı́ch jednotek a z parametrů jsou nastavovány pouze počty
klastrů v přepı́nacı́ch jednotkách.

Na začátku generovánı́ je pevně zvolen počet neuronů ve výsledné architektuře (např. náhodným výběrem
čı́sla � � � � � � � 
 "�"#" 
 � ����� � ), pak je užitı́m level property a vztahu 4 postupně sestavován IKód

� �
délky �,� � � . Tento postup je realizován od prvnı́ho prvku

� � ; část ��� ) , je generována náhodně tak,
aby tvořený RK v každém okamžiku splňoval level property. Jestliže je aktuálně nagenerovaná pozice RK
v
� � nenulová, tj. je rovna 2, odpovı́dá tato část vnitřnı́mu uzlu CK a tedy instrukci. Hodnota instrukce je

(rovnoměrně) náhodně zvolena (‘S’ nebo ‘P’) a parametry jsou prázdné. Jestliže je aktuálně nagenerovaná
pozice RK v

� � nulová, odpovı́dá tato část listu CK a tedy již konkrétnı́mu neuronu. Instrukce je ponechána
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prázdná a je zvolen počet klastrů v neuronu. Nakonec je dle
� � sestavena architektura SNS, která je učena

a ohodnocena.

Tyto náhodně generované architektury je možné optimalizovat pomocı́ genetického algoritmu (GA); repro-
dukčnı́ schémata pak spočı́vajı́ v modifikacı́ch nebo záměnách podstromů CK včetně instrukcı́ a parametrů.

4.2. Vrstevnaté architektury

Zvolme počet vrstev �)��� a pro každou vrstvu počet neuronů � � 
 "#"�" 
 ���+��� . Graf vrstevnaté architek-
tury je dán množinou uzlů ����� 
 � 
 "#"�" 
 � � 
 � � � � 
 "�"#" 


! �� 3�� � � 
�	��� � a následujı́cı́mi podmı́nkami pro
hrany:

� mezi uzly ����� � a � � 
 "#"�" 
 � � � je úplný bipartitnı́ graf,

� pro všechna � � � 
 "#"�" 
4� je mezi uzly �
! �
� �� 3�� � � � � 


! �
�
�� 3�� � � � a �

! �
�
�� 3�� � � � � 


! �� 3�� � � � úplný
bipartitnı́ graf,

� mezi uzly �
! �� 3�� � � � � 
�	��� � a � � 
 "�"�" 
 � � � je úplný bipartitnı́ graf.

Typy mohou být běžné neurony bez korekčnı́ch jednotek, v prvnı́ vrstvě je možné použı́t neurony s výběrem
proměnných.

V tomto přı́padě již neplatı́, že libovolný IKód nutně reprezentuje vrstevnatou sı́t’. Je třeba klást na IKód
dodatečné podmı́nky. Platı́, že pro �)� � a � � 
 "�"#" 
 ��� � � reprezentuje IKód

� � 
 ‘ � ’ 
 #  ��� 
 ‘ � ’ 
 #  � # 
 ‘ ’ 
 �� "�"�" � � 
 ‘ � ’ 
 #  � # 
 ‘ ’ 
 � � � �� � # 
 ‘ ’ 
 � � 
��� 
 ‘ � ’ 
 #  � � 
 ‘ � ’ 
 #  � # 
 ‘ ’ 
 � � � �� "�"�" � � 
 ‘ � ’ 
 #  � # 
 ‘ ’ 
 � � � � � � �� � # 
 ‘ ’ 
 � � � � � 

...
� � 
 ‘ � ’ 
 #  � # 
 ‘ ’ 
��

! � � �� 3�� � �  � �� "#"�" ��� 
 ‘ � ’ 
 #  � # 
 ‘ ’ 
 �
! �� 3�� � �  � �� � # 
 ‘ ’ 
��

! �� 3�� � �   (6)

architekturu vrstevnaté sı́tě s � vrstvami a � � 
  � � 
 "�"�" 
+� , neurony v  -té vrstvě. Generovánı́ IKódu pro
vrstevnatou sı́t’probı́há tedy pro náhodně zvolené počty vrstev a neuronů v jednotlivých vrstvách tak, aby
RK splňoval level property a celý IKód byl navı́c tvaru uvedeného v (6).

4.3. Architektury s výběrem proměnných

Architektura s výběrem proměnných je použı́vána k testovánı́ a analýze dat problému detekce Higgsova
bosonu. Jsou zde spojeny dva přı́stupy; jednak je jako substruktura použit lineárnı́ řetězec, který zpracovává
robustně i takto komplikovaná data, a dále jsou zařazeny neurony s výběrem proměnných, které umožňujı́
hledánı́ submodelů a jejich kombinacı́.

Graf architektury je ze vstupnı́ho uzlu ��� rozvětven do � ��� neuronů s výběrem proměnných. Dle dalšı́ch
částı́ grafu architektury rozdělujeme na

� jednoduššı́ typ: za každým z neuronů s výběrem proměnných následujı́ lineárnı́ řetězce stanovených
délek

� � 
 "�"�" 
 ��� � � . Jejich výstupy jsou pak spojeny do poslednı́ho lineárnı́ho řetězce délky���
�
� ��� a jeho výstup vede do výstupnı́ho uzlu 	��� .

� složitějšı́ typ: za každým s neuronů s výběrem proměnných následujı́ náhodně generované podsı́tě
s maximálnı́mi počty neuronů � � 
 "#"�" 
1� � � � . Výstupy podsı́tı́ jsou spojeny do poslednı́ podsı́tě
s maximálnı́m počtem neuronů � � �

�
, jejı́ž výstup vede do výstupnı́ho uzlu 	��� .
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Obrázek 4. Ukázky jednotlivých architektur – náhodné, vrstevnaté a s výběrem proměnných (jednoduššı́
typ).

5. Závěr

Studiem základnı́ architektury lineárnı́ho řetězce jsme jednoznačně prokázali, že možnosti neuronových sı́tı́
s přepı́nacı́mi jednotkami nejsou zdaleka vyčerpány a že se nabı́zı́ celá řada možnostı́ pro jejich zobecněnı́.

O potenciálu, který nabı́zı́ neurony s přepı́nacı́mi jednotkami, nás přesvědčily i naše experimenty.Ty ukázaly,
že již lineárnı́ řetězce dosahujı́ výsledků srovnatelných se standardnı́mi modely napřı́klad při jejich aplikaci
na separaci dat nebo na predikci sezónnı́ch časových řad.

Zobecněnı́ lineárnı́ch řetězců, které představujı́ dopředné strukturované neuronové sı́tě, pak posunulo
možnosti využitı́ neuronovýchsı́tı́ s přepı́nacı́mi jednotkami opět o něco dále. Jejich význam navı́c umocňuje
prezentovaná reprezentace těchto sı́tı́ pomocı́ Readových kódů a následná možnost genetické optimalizace
architektury sı́tı́. Dohromady totiž genetické algoritmy a neuronové sı́tě představujı́ komplexnı́ nástroj pro
modelovánı́ široké třı́dy problémů, jehož vlastnosti již nynı́ testujeme.

V budoucnu plánujeme dalšı́ rozšı́řenı́ třı́dy dopředných strukturovaných neuronových sı́tı́ a to zejména
o nové typy neuronů, které by umožnili robustnějšı́ klastrovánı́ dat a nelineárnı́ optimalizaci parametrů jed-
notlivých neuronů. Paralelně s tı́mto zobecněnı́m podrobı́me dalšı́m experimentům genetickou optimalizaci
architektury neuronových sı́tı́. V neposlednı́ řadě pak plánujeme vytvořit analýzu teoretických vlastnostı́
těchto neuronových sı́tı́ a použitého procesu optimalizace.
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Abstract

The paper deals with modelling of groundwater solute transport in dual-porosity environment, i.e.
porous media with blind pores containing immobile water. We present a numerical model, composed
of several parts: the fluid flow is solved by the mixed-hybrid finite elements method and the transport
problem is solved by the operator splitting method, where the split problems are advection (solved
by explicit upwind finite volume scheme) and the mobile–immobile exchange (expressed by analytical
solution) – this combination of methods is author’s result in the thesis. The model results are successfully
compared with analytical solutions on simple 1D problem. The model was also applied on the real-world
problem of groundwater remediation in Stráž pod Ralskem region and the material parameters in the
model are calibrated by comparisons with field measurements.

1. Introduction

Numerical calculations play important role in the groundwater management for forecasting of results
of artificial operation (pumping or injecting water) and for protection of drinking water sources against
contaminants. Many numerical methods were developed in the last 30 years for basic problems of fluid flow
and solute transport and various generalisations. The more powerful computer technology allows to model
larger scale of problems and to use appropriately sophisticated methods.

The effect of dual porosity (blind pore zone with immobile water) appears in many porous media and belongs
to intensively studied topics of interaction between flowing chemical substances and the solid matrix of
porous media. The influence of the blind (immobile) pores in the material evinces e.g. during extraction
of contaminated water – the gradual diffusive motion of solutes from the immobile to the mobile pores
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Figure 1: Structure of the two-region model. Transport connection between mobile and immobile pores at the level
of REV (representative elementary volume [3]). The scheme corresponds to the communication structure in
the numerical model.

(with moving water) [1] causes the remediation to take longer time, the concentration in the drawn solution
decreases slower.

The topic of the thesis (construction and analysis of the model) was motivated by remediation of contaminated
underground water in Stráž pod Ralskem region in the north of the Czech Republic [2], where the model is
currently being used. In spite of that, the most of the presented work is general and can be applied for other
porous media problems with the considered properties.

2. Problem description

The problem of transport in dual-porosity media (i.e. media with interacting mobile and immobile pores) is
commonly represented by the two-region model: The concentration of solute is represented by two functions
� � and � � , denoting the concentrations in mobile and immobile pores respectively [1]. The water flow in the
mobile pores is governed by the Darcy’s law. We regard such a structured porous media as two overlaying
continua, interacting to each other, see Fig. 1.

The solute transport in porous media [3] is governed by the advection-dispersion equation. The mobile–
immobile exchange is introduced as a source term in the equation, with the rate proportional to the concen-
tration difference by a coefficient � . The overall process is governed by the system of equations

� � �� �
�����

��� ���  �
���

�	�
�
� �  � �

+ � � ���
� � � � 

�
��
�( ��

�
� � ( �� 
 (1)

� � �� �
� � �

+ � � ���
� � � �  
 (2)

where � � , � � are the unknown concentrations mentioned above, � is the matrix of dispersion coefficients
(functions of velocity, see e.g.[3]), ( �� % #

is the fluid source intensity, ( ���� #
is the fluid sink intensity

(volume per unit volume of mobile fluid and unit time), � 
 is the injected solute concentration given and
�

is the seepage velocity.

The velocity field
� �	  must be determined as a solution of the fluid flow problem [3], defined by the

Darcy’s Law � � � �
+ ���

���
(3)

and the mass balance (continuity) equation ��� � � ( ��
�
( �� (4)

where � is the tensor of hydraulic conductivity and
�

is the piezometric head. We assume the flow in
saturated porous media (no free water surface).
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Fluid flow
model

Advection Dispersion M-I exchange

Solute transport model

Figure 2: The scheme of the overall model structure: communication of the flow and transport model and operator
splitting in the transport model.

Both the problems of flow and transport are solved in the domain ������� . Mixed Dirichlet and Neumann
boundary conditions are prescribed, but the division of the boundary is different for the respective problems.

3. Numerical method

The structure of the model demonstrated in Fig. 2. We constructed the numerical method in such a way that
we could conveniently separate the processes, each solved by simple and efficient method. The methods
are required to be compatible with each other (the mesh and the discrete values of unknowns) and to be
applicable for 3D problems with complex geometry. We also preferred to keep the structure of former
models of flow and transport, taking advantage of its interface for realistic problems (unstructured mesh
geometry, general choice of coefficients and boundary conditions, etc.).

We used a mixed-hybridfinite element (MH-FEM) approximation of the flow problem [4]. The discretisation
of the transport by the finite volume method (FVM) benefits from a convenient coupling with the MH-FEM
fluid flow, whose resulting values are fluxes through element edges, which are the input values of the
transport model. The flux results of MH-FEM approximation have the important property of fluid mass
balance (

� � � � � � � � below) with a consequence in the solute mass balance in the FVM transport model.

The FVM transport model is based on cell-centred representation [5] and a scheme explicit in time. The
operator splitting for the non-equilibrium transport problem (1)-(2) was derived on the base of standard
splitting of the advection-dispersion problem [6]. This approach was also inspired by other splitting methods
for non-equilibrium problems [7, 8]. The advantage of the presented approach is the possibility to use the
analytical solution of the split problem of mobile–immobile exchange (besides the other two – advection
and dispersion). Other methods of solution of the solute transport with non-equilibrium mobile–immobile
exchange, mostly more complicated, are discussed in [9].

We describe the operator splitting for the general case, but for the practical realisation of the model,
we consider simplified problem without the dispersion term, which is often appropriate approximation
for the real-world problems (advection-dominated transport and difficult identification of the dispersion
parameters). Particular methods are described only for the advection and the mobile–immobile exchange.

3.1. Mixed-hybrid FEM for the fluid flow

The mixed-hybrid FEM is based on weak formulation of the equations (3)-(4) on a system � 	 of subdomains
of � with additional constraint on the interfaces – see [4] and references therein for details. The unknown
functions

�
, � , and 	 with the lowest regularity

�
� , 


�
and

�
� respectively, represent the pressure, velocity

and traces of pressures at element sides.

In the discrete (approximating) form, the unknowns are approximated by element-wise constant, element-
wise linear and side-wise constant base functions (in the order above). The solved variables relating to
velocities have a meaning of fluxes through the element sides (

� � � in the transport model).

PhD Conference ’03 36 ICS Prague



Milan Hokr Model of Flow and Solute Transport in Dual-porosity Media

The problem is given by the following system of equations for the triplet of unknowns

� � 	 

� 	 
 	 	 ?� ����� � � � � 	  , ! �� � � � 	 ?, ! �� � ��� 	  � (5)

2
 �	��
 � �� � 	 
�� 	  � �  � �

� 	 

� � � 	  � �  ��� 	 	 
��  � � 	����� ���� 
 �

� 2
 �	� 
 � � # � 	 
��  � � 	����� ������ ��� 	 � �� � � � � � � 	  
 (6)

�
2
 �	�!
 � � � � 	 
�" 	  � �  � � ��( 	 
�" 	  � � # ��" 	 �+! �� � � � 	  
 (7)

2
 �	�!
 � �  � � 	 
 � 	����& � � � � � 	 
 � 	�����$ � � 	 � ! �� � ��� 	  
 (8)

where the boundary conditions are incorporated by functions
� # � 	 and � � � 	 and by the choice of � 	 (union

of element faces except those with prescribed Dirichlet boundary condition). The notations
��� �

�
�
, ! �� � ,

! �� � denote the approximation spaces, � is outword normal to element boundary; see [4] for further details.

Expressing the integrals (scalar products) in the system (6)–(8) for the base functions, we obtain an equivalent
system of linear algebraic equation with a specific structure.%&(' ) *) �* � +, %& � -. +, �

%& ( �
( �
( �
+, " (9)

Overall, the matrix in (9) is symmetric and indefinite (and of course sparse, as typical for the discretisations
of PDEs). Methods for solving this type of system are discussed e.g. in [10]. The solver used in our
computations is based on Schur-complement reduction and conjugate gradient method.

3.2. Operator splitting for the solute transport

To define the operator splitting [6], we rewrite the system of equations (1)–(2) in the operator form��/
� �

�10 � /  �32 � /  �14 � /  
 (10)

where
/ � 6 � �

� �
8 is the couple of unknown concentrations, the operators of advection

0
, dispersion

2
and exchange

4
are defined as follows0 � /  � 6 �

���
� � � � 

�
� 
 ( �

�
� � ( �# 8 
 (11)2

� /  � 6 �
���

�	�
�
� � # 8 
 (12)4

� /  �
%55& �

+ � ����� � � � � 

� �
+ � ����� � � � � 

+766, 
 (13)

and the initial and boundary conditions stay in the unchanged form. Choosing a time discretisation, the
processes are separated by successive solving of equations with single operators

0
,
2

,
4

on the right-hand
side instead of (10), in each time step.

The simplified calculation with advection and mobile–immobile exchange with cell-centred values of
concentration can be expressed by the values

� � � �� 
 � � � �� 8�97:�;=<?>@ A�B� � �
� �

�
')� 
.� �

� �
�
')� exchange� � � � � �

�� 
6� � � � �
�� 
 (14)
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where - is cell index,
�

and � denote the mobile and immobile zone. We remark that �
�

�
')� � �

��
, due to

no advection in the immobile pores.

3.3. Scheme for advection

We use the upwind scheme with cell-centred concentrations in the mobile zone, redenoting �
�
� � � � � �� for

readability,

�
�

�
')

�
� �

�
�
��� �

, �
� > � 2��� ��� � � �� � � �� � � �

� � � ��  � �
�
�
� �
�
� ��

�
�
� � � @ 
 (15)

where � � is the time step duration,
� � is the source/sink intensity of fluid,

��
�
� is the injected concentration

(given), , � is the volume of the cell, ( � is the index set of neighbour cells. Next,
� � � are the fluxes from

- -th cell to  -th cell, and the superscripts
�

and � behave as a “switch” between a positive or negative
number (

�
�
� �

for
���$#

and
�

�
� #

for
� � #

etc.). Thanks to the mass balance in the MH-FEM flow
model, it holds

� � � � � � � � .

The stability condition for the scheme is

� � 2��� ��� � �� ��� , � and � � 2��� ��� ��� � �� �  � , � � - 
 (16)

which is a form of the well-known CFL condition in 1D, � � �
	 � %
�
� � � , where � � is the Courant number.

This is a restrictive condition on the time step, which must not exceed certain value, depending on the mesh
and the velocity field. The practical compliance of the condition is performed by successive halving of
user-given time step, until the condition (16) in all the discretisation volumes is fulfilled.

3.4. Scheme for non-equilibrium exchange

The operator splitting in the system (1)-(2) leads to a solution of two coupled ODE in a given space point
(or discretisation volume) in each time step

� � �� �
� �

+ � � � �
� � � �  
 (17)

� � �� �
� � �

+ � � � �
� � � �  
 (18)

which honour the mass balance + � � �
�
+ � � �'����2����� . The exact solution of (17)-(18) for arbitrary time

� � #
is

� � � �  � � � 9 � =� � (� 9 � = #�� ��� !���� ! 8! � ! 8
% �

(� 9 � = (19)

and by analogy for � � ���  . We denoted � 9 � =� and (� 9 � = � �
�
�
� �

� 8 � 8�
� �

� 8 the initial values for � �$#
. Next, we denote

��
�
�
�
� �

� 8�
�
� 8 the modified exchange coefficient and the characteristical time of exchange � ��� � ��� B ��� , which

is the value used in practice as input value of the model. The discretisation scheme for both mobile (
�

) and
immobile ( � ) concentrations is

�
�

�
�� � � � �-�

�
�
')� � � � �

�
�
')
�� � �� � % � �

�
�
')

 �

�
�
') � + � �

�
�
')� �

+ � �
�

�
')�

+ �
�
+ � 
 (20)

where we omitted a symbol for mesh cell - for readability.

The expression (20) can be used for any time step, thus, comparing with the advection term alone, there is
no more requirement on the time step of the model.

4. Solution of example problems

The example problems were solved to verify a correctness of the used numerical scheme and to discuss the
significance of the numerical error in the context of solving hydrogeological problems.
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Figure 3: The mesh for example calculation of 1D transport with 3D model

The problems below are “1D” and “2D” in the sense of problem symmetry; with the 3D model, they are
solved in a 3D domain, with the rest dimensions given by a discretisation step, see e.g. Fig. 3.

4.1. Handling the numerical dispersion in comparisons

The upwind scheme for advection brings the numerical dispersion, which significantly changes the results
compared with the exact solution of the advection. For our comparisons, we included the numerical disper-
sion into a considered analytical solution to separate that numerical error (expected) from the possible error
of the discretisation of the mobile–immobile exchange and the operator splitting.

The numerical dispersion in 1D can be expressed [11] by a dispersion coefficient

� � #�� � ���� � � � � � � �  
 (21)

where � � is the space discretisation step.

In practice, the above formula can be used for a-posteriori estimating of the numerical dispersion. If we
find that the value is too high in comparison with the real physical dispersion (we consider an advection-
dominated problem), it is necessary to construct a finer mesh for such a problem.

4.2. Transport in uniform 1D flow

We solve a problem of transport in uniform flow with zero initial condition (both concetration � � and � � )
and constant value of concentration at the inflow point. The parameters are the following:

length of the domain
� �

�
#*#2#+	

velocity �
�
�
	�� � ���

porosities + � �$# " � + � �$# " � or + � � # " � + � � # " �
input concentration � � � �

#2#��	�
� 	 �
observed time interval ��� 8� ���+#*# � ��� �

where we consider two choices of porosities with opposite weighting.

The calulations were performed for the rates of the mobile–immobile exchange covering the full possible
scale, from

#
to � . The values are in Tab.1 in terms of the characteristic time of exchange and the

dimensionless form of the coefficient.

4.2.1 Numerical solution: A natural discretisation of the 1D canal problem using the trilateral
prisms is by pairs in blocks, Fig. 3. The 1000m domain is discretised into 20 blocks, i.e. 40 trilateral volumes,
with their centers uniformly spaced: � � � � � m. The time step is chosen � � � ��� " � days, thus the Courant
number is � � �

�
� .

Using (21), we express the numerical dispersion in this problem. The equivalent dispersion coefficient in
the advection-dispersion equation is � ��� " � � m � /day.
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Table 1: Values of ������� chosen for the example calculations and comparison of numerical and analytical solutions.
The values of � are appropriately derived (23) for the use in the analytical solution.

+ � � # " � , + ���$# " � + � � # " � , + ���$# " �
� ��� � [days] � (dimensionless)

� (turned-off exchange) 0 0
1000 0.462 0.231
100 4.62 2.31
10 46.2 23.1
0 (equilibrium) � (not calculated) �

Figure 4: Comparison of numerical and analytical solution for the 1D non-equilibrium transport problem, for the
porosities 	�
������ , 	�������� � . The labels denote the values of exchange time � ����� .

4.2.2 Analytical solution: We consider the analytical solution presented in [12], which is expressed
by a formula of several lines. For reference, we use the same notation of their dimensionless variables

� � �� 
 � � 	 %� 
�� � �
��
� �

� 8 
 (22)

� � 	 �# (Peclet number) and � � � ��
� 	

" (23)

In our problem, the coefficients are � � �
� , � �

�
�2#

and � in Tab.1.

4.2.3 Discussion: Both the numerical and the analytical solution are displayed in the Fig. 4 for
the first choice of the porosities. Results for the second variant are similar, but the “retardation” in the
equilibrium case ( � � � � � #

) is smaller: one third instead of two thirds as given by the ratio of porosities.

The results fit well. We can observe that the approximation of the mobile–immobile exchange does not bring
other significant numerical error besides the numerical dispersion of the scheme for the advection.

4.3. Transport in 2D radial flow

This model problem was chosen to represent a typical situation in the hydrogeological actions – drawing or
injecting well. We consider a circle domain of radius � with the well in the center. For correct dimensions
and for the use of the 3D model, we consider thickness � .

To avoid problems with singular point in the circle center, we represent the well as a small circle with radius
��� , applying the side flux boundary condition instead of a sink. We used the values

� �
�
#*#+	 
 � � � � 	 
�� �

�
#+	 
 � ��� �+	 � � � 


where
�

is the injected/drawn rate.
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Figure 5: Solution of transport problems in 2D radial flow. In the left: Concentration vs. position in the radial direction
(meters) for the problem of injecting. In the right: Concentration vs. time (days) for the problem of drawing.

Two problems were solved: First, the injection of constant concentration to the domain with zero initial
state, observing only the behavior of the advection model. Second, the extraction from the domain with
non-zero constant concentration at the beginning and zero-concentration in the inflow from the outside.

4.3.1 Numerical solution: The mesh was constructed as non-uniform, finer close to the well and
coarser at the outside boundary. The dimensions in the radial direction are approximately proportional to the
position, � ��� � , from � " � � m to � � m. Thanks to the radial symmetry, we solved the problem in a � � -sector,
reducing the total number of cells to 140.

The numerical dispersion (in radial, i.e. longitudinal direction) estimated by (21) is expressed by almost
constant dispersion coefficient � � # " � m � /day ( � ���$#

in most of the cells, except close to the well and �is inverse proportional to � ).

4.3.2 Analytical solution of advection and dispersion: We did not find an analytical solution
of the general non-equilibrium transport problem. For a basic check of the advection and the numerical
dispersion, we use the classical solution of 1D advection-dispersion problem, expressed by � +�� � � � � 	 %	 � # % # ,
with appropriately placing the “wave front” according to the non-uniform velocity.

In comparison for a given time (Fig. 5 in the left) we can observe that the numerical result fit to the analytical
with the dispersion coefficient � �$# " � m � /d instead of the estimated numerical dispersion � �$# " � m � /d. It
can be caused by our many simplification in calculation of both the results.

4.3.3 Influence of mobile–immobile exchange: We compared (Fig. 5 in the right) the time-
dependences of the drawn concentration for various values of mobile–immobile exchange coefficient � � � � .
The quicker mobile–immobile exchange takes effect in the earlier part of the time interval, while the slower
exchange takes effect in the later time, as expected.

5. Application of the model

5.1. Problem description

The problem we present here is a subset of the global model of remediation control. There are many of the
local fields like the one presented and the remediation process is handled by weighted drawing from all
these fields.

We consider a single leeching field with the horizontal dimesions about ��� #2# , �+#2#
m and

�2# ��
 # m
thickness, covered by the mesh of 12000 cells. The time interval is 18 months and it begins at the beginning
of remediation drawing. There are 20 drawing wells in the area. The period solved is splitted into one-month
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Figure 6: Deviations of the total drawn mass (kg) in single months, comparing the numerical results and field
measurements. Results for various sets of material parameters (in the order: mobile porosity 	 
 , total
porosity 	������ ��	 
 � 	�� , and characteristic time of mobile–immobile exchange � ����� ).

Figure 7: Drawn concentration (m
�
/kg) versus time (dates) for a selected well. Comparison of the model without

immobile pores, model with calibrated parameters, and measurements.
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intervals: there are given constant flow rates in the wells in each month and measured the total mass of
drawn solutes.

5.2. Discussion of the results

The model with mobile–immobile exchange showed expected hehavior: the concentration in the drawn
solution decreases slower, mainly in the later period, when the model without the immobile pores forecasts
almost zero concentration.

The calculations were performed for a set of values + � , + � and � ��� � , which are not sufficiently determined
from laboratory soil analyses. Comparing the deviations of the numerical result and measurements helped
to specify the values more precisely, but on the other hand, the deviations change with time (Fig. 6), which
makes the calibration difficult and non-unique. The comparions were done on global measure: the sum of
solute mass from all the wells.

Comparisons of concentrations in the single wells were used for secondary validation, because there were
often deviations of both signs among all the wells and calibrating one well correctly caused the rest wells to
have worse fitting results. An example of the results is in Fig. 7, where we can observe good agreement in
the final period, but worse agreement in the middle period.
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Abstrakt

Rozhodovacı́ stromy a lesy jsou jedněmi ze základnı́ch metod strojového učenı́ a ve srovnánı́ s ostatnı́mi
dosahujı́ velmi dobrých výsledků. Zároveň jsou tyto metody poměrně jednoduché a velice rychlé, jak při
konstrukci, tak při vyhodnocovánı́. Tento článek je věnován jedné poměrně nové a zajı́mavé metodě
zvané Random Forest. Na konkrétnı́ch datech bude ukázáno, jak lze lesy zkonstruované pomocı́ Random
Forest analyzovat a odvozovat jejich chovánı́ pro různá pravidla kombinovánı́ jednotlivých stromů v lese
zvolené velikosti; to vše pouze ze znalosti chovánı́ jednoho konkrétnı́ho velkého lesa. Hlavnı́m cı́lem
tohoto přı́spěvku je popsat nástroj, který umožnı́ hledánı́ optimálnı́ch vah stromů v lese, jejichž použitı́ by
vedlo ke zlepšenı́ predikce.

1. Úvod

V tomto článku se budeme zabývat analýzou rozhodovacı́ch lesů, které vytvářı́ metoda Random Forest [4].
Rozhodovacı́ lesy jsou společně s rozhodovacı́mi stromy jednou z metod strojového učenı́. V přı́spěvku se
budeme těmito metodami zabývat z pohledu klasifikace, tedy budeme se zabývat analýzou klasifikátorů ve
formě rozhodovacı́ch lesů. Klasifikátor je obecně nějaké zobrazenı́ � ��� � � , kde � je nějaký prostor
vektorů a � je množina možných třı́d, do kterých můžeme prvky z � zařadit. Pro konstrukci klasifikátoru
se ve většině přı́padech využı́vá znalosti takzvané učı́cı́ množiny, což je nezávislý výběr přı́padů se známou
klasifikacı́ z prostoru � .
Rozhodovacı́ strom je tedy nějaký klasifikátor � , který má tvar stromu se dvěma typy uzlů – rozhodovacı́ uzly,
obsahujı́cı́ nějaký test, a hrany do dalšı́ch uzlů; a listy, které nějakým způsobem indikujı́ třı́du. Neznámý
přı́pad, který chceme oklasifikovat, tak procházı́ jednotlivými testy v rozhodovacı́ch uzlech až dosáhne
nějakého listu, jenžto určı́ jeho třı́du.
Rozhodovacı́ les potom nenı́ nic jiného než množina rozhodovacı́ch stromů a pravidlo pro kombinaci predikcı́
jednotlivých stromů. V současné době existuje několik metod a implementacı́ na konstrukci rozhodovacı́ch
stromů a lesů – C4.5 a C5.0 [1, 3], CART [2], CRUISE, QUEST [7, 8] a Random Forest [4].
Zde se budeme zabývat metodou Random Forest a zejména vhodnou volbou váženı́ jednotlivých stromů
v lese. Ukážeme jak lze snadno lesy z Random Forest analyzovat a odvozovat jejich chovánı́ ze znalosti
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chovánı́ velkého lesa, což bude mı́t význam pro hledánı́ optimálnı́ch vah.
Našı́m výsledkem je tedy nástroj respektive postup, který nám umožnı́ pouze ze znalosti predikcı́ a vlastnostı́
stromů v jednom konkrétnı́m velkém lese (zvolili jsme les velikosti

�+#*#
stromů) odvodit průměrné chovánı́

lesa zvolené velikosti při použitı́ různých pravidel pro kombinaci stromů. Důležité je, že odvozujeme
průměrné chovánı́ lesa. Mı́sto konkrétnı́ho lesa, který by mohl být zatı́žen chybou, totiž použı́váme statistický
model, který je určen parametry odhadnutými z již zmiňovaného lesa o

�+#*#
stromech. V článku zároveň

ukážeme i jeden konkrétnı́ přı́pad vah (pravidlo pro kombinovánı́ stromů), který při daném počtu stromů v
lese klasifikaci zlepšı́.

1.1. Data

Většinu experimentů provádı́me na datech z projektu MAGIC-telescope1. Jedná se o data s ��� numerickými
prediktory a se dvěma třı́dami ��� 


�
� (šum a signál), přičemž na učenı́ se použı́vá prvnı́ch �

#
atributů

��� � 
 "#"�" 
/� � �  . Označme si � množinu všech možných měřenı́ a � � � � � 

�
� � množinu možných klasi-

fikacı́. Pro naučenı́ klasifikátoru budeme potřebovat učı́cı́ množinu, necht’ � � ��� � 
 "#"�" 
�� 7 � , kde �
� � � ,

�
� � ��� � 
 "�"#" 
/� � �  , � � � � 
 "�"#" ��� je pro nás množina vektorů se známou klasifikacı́. Tyto známé klasifikace

můžeme vyjádřit pomocı́ čı́sel
� � � ��� � �8� � 
 "�"�" 
1��� ; tak, že pokud je napřı́klad vektor �

�
prvkem třı́dy

��� , pak
� � � � � . Učı́cı́ množina pak pro nás bude množina dvojic 	

� � �
� � 

� �  ; � � ��	 � 
 "�"#" 
�	 7 � . Na

základě této množiny pak můžeme pomocı́ Random Forest vygenerovat klasifikátor ve formě rozhodovacı́ho
lesa.
Podobným způsobem jako učı́cı́ množinu můžeme definovat testovacı́ množinu � � ��	 � 
 "#"�" 
�	��� 
�	 � �
��� � 


� �  . S využitı́m této množiny pak budeme porovnávat a provádět analýzu vzniklých lesů. Označme si
ještě navı́c ! � počet přı́padů z � , které patřı́ do třı́dy

�
� a podobně ! � jako počet přı́padů z ��� .

Vı́ce o datech a dřı́vějšı́ch experimentech, které jsme prováděli s využitı́m C5.0 a CART lze najı́t v [10] a
[9].

2. Random Forest

Random Forest je poměrně nová a zajı́mavá metoda, jejı́mž autorem je L.Breiman [4]. Narozdı́l od metod
C4.5, C5.0 a CART, které vznikly jako metody na konstrukci jednotlivých stromů, metoda Random Forest je
od počátku určena na generovánı́ velkých lesů. Algoritmus této metody zde nebudeme popisovat, podrobnosti
lze nalézt ve článku [4]. Nicméně si zde uvedeme alespoň základnı́ myšlenku. Při konstrukci jednotlivých
stromů v lese, využı́vá Random Forest takzvaného baggingu bez vracenı́. Ten spočı́vá v tom, že při každém
kroku (tedy při vytvářenı́ každého stromu) se provede z trénovacı́ množiny náhodný výběr přı́padů (bez
vracenı́). Následně je na základě tohoto výběru vygenerován strom (metodou rozděl a panuj) s čistými listy,
který nenı́ prořezáván, narozdı́l od metod C5.0 či CART. Zajı́mavý v metodě Random Forest je výběr testů v
rozhodovacı́ch listech při učenı́. Metoda vybere - náhodných proměnných, dle kterých by se v daném listě
mohl provádět test a na základě podobného kriteria jako v C4.5 provede výběr nejlepšı́ho testu. Zajı́mavé
je, že i pokud se - zvolı́ rovno � , výsledky nejsou špatné viz.[4] . Při klasifikaci pak Random Forest využı́vá
většinového hlasovánı́, kdy výsledek klasifikace se řı́dı́ většinou hlasů jednotlivých stromů; jinými slovy,
všechny stromy v lese majı́ stejnou váhu.

3. Odvozenı́ chovánı́ lesů

V této části stručně popı́šeme jak lze provádět analýzu rozhodovacı́ch lesů (z Random Forest). Naše snaha
byla pokusit se pouze ze znalosti velkého lesa odvodit průměrnou chybu lesů různých velikostı́ při užitı́
různých kombinacı́ stromů, což by nám pomohlo při hledánı́ optimálnı́ch vah a umožnilo by napřı́klad
optimalizaci vážı́cı́ funkce. Z dřı́vějšı́ch experimentů (viz. [9]) máme totiž zkušenosti, že vhodné váženı́
stromů v lese může klasifikaci zlepšit.
Celou analýzu jsme rozdělili na tři přı́pady. V prvnı́m přı́padě necháme jednotlivé stromy hlasovat pouze
dvouhodnotově (

�
�
� � � ), tedy přesně tak jak to provádı́ Random Forest. Ve druhém přı́padě provedeme

aproximaci takového hlasovánı́ pomocı́ normálnı́ho rozdělenı́, abychom se připravili na poslednı́ situaci,

1http://hegra1.mppmu.mpg.de/MAGICWeb/
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kde už budou hlasy jednotlivých stromů reálná čı́sla, tedy nějaké obecné váhy.

3.1. Přı́pad I, hlasovánı́ � � �
�
�

Mějme nynı́ testovacı́ množinu � a množinu ( rozhodovacı́ch stromů * � � � � 
 "�"#" 
 � � � . Pro každý
přı́pad �
� � 


� � ?� � označme hlas j-tého stromu jako � � �
� �  � � .
Předpokládejme nynı́, že pro každý přı́pad ��� � 


� �  z testovacı́ množiny � známe parametry rozdělenı́
hlasovánı́ stromů v lese – střednı́ hodnotu �

�
a rozptyl � �

�
, které jsme odhadli z již zmiňovaného velkého

lesa. Mezi těmito dvěma parametry platı́ tento základnı́ vztah

� �� � � � � �� (1)

který lze snadno odvodit z definice rozptylu a ze skutečnosti, že hlasovánı́ nabývá pouze hodnot � � �
�
� .

Označme si nynı́ součet hlasů jednotlivých stromů jako

& �
� �  �
�2� 3�� � � �
� �  (2)

a hlasovánı́ celého lesa je potom

% ��� �  � � � & ��� �  % �  (3)

kde funkce
�

je definována takto
� ��� ��� �  �

�
� 
 � ��% � � � �  � � � a � je nějaký parametr (mez) pro přijetı́,

napřı́klad při většinovém hlasovánı́ je � � #
. V obecném přı́padě (při hlasovánı́ � � �

�
� ) může být � ��

��( 

�
( � . Ze znalosti parametrů rozdělenı́ a s využitı́m vztahu (1) můžeme dále odvodit pravděpodobnost,

že j-tý strom bude hlasovat, že i-tý přı́pad patřı́ do třı́dy
�
�

� � � � �
� �  � �� � �
� � � � � � � �� (4)

Dı́ky tomu, že hlasovánı́ stromů v tomto přı́padě nabývá pouze dvou hodnot, můžeme odvodit pravděpodob-
nost, s jakou celý les oklasifikuje i-tý přı́pad jako

�
� při daném � (označme si (4) jako � � )

� ��% ��� �  � �� �
�2

� 3�� � � ��� 9 � �
% =��

6 (
-
8 � �� � � � � � 

�
� � (5)

kde dolnı́ mez - vlastně odpovı́dá počtu stromů, které při daném � hlasujı́ jako � .
Vyjádřenı́ chyby a srovnánı́ lesů různých velikostı́ s různými pravidly kombinovánı́ provádı́me s využitı́m
takzvaných ROC (Receiver Operator Curve) křivek. Tyto křivky lze definovat následujı́cı́m vztahem

� ��� � � ��� 
 ��?� � # 
 � � � � � � � ��% �
�� � �)�
� � � �� 
 � � � ��% ���� � � �

� �
���� 
��
� 


�
?� � (6)

Tedy osa � vyjadřuje pravděpodobnost, že testovacı́ přı́pady ze třı́dy ��� se přiřadı́ do třı́dy
�
� ,

a osa
�

představuje pravděpodobnost s jakou jsou přı́pady ze třı́dy
�
� klasifikovány správně. Ze vz-

tahu (6) je zároveň zřejmé, že optimálnı́m bodem je bod � # 
 �� (všechny přı́pady jsou správně klasifikovány).
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My jsme schopni pro každý práh � s využitı́m (5) určit jeden bod na ROC křivce. K tomu ovšem potřebujeme
vyjádřit podmı́něné pravděpodobnosti � ��% �
�� � � �

� � �  , � � � � � 

�
��� . Ty lze s využitı́m (5) vyjádřit

pomocı́ následujı́cı́ch vztahů

� ��% �
�� � � �
� � � �� � �

� ! � 2
���
� 8 3 � �

� ��% ��� �  � �� (7)

� ��% ���� � � �
� �

�� � �
� ! �

2
���
� 8 3 �

� � ��% ��� �  � �� (8)

Na obrázku 1 vidı́me srovnánı́ grafů (ROC křivek), které vzniknou z lesa o
�*#*#

stromech (což je vlastně
náš odhad rozdělenı́) a z lesa o � � stromech, a odhadem, který jsme dostali ze vzorců (5), (8) a (7). Po
odvozenı́ chovánı́ lesů v nejjednoduššı́m přı́padě se dostaneme ke zobecněnı́.
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Obrázek 1: Odhad chovánı́ lesa o 11 stromech

3.2. Přı́pad II, aproximace normálnı́m rozdělenı́m

Předchozı́ přı́pad nás poměrně podstatně omezoval tı́m, že umožňoval hlasovánı́ pouze dvouhodnotové. V
budoucnu ale budeme potřebovat nějaké obecné váhy, tedy kdy hlasy jednotlivých stromů jsou reálná čı́sla.
Omezenı́ v předchozı́m přı́padě je tedy dáno tı́m, že je tam užito binomického rozdělenı́ a počı́tá se tedy
pouze se dvěma možnými způsoby hlasovánı́. Proto jsme si potřebovali připravit půdu a umožnit obecné
hlasovánı́. Tudı́ž jsme mı́sto binomického rozdělenı́ použili aproximaci normálnı́m rozdělenı́m. Pomocı́
normálnı́ho rozdělenı́ můžeme odhadovat chovánı́ lesů při obecném hlasovánı́; a prvnı́m krokem je právě
tato aproximace.
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Předpokládejme nynı́, že máme opět ( stromů, jako v předchozı́m přı́padě, které hlasujı́ opět dvouhodnotově,
tedy

�
�
� � � ; a rovněž předpokládejme, že známe parametry rozdělenı́ �

�
a � �

�
. Ovšem v tomto přı́padě již

obecně (počı́táme s obecnými vahami) neplatı́ vztah (1), tudı́ž neplatı́ ani (4). Nicméně můžeme určit

� ��% ��� �  � �� � � � & �
� �  % �  � � � � � & �
� �  � �  (9)

Abych mohli tuto hodnotu určit, musı́me nejdřı́ve zjistit � � & �
� �  � �  . Jak je výše uvedeno, budeme
zde aproximovat hlasovánı́ lesa pomocı́ normálnı́ho rozdělenı́. Potřebujeme tedy znát parametry rozdělenı́
hlasovánı́ celého lesa; ty ovšem dokážeme snadno zjistit ze znalosti parametrů rozdělenı́ hlasovánı́ stromů
a dı́ky tomu, že hlasovánı́ stromů je nezávislé, protože stromy sami osobě jsou konstruovány nezávisle.
Máme tedy ( nezávislých stejně rozdělených náhodných veličin. Potom lze parametry rozdělenı́ hlasovánı́
lesa určit ze vztahů

! ��� 2 �
�2� 3�� � � ��� �   � (

�
�
�

(10)

� �� � 2 �
�2� 3 � � � ��� �  � 2 �

�2� 3�� � � ��� �    � � (
�
� �� (11)

pro každé � � � � � 
 "�"#" 
)! � . Máme tak parametry normálnı́ho rozdělenı́ – střednı́ hodnotu ! �
a rozptyl � �� .
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a dı́ky tomu už spočteme (9). Můžeme tudı́ž určit pravděpodobnost, že les vrátı́ pro konkrétnı́ přı́pad třı́du�
� a lze tak snadno ze vztahu (6) vyjádřit ROC křivku klasifikace lesa.

Jak dopadne odhad ROC křivky s využitı́m normálnı́ho rozdělenı́ oproti odhadu s binomickým rozdělenı́m
lze vidět v grafu 2. V tuto chvı́li máme tedy připraven postup pro odhad chovánı́ lesa s využitı́m nějakých
obecných reálných vah. V dalšı́m kroku se podı́váme jak dopadne použitı́ konkrétnı́ho typu vah.

3.3. Přı́pad III, hlasovánı́ ks( � ), normálnı́ rozdělenı́

V předchozı́ch dvou krocı́ch jsme si vlastně pouze připravovali postup na odvozenı́ chyby při hlasovánı́ lesa
s využitı́m obecných reálných vah. V tomto bodě se podı́váme na jeden konkrétnı́ přı́pad vah, na kterých
jsme výše uvedený postup vyzkoušeli a které jsme již dřı́ve testovali po experimentálnı́ stránce.
Po vytvořenı́ lesa, můžeme v každém listu každého stromu zjistit počet přı́padů z konkrétnı́ třı́dy, které se
při učenı́ do daného listu dostali. Mějme tedy list � a označme si počet přı́padů z učı́cı́ množiny z třı́dy

�
� ,

které se do listu � dostali při učenı́ jako

� � � # � � � �
� 

�
?� � � � � � /

� � �
� � � (13)

Podobně můžeme pro list � definovat i + �#& # – počet negativnı́ch přı́padů (z třı́dy ��� ). Pro každý list tak
máme statistiky ��� � a + �#& . Na základě těchto dvou hodnot jsme přiřadili každému listu nějakou váhu, která
závisı́ jednak na většině přı́padu z nějaké třı́dy a rovněž na velikosti (� � �

�
+ �#& ) listu. Tuto váhu listu �

jsme definovali takto (ks = koeficient signifikance)

- � # � �  � ��� � # � + �#& #
�	��� � #

�
+ �#& #  � (14)
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Obrázek 2: Porovnánı́ aproximace normálnı́m rozdělenı́m s rozdělenı́m binomickým

Hodnotu (14) tedy spočteme pro každý list v lese a hlasovánı́ lesa pro daný přı́pad bude součet hodnot
(14) listů, do kterých se neznámý přı́pad “prosypal”. Nynı́ bychom tedy rádi určili chybu při hlasovánı́ lesa
s těmito vahami. Předtı́m než jsme měli výše popsaný postup pro odvozovánı́ chyby, museli jsme prostě
skutečně vygenerovat les, na kterém jsme chybu spočı́tali. Pro použitı́ našich nástrojů ovšem stačı́ znát
parametry rozdělenı́ �

�
a � �

�
, tak jak jsou popsány ve druhém přı́padě. Při prvnı́ch experimentech s vahami

(14) jsme tyto parametry prostě opět odhadli z velkého lesa. To je ovšem pro budoucı́ práci nepoužitelné,
protože bychom pro každé nové váhy museli znovu parametry odhadovat z velkého lesa. Ovšem je asi
zřejmé, že i pozdějšı́ váhy se budou určovat z hodnot � � � a + �#& , proto nám bude stačit zjistit si informace
o rozdělenı́ těchto hodnot pro každý přı́pad na velkém lese. Toto se provede pouze jednou a bude to možno
použı́t vı́cekrát, pro různé váhy. V současnosti na tomto postupu pracujeme.

Vrat’me se ale zpět; předpokládejme nynı́, že máme nějakým způsobem odhadnuty parametry �
�

a � �
�

při
hlasovánı́ pomocı́ (14). Na základě těchto znalostı́ opět můžeme určit (9) a ROC křivku (6), přesně dle
postupu uvedeného ve druhém přı́padě.
Jak dopadne klasifikace s využitı́m hlasovánı́ (14) na 11 stromech můžeme vidět na obrázku 3; jak vidno
toto hlasovánı́ klasifikaci oproti hlasovánı́ bez vah zlepšı́.

4. Závěr

Je zřejmé, že v tuto chvı́li máme v podstatě pouze pohodlný nástroj, který nám umožnı́ snadno analyzovat
rozhodovacı́ lesy. Jeho význam je dán tı́m, že při hledánı́ a testovánı́ různých vah nemusı́me generovat
lesy, což bývá časově i pamět’ově velice náročné, a mı́sto toho stačı́ v podstatě dosadit do našich vzorečků
a odhadnout tak chybu lesa dané velikosti. Ukázali jsme rovněž na přı́kladu vah - � � �  , že váženı́ může
pomoci. Do budoucna se tak můžeme zabývat hledánı́m vhodných vah, přı́padně hledánı́m bodů, které
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Obrázek 3: Odhad hlasovánı́ při použitı́ vah ks(0.7)

jsou nějakým způsobem zajı́mavé (napřı́klad při váženı́ se zlepšı́ jejich klasifikace), tedy obecně analýzou
rozhodovacı́ch lesů. V tomto článku jsme popsali nástroj, který nám toto elegantně a snadno umožnı́.
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Abstract

In this article we design a new model of serial computation: the 86-RAM. It is a variant of a RAM
model with a programming language based on an existing machine assembler code. This allows for
exploiting tools as compilers and profilers for creating and measuring of the 86-RAM models. We show
the polynomial equivalence between the RAM and 86-RAM models. Finally, we present an example of
automatic model creation and measuring of its properties.

1. Introduction

There is a gap between complexity theory and a programming practice. While the theoretical RAM model
of serial computation is clear and widely accepted, the existing program developing tools target mainly real
computers and their machine codes.

In this article we aim for blurring the edge between theoretical models of serial computation and objects
they are to model – the computational processes of real computers. We do it by enhancing the RAM model
definition such that its programming language is a real computer assembler. This approach has the advantage
of generating such models programs by machine compilation from high-level programming languages. Also
the possibility of direct execution and measurements of these models is valuable especially for the complex
computations. The work presented in this text is a part of a larger project geared at both the realistic
parallel model and the computer implementation of execution and measurement environment for distributed
computations.

We start with the RAM model definition and the definition of the x86 assembler language, we compare them
and notice their similarities and differences. Then we design a new RAM-like model with the x86 instruction
set and discuss its properties. Next, we present the equivalence theorems for the traditional RAM and the
new 86-RAM models. Finally, we do an experiment of executing and measuring the 86-RAM program on
a computer.

PhD Conference ’03 52 ICS Prague
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LOAD operand
STORE operand
ADD operand
SUB operand

JUMP label
JZERO label

READ operand
HALT

Table 1: The RAM instruction set.

2. Existing models

Here we present an overview of the two building blocks we will lately use to design our new model: the
RAM sequential machine model and the assembler language.

Since we aim for parallel models design in near future, we use an uniprocessor version of PRAM as a RAM
model definition. This ensures that there are no minor non-consistencies between the RAM and PRAM
models [3].

Definition 1 A random access machine (RAM) consists of a single processor � , an unbounded memory, a
set of input registers, and a finite program. The processor has an accumulator and a program counter. All
memory locations and accumulator are capable of holding arbitrary nonnegative integers. The program
consists of a sequence of possibly labeled instructions chosen from the list above (Table 1). A program is
nondeterministic if some label occurs more than once, deterministic otherwise.

Each operand may be a literal, an address, or an indirect address.

Initially the input to the RAM is placed in the input registers, one bit per register, all memory is cleared, the
length of the input is placed in the accumulator, and the processor is started. At each step in the computation
the processor executes the instruction given by its program counter in one unit of time, then advances its
counter by one unless the instruction causes a jump.

A READ instruction uses the value of the operand to specify one of the input registers; the contents of the
selected register is placed in the accumulator. A HALT instruction causes the processor to stop running.

Execution continues until the processor executes HALT instruction. The input is accepted only if there is
some computation in which the processor halts with one in its accumulator; the time required to accept the
input is the minimum over all such computations of the number of instructions executed by the processor.

Definition 2 A language
�

is in the class deterministic (nondeterministic) � � +� -time-RAM if there is a
deterministic (nondeterministic) RAM ! such that for all words � of length + , � is in

�
if and only if � is

accepted by ! and requires time at most � � +� .

Next we remind a von Neumann machine definition.

Definition 3 A von Neumann machine consists of a single processor � , a bounded memory, and a finite
program. The processor has an accumulator, and a program counter, and possibly other registers. All
memory locations and accumulator are capable of holding bounded integers. The program consists of a
sequence of addressable instructions chosen from the fixed list. A program is always deterministic.

Operands may be literals, addresses, or indirect addresses depending on the actual instruction.
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Initially the input to the von Neumann machine is placed in the memory, the processor is started. At each
step in the computation the processor executes the instruction given by its program counter in one unit of
time, then advances its counter by one (even if the instruction is a jump).

Execution continues until the processor executes program halting instructions. The input is accepted only
if the computation executes acceptance signaling instructions. Since the machine is deterministic, the
acceptance time is simply the time of program run.

Definition 4 A language
�

is in the class deterministic � � +� -time-vN if there is a von Neumann machine
! such that for all words � of length + , � is in

�
if and only if � is accepted by ! and requires time at

most � � +� .

Assembler language is a human readable form of von Neumann machine code. Since there are more real
implementations of von Neumann machine, there are also more variants of the assembler language. In the
next part of this article we focus on the Intel Architecture 32 (IA32) machines and its assembler language
called the x86 assembler. For a complete definition of the x86 assembler language, the instruction semantic
and the machine description one can read [2].

To illustrate the similarities and differences between low level languages like assembler and RAM on one
hand, and high level languages like C++ on the other, we have programmed a simple subroutine of adding
two integer vectors together (Table 2). The stack frame prologue and epilogue codes for assembler version
is removed since it has no counterpart in RAM. According to this the function header should be removed
also from the C++ version but it is left in place to help reader to understand the subroutine interface.

3. Bridging model

In this section we want to merge the two approaches discussed before and come with a new hybrid model
combining the advantages of both.

Let us start with a list of important features not shared by the two models. The x86 programs are deterministic
– this is common to all real implementations of von Neumann machine. The x86 has only bounded memory
and stores only bounded integer numbers – these trivially come from the physical limitations common to
all real computers. It is not so strong limitation as it may seem. Because we only compare characteristics
of running programs, and a program exceeding the hard limits of a given real computer cannot continue,
the programs we take into account always have enough memory. On the other hand, even on RAM, the
accepting program (ending in the accepting state in a finite time) can only use a finite number of memory.
As opposed to RAM, the x86 instructions do not always take the same time, they reflect the actual operation
complexity and last proportionally to it.

There are no compilers from commonly used high-level programming languages into RAM as well as there
are no profiling or performance control tools for RAM.

While the clean and simple design of theoretical RAM model is surely its advantage, the lack of modern
programming tools negates this in a considerable degree. We can think of programming only small scale
problems in RAM simply because of limitations of human programmers. Programming in such a low level
language as RAM or assembler is quite expensive in term of human effort and work. For larger problems
it is much more complicated to write them or debug them in the low level language directly than to write
and maintain them in some suitable high level language like C or C++ which is translated to the low level
language by the automatic compiler.

For example our generalized genetic algorithm core module [5] has about 1000 lines of extended C++
code while its x86 assembler version takes about 182000 lines. Since the x86 language has a quite large
instruction set, the same code translated into RAM could have even more lines.
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C++ function: variables mapping:
------------ -----------------

void AddVec(int*a,int*b,int n) asm RAM
{

for(int i=0; i<n; i++) a[i]+=b[i]; n ebx [3]
} i edx

a ecx [1]
b esi [2]

x86 assembler (in AT&T syntax): RAM machine:
------------------------------ -----------

xorl %edx, %edx .L6:
.L6: LOAD *1

movl (%esi,%edx,4), %eax ADD *2
addl %eax, (%ecx,%edx,4) STORE *1
incl %edx LOAD [1]
cmpl %ebx, %edx ADD 1
jl .L6 STORE [1]

.L8: LOAD [2]
ret ADD 1

STORE [2]
LOAD [3]
SUB 1
JZERO .L8
STORE [3]
JUMP .L6

.L8:
HALT

Table 2: The RAM and assembler languages fragments.
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Definition 5 A x86 random access machine (86-RAM) consists of a single processor � , an unbounded data
segment, an input segment , and a finite program. The processor has a fixed set of registers including a
program counter. All memory locations and registers are capable of holding arbitrary nonnegative integers.
The program consists of a sequence of addressable IA-32 instructions [2]. Operands may be literals,
addresses, or indirect addresses according to the specification. Initially the input to the RAM is placed in
the input segment and pointer to it is passed to the 86-RAM machine in the ebp register. The whole data
segment is cleared, the length of the input is placed in the eax register, and the processor is started at the
beginning of the program. At each step in the computation the processor executes the instruction given by
its program counter in one unit of time, then advances its counter by one. A ret instruction of the top level
program routine causes the processor to stop running. Execution continues until the processor executes top
level ret instruction. The input is accepted only if the computation ends with non-zero in the eax register.

Definition 6 A language
�

is in the class � � +� -time-86-RAM if there is a 86-RAM ! such that for all
words � of length + , � is in

�
if and only if � is accepted by ! and requires time at most � � +� .

Considering the properties of the new model, we claim the 86-RAM model has these advantages: There
are freely available compilers from several modern high level languages into x86 assembler and so to the
86-RAM programs. The 86-RAM programs are directly executable on a large set of IA32 computers if
the execution happen to fit into memory and number size bounds given by the computer. There are freely
available tools for measuring performance characteristics of a running program applicable also to running
86-RAM programs. The 86-RAM model is close enough to traditional deterministic RAM model, so we
can compare and share results on both these architectures.

4. Equivalence of (deterministic) RAM and 86-RAM models

In this section we present a discussion of the RAM and 86-RAM models polynomial equivalence. For
simulation of a RAM machine on a 86-RAM the complete proof is shown. For the opposite direction the
program translation function could be constructed similarly, but because of a much richer IA-32 instruction
set, it is not completely included.

Theorem 1 For any deterministic RAM machine ! running in time � , there is an equivalent 86-RAM
machine ( bounded by time � � , where the � is a program independent constant.

Proof. We construct the machine ( by direct translation of the machine ! program. We start at the beginning
of the ! program and according to Table 3 translate each RAM instruction into the 86-RAM language. All
labels are kept unchanged at their places. The result is a correct and equivalent 86-RAM program. �

Let us note two observations: first, if the 86-RAM machine ( is generated this way, the ebp register is
never modified and so it is safe to use it as input segment base during the whole computation. Second, since
in such 86-RAM machine is no call of subroutines, every ret instruction in it is the top level ret and thus
equivalent to HALT instruction of RAM.

Theorem 2 For any 86-RAM machine ( running in time � , there is an equivalent RAM machine !
bounded by time � � � �  , where � � �  is a program independent polynomial on the largest used number size
hold in a single location.

Sketch of proof. As in the previous case, we construct the machine ! by direct translation of the machine
( program. But there are several issues we should take care of: First, the RAM machine ! should simulate
86-RAM features like larger set of registers and special memory segment of stack in its only memory space
(see Figure 1). Second, the 86-RAM instruction set includes codes for which the emulation on RAM takes
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RAM instruction 86-RAM instructions
(in AT&T syntax)

LOAD const movl $const,%eax

LOAD [memloc] movl memloc,%eax

LOAD *indirect movl indirect,%ebx
movl (%ebx),%eax

STORE [memloc] movl %eax, memloc

STORE *indirect movl indirect,%ebx
movl %eax, (%ebx)

ADD const addl $const, %eax

ADD [memloc] addl memloc, %eax

ADD *indirect movl indirect, %ebx
addl (%ebx), %eax

SUB const subl $const, %eax

SUB [memloc] subl memloc, %eax

SUB *indirect movl indirect, %ebx
subl (%ebx), %eax

JUMP label jmp label

JZERO label cmpl $0,%eax
je label

READ idx movl idx, %ebx
movl (%ebp,%ebx),%eax

HALT ret

Table 3: The RAM to 86-RAM translation table.
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86−RAM registers

86−RAM data segment

86−RAM stack

RAM memory

. . .

Figure 1: The RAM simulating 86-RAM.

Operator # of Float D(f) All D(a) Cycles D(c)
name calls ops. ops.

=n =f =a =c
----------------------------------------------------------------
RND 62 121 1 9922 57 34097 3896
Mutation 276 15 0 3929 3 29008 4944
Average 111 60 0 3873 3 21261 1313
3-xover 19 240 0 12141 3 39882 1035
Euclidean 988 91 0 3241 3 20643 2340
Manhattan 809 90 0 3236 2 18667 893

Table 4: The 86-RAM execution measurements.

more than constant time like mull and divl, but all are bounded by a polynomial on operand size. The
86-RAM instruction set is large and the complete translation table from 86-RAM to RAM is beyond limits
of this text. �

5. Example

Now we can proceed to exploiting the new model advantages. Imagine we want to model a complex
computation such as genetic algorithm (GA). We have chosen to implement the algorithm in C++, however
to obtain the 86-RAM model program text, we only have to generate it with the C++ compiler. When the
programming and debugging parts are over, we can run the code, and by accessing the computer hardware
counters perform measurings of the running code which are directly applicable to the model as well. This
way we can learn how many instruction does it take to perform any given procedure or how much time does
it cost. From such a data we can estimate the costs of runs not actually performed.

Here we present performance measurements results of a genetic operator package module (Figure 2). The
code was written in extended C++, compiled into x86 machine code and measured during GA evolution. It
shows the key ideas of our approach while it is still simple enough.

The examined code is a part of AOPack30 module responsible for performing creation, genetic, and metric
operations on vectors of 30 double precision floating point numbers. The program was profiled using the
PAPI library [4] and the results are listed in Table 4. Each line stands for a single operator. The first (RND)
is creation operator, the next three (Mutation, Average, and 3-xover) are representants of genetic operators,
and the last two (Euclidean and Manhattan) are metric operators. For each operator the total number of
invocations during the testing + , the average number of floating point operations in one invocation % , the
average number of all operations

�
, the average number of processor cycles per invocation � , together with

variances � of these are counted. The processor cycles are connected through the CPU frequency to the real
time used on the computation, so they allow us to estimate the run times on different computers as well.
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Module used for parallel execution

Optional module

Chromosome dependent module

Required module

Chromosome independent module

Fitness
Function Operators

PackageSelection

Genetics

Shaper
Fitness

GeneticsGenetics

GUI

Operators
Tuner

Figure 2: The GA decomposition.

6. Conclusion

In this article we have discussed differences and similarities of real computer assembler languages and
theoretical models of computation like RAM. We observed that the differences were not fundamental,
we could design RAM-like model based on an assembler language, and we could simulate RAM and
86-RAM models on each other effectively (Theorems 1 and 2). We have also demonstrated that using the
assembler-like model allows us to write programs in modern high-level languages and then to use automatic
compilers to generate the model. Further we can use existing performance tools to do measurements on the
running program which are directly applicable for the model. Currently we are developing a parallel and
asynchronous model upon the 86-RAM suitable for modeling complex distributed multi-agent systems like
parallel genetic algorithm etc.
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Abstract

In this paper we discuss regularization techniques and show that from regularization principles one
can derive approximation schemes that are equivalent to feedforward neural networks with one hidden
layer, which we will refer to as regularization networks. Several learning algorithms for regularization
networks are discussed.

1. Introduction

In general a feedforward neural network can be viewed as a black-box with several inputs and outputs. The
network is able to modify its parameters so as to fit the desired behaviour described by a set of examples,
that is a set containing possible inputs together with corresponding outputs. Such a system, with the ability
to learn autonomously a given task, can be very useful in many real life applications, namely in prediction,
classification, control, etc. This learning is known as supervised learning or learning from examples. It
turns out, that there is a close connection between the function approximation problem and the supervised
learning of neural networks.

While training a neural network, we are given a set of input/output pairs � �� � 
 �� � � �� 3 � (called training set)
and we are looking for the function that represents the relation between the inputs �� � and the outputs �� �
the best. A function in some a priori given form is considered, corresponding to the type and architecture
of the network as well as some other “reasonable” assumption about the approximation function (such as
smoothness).

In the section 2 we will summarize the regularization techniques and show how different types of regular-
ization schemes, i.e. different regularization networks, can be derived. In the section 3 we describe several
algorithms that can be used for learning of regularization networks.
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2. The regularization approach

Given a set � �1� � 
 � �  � � � , � �
�� 3��

of data that was obtained by random sampling of some function %
(belonging to some space of functions

�
defined on � � ), generally in the presence of noise, our goal is

to recover the function % from the data, or find the best estimate of it. It can be done by Empirical Risk
Minimization, i.e. finding a function that minimizes the functional 
  % � � ! ��43�� ��% � �� �  � � �  � over the
hypothesis space

�
, that is a chosen function space. Since this problem is generally ill-posed, we add an

additional member called stabilizer to 
  % � . The stabilizer typically forces the smoothness of the minimizing
function, in the sense that two similar inputs correspond to two similar outputs. We get:


  % � �
�2
�43�� �-% � �� �  � � �  � ��� -  % � 
 (1)

where

-
 % � is a stabilizer and

� % #
is a regularization parameter that controls the trade-off between the

smoothness and closeness to data.

Tikhonov [8] proposed to choose a symmetric, positive-definite kernel function � and defined the stabilizer
by means of the norm ���

�
� � � in

� �
, that is the Reproducing Kernel Hilbert Space (RKHS) determined by

the kernel � . So, we minimize the functional:


  % � � ��
�2
�43�� �

� � � % � �� �   � ��� ��� % � � �� 
 (2)

over the hypothesis space
� �

. If we take the functional derivative with respect to % , apply it to (%�� � , and
set equal to 0:

��
�2
� 3�� �

� � � % � �� �   (% � �� �  � � � % 
 (% � �$#
(3)

where
� �


� �

is an inner product in RKHS. By setting (% � ���� � � �
�

 ��  we get

% � ��  � �2
�43�� � � � �� 8 � ��  � � �

� � � % � �� � � � " (4)

Another form of smoothness functional based on Fourier transform was proposed by Poggio and Girrosi
in [2]: -

 % � � �
��� 	 �� � �% � ��� � ��	 � ��� 
 (5)

where
�% indicates the Fourier transform of % ,

�	
is some positive function that goes to zero for � � �)� � � �

(i.e. �
� �	

is a high-pass filter).

Under slight assumptions on
�	

(as to be symmetric, so that its Fourier transform G is real and symmetric)
is possible to show that the solution minimizing the functional (1) has the form:

% ���  �
�2
�43�� � � 	 � ���� �� �  � �2

� 3�� 	 � " � � ��  
 (6)

where � " � � �� 3�� is a basis in the - -dimensional space 
 of the functional

-
(in most cases a set of

polynomials). Coefficients 	 � and � � depend on the data and satisfy the following linear system:

� 	
��� �  �� ��� � �	 � �� (7)- �� � #

(8)

where
�

is the identity matrix, and we defined:�� � �
� � 
 "�"#" 
 � �  
 �� � � � � 
 "�"#" 
 � �  
 �	 � ��	 � 
 "�"#" 
)	 �  (9)

� 	  � � � 	 � �� � � �� �  
 � �  � � � " � � �� �  (10)
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The existence of the solution to the linear system above is guaranteed by the existence of the solution of
minimization (1).

The real form of the stabilizer (5) depends on the choice of
�	
:

� Radial stabilizers – those are radially symmetric ones, i.e. satisfying

-
 % � �� �� � -  % ��� �� �� , where �

is an arbitrary rotation matrix. The radial symmetry reflects the assumption, that all the input variables
have equal relevance, that is, there are no privileged directions. They lead to a radial basis function	 �+� � � � �  and the approximation model corresponds to the RBF networks [3].

The important example is the Gaussian function
�	 � ��� � � ��� � �� � �

)
�

resulting in the basis function	 � ��  � � � � ���� � �
)

�
, where � is a positive parameter. As the Gaussian function is a positive definite

function,

-
 % � is a norm, its null space contains only the zero element, and therefore the additional

terms of equation (6) are not needed.

� Tensor product stabilizers – an alternative of choice for
�	 � ��  in the form

�	 � ��� � �
�� 3�� �& � � �  , where

�& is an one-dimensional function. This leads to a tensor product basis function
	 � ��  � �

�� 3�� & �1� �  ,
where & is the Fourier transform of

�& . For positive definite functions & the functional

-
 % � is a norm

and its null space is empty.

An interesting example is the choice
�& � �� �

��
�
� ) , which leads to the basis function:

	 � ��  � �
�� 3�� � � � � � � � � �

 ���� ' � � � � � � �
��� �� ��� � ' " (11)

This basis function is interesting from the point of view of hardware implementation, since it requires
only the computation of

� �
norm (instead the usual Euclidean norm

�
� ).

� Additive stabilizers – it is also possible to derive the class of additive approximation schemes, i.e.
the schemes of the form % � ��  � ! �

� 3 � % � �1� �  , where % � are one-dimensional functions. It can be
done by the use of the stabilizer -

 % � �
�2

� 3 �
�� �

�
� 	 � �

�% � � ��9� �
�& � �� 
 (12)

where
� � % #

are parameters allowing us to impose different degrees of smoothness on the different
additive components. The minimum of this functional except the null space terms has again the form
% � ��  � ! ��43�� � � 	 � ���� �� �  , where

	 � ���� �� �  � ! �
� 3 � � � & ��� � ��� ��  . The additive components are

not independent, because
� � are fixed.

3. Learning algorithms

In the previous section we derived several approximation schemes, that are all in the form

% � ��  � �2
� 3�� � � 	 � �� � 
 �� � 
 ��  
 (13)

where
�

is the number of data points, �� � are the given data samples,
	

is some basis function, � � are
possible additional parameters of basis function

	
and � � are real coefficients, typically called weights. The

scheme (13) is called regularization network. By the generalized regularization network we then understand
the network, where the number of basis functions is lower than the number of data points.

Poggio, Girosi in [7] proposed the special type of the generalized regularization network:

% � ��  � �2
� 3�� � �

	 �4� ���� � �� �  + � ( 
 (14)
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where � is matrix defining the transformation of the input space, � � are heuristically chosen centers.

Now we introduce several algorithms dealing with the learning of generalized regularization networks. We
start with the algorithm for the regularization network proposed by Poggio and Smale in [7]:

Algoritmus 3.1: Poggio, Smale

1. Start with data � �� � 
 � � � ��43���� � ,�� .

2. Choose a symmetric, positive-definite function � �� � �� �  � � � ���
 ��$�  , continuous on
� , �

.

3. Create %�� � ��� by

% � ��  � �2
� 3 � � � ���� 8 � ��  (15)

and compute �� � ��� � 
 "�"#" 
 � �  by solving

� �
� � � �  �� � �� 
 (16)

where
�

is the identity matrix, K is the square positive-definite matrix � � � � � � � �� � 
 �� �  , and�� � �
� � 
 "�"#" 
 � �  , � % #

is real number.

The linear system of equations (16) in
�

variables is well-posed, since � is positive and � �
� � � �  is

strictly positive. The strength of this algorithm is in its simplicity, but on the other hand, in real tasks, the
data set can be really huge and the algorithms of type of 3.1, where the number of basis functions is the
same as the number of data points, are not feasible.

Therefore we are more interested in algorithms for generalized regularization networks. In our past work we
have studied RBF neural networks, that are in fact a special type of the generalized regularization network.
We used a network in the form:

% � ��  � 	2� 3 ��� ��� 6
	 ���� �� � 	�� �� � 8 
 (17)

where � is some radial basis function, typically � �� , � is the number of hidden units (basis functions). Note
that in our model each hidden unit  has possibly different norm matrix � � . In [6] we described three main
approaches to the RBF network learning Three step learning, Gradient learning and Genetic learning and
also demonstrated them on several experiments.

The lower number of basis functions in generalized regularization networks is outweighted by the following
obstacles: the learning problem is no more well-posed and more network parameters (such as centers�� � , widths

� � and matrices � � ) have to be determined. We are in a danger of overfitting, that means
that our solution can go through all the data points (or most of them) and minimize the empirical risk! ��43�� �-% � �� �  � � �  � correctly, but oscillate too much and give a poor generalization results.

One way how to deal with this problem, is to add the regularization term to the error function similarly
we did while minimizing the functional (1). (Note that now we are minimizing a function on the space of
network parameters, while in section 2 and 5 we were minimizing a functional on some function space.)

Bishop in [1] proposed to measure the smoothness using the second derivatives of the approximating
function:

2�� � 	 �
�2
� 3 � �-% � �� �  � � �  � ��� 2 �  �� 
 2 �� �� �

�2
�43��

�2� 3�� 0 � � %� � �� � ��  3 � 
 (18)

where � � is the  -th coordinate of �� .

Our Three step learning adopted to the error function (18) leads to the algorithm:
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Algoritmus 3.2: Three step algorithm based on Bishop’s regularization

1. Set the centers �� � as random samples from the data set or find suitable representatives by a vector
quantization.

2. Find the values for
� � a � � �� � � �� � � by minimizing the error function

2 � �#� 

��� �


 ��	 ��� � �� 

� ���


�� � �	  � ��
	2
� 3�� . 	2

� 3�� � ����� < � � <�� �
	 �� � � ) 6 	 � � � � � 	 � ���� 8 � � �
5 �


 (19)

where � is an overlap parameter.

3. Find the values of � � : Take derivative of (18) and put them equal to zero. Solve the linear system by
pseudoinverse. � �

-
� � 


-
� � �
- � -

 �
� -

(20)

where � � �
	� �



-
� �

	� 	
and

� � � � �2
%13�� 	 9

% =� � � � �� 9 % =  
 � � � �� %  � �
��� � ��

�
� < � �
	 �� � �

)
(21)- � � � �2

%13�� 0 � � � �� 9 % =  � � � �� 9 % =  � 	 �2
�43�� 0 � � � 9 % =�� � �� � � � 9 % =�� � �� 3 3

" (22)

This algorithm is similar to Algorithm 3.1 and is also quite simple. The trickier parts are the step 1 and 2,
since they are in fact based on heuristics. The solving of linear system, though ill-posed, can be successfully
treated by known numerical methods. The main disadvantage of the algorithm, as well as in Algorithm 3.1,
is the presence of parameter

�
, that must be somehow estimated, and that may significantly influence the

solution.

Our second approach – Gradient learning – is based on minimizing the error function by the gradient
algorithm. In order to include regularization, we simply replace the error function by the function (18),
compute its derivatives and apply the gradient descent algorithm. In order to avoid the parameter

�
, we

will use the error function without the regularization member, but we will control the generalization ability
of the network during learning, similary to cross-validation.
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Algoritmus 3.3: Gradient learning with the test for generalization

1. Split the data set � � to training set � � � and testing set � � � (for instance 90% for training set, 10%
for testing set, depending on the number of data points).

2. �  �� � � ���� random sample from � � �
�  � � � �� 
�� � �� � ���� small random value
�.� #

3. For all  and � ���� in �� � � �� 
 � � ���  
�� � �� � �� :

� � ������ ���
� 2 �

� �
�
� � � ����� �� 
 � � ���� � ����

� � � � �� (23)

2 � � 2
�� � � 7 ' ��% � ��  � � �  � (error on the training set) (24)

4. �6� �
�
�

5.
2
� �

!
�� � � 7 ) �-% � ��  � � �  � (error on the testing set)

6. If both
2 �

and
2
� are decreasing, go to 3. If

2
� started to increase, STOP.

The last algorithm we want to introduce here is the Genetic learning. It is the application of stochastic
optimization technique known as Genetic algorithms on the minimization of the error function. Since it
requires no computation of derivatives of the error function, but only an evaluation of it, we can use any
form of the error function.

Algoritmus 3.4: Genetic learning with the regularization

1. Create random population � � of ( feasible solutions. �.� #
2. For all

� �,� � compute:

� � � � � �  �
�2
�43�� �-% ) � �� �  � � �  � ��� 2 �� �� (25)

where % ) is the function represented by individual
�
.

3. If the lowest cost in the population is sufficient STOP.

4. Create empty � � �
�

and repeat until � � �
�

is full:

Selection: select 2 individuals
� � 
 � � (lower cost � higher probability).

Crossover:
� �� 
 � �� � crossover � � � 
 � �  .

Mutation: mutate(
� �� ), mutate(

� �� ).
Add

� �� 
 � �� into � � �
�
.

5. �6� �
�
� , goto 2.

The regulatization member
2 �� ��

in the step 2 is either the Bishop’s one from the equation (18) or the one
proposed by Tikhonov:

2 �� �� � �
�2
�43�� � �� (26)

More details can be found in [6] or [4].
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4. Conclusion

We gave a summary of the use of regularization principles, showed how the regularization networks can be
derived and how the different types of stabilizers lead to different types of regularization networks.

We proposed several algorithms for estimating the parameters of generalized regularization networks with
radial basis functions. After slight adaptations, all of them can be used also for the other types of regularization
networks from section 2.

We have tested these algorithms, without the regularization extension, for the network with the Gaussian
basis function in our past work. The results of several experiments can be found in [6],[4] or [5]. Now we
plan to tests our algorithms, including the regularization extension proposed in this paper, and other models
described in section 2.

References

[1] C.M. Bishop. Improving the generalization properties of Radial Basis Function neural networks.
3:579–588, 1991.

[2] Tomaso Poggio Federico Girosi, Michael Jones. Regularization theory and Neural Networks architec-
tures. Neural Computation, 7,No.2:219–269, 1995.

[3] Simon Haykin. Neural Networks. Macmillan College Publishing Company, New York, 1994.
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[5] P. Kudová. Genetic and eugenic learning of RBF networks. Technical Report V-880, Institute of
Computer Science, AS CR, Prague., 2002. p. 1-6.
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obor studia:
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Abstrakt

V tomto přı́spěvku pojednáme o problému minimalizace nelineárnı́ funkce na množině omezenı́
obsahujı́cı́ rovnosti i nerovnosti. Zavedenı́m logaritmického barierového členu převedeme původnı́ prob-
lém na ekvivalentnı́ problém, ve kterém se vyskytujı́ pouze omezenı́ s rovnostmi a odvodı́me soustavu
lineárnı́ch rovnic pro jeho řešenı́, které je ekvivalentnı́ úloze nalezenı́ lokálně omezeného kroku kvadrat-
ické funkce s lineárnı́m omezenı́m. Sestrojı́me iteračnı́ metodu, založenou na modifikované metodě s
lokálně omezeným krokem, sloužı́cı́ k jejı́mu řešenı́.

1. Metoda vnitřnı́ho bodu

Budeme se zabývat obecným problémem nalezenı́ minima funkce % na množině dané omezenı́mi ve
tvaru rovnostı́ a nerovnostı́

% ���  � 	�
 � 
 vzhledem k � ) �1�  � # 
 � � �1�  � # 
 (1)

kde
%�� � � � � 
 � ) � � � � �

���

 � � � � � � �

�
�

jsou dvakrát spojitě diferencovatelné funkce ( � ) � #
je myšleno po složkách),

� � � � 
 "�"�" 
 � ) � 
 2 � � � ) �
� 
 "'"�" 
 � ) � � � � � �

a předpokládáme, že
� � � + "

Tento problém je obtı́žně řešitelný z důvodu výskytu nerovnostı́ � ) ���  � # " Abychom tyto nerovnosti
odstranili, zavedeme vektor pomocných proměnných

� � �
) � � � � 
 "�"'" 
 � ��� ?� � ���
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a převedeme problém (1) na úlohu s rovnostmi a jednoduchými nerovnostmi

% ���  � 	 
� 
 � ) �1�  � �
� # 
 �

� # 
,� � �1�  � # " (2)

Podstata metody vnitřnı́ho bodu spočı́vá v náhradě omezenı́ �
� #

přidánı́m logaritmického barierového
členu s konstantou � % #

k funkci % . Tı́m dostaneme úlohu

* ����
 �� � % �1�  � � �
� � � ��� ) �� � 	�
� 
 ������
 �� 97;���  � ) �1�  � � 
 � � ��� �� � # 
 (3)

kde � je vektor se samými jedničkami a � ) � � 
 ��� � � � 
�� � �  
 která má pouze omezenı́ ve tvaru rovnostı́.
Logaritmická barierová funkce vyžaduje, aby platilo �

� % # � � � � 
 což lze zajistit vhodným výběrem
délky kroku. Pro �+� #

dostaneme řešenı́ původnı́ úlohy (1).

Budeme použı́vat označenı́

� ���  �  � ) ���  
 � � �1�  � �  � � �1�  
 "'"�" 
 � � �1� �� � � � 

� �1��
 �� �  � ) �1� 
 �� 
�� � �1� 
 ���� �  � � ���  � �

� 
 "'"�" 
 � ��� ���  � �
��� 
 � ��� �

� �1�  
 "�"�" 
 � � �1�  � � � � � 

 � ) �1�  
�� � ���  � �  � � � ) �1��
 �� 
 � � � � ����
 �� � �  � � � � ���  
 "'"�" 
 � � � � ��� ���� � �  � "

Jestliže má Jacobiho matice  � ) �1�  
�� � ���  � lineárně nezávislé sloupce, pak řešenı́ ��� 
 ��� problému (3)
splňuje následujı́cı́ Karush-Kuhn-Tuckerovy podmı́nky (nutné podmı́nky pro extrém). Necht’

� ����
 � 
 �  � * �1� 
 �� � �
�
������
 �� � % �1�  � � �

� � � ��� ) �� � �
�
� �1� 
 ��

je Lagrangeova funkce problému (3) s multiplikátory � �  � �) 
 � �� � � � � � " Označme

& � ����
 � 
 �  � � � � �1��
 � 
 �  � � � % ���  �  � ) �1�  
	� � �1� ����
& � ����
 � 
 �  � � � � ����
 � 
 �  � � �
� �

�) �
�
� ) � � �
� �

�) �
��� ) �

 � � ����
 � 
 �  � �
�� � � ����
 � 
 �  � � �� � % ���  � �2

� 3��
� �
�
�� � � � �1� ,�
� ����
 � 
 �  � �

� �
� � �1��
 � 
 �  � �
� � �)

jejı́ gradienty a Hessovy matice. Pak existuje vektor ��� � � � 
 že platı́� � � �1� � 
 � � 
 � �  �$# 
 � � � �1� � 
 � � 
 � �  � # 
 � # � �1� � 
 � � 
 � �  � # "
Hledáme tedy řešenı́ � � 
 � � 
 � � 
 které splňuje

& � �1��
 � 
 �  �$# 
 & � ����
 � 
 �  � # 
 � �1��
 �� �$# " (4)

2. Odvozenı́ soustavy rovnic

Základnı́ metody pro řešenı́ problému (3) jsou iteračnı́ a jejich iteračnı́ krok má tvar

� � � � � �
� 	 � 
 � � �

�

�
�
� 	 � 
 � � � �

�
�
# 	 # 


kde 	 � � � � 
 	 � � � � � 
�	 # � � � jsou směrové vektory a �
� 
 � � 
 � # % #

jsou délky kroku. Pro
nalezenı́ směrových vektorů použijeme metodu odvozenou z Newtonovy metody aplikovanou na nelineárnı́
KKT systém (4), kde �

� �
�
� �

�
# �

� "
Budeme uvažovat dva přı́stupy. Primárnı́ formulace vznikne použitı́m Newtonovy metody na soustavu (4).
Jestliže nejprve vynásobı́me druhou rovnici (4) maticı́ � )

& � � � �
� �
�) �
��� ) � �$# � � ) & � � � � �

�
� )
� ) � �$#

a teprve na tuto výslednou rovnici aplikujeme Newtonovu metodu, dostaneme tzv. primárně-duálnı́ for-
mulaci. Ta je výhodnějšı́, vede na efektivnějšı́ algoritmy. Po aplikaci Newtonovy metody dostaneme tyto
rovnice (vlevo primárnı́, vpravo primárně-duálnı́ formulace a vynecháme proměnné ��
 � 
 � ) - lišı́ se pouze
druhá
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 � � 	 �
�  � ) 
�� � � 	 # � � & �  � � 	 �

�  � ) 
�� � � 	 # � � & � �
� 	 �
�  � 
 # �4	 # � � & �

� ) 	 �
�
� ) 	 # � � � � ) & � � ) 
	� � � � 	 �

�  	 � � 
 # � � � � �  � ) 
	� � � � 	 �
�  	 � � 
 # � � � � �

Předpokládejme, že 	 # � > 	 �# � 
0	 �# �6@ � a necht’ matice �
� �

aproximuje Hessovu matici
 � � 
 nebot’ v

praxi mı́sto druhých derivacı́ počı́táme jejich aproximace pomocı́ diferencı́. Aby se vyškáloval vektor 	 � 

vynásobı́me obě druhé rovnice diagonálnı́ maticı́ �

) � � � � a abychom dostali symetrickou soustavu,
nahradı́me neznámou 	 � výrazem � �

�) 	 � " Dostaneme tuto tzv. primárnı́, resp. primárně-duálnı́ iteračnı́
metodu se soustavou lineárnı́ch rovnic pro neznámé 	 � 
0	 � 
0	 # � 
0	 # � �%55& � � � # � ) � �# (� �

) #
�
�) �

) # #
�
�� # # # + 66, �

%55& 	 �
� �

�) 	 �
	 # �
	 # �
+ 66, � �

%55& & �
�
) & �
� )
� �
+ 66,

kde

(� �
���

) � � �) � ) 
 resp. (� �
�
) � �

�) � )
�
) "

Jestliže pro primárnı́, resp. primárně-duálnı́ formulaci položı́me

� ) � ��
�
� ) 
 resp. �

) � � � )
� � �) 

')
(v praxi lze volit i jiná vyjádřenı́ matice �

)
), platı́ (� � � a výsledný systém má tento tvar6 � �

�
� # 8 ��6 	

	 # 8 � �
6 &
�
8 
 (5)

kde

	 � � � �
���


�� � � 9 � �
��� =  9 � �

��� = 
 & � � � �
���


 � � � 9 � �
��� =  9 ��� �

�
� = 
 � � � ��� �

�
� 


přičemž

	 � 6 	 �
� �

�) 	 � 8 
�� � 6 � � � ## �
8 
 & � 6 & �

�
) & � 8 (6)

� � 6 � ) � �
� ) # 8 
 � � 6 � )

� � 8 (7)

Systém (5) je dimenze +
� � � ) � � � " Tuto velikost lze zmenšit částečnou eliminacı́. Z druhé rovnice (4)

plyne

� �
� �
�) �
��� ) � � # � � )

� ) � � � �
a jestliže � � # 
 pak pro libovolný index � � �

platı́ bud’ � � � #
nebo �

� � # " Množinu omezenı́ s
nerovnostmi rozdělı́me na aktivnı́ a neaktivnı́ podmnožinu.

� Jestliže platı́ �
� ��� ) � � 
 � � � 
 nazveme přı́slušná omezenı́ aktivnı́ a označı́me je symbolem � " spolu

s přı́slušnými veličinami, tedy např. �� ) �1�  
	�� ) 
 �� ) 

�� ) " Jsou to ta omezenı́, pro která je � � ���  
 � � � 

blı́zko nuly, přičemž �� ) � ���� � .

� Jestliže platı́ �
� % � ) � � 
 � � � 
 nazveme přı́slušná omezenı́ neaktivnı́ a označı́me je symbolem  "

spolu s přı́slušnými veličinami, tedy např. � ) �1�  
�� ) 
 � ) 

� ) " Jsou to ta omezenı́, pro která je � � 
 � � � 

blı́zko nuly, přičemž � ) � ������ 
 kde �� ) �

� ) � � ) "
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Ze soustavy (5) vyloučı́me neaktivnı́ omezenı́. Nejprve vyeliminujeme

	 � � � � � �) 	 � � � ) # (8)

a dále po dosazenı́ a úpravě dostaneme pro primárnı́, resp. primárně-duálnı́ metodu

	 # � � � � � �) � � �) 	 � � � ) # � � � � � �) � � 
� ) � 
 resp. 	 # � � � �

�) 
� ) � � �) 	 � � � ) # � � � �

�) � " (9)

Nakonec dosadı́me do prvnı́ rovnice za 	 # � " Po této eliminaci obsahuje systém (5) pouze aktivnı́ omezenı́ a
má tento tvar %55& (� � � # �� ) � �#

� ��
) #

��
�) ��

) # #
�
�� # # # + 66, �

%55& 	 �
�� �

�) �	 �
�	 # �
	 # �
+ 66, � �

%55& (& �
��
)
�& �
�� )
� �
+ 66, (10)

kde pro primárnı́ metodu je

(� � � �
�

� � �
� � ) � � �) �

�) 
 (& � � & �
�
� � ) � � �) � )

� � � � ) � �
�) � � � ) � ) �

a pro primárně-duálnı́ metodu

(� � � �
�

� � � � ) � �
�) 
� ) �

�) 
 (& � � & �
�
� ) � �

�) 
� )
� )
�
� � ) � �

�) � "
Matice (� � �

a vektor (& � jsou omezené (předpokládáme, že původnı́ matice �
� �

a vektor & � jsou omezené)
a dimenze soustavy (10) je +

� � �� ) � � �
.

3. Výpočet směrových vektorů

Systém (10) lze řešit bud’ přı́mo užitı́m vhodného rozkladu nebo iteračně předpodmı́něnou metodou
Krylovových podprostorů pro symetrické indefinitnı́ systémy. My však zvolı́me jiný způsob, převedenı́m na
metodu s lokálně omezeným krokem. Bez újmy na obecnosti můžeme předpokládat, že jsou všechna omezenı́
aktivnı́, tedy �� ) � � ) " Uvažujme problém minimalizace kvadratické funkce vzhledem k lineárnı́mu
omezenı́: � ��	  � �� 	

�
�5	

�
&
�
	 � min 
 �

�
	
�
� � # 
 (11)

kde 	 
 ��
�& 
�� 
�� majı́ tvar (6) a (7). Označı́me-li 	 # �  	 �# � 
)	 �# �6� � � � � � �
�
�

Lagrangeův multiplikátor,
lze ukázat, že problém (11) a problém nalezenı́ směrových vektorů pro problém (3) jsou ekvivalentnı́, nebot’
vedou na stejnou soustavu rovnic, která má obecný tvar (5).

Původnı́ problém nalezenı́ (aktivnı́ch) směrových vektorů jsme tedy převedli na problém minimalizace
kvadratické funkce, na který aplikujeme metodu s lokálně omezeným krokem. Po přidánı́ omezenı́

	 	 	 � � (12)

nám vznikne vedle lineárnı́ho omezenı́ �
�
	
�
� � #

ještě dalšı́ podmı́nka. Obě podmı́nky však mohou být
nekompatibilnı́ (norma řešenı́ (11), kterou neznáme, může být většı́ než � ). Z tohoto důvodu provedeme
modifikaci metody s lokálně omezeným krokem zavedenı́m tzv. vertikálnı́ho a horizontálnı́ho kroku. Budeme
uvažovat řešenı́ 	 � ve tvaru 	 � � 	 � �

	 � "
Uvažujme nejprve tuto minimalizačnı́ úlohu

	 �
�
	
�
� 	 � 	�
� 
 	 	 	 � � � (13)

pro
# � � � � (např.

� � # " � ). Řešenı́ 	 � této úlohy lze spočı́tat libovolnou metodou s lokálně omezeným
krokem, např. metodou psı́ nohy.

Nynı́ přeformulujeme problém (11)-(12) takto:

� ��	  � �� 	
�
�5	

�
&
�
	 � 	�
� 
 �

�
	 � �

�
	 � 
 	 	 	 � � " (14)
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Tato nová formulace obsahuje kompatibilnı́ omezenı́, nebot’volba 	 � 	 � splňuje obě podmı́nky. Řešenı́
tohoto problému označı́me 	 � a spočı́táme ho např. předpodmı́něnou metodou sdružených gradientů. Na
obrázku je vidět způsob výpočtu směrového vektoru pomocı́ vertikálnı́ho a horizontálnı́ho kroku.

o

∆
δ∆

dV

dH

[dx,ds]

.

//

[x,s]

o
[x*,s*]

ATd+h=0

h(x,s)=0

//

4. Volba pokutové funkce

Metody s lokálně omezeným krokem vedou na krok � �
� � � �

� 	 � 
 � �
�
�

�
�
� 	 � 
 kde bud’ �

� �
�

a �
� � � # 
 � � je takové, že � � % #

(tzv. přijatelný krok) nebo �
� �

�
� �$#

(tzv. nulový krok). Definujme

�
� � � � 
 pokud �

�
	 � % #

�
min � � � � � # 
 ���� takové, že �

�
�
� 	 � % # 
 pokud �

�
	 � � # "

Označme �
�  � � 
 � � � a pro �

�
� definujme �

�  � 
 � � � " Uvažujme dále následujı́cı́ pokutovou funkci
� � �  s koeficientem � % # �
� � �  � * �1� � �

� 	 � 
 �
�
�
� 	 � 

�
� �
�
	 # 

�
� �1� � �

� 	 � 
 �
�
�
� 	 � 

� �

� 	 �����
�
�
� 	 � 
 �

�
�
� 	 �  	 �

a spočı́tejme skutečný a předpověděný pokles této funkce. Skutečný pokles je definován jako rozdı́l � � �� �
� � #  " Jestliže

� � � �  je kvadratická aproximace funkce � � �  
 pak je rozdı́l

� � � �� � � � � #  � � � � #  � �� 	
�
�5	

předpověděný pokles funkce � � �  " Abychom rozhodli, zda je krok přijatelný či nikoli, vytvořı́me podı́l
skutečného a předpověděného poklesu. Jestliže

� � �� � � � # � � � �� � � � � #  % # 

je krok přijatelný a poloměr � můžeme zvětšit. V opačném přı́padě je krok nepřijatelný (nulový) a poloměr� je třeba snı́žit. Nutnou podmı́nkou pro aplikaci metody s lokálně omezeným krokem je však splněnı́
nerovnosti

� � � �� � � � � #  � # " Ta je splněna, zvolı́me-li

� % �
�
� 	

�
� 	

�
	
�
&
�
	
�
� 	 #

	
�
� � 
 kde 	

�
��� � # "

Parametr � měnı́me v každé iteraci. Většina implementacı́ metod vnitřnı́ho bodu volı́ hodnotu � tak, že# � � �
� $ # ���� 
 tedy �

��� � $ # �� � pro 	 ��� # 
 �� " V praxi se ukázalo, že algoritmus pracuje nejlépe tehdy,
když jdou složky �

� � � stejnoměrně k nule. K tomuto účelu zavedeme veličinu

� � 	�
� � � ) � � � � � �
�
�
� ) ���,)
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Zřejmě platı́
# � � � � a � � � právě když je �

� � � konstantnı́ � � � � " Nynı́ použijeme následujı́cı́
heuristiku pro volbu 	 a tedy � 
 která se v praxi ukázala jako velmi efektivnı́:

�
� 	 �

�
� )��) 
 kde 	 �$# " � � 	�
� � � � �� # � 
 ��� �

Poloměr � měnı́me v závislosti na hodnotě podı́lu
� 9 � = � � 9 � =��� 9 � = � ��� 9 � = " Je-li blı́zko nuly, � zmenšı́me, je-li

blı́zko jedničky nebo většı́ než jedna, � zvětšı́me.

Na závěr uvedeme algoritmus popsané metody.

Data: % � � � � � 
 � �  � ) 
 � � � � � � � �
�
"

Zvolı́me: ��� � � 
 � � � � � 
 ��� � � 
 � % # 
 � 
 � ) � � # 
 �� 
 # � � � � �
�

 # � � � � � � "

1. Určı́me � ) ���  
 � � �1�  
�& ����
 � 
 �  
 � �1� 
 �� " Je-li � � � 
 	 & 	 � � 
 	 � 	 � � 
 pak STOP.

2. Pomocı́ diferencı́ spočı́táme druhé derivace funkcı́ % �1�  a � �1�  
 položı́me � � 	 & 	 a určı́me aktivnı́
a neaktivnı́ omezenı́ � � � � � ) � � 
 resp. �

� % � ) � �  "
3. Metodou s lokálně omezeným krokem spočı́táme vektory 	 � 
 �	 � 
 �	 # � 
0	 # � 
 ze vzorců (8) a (9)

vypočı́táme vektory 	 � 
 	 # � 
 tı́m zı́skáme 	 � 
)	 # a položı́me 	 �  	 �� 
0	 � � � � "
4. Zvolı́me � % #

tak, aby � % �
') � $�� �

�
� $ �

�
� $	� ��
�
$ � 	 "

5. Spočı́táme maximálnı́ délku kroku �
� � � # 
 � � takovou, aby platilo �

�
�
� 	 � % # "

6. Vypočı́táme podı́l � � � 9 � = � � 9 � =��� 9 � = � ��� 9 � = " Je-li � � # 
 zvolı́me � � 	 	 	 a návrat na krok 3.

7. Spočı́táme maximálnı́ délku kroku �
# � � # 
 � � takovou, aby platilo �

�
�
# 	 # % # "

8. Položı́me � � � � � 	 � 
 � � � �

�
�
� 	 � 
 � � � �

�
�
# 	 # "

9. Pokud � � � 
 položı́me � � � � 	 	 	 
 pokud � � � 
 položı́me � � � � � " Dále spočı́táme
� � � @ B 8� � � � 8 # 8 �� $ # � � ��� 
 	 �$# " � � 	�
� ! � ���

� � � 
 � & � 
 položı́me �
� 	

� $ # ���� a návrat na krok 1.

5. Numerické experimenty

Výše uvedená metoda byla testována v prostředı́ UFO na třech množinách, každá z nich obsahuje
17 testovacı́ch problémů s 1000 proměnnými. Výsledky jsou uvedeny v tabulce, kde jednotlivé sloupce
znamenajı́

� NIT - celkový počet iteracı́

� NFV - celkový počet vyčı́slenı́ funkčnı́ hodnoty

� NFG - celkový počet vyčı́slenı́ gradientu

� NCG - celkový počet iteracı́ metody sdružených gradientů

� NRS - celkový počet restartů

� TIME - celkový čas v sekundách

� NFAIL - celkový počet problémů z dané množiny, které se nepodařilo vyřešit
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Množina NIT NFV NFG NCG NRS TIME NFAIL
1 1106 1171 8522 26060 10 10.53 1
2 904 998 6185 10521 8 6.77 1
3 544 625 3989 7545 8 8.36 1

Informace o systému UFO a testovaných přı́kladech lze zı́skat na adrese
http://www.cs.cas.cz/˜luksan/test.html.
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genetickou statistiku

doktorand:

MGR. MARKÉTA PAVLÍKOVÁ
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Abstrakt

Článek popisuje výsledky analýzy charakteristik dostupných softwareových systémů pro genetickou
statistiku. Studie vznikla v rámci shromažd’ovánı́ informacı́ o existujı́cı́m software při přı́pravě vlastnı́ho
otevřeného modulárnı́ho systému pro analýzu genetických dat v EuroMISE Centru – Kardio.

1. Úvod

V současné době existujı́ vı́ce než dvě stovky nejrůznějšı́ch softwareových systémů vhodných pro analýzu
genetických dat. Jejich tvůrci pocházejı́ ze všech končin (internetového) světa, a stejně tak jsou po internetu
roztroušeny stránky, kde je možné zı́skat o software informace či možnost si ho stáhnout. I přes existenci
několika málo seznamů, které jsou vı́ce či méně úplné a vı́ce či méně často aktualizované, může hledánı́
vhodného software pro analýzu právě našich dat trvat i týden a ani pak nemusı́me být úspěšnı́.

V minulém roce vznikla v rámci EuroMISE Centra – Kardio iniciativa za vznik vlastnı́ho otevřeného
systému, který by nabı́dl výzkumnı́kům (zejména lékařům a biologům) jednoduchou možnost drobných
analýz vlastnı́ch dat, aniž by museli vynakládat úsilı́ na učenı́ se obecného software. Genetická data majı́
totiž svůj specifický charakter a aplikovat na jejich analýzu obecný software často vyžaduje vhled odborného
statistika. Postupně se idea rozvinula do představy modulárnı́ho systému, který by byl intuitivnı́, otevřený
a časem mohl pokrýt kromě jednoduchých aplikacı́ také výsledky výzkumných aktivit Centra.

Součástı́ přı́pravy se také stal důkladný průzkum stávajı́cı́ho publikovaného software a otevřených systémů
pro analýzu genetických dat. Kromě potvrzenı́, že něco podobného našı́ koncepci nenı́ pro tuto chvı́li
zastoupeno, přinesla analýza řadu zajı́mavých faktů nejen o stavu, dostupnosti a složitosti genetického
software, ale také o různých jazycı́ch a platformách, pro které je software vytvářen.
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2. Metody

Analýza byla založena na informacı́ch shromážděných v pravděpodobně nejkvalitnějšı́m (nejúplnějšı́m)
seznamu genetického software na linkage.rockefeller.edu/soft [1]. Ze seznamu byly extra-
hovány objektivnı́ informace o jazyce, platformě a obsahu; subjektivně byla pak každá položka vyhodnocena
podle dostupných informacı́ co do velikosti a aktuálnosti. Velikost software se pohybovala na stupnici malý
(jeden či několik málo spustitelných souborů, zabývá se jednı́m tématem/algoritmem), střednı́ (několik
metod/spustitelných souborů/témat) a komplexnı́ (nahlı́žı́ data z několika úhlů, aplikuje různé metody a
doplňky, stará se o data od kontroly zápisu po zobrazenı́). Aktuálnost byla hodnocena podle roku poslednı́ho
update s hranicı́ poslednı́ch pět let a před rokem 1990 (kategorie nový/vylepšovaný; staršı́, ale udržo-
vaný/použı́vaný; starý, neudržovaný).

Obsah programu, tedy oblast genetické statistiky, kterou se zabývá, se určoval obtı́žně. Nakonec se kategorie
ustálily na následujı́cı́ch: A (asociačnı́ studie, včetně TDT a case-control), L (parametrická i neparametrická
vazebná analýza), G (hledánı́ umı́stěnı́ genu v genetické mapě, analýza QTL), M (tvořenı́ a práce s genet-
ickými mapami), E (populačnı́ charakteristiky), D (tvorba a správa databáze), S (simulace), P (kreslenı́ a
správa rodokmenů), R (kreslenı́ map), X (určovánı́ charakteristik rodokmenů včetně inference haplotypů),
Y (výpočty velikosti souborů a sı́ly testů), H (pomocné programy na konverzi dat mezi programy, kontrolu
chyb apod.).

3. Výsledky

V databázi [1] bylo nalezeno celkem 240 různých programů pro práci s genetickými daty. Ve dvanácti
přı́padech byl program již dávno zahrnut do některého ze systémů a z analýzy byl vyřazen. Celkem tak do
analýzy vstoupilo 228 položek, 12 z nich (5%) se zcela chybějı́cı́mi hodnotami (nebylo možno zı́skat žádné
informace kromě názvu, výjimečně autora). Procenta jsou proto obvykle vztažena k počtu 216 položek s
alespoň nějakými daty. Připomeňme, že procenta v tabulkách se ne vždy sčı́tajı́ do �

#*#��
, protože některé

položky vykazujı́ vı́ce než jež jeden aspekt jak zaměřenı́, tak třeba užitého programovacı́ho jazyka nebo
operačnı́ho systému.

3.1. Zaměřenı́

Zaměřenı́ software v databázi (tabulka 1) se zdá odpovı́dat rozloženı́ zájmů ve vědecké obci. Nejsilnějšı́
pozici zaujı́má software pro vazebnou analýzu (26%), což je v souladu s tı́m, že vazebná analýza je typicky
nejčastěji a historicky nejdéle prováděným typem analýz. Nepřekvapuje ani druhá pozice programů pro
asociačnı́ studie (17%), které obvykle vazebnou analýzu doplňujı́ a v poslednı́ době si, zejména dı́ky TDT
a jeho variantám, zı́skávajı́ oblibu. Překvapenı́m bylo vcelku malé množstvı́ programů pro hledánı́ QTL
(10%), které je vysvětlitelné existencı́ několika málo velmi dobrých a propracovaných algoritmů. Na rozdı́l
od vazebné analýzy, která použı́vá velké množstvı́ metod, a jejichž velkou část nenı́ složité naprogramovat,
hledánı́ QTL a umist’ovánı́ genů do mapy je poměrně obtı́žné a vedlo k rozvinutı́ mála, ale dobrých
a rozšı́řeně použı́vaných programů (Genehunter, MapMaker a jejich odvozeniny). Poměrně silně byl v
databázi zastoupený software pro vytvářenı́ a zobrazovánı́ genetických map (celkem 15%) různé kvality a
stářı́, použı́vaný obvykle pro data z experimentálnı́ho živočišného a rostlinného výzkumu.

Stanovovánı́m populačnı́ch charakteristik, které kromě alelických frekvencı́ zahrnujı́ i testovánı́ HWE a
různé mı́ry genetické vzdálenosti a rozmanitosti, se zabývá jen málo software (5%), a to navı́c obvykle v
rámci komplexnı́ho pohledu na genetická data. Důkladně a samostatně se této problematice věnuje pouze
jeden nalezený program, švýcarský Arlequin.

Samostatnou kapitolu tvořı́ skupina pomocného software, který zahrnuje vı́ce než třetinu software v databázi
(celkem 36%). Patřı́ do něj jednak databázové systémy (8%), programy na výpočet velikosti souborů a sı́ly
testů (4%), simulačnı́ software (5%), velmi užitečný pro ověřovánı́ stabilnosti hypotéz a statistik, a programy
na kontrolu a konverzi dat (12%). Zajı́mavostı́ je, že programy na konverzi datových formátů vznikaly
předevšı́m v dřı́vějšı́ch dobách, nynı́ jsou zpravidla, vzhledem k postupujı́cı́ standardizaci, automatickou
součástı́ většı́ch balı́ků.
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kód obor počet zastoupených procento zastoupených

A asociačnı́ studie 37 17%
L vazebná analýza 57 26%
G umı́stěnı́ genu 22 10%
M tvořenı́ map 27 13%
R kreslenı́ map 6 3%
E populačnı́ charakteristiky 10 5%
D databáze 18 8%
S simulace 11 5%
P tvorba rodokmenů 21 10%
X charakteristiky rodokmenů 18 8%
Y pomocné výpočty 8 4%
H pomocné programy 25 12%

Tabulka 1: Zastoupenı́ jednotlivých oborů (n=216)

Poslednı́ velkou skupinu z těchto pomocných programů tvořı́ software na kreslenı́ rodokmenů (10%).
V tomto přı́padě se do databáze dostaly nejen programy doplňujı́cı́ analytický software, ale i komerčnı́
programy pro práci praktických lékařů a genetických poradců a dokonce i komerčnı́ kreslicı́ software pro
kreslenı́ rodinných rodokmenů soukromnı́ků. Nenı́ bez zajı́mavosti, že tento je často předražený vzhledem
k cenám licencı́ daleko schopnějšı́ho software, nehledě k tomu, že i mimo [1] lze k tomuto účelu najı́t řadu
open source programů. Téměř polovina kreslicı́ho software v databázi byla placená (10 z 21), na druhou
stranu tvořil tento většinu (přes 60%) placeného software (kterého bylo celkem 7%). Zbytek placeného
software tvořily zejména databáze (často i s možnostı́ kreslenı́) a komplexnı́ analytické celky (S.A.G.E.,
makra pro SAS, dvojice JoinMap a MapQTL apod.).

Zajı́mavý je rozdı́l mezi software z oboru G (umist’ovánı́ genu) a L+A (vazebná analýza a asociačnı́ studie)
vzhledem k způsobu rozvı́jenı́ a vytvářenı́ nových systémů. V oboru G se časem vyprofilovaly dvě velké
skupiny založené na základnı́ch algoritmech, Genehunter a MapMaker. Ostatnı́ programy pak typicky
základnı́ systémy nějakým způsobem doplňujı́ (rozšı́řenı́ pro rodokmeny s komplikovanějšı́ strukturou,
pro dva bialelické lokusy, pro sourozence, kreslicı́ doplněk) nebo zrychlujı́. Celkem tak software z těchto
dvou skupin tvořı́ přes polovinu programů ve svém oboru. V oboru L+A je situace jiná, software tvořı́
rozmanitou směs, z nı́ž vystupujı́ dvě výraznějšı́ skupiny: Linkage s podobnou evolucı́ jako Genehunter
(zobecňovánı́, doplňky, přı́padně zrychlenı́ – Allegro), která se soustředı́ pouze na vazebnou analýzu, a
Pangaea, která je spı́še volným, ale jednotně spravovaným uskupenı́m devı́ti programů různého zaměřenı́
od populačnı́ch charakteristik přes asociačnı́ studie až po vazebnou analýzu a kreslenı́ rodokmenů. Tyto dvě
rozdı́lné struktury dobře odrážejı́ kompaktnı́ nebo naopak roztřı́štěný charakter daných oborů.

3.2. Rozsah a aktuálnost

Většina programů byla zařazena do kategorie malý (45%, viz tabulka 2). To vypovı́dá o tom, že značná
část existujı́cı́ho software jsou zčásti malé spustitelné soubory, které si výzkumnı́ci pı́šı́, aby aplikovali
právě jednu zkoumanou metodu, a zčásti pomocné utilitky, které se zabývajı́ úpravou dat, zobrazovánı́m
a zkoušenı́m. Přibližně třetina software se zařadila do kategorie střednı́ (36%) a 26 programů (12%) bylo
označeno jako komplexnı́. V této skupině se pochopitelně ocitly jednak úspěšné celky typu Linkage,
Genehunter a MapMaker, jednak volná seskupenı́ drobných utilit a programů (Pangaea, MKGST, linkage
utility programs), samostatné propracované jednotky jako Merlin, Arlequin, Madeline, Mendel, a také
komerčnı́ software jako makra pro SAS, S.A.G.E, Progeny a GAP. Souvislost komerčnı́ho software s
velikostı́ nenı́ náhodná, placené programy tvořı́ čtvrtinu mezi všemi komplexnı́mi. Na druhou stranu je
velmi přı́jemné zjištěnı́, že ve všech oborech analýz existuje dobrý, rozvinutý a volně šiřitelný software,
který si navı́c dlouhodobým použı́vánı́m zı́skal jméno, jaké se komerčnı́mu software ve sféře genetické
statistiky bude zı́skávat velmi těžko.

PhD Conference ’03 76 ICS Prague
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velikost software počet procento

komplexnı́ 26 12%
střednı́ 77 36%
malý 97 45%
údaj nelze stanovit 16 7%

celkem 216 100%

stářı́ software počet procento

aktuálnı́ 111 51%
staršı́, ale udržovaný 95 44%
starý 9 4%
údaj nelze stanovit 1 1%

celkem 216 100%

Tabulka 2: Rozsah a aktuálnost jednotlivých softwareových systémů (n=216)

Z rozboru aktuálnosti software v databázi (tabulka 6) vyplynula potěšujı́cı́ informace, že polovina programů
je nedávná nebo průběžně aktualizovaná. Uživatel si tedy u velké části může být jist, že software bude
fungovat dobře (u aktualizovaných) nebo že na jeho připomı́nky k funkčnosti bude někdo reagovat a
program vylepšovat. Z tabulky vztahu stářı́ a velikosti programu (tabulka 7) je pak patrný modernı́ přı́klon k
většı́m celkům, který odpovı́dá postupnému vylepšovánı́, sdružovánı́ a zobecňovánı́ genetického software.

komplexnı́ střednı́ malý celkem

staršı́ a starý počet 8 30 54 92
řádkové % 9% 33% 59% 100%

aktuálnı́ počet 18 47 43 108
řádkové % 17% 44% 40% 100%

celkem počet 26 77 97 200
řádkové % 13% 39% 49% 100%

Tabulka 3: Vztah aktuálnosti a rozsahu jednotlivých softwareových systémů (n=216), p-hodnota �
�
-testu ��� � � ���

3.3. Jazyky a platformy

Informace o jazycı́ch a platformách byly sice zjišt’ovány objektivně, ale současně jsou nejméně spolehlivým
záznamem v databázi. Jednak velmi často informace o jazyku chybı́ (u 39 položek, a nejen u komerčnı́ho
software), jednak údaj o operačnı́ch systémech zastarává, jak přibývajı́ nové verze, rozšı́řené pro dalšı́
operačnı́ systémy. Někde bylo možno údaj dohledat na stránkách software, jinde se to nepodařilo. Přesto
jsou výsledky poměrně vypovı́dajı́cı́.

Většina software (59%, viz tabulka 4), zejména ten staršı́, byla psána pro operačnı́ systémy typu UNIX.
Dost velká část programů pracuje na PC na platformách Windows (36%) a DOS (30%, společně pak 58%).
Teprve v poslednı́ době se objevujı́ informace o verzı́ch pro Linux (16%), což může být způsobeno jednak
tı́m, že většina pracovišt’ je historicky vybavena stroji s některým UNIXem, a jednak tı́m, že velká část
programů pro jiné platformy bude fungovat i pod Linuxem. Novinkou poslednı́ doby jsou aplikace v Javě
použitelné na libovolné platformě (2%). Celkem 18% programů bylo psáno i pod jiné platformy (MacOS,
VMS).

operačnı́ systém počet zastoupených procento zastoupených

UNIX 111 59%
Linux 29 16%
DOS 56 30%
Windows 67 36%
jiný 33 18%

Tabulka 4: Přehled cı́lových operačnı́ch systémů (n=187)

Použitým programovacı́m jazykům vévodı́ C (40%, viz tabulka 5), následované vyrovnaně C++, Pascalem
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a Fortranem (shodně 19%). Některé programy požı́vajı́ kombinace různých jazyků, např. Fortranu a C.
Databázový software použı́vá různé databázové jazyky (FoxPro, Paradox, dBase).

programovacı́ jazyk počet zastoupených procento zastoupených

C 107 40%
C++ 144 19%
Fortran 144 19%
Pascal 143 19%
Java 173 2%
jiný 139 21%

Tabulka 5: Použitých programovacı́ch jazyků (n=177)

4. Závěr

Analýza seznamu statistického software na linkage.rockefeller.edu/soft potvrdila rozsah a
pestrost, jakož i šı́ři záběru systémů pro analýzu genetických studiı́, a zaznamenala, že dost velká část
programů je stále spravována, doplňována a vylepšována. Ukázal se patrný trend k vytvářenı́ většı́ch
funkčnı́ch celků, které budou provádět na jedněch datech všechny operace potřebné k analýze, a to bud’
v rámci jednoho systému, nebo v různých programech, ale se stejným datovým formátem (standardem se
napřı́klad stává formát Linkage).

Současně s těmito zjištěnı́mi se ukázalo, že představa a náplň nového otevřeného systému pro genetickou
statistiku, tak jak vznikla v EuroMISE Centru, nenı́ dublována již existujı́cı́m software, a má smysl pokračo-
vat v jeho realizaci. Zároveň je třeba vyzdvihnout fakt, že dı́ky této studii vznikla databáze, ve které se bude
možno orientovat o mnoho lépe než v textových stránkách [1], a vyhledánı́ vhodného systému pro účely
analýzy nebude muset být tolik úmornou pracı́.
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Praha 8

petr.ralek@vslib.cz strakos@cs.cas.cz

obor studia:
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Abstract

In this paper, we describe the finite element (FEM) model of the piezoelectric resonator based on the
physical description of the piezoelectric material. Discretization of the problem then leads to a large sparse
linear algebraic system, which defines the generalized eigenvalue problem. Resonance frequencies are
subsequently found by solving this algebraic problem. The results of the testing problem are introduced
and other possibility for solving the eigenvalue problem, based on the connection of our problem with
algebraic problem occuring in the theory of control, is proposed.

1. PROBLEM DESCRIPTION

1.1. Physical description

Piezoelectric resonator is the thin stick or wafer made of the piezoelectric material, with two or more
electrodes on its surface (see, e.g., [2]). In consequence of harmonic electric loading, the resonator oscillates.
The most important parameters, describing the behavior of the resonator, are its resonance frequencies
(or eigenfrequencies) - frequencies of the oscillations with maximal amplitudes in some characteristic
directions. A crystal made of piezoelectric material represents a structure in which the deformation and
electric field depend on each other. A deformation (impaction) of the crystal induces electric charge on
the crystal’s surface. On the other hand, subjecting a crystal to electric field causes its deformation. This
process is described by two state equations - the generalized Hook’s law (1) and the equation of the direct
piezoelectric effect (2), see, e.g.[2]

 @ � � � � � � � � ��� � � 	 � � � ��� � 
 � 
  � � 
 � 
�� " (1)

 � � 	 � � � � � @ � � � � � ��� � 
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 � 
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where, as in all similar terms troughout the article, we will use the Einstein’s additive rule (e.g.
� � � � � �!

�� 3�� � � � � � ). The Hook’s law (1) describes the dependence between the stress tensor � , the strain tensor
� and the vector of intensity of electric field � ,

� � � � ��
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where
�� � � �� � 
 �� � 
 �� � �� is the displacement vector and

�� is the electric potential. The strain tensor �
and the stress tensor � are symmetric [2]. The equation of the direct piezoelectric effect (2) describes the
dependence between the vector of electric flux density � , the strain and the intensity of electric field.
Quantities � � � � � , 	 � � � and �

� � represent symmetric material tensors,

� � � � � � � � � � � � � � � � � � � � � � � 
 	 � � � � 	 � � � � 	 � � � 
 � � � � � � � "
The state equations (1) and (2) represent a linear approximation of the thermodynamic state equations with
tensors � � � � � , 	 � � � and �

� � playing role of the material constants. ¿From the conditions of the thermodynamic
stability, tensors � � � � � and �

� � have to be symmetric and positive definite (see, e.g., [4]).

Let us have the piezolectric resonator characterized by proper material tensors. The density of the material
is � . We denote the volume of the resonator as � and its boundary as � . There are two differential equations
governing the behavior of a piezoelectric continuum - the Newton’s law of motion (3) and the quasistatic
approximation to the Maxwell’s equation (4) (see [3])

� � � �� �� � �
� �  @ �� � � � � � 
 � 
�� 
 ��� � 
 � � � # 
   
 (3)

�
���
� � �

�  �� � � � # " (4)

We will call them elastic and electric equations. If we replace T and D in (3) and (4) with the expressions
(1) and (2), we obtain

� � � �� �� � �
� �
� � � 6 � � � � � � �� � � �� �� � �

� � �� �� � � � ��	
� � � � � ��� � �

8 � � � 
 � 
�� 
 (5)# � �
� � �

6
��	 � � � � �� � � �� �� � � � � �� �� � � � � � � � � � ��� � � 8 " (6)

Initial conditions, Dirichlet boundary conditions (on the part of the boundary � � � � ) and Neumann
boundary conditions (on � � � � ) are added:

�� � � " 
 #  � � � 
 (7)
�� � � # � � � 
 � 
�� on � � , � # 
   
 @ � + � � # � � � 
 � 
�� on � � , � # 
   


�� � " 
 #  � � 

�� � � # on � � , � # 
   


 � + � � #
on � � , � # 
   "

We don’t consider loading with other outer, e.g. mechanical, forces. Assuming the harmonic electric potential
incoming to the resonator, we can separate time and space variables,

�� � � �1� 
 � 
��  ��� � � � 
 (8)

where � is the frequency of voltage and � � is its amplitude. In (6), displacement
�� is determined by electric

potential
�� , which generates the oscillations. The changes of displacement delay to generating, but if we
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assume the steady undamped oscillation, we can expect, that the resonator will harmonic oscillate with the
same initiating frequency � , and separate time and space variables,

�� � � �1��
 � 
��  ��� � � � 
 (9)

where � is the amplitude of oscillations. With respect to

� � � �� �� � �
� � � � � �� � 


substituting (9) and (8) into (5) and (6) gives the modified versions of elastic and electric equations, now
for the unknown amplitudes � and � ,

� � � �
�
� � �

�
� � � 6 � � � � � � �� � � � �� � � � � � �� � � � ��	

� � � � � �� � � 8 � � � 
 � 
�� 
 (10)# � �
� � �

6
��	 � � � � �� � � � �� � � � � � �� � � � � � � � � � �� � � 8 
 (11)

with the boundary conditions

� � � # � � � 
 � 
�� on � � 
 (12)
� � � # on � � 
 @ � + � � # � � � 
 � 
�� on � � 


 � + � � #
on � � "

1.2. Point of interest

In (10)-(12), the problem of steady undamped harmonic oscillations is defined. Now, our goal is to find
the eigenfrequencies of the system (10)-(11) - such real number � , for which exist functions � and � ,
satisfying (10)-(11). Under the term resonance frequency we will mean these eigenfrequencies. If we define
the operators A and B as

� � � 
 �  � � ��
�
� � � 6 � � � � � � �� � � � �� � � � � � �� � � � ��	

� � � � � �� � � 8
� � � 
 �  � �

� � �
6
	 � � � � �� � � � �� � � � � � �� � � � � � � � � � �� � � 8 


then the resonance frequencies are the roots of the eigenvalues 	 , 	 � � � , from

� � � 
 �  � 	 � 
 (13)

where the electric potential � is linked with the displacement u by the condition

��� � 
 �  � # " (14)

The eigenvector u corresponding to the eigenvalue 	 describes the mode of the oscillations. To identify the
mode of oscillations, it is additional task needed for sufficient description of the behavior of the piezoelectric
resonator. We discretize the problem, using finite element method (FEM). Discretization of the problem
then leads to a large sparse linear algebraic system, which defines the generalized eigenvalue problem.
Resonance frequencies are subsequently found by solving this algebraic problem.

2. NUMERICAL SOLUTION

2.1. Weak formulation

Before we discretize the problem (10)-(12) and use the finite element method to get the linear system,
we establish the weak formulation of the problem (10)-(12). Equations (10), resp. (11) represent eneregy,
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resp. electric flux conservation. These equations are elliptic partial differential equations and its exact
solution must have continuous derivations to the 2nd order in � . In fact, the requirements to the functions
smoothness is too strong. Usually, the energy conservation laws are described with integral principles
known from theoretical physic. So the idea is to transform equations (10), (11) ”back” to the integral form,
containing derivations of lower orders than in original equations. This process, described in next paragraph,
is called weak formulation. We require the weak solution to fulfil integral equations in certain functional
sence.

We deal with the standard weak formulation, derived e.g. in [5]. We consider bounded domain � with
Lipschitzian border � . Let

�
� � �  be the Lebesgeue space of functions square integrable in � ,

� # � % � ��� �
� ,

with scalar product ��% 
�&  # � � # % & 	 � . Further, let � 9 � = � �  be functions, which, including derivatives of

all orders, are continuous in � . � 9 � =� � �  � � 9 � = � �  contains the functions with compact support.

Further, let � 9 � =
� � �  be so-called Sobolev space, made of functions from

�
� � �  , which have so-called

generalized derivatives square integrable in � - there exist some function �
� � � � � �  and the identity (15)

is fulfilled, � # � � " 	 � � �
� # � � "� � � 	 � ��" � � 9 � =� � �  " (15)

For functions lying in � 9 � = � �  , generalized derivatives are its classical derivatives. To express values of

function ��� � 9 � =
� � �  on the border � , the trace of function � is established. If ��� � 9 � = � �  , its values

on the border, we denote them � �-�  , are uniqely determined. For function � ���� is the trace of the function

� � � 9 � = � �  . For function � � � 9 � =
� � �  � � 9 � = � �  , there exist a function sequence ��� �  � � 9 � =

� � �  such
that � � � 
	 ��� � � � , and its trace can be defined as the function � ���  � � � � �  , which is a limit of the
suqeuence of traces

� ���  � � 
	��� � � � ���� 
 � �
� � �  "

The traces can be defined, in the same way, also for the derivatives of the functions from � 9 � =
� � �  .

Now, we define,
,�� �  � � � � � � � 9 � =

� � �  
 � �
�(' � #

in the sence of traces � 

the subspace of � 9 � =

� � �  , made of functions, which traces fulfil the homogenous boundary conditions.

We derive the weak formulation in the standard way (see e.g. [5]). We multiply the equations (5) with
testing functions �

� �+,�� �  , summarize and integrate them over � . As well, we multiply the equation (6)
with testing function

� � , and integrate it over � . Using Green formula, we obtain the integral equalities
(integrals over the borders are denoted with sharp brackets)6

� � � � � � �� � � � �� � � � � � �� � � � 

�
�
�

� � � 8 # � 6 � � � � � 
 � � 8 # (16)

�
6
	 � � � � � �� � � 
 � � �� � � 8 # ���  @ � � + � 
 � ��� �*) 


�
6
	 � � � � �� � � � �� � �

� � � �� � � � 
 � �� � � 8 # � 6
� � � � � �� � � 
 � �� � � 8 # �	� � � 
 � � � ) " (17)

Due to the symmetry of material tensors, we can modify equations (16) and (17),6
� � � � � � �� � � � �� � � � � � �� � � � 


��
� �
�
�

� � � � � � �� � � � 8 # � 6 � � � � � 
 � � 8 # (18)

�
6
	 � � � � � �� � � 
 �� � �

�
�

� � � � � � �� � � � 8 # �
�  @ � � + � 
 � ��� �*) 

�
6
	 � � � � �� � � � �� � �

� � � �� � � � 
 � �� � � 8 # � 6
� � � � � �� � � 
 � �� � � 8 # �	� � � 
 � � � ) " (19)
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Let us denote

� � � � ��
� � � �� � � � � � �� � � � 
 � � � � ��

� �
�
�

� � � � � � �� � � � 
 � 
  � � 
 � 
�� "
Substitution of boundary conditions (12) into equations (18) and (19) gives (integrals over the border are
zeros) 6

� � � � � � � � � 
 � � � 8 # � 6 � � � � � 
 � � 8 # � 6
	 � � � � � �� � � 
 � � � 8 # �$# 
 (20)

�
6
	 � � � � � � � 
 � �� � � 8 # � 6

� � � � � �� � � 
 � �� � � 8 # �$# " (21)

Weak solution: Let � # � � � � 
 � � 
 � �  �  � �
� � � �� � 
 � # � � �

� � �  satisfy the Dirichlet boundary
conditions (in the weak sence). Further, let � � � � � � 
 � � 
 � � -�  � �

� � �  � � 
 � � � � �
� � �  be functions,

for which equalities (20) and (21) are observed for all choices of testing functions � � � �
� 
 � � 
 � �  � ,�� � �� � 
 � �+,�� �  . Then we define the weak solution of the problem (10)-(12) as� � � # � � � 
 � � � # � � � "

2.2. Discretization

x

z

y

Figure 1: Discretization of the crystal into layers and prismatic elements and an example of division of an prismatic
elements into three simplex elements 0125, 0153 a 1534

Finite element method looks for a certain approximation of weak solution. We disretize the area � into
the set of finite elements, where special base functions are established. Now, weak solution as the linear
combination of these base functions is looked for. The part � # 
 � # of the weak solution, satisfying the
Dirichlet boundary conditions, can be explicitly expressed in the linear system, resulting from discretization
of the problem (20), (21). It will be introduced later. For computing an aproximation of the homogenous
part of the weak solution of our problem, we divide the area � (which is the volume of the resonator), in
two steps, to the finite set

� 	
of disjoint tetrahedrons covering the volume (first part - shown in the fig. 1

left - is the division into the layers and prizmatic elements, second part - fig. 1 right- is the division of the
prizmatic elements into the tethrahedrons),

� � �
	 ���

 ��� 
 � 
 ������ � � � � "
For each element � � � 	 , we define the function space ,

	
� �  and its basis

- 	
��� 

,
	
� �� � �

� 	
� � � � � �

� 	
 � � 


� 	 � � �
� ���  


� 	
� �& ��$# � 
- 	

� �� � �
�  � ����
 � 
 �  � � � � 
 � 
�� 
 � � "
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Base functions are defined by its values at the nodes �
�

of the element and have to satisfy�  � � � �  � � � � 
 ��
2 � � 
 � 
�� 
 � "
On each simplex, four linear base functions are established. The approximations of the electric potential
and displacement in whole �

	
are

�
	� �1�  � 2

� 
� ��� 
 � � � � 	� ���� 
 �
� � ��� 
 � � � 
 � � � 
 � 
�� 
 (22)

� 	 �
�� � 2
� 
� ��� 
 � � � 	� �
�� 
 � � ��� 
 ��� � 


where

- 	
denotes the set of all base functions. These approximations are piecewise linear on each element.

Coefficients in the linear combination are the values of the functions � and � in the nodes of division. Let the
nodes of the division and proper base functions be numbered (

��	 � 
 "�"'" 

� 	�

). We substitute the approximations
(22) into integral equalities (20) and (21). We require to them to be fulfilled for all base functions

�$	�
, � � �� ,6

� � � � � � � �� � 
 � �@ � 8 # � 6 � � � � 	� 
 � 	� 8 # � 6
	 � � � � � � 	� � � 
 � �@ � 8 # � # 


�
6
	 � � � � � 	� � 
 � � 	�� � � 8 # � 6

� � � � � � 	� � � 
 � � 	�� � � 8 # � # "
To satisfy the above equations, the system of linear algebraic equations has to be fulfiled. The system has a
block shape%5555555555555&

� �0� "�" � � � � �1� "�" � � �
� � � "�" � � � �
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 (23)

where � : � 
 � : � ��� � � � , � : � ��� � �
� , 	 : � ��� . The process of derivation of the system matrix is in detail

described in [6]. Let us write the system (23) as6 � � � � � � � �
� � 	 8 6 �
 8 � 6 ## 8 " (24)

The submatrix � ��� � � � � � is the elastic matrix,
� ��� � � � � � is the massmatrix,

� ��� � � � � is the piezoelectric
matrix and

	 ��� � � � is the electric matrix. Due to the symmetry and positive definiteness of material tensors,
the matrices � 
 � 
 	 are symmetric and positive definite. Further, the whole system matrix (24) is symmetric.� ��� � � , resp.


 ��� � are values (of amplitudes) of displacement, resp. electric potential at the nodes of
division. The matrices are sparse - the � ( -th block of each submatrix is nonzero only if � -th and ( -th node
of division have common edge.

2.3. Algebraic problem

After dicretization of the problem (10)-(12), we have obtained the system (24), where � is the independent
parameter. As was mentioned in the paragraph [1.2], the resonance frequencies are the eigenvalues from the
problem (13)-(14). This eigenproblem corresponds to the generalized eigenvalue problem,6 � � � �

� � 	 8 6 �
 8 � 	
6 � ## # 8 6 �
 8 (25)
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and � � �
	 is the resonance frequency, if there exist real number 	 and real nonzero vectors � 
 
 and (25)

is fulfilled. The part � of the eigenvector describes the shape of the oscillations and it is called the mode of
the oscillation. The set of eigenfrequencies and proper eigenvectors describes the natural oscillation of the
piezoelectric system.

Equation (25) can be written in two equations

� � � � � 
 � 	 � � 
 (26)
� � � 	 
 � # " (27)

The matrix
	

is positive definite and therefore it is invertible. From (27) we have


 � 	 � � � �
and (26) can be written as  � � � � 	 � � � � � � 	 � � " (28)

So the generalized eigenproblem (25) is equivalent to the generalized symmetric definite eigenvalue problem
(28). In practice, we are not interested in all eigenvalues. The basic modes of oscillation belong to the first
few of them.

2.4. Boundary conditions

We deal with Dirichlet boundary conditions (12) for displacement and electric potential. The introduction
of the boundary conditions is sketched on the fig. 2. First is the case of homogenous boundary conditions
for displacement � . Let there be in some nodes prescribed zero displacements (on the fig.2 marked with
gray color). Then proper columns of the matrix (marked with gray color) are multiplied by zeros and can be
eliminated. So can be eliminated the prescribed variables from the vector of unknowns. Now, the number
of equation is bigger than the number of unknows, thus the rows (marked with gray color) belonging to the
known variables can be eliminated. The qualities of the matrix remain the same, only its size decreases.

In the case of nonhomogenous Dirichlet boundary conditions for electric potential, there are some differ-
ences. The part of the vector with prescribed values is marked with the grid. The proper columns of the
matrix are multiplied by prescribed vlaues and the resulting vector forms the right side of the linear system.
The rows (marked with the grid) belonging to the known variables can be eliminated.

The linear system with right side results, with deflated matrix,6 � � � � � � � �
� � 	 8 6 �
 8 � 6 � �� � 8 " (29)

The system matrix has the same properties as the matrix of the original system (24). In (29), at first the
generalized eigenvalue problem, analogic to (25), has to be solved. Then, for given eigenvalue �	 , the
particular solution

� � � � � 
 � � �� of the system6 � � �	 � � � �
� � 	 8 6 �
 8 � 6 � �� � 8

has to be found, being the linear combination of all eigenvectors,

� � ��� 

where

�
is the matrix, which columns are eigenvectors, Z is the real vector of the coefficients of the linear

combination.

2.5. Computer implementation

For discretization and compilation of the global matrix, we have developed our own code. For solving the
eigenvalue problem (26), we use the procedures from the Lapack++, resp. Arpack++ library, available on
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Figure 2: Introduction of boundary conditions into the linear system

the internet. ¿From Lapack++ (see [3]), we use algorithm based on generalized Schur decomposition. This
algorithm solves the complete eigenvalue problem. ¿From Arpack++ (see [4]), we use algorithm based on
shift-invert method combined with LU factorization. This algorithm, in contrast to Lapack++ code, solves
the partial eigenvalue problem and deal with the fact, that matrices are sparse.

2.6. New approach planned for solving the algebraic problem

The matrix from (24) has similar scheme as so called system matrix resulting from problems of computing
zeros of a linear multivariable system (see [7] or [8]),6 	���� ' � )* � 8 6��


 8 � 6 ## 8 


where V is the input vector and X is the state vector of the system. The zeros are the generalized eigenvalues
	 of the matrix pencil (30), 6 	���� ' � *) � 8 " (30)

Equations (26)-(27) can be premultiplied by
� � � and eigenvalue problem (25) is equivalent to the problem6 	���� � � � � � � � � �� � � � � � � 	 8 6 �
 8 � 6 ## 8 


with the matrix having the similar scheme as system matrix (30) (it is a special symmetric case of (30)).
Also the characteristic of the linear multivariable systems corresponds, in certain sence, to the physical base
of our problem (electric potential plays the role of input vector, displacement is state vector of the system).

For computing generalized eigenvalues of (30) an algorithm based on the QZ method is developed and in
detail discussed in [7]. We propose to use this algorithm for solving the eigenvalue problem (25).

3. TESTING PROBLEM

The designed FEM model was calibrated and verified on the longitudinally vibrating narrow quartz XYt-j
-cut rods (for j =

# A � � A ) with equivalent thickness. Both large sides of resonator are covered by silver
electrodes. The resonator is fixed in the center of its length, thus the problem is symmetric and we can solve
it for one half of the resonator (this problem was publicated in [1]).

Boundary conditions: � � � �  �� at the electrodes, � � #
at the nodal line of odd vibrations (in the center

large sides). Zero displacements are also entered on the planes going through the nodal line of odd vibrations.
These planes are supposed in two modifications: � � #

in the plane normal to the length of resonator, or� � #
in the nodal plane of longitudinal vibrations. The definition of the second plane depends on the cut

(see [2]) and the plane is not exactly normal to the length of the resonator. This second condition represents
more accurate the physical reality.
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3.1. Numerical realisation

The resonator was divided into prismatic elements (fig. 3) and then each of the prismatic element was
divided into four tetrahedrons. For eigenvalue problem, Lapack++, resp. Arpack++ solvers were used.
The computation was repeated several times with refined meshes. Computed frequencies of longitudinally

Figure 3: The mesh - prismatic elements

vibrations are compared with the measured frequencies (publicated in [1]) in the table below.

measured average value (Hz) deviation max.(Hz) deviation min.(Hz) � computed values
67846

�
��� � � � � � #�� � � 
 � �

�
�
# �

68653
� � � � � � � � � � 
 � � � � # �

70205
� �*# � � � 
 ��� � 
 
 # � � � # �

In the figure (4), the convergence of computed frequencies (to the value
� � " � � kHz), in dependance on

number of elements, is shown. The Arpack++ code was rather faster then the Lapack++ code.

Figure 4: Convergence of the resonance frequency to the value
� � 
 � � � � # � Hz

Figure 5: Demonstration of longitudinally vibrations

PhD Conference ’03 87 ICS Prague
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4. CONCLUSION

The mathematical model for computing the resonance frequencies of the piezoelectric resonator has been
built. The results of the described model approximate well the measured results for tested, simply shaped
(rod or slide), resonators. It seems that our model can have real application, e.g. in desining shapes of the
resonators vibrating with required frequencies. The correspondence with the measured results increases
for more fine meshes. Of course, it involves to solve the eigenvalue problems with very large matrices.
Nowadays, the use of the more sofisticated numerical algorithm (mentioned in the paragraph [2.6]) for
solving the eigenvalue problem is proposed.
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Abstract

The aim was to validate the estimate of coronary heart disease risk derived from the Framingham
Heart Study (FHS). In the 20-year intervention study of the risk factors of atherosclerosis (STULONG),
the accuracy of the Framingham coronary heart disease risk was evaluated by the Receiver Operating
Characteristic (ROC) curve and chi-square goodness of the fit test. During 10 years from the entry into
STULONG, 141 CHD were predicted and 116 observed among 1 125 men aged of 38–53 years at the entry
into STULONG in 1975-1979. No significant difference was found between the expected and observed
numbers. According to the ROC curve, the Framingham coronary heart disease risk classified the men
from STULONG into those with and without developing CHD within 10-year period with 74% accuracy.
The work suggested that the Framingham risk seemed to be a fair indicator of a coronary heart disease for
men of STULONG.

1. Introduction

The cardiovascular diseases (CVD) is the name for the group of disorders of the heart and blood vessels and
include for instance coronary heart disease (CHD) and cerebrovascular disease (stroke). CVD are ones of the
most common diseases in the Czech Republic and most of the developed world. In 1999, CVD contributed
to a third of global deaths, low and middle income countries contributed to 78 % of CVD deaths. By 2010
CVD is estimated to be the leading cause of death in developing countries. The risk factors of CVD include
eg. advancing age, cigarette smoking, hypertension, hypercholesterolaemia, obesity, physical inactivity,
unhealthy diet, see http://www.who.int/cardiovascular_diseases/priorities/en/.

The aim is to develop the global preventive strategy to reduce the incidence and mortality of CVD among
high risk population by effectively reducing CVD risk factors. The task is how to identify person free
of CVD with high probability (risk) of developing CVD within a certain time period. Epidemiologists,
statisticians and other health workers have been working on methods of producing a probability (an absolute
risk) estimate of developing CVD [1], [2], [3], [7], [9], [10], [11].
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In the Czech Republic, one of the most used predictive models estimating the probability of developing
CHD is the model of the Framingham Heart Study investigators [1]. Subsequent Framingham models have
been based on larger and more recent follow-up and used better predictive variables and more sophisticated
statistical methods [3].

The objective of this paper was to validate the Framingham coronary heart disease prediction [1] in the
longitudinal study of the risk factors of atherosclerosis (RFA) launched in Prague in the year 1975.

2. Materials and methods

The longitudinal study of the risk factors of atherosclerosis (STULONG)

STULONG is the intervention prime preventive study with multiple risk factor intervention, which was
conducted by 2nd Dep. of Internal Medicine, 1st Faculty of Medicine and General Faculty Hospital, Charles
University in Prague 2 in 1975–1999. Originally, STULONG was a part of a national wide study “National
primary preventive multifactorial study of myocardial infarction and stroke” in former Czechoslovakia (in
the study more than 10 000 subjects should be included) [6].

In 1975 total 2370 men aged 38–49 living in the 2nd district in the centre of Prague (Prague 2) were randomly
selected from list of electors. It was the 50 % sample of men of that age who were living in Prague 2 in
1975. Of 2370 invited men, 1417 (59.8 %) men answered the invitation and underwent entry examination
in 1975–1979. Entry questionnaire included questions on demographic and personal data (marital status,
education, working physical activity, leisure physical activity, smoking, alcohol drinking, coffee drinking,
tee drinking, personal and family anamnesis, chest pain, lower limbs pain, breathlesness) and results of
physical (height, weight, diastolic blood pressure (BP), systolic BP, skinfolds), laboratory (cholesterol level,
triglyceridy, uric acid) and ECG (electrocardiography) measurements.

According to health status and occurrence of RFA (see Table 1) at the entry into the study, each man was
classified into one of three groups (normal, risk and pathological) differing in way of multiple risk factor
intervention in the 20–year follow-up, see Figure

Table 1: The risk factors of atherosclerosis at the entry into the study in1975–1979

Positive family history death on the atherosclerotic diseases before the age of 65 years in the parents

Obesity Brocca index (BI)
�

115 %, where BI=weight[kg] � (height[m] ������� 1	��������

Smoking

�
15 cigarettes daily; or non-smoker less than one year and

�
15 cigarettes daily before

Hypertension blood pressure
�

160 and/or 95 mmHg in two of three measurements; or hypertension in
anamnesis

Hypercholesterolaemia total cholesterol
�

260mg % (6.7 mmol/l)

Normal Group (NG) included men without any RFA mentioned in Table 3, without CVD, without diabetes
mellitus, without other serious disease not enabling long term follow-up and without pathological finding
on ECG curve at the entry into the study. NG was randomly divided into two groups: normal group regularly
examined (NGE, + � �2#

) and normal group regularly unexamined (NGN, + � � � � ). NGE was yearly
examined by specialists from 2nd Dep. of Internal Medicine. If RFA (obesity, smoking, hypertension,
hyperlipaemia) was detected specialists initiated pharmacological and non pharmacological (feeding habits,
physical activity, smoking etc.) intervention of RFA. If detected RFA, man was examined in 2nd Dep. of
Internal Medicine as needed. The control questionnaire was filled out once a year. The control questionnaire
was consistent with entry questionnaire except question on family anamnesis excluded in the control
questionnaire, and question on feeding habits extra included in the control questionnaire. NGE was examined
by specialists from 2nd Dep. of Internal Medicine once in 8th-13th year from the entry into the study. If
CVD was detected, man was offset in the pathologic group, i.e. in the next years man was not investigated
within the study.

Risk group (RG) included men with at least one of RFA (Table 3), without CVD, diabetes mellitus and other
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SINCE 1980

RG
(n=859)

NG
(n=276)

NGE
(n=40)

sample
(n=2370)

study
(n=1417)

20-YEAR
FOLLOW-UP

1975-1999

ENTRY
EXAMINATION

1975-1979

NGN
(n=236)

RIG
(n=427)

RCG
(n=432)

PG
(n=114)

NC
(n=168)

RG

NG normal group, NGE normal group examined, NGN normal group unexamined, RG risk group,
RIC risk intervention group, RCG risk control group, PG pathological group, NC unclassified group

Figure 1: Design of the intervene prime preventive study of atherosclerosis (STULONG)

serious disease not enabling long term follow-up and without pathological finding on ECG curve at the
entry into the study. RG was randomised into two subgroups: risk intervention group (RIG, + � � � � ) and
risk control group (RCG, + � �

� � ). Pharmacological and non-pharmacological intervention of RFA in RIG
was performed by specialists from 2nd Dep. of Internal Medicine, RCG was under health care of general
practitioners. In both groups, the control questionnaire introduced above (see Normal group) was filled out
once a year by the specialist from 2nd Dep. of Internal Medicine. Since early eighties of the last century,
the groups RIG and RCG had been melting, mainly for ethic reasons [8].

Pathological group (PG) included men with CVD, diabetes mellitus or other serious disease not enabling
long term follow-up or with pathological finding on ECG curve at the entry into the study.

The Framingham Heart study (FHS)

FHS is the prospective cohort study started in 1948 and continuing up to this day. The original objective
of the Framingham Heart Study was to identify the risk factors that contribute to CVD developing. The
original study cohort consisted of 5 209 respondents of a random sample of 2/3 of adults, 30 to 62 years of
age, residing in Framingham, Massachusetts, USA in 1948. The Offspring Study was initiated in 1971 when
the need for establishing a prospective epidemiologic study of young adults was recognized. A sample of
5 135 men and women, consisting of the offspring of the original cohort and their spouses, was established,
see http://www.nhlbi.nih.gov/about/framingham/design.htm.

In 1991, the Framingham CHD risk function was derived from 2 590 men at the age of 30 to 74 years,
who were free of cardiovascular disease (stroke, transient ischemia, CHD, congestive heart failure and
intermittent claudication) at the time of examinations in 1971-1974 [1]. The Framingham function of

age [years],

systolic blood pressure (SBD – average of two office measurements) [mm Hg],

cholesterol (total serum cholesterol) [mg/dl],

high density lipoprotein cholesterol (HDL) [mg/dl],

smoking (1, cigarette smoking or quit within past year; 0, otherwise),

diabetes (1, diabetes; 0, otherwise) and

electrocardiography – left ventricular hypertrophy (ECG LVH) (1, definite; 0, otherwise)
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was estimated to predict CHD developing within 4–12 years. There are some differences in the equation
calculation of CHD risk for men and women. For men, the predicted probability (� ) of CHD within � years
is

� �
� � � ��� ��� � #  
 (1)

where

� � � � � ���  � �
� 


� � � ��� � � # " � � � � � # " � ����� � �  

�
��� " � � � � �

� � 

� � � � � " � � 
 � � � � � � age  � # " � � � 
 � diabetes 


� �
� � " � � � � � # " 
 � � 
 � � � � � SBP  � # " � � � � � smoking � # " � � � � � � � � � cholesterol

�
HDL  � # " ��� ��� � ECG LVH "

Statistical methods

In STULONG, the Framingham CHD risk was estimated according to (1), on the assumption that HDL is
equal to 38.66 mg/dl (the level of HDL was not ascertained at the entry) . The accuracy of risk to predict CHD
within 10-year period was evaluated by the Receiver Operating Characteristic (ROC) curve and chi-square
goodness of the fit test.

3. Results

Out of 1 248 men from the normal and the risk groups, 123 men without information on all risk factors at
the entry into the study were excluded from the statistical analysis. The statistical analysis did not involve
the men from the pathological group either.

For 1 125 out of 1 248 men from the normal and the risk groups, the characteristics of risk factors at the
entry into the study are shown in Table 2. At the entry into the study, none of 1 125 men suffered from
diabetes mellitus and left ventricular hypertrophy, 53 % of men were smokers.

Table 2: Age, systolic blood pressure (SBD), diastolic blood pressure (DBD) and total cholesterol (TCH) of men at
the entry into the study ( 	 � � � ��� )

Variable Mean Std.Dev. Min Max
Age 46.1 3.6 38.0 53.0
SBP 131.6 18.0 90.0 210.0
DBP 83.5 11.5 50.0 135.0
TCH 6.0 1.2 2.9 12.2

The men were divided into four categories according to the value of the Framingham coronary heart disease
risk, see Table 3. During 10 years from the entry into the study, 141 CHD were predicted, and 116 observed.
No significant difference was found between the expected and observed numbers. The cumulative number
of the observed CHD is shown on Figure 2.

According to the ROC curve, the Framingham CHD risk classified the men free of CHD at the entry into the
study into those with and without CHD within 10 years with 74 % accuracy, see Figure 3 – the area under
the ROC curve is representing 74 %. The sensitivity of the diagnostic test (i.e. the Framingham CHD risk% 14 % at the entry into the study) was 69 %, the specificity 68 %.
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Table 3: Number of men (n) and the observed and expected numbers of coronary heart diseases (CHD) during 10 years
from the entry into the study

Framingham risk n Observed Expected
at the entry into the study CHD (%) CHD (%)

�
5 58 0.0 4.1

�
5, 10) 349 4.0 7.8

�
10, 15) 377 8.0 12.4

�
15, 20) 244 16.8 17.2

�
20 97 32.0 23.6

Total 1 125 10.3 12.5
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Figure 2: The cumulative number of heart coronary heart disease (CHD)

4. Discussion

Validation of the Framingham coronary heart disease prediction is the aim of epidemiological studies. The
Framingham CHD prediction functions perform well among whites and blacks in different settings and can
be applied to other ethnic groups after recalibration for differing prevalences of risk factors and underlying
rates of CHD events [4].

The validity of external predictive models is assessing [4] by

� comparison relative risk factors between external and studied populations,

� discrimination, and

� calibration.

The aim of the work was to validate the Framingham risk function derived from FHS in STULONG,
i.e. in men of the Czech Republic. We used the methods of discrimination and calibration to validate the
Framingham coronary heart disease prediction.

Discrimination is the ability of a prediction model to separate the group being tested into those with and
without the disease in question. The ability of the Framingham CHD risk prediction to discriminate between
men who developed CHD within 10-year from the entry into the study and those who did not was good
(74 %). The values of the sensitivity and the specificity of the diagnostic test (i.e. the Framingham CHD risk)
were comparable, when the Framingham CHD risk of 14 % was chosen as the bordeline. The sensitivity
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Figure 3: Receiver Operating Characteristic (ROC) curve (FPF – False Positive Fraction, TPF – True Positive Fraction)

of 69 % was the proportion of men with CHD in 10–year follow-up who test positive, i.e. the Framingham
CHD risk % 14 % at the entry into the study. The specificity of 68 % was the proportion of men without
CHD in 10–year follow-up who test negative, i.e. the Framingham CHD risk � 14 % at the entry.

Calibration measures how closely the expected number of disease in question agrees with the observed
number. In STULONG, 141 CHD were predicted, 116 observed. No significant difference was found
between the expected and observed numbers.

The further goals

The further goals of our work are

� to identify subjects in STULONG whose the Framignham estimate of absolute risk failed,

� to develop adjustments in the FHS risk equation for population the Czech Republic, and

� to validate other predictive models derived from European population.

Conclusion

The work suggested that the Framingham risk seemed to be a fair indicator of a coronary heart disease in
men from STULONG.

The study was supported by the project LN00B107 of the Ministry of Education of CR.
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Abstract

The aim of this paper is to discuss application of alternative, entropy-based target functions on
multilayer neural networks, comparing them with frequently used least square error function � ���������
	 � .
Cross-entropy function and mutual information function based on Shannon entropy are discussed. Genetic
training is used in order to allow use of potentially non-continuous and non-differentiable target functions,
such as the Shannon entropy function. The research is still in progress; the article presents preliminary
results the proposed methods achieved when applied on the real-life problem of stock price prediction.

1. Introduction

This work deals with the model of multi-layer neural networks. The model is widely known; the definition
can be found for example in [8]. Multi-layer neural networks employ supervised training, using a finite
training set � � � � �� � 
 �	 � �� of pairs of input vectors and desired output vectors. The aim of training is
to find such parameters of the network (weights, thresholds) that minimise a target function

2 ��	 � � 
 � � �  ,
summed over all the output neurons and all the training patterns, where

� � � stands for the actual output of the
network’s  -th output neuron for the � -th training input. Because we will work with networks with a single
output neurons, we will, for simplification, omit the indices in the following text and use 	 and

�
when

speaking about scalars (the network’s output for a single training pattern) and �	 and �� when discussing the
vectors of the network’s output on the whole training set.

Rummelhart ([8]) proposed least square error function
2 � �

�
� 	  � as the target function and it is widely

used till today. Its advantages include the fact is that it is simple and natural. The fact that it penalises the
distance between the desired and the actual output makes it applicable, with a better or worse success, on
all kinds of problems without requiring a specific knowledge about the character of the problem.
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The author’s previous works have studied alternative target functions based on effort to teach the network
some specific knowledge. The basic idea of this approach is that the least square error function is too general
and cannot express particular pieces of knowledge we may have about a specific problem. We proposed
to use biquadratic target functions [5], relief error networks [6] and genetically trained neural networks
allowing for arbitrary target functions [7] in order to express more specific target functions and teach the
network the extra knowledge. The results have shown that this method is feasible. Networks trained using
the mentioned specific target functions had better results and improved generalisation on a testing problem
in comparison with those employing the standard least-square error function.

This article represents a different way for research. The aim is to propose and test alternative target functions
which are general in the sense mentioned above, i.e. which do not require specific knowledge on top of the
training set. In particular, we focused on entropy-based target functions.

2. Entropy

Entropy is a quantity originating in thermodynamics, describing the measure of disorder in a system. This
in another words means that it describes also the measure of information contained within a system. We will
use this fact when applying entropy-based functions as target functions for neural networks.

The first of the functions we propose is the cross-entropy function:1

2 � � 6
	 � � 	� �

� � � 	  � � � � 	
� �

� 8 
 	�

� � � # 
 �� " (1)

In order to be able to use this function as a target function for neural networks trained by the Back-Propagation
training algorithm, we need to compute its derivative according to

�
:

� 2 �
� � � 	

� �
	
� ��	�

�

�
� � � 	 

� � �
�

� � 	
� � � 	
��� � 	  �

� � � 	
� �

� � 	� " (2)

We can see that
2 � �$#

if and only if 	 � �
; the minimum of

2
is located in these points. For the graph of2 �

, see Figure 1.

The other target function we will propose in this article is based on the Shannon entropy. We will define
this measure using probability distribution (for more information, see for example [2]). Let us have an
observable � with the probability density 	 � � 	 � . Let us cover the space of the prospective values of

�
with

� disjoint bins � � of equal side length. Let

� � � �
� � 	 � �1�  (3)

be the probability that � falls into the  -th bin. The Shannon entropy of the observable � is then defined as


 �1�  � �
2��� : 9 � =��3 � � � � � � � " (4)

Similarly, we define joint Shannon entropy of two observables, � and
�

, with probability densities 	 � � � 	 � ,
	 � �

� 	
�

. The number of bins is the square of the number of bins used for the observables separately, as each

1In fact, we use the negative value of this function, because we will minimise it.
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Figure 1: The cross-entropy target function

combination is examined. Let

� � � � �
� 8 � � 	 � ��� �	 � �

�
 (5)

denote the probability that � falls into the � -th bin and
�

falls into the  -th bin. The joint Shannon entropy
of observables � ,

�
is then defined as


�����
 �  � �
2

� ��� : 8 � �3 � � � � � � � � � " (6)

Note that:

� � 	 � 
����  � 
��
�
 � 
��1� 
 �  
 (7)

because only the diagonal bins ( � �  ) are non-empty in the joint Shannon entropy and � ��� defined in the
joint entropy equals � � from the individual entropies for every � . In the opposite case, when both � and

�
represent uniform random distribution, i.e. they are completely independent on each other,

��
 � � � � 
��1� 
 �  � �
� )2
� �

� �
� � �
� �

� � ��+ � � � �
�2
� �

�
� � �
�

� � 
��1�  � � 
��
�
 " (8)

The target function we will use is the inverted value2 of the normalised mutual information function, and it

2Because we will use the function as fitness function for genetic algorithms and therefore maximise it.
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is defined as follows.

2 7 � �	 
 ��  � 
 � �	  � 
 � �� 

�� �	 
 ��  " (9)

Equations (7) and (8) imply that
2 7 � �	 
 ��  equals � for �	 � �� and limits to � for independent �	 and �� ,

represented by random noise with uniform distribution. Our aim therefore is to maximise
2 7 . We however

cannot employ the Back-Propagation algorithm because from definitions (4), (6), (9), neither 
��1�  nor

 �1��
 �  have derivative in

�
, and therefore

2 7 does not have it, either. We must thus employ an alternative
teaching method; genetic training was chosen for its general character — it enables use of any type of target
function.

3. BP-Training

Thanks to the fact that cross-entropy target function (1) has a derivative in
�

, we may employ the Back-
Propagation algorithm for its training. For detailed information about this algorithm, see e.g. [8]. Let us just
remind that it is based on adaptation of the neural networks’ parameters as follows:

� B ;�� �
� A � 9 � �

� 2
�
� A � 9 
 (10)

where � is the learning rate. It represents the speed of learning. Target function plays a direct role in the
case of an output neuron, where it holds:

� 2
�
�
� �

� 2
� � � �

�
�
�
�
�0�

 (11)

The first partial derivative in this equation is derived in (2); the second one, as well as derivation of the
weight changes in the hidden neurons, is the same as in the original BP-training algorithm.

4. Genetic Training

Networks using the Shannon-entropy based target function (9) will be trained by means of genetic algorithms.
These algorithms (see for example [4] for more detailed information) perform distributed cooperating search
in the solution space. Each prospective solution is coded in the form of a chromosome, a string of one-bit, two-
bit or real values. Each chromosome is assigned a fitness, which measures how suitable the corresponding
solution is. The GA maximises the fitness using genetic operators on a population of chromosomes. Selection
ensures the overall improvement of fitness, crossover combines schemes in existing chromosomes in order
to create new patterns in new chromosomes and mutation makes random modifications, helping the system
to produce new prospective solutions and avoid local minima.

When training neural networks using GAs, the chromosome can consist of real-valued genes, each represent-
ing a single parameter of the network — a weight or a threshold. The fitness of such chromosome-network
is the value of the target function

2 7 applied on the network and the training set.

Genetic training of neural networks usually has several drawbacks compared to gradient methods — it tends
to be slower and its results are poorer. On the other hand, it does not suffer from the local minima problem so
much. However, the main benefit of genetic training for us is that it allows usage of general target functions.
The aim of the research, whose preliminary results are presented in this work, is to discover whether the
benefits from the use of this target function will balance (and hopefully outperform) the drawbacks of genetic
training.
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5. Stock Price Prediction

We have compared the performance of networks trained using the proposed target functions with those
using the least-square error function on the problem of stock price prediction. The aim was to predict the
stock price change in the following trading day, knowing a history of (five) previous price changes and
additional information about the last trading day, such as the volume of trade, the position of the latest known
price in the long-term history, the supply/demand ratio etc. The raw data from the stock exchange were
subject to extensive pre-processing. It was for example necessary to transform the outputs of the network,
which represent the expected price change, i.e. generally a real number, into the interval � # 
 �� , because it
is required by the target function (1). This was achieved by transformation using the sigmoidal function

(
� � % �

�
 � �

�
�
� � � " (12)

Among other pre-processing methods there was e.g. application of the Principal Component Analysis (PCA)
(see [3]) on the data. The PCA normalises the data and therefore increases the performance of training.

We used Matlab as the platform for programming the experiments. Matlab’s Neural Network toolbox was
used, together with the author’s implementation of alternative target functions. In order to implement genetic
training, we have interconnected this toolbox with a GA toolbox developed by Houck, Joines and Kay ([1]).
Series of experiments were carried out, in order to determine and tune the parameters of the tested methods;
the results are, however still preliminary. We used the same architecture (9-15-1) for both the standard least-
square error function and the alternative target functions, in order to keep the conditions of the compared
models as similar as possible.

Firstly, let us deal with the cross-entropy target function (1), trained using the Back-Propagation training
algorithm. This target function has shown to be very sensitive on the learning rate. The reason is that� 
	

�
� � � � ��

�
� � � and

� 
	
�
� � � � ��

�
� � (see (2)). Values

� � #
and

� �
� after pre-processing of

the data represent infinite slump and growth of the stock price, respectively, (see (12)) and similar extreme
values therefore should not appear in a trained network; they may however appear in a fresh network that has
been created randomly and has not undergone much training yet. This problem may be solved by applying
a very low learning rate � . This however makes the training process very slow, and increases the risk of
getting stuck in a (very) local minimum. Therefore, we have chosen a method of variable learning rate. At
the beginning of the training, when the chance of extreme values of

�
is larger, � is low ( � " � � � # � � ). It is

then doubled twice, after 100th and 200th iteration of the Back-Propagation, when it thus reaches �
�
�
# � � .

This limits the problem of diverging changes of network parameter to a manageable level.

The training process with the use of target function (1) shows one more, positive, interesting feature. With the
exception of the above-mentioned ”pathologic” cases of diverging changes of the parameters, the networks
tend to achieve very similar results when lower and higher values of learning rate � are used.3 This suggests
that networks using this function are apparently less tending to get stuck in a local minima.

As regards the normalised mutual information target function (9) and genetic training, the networks with
architecture 9-15-1 have 150 weights and 16 thresholds and each network was thus represented by a real-
value chromosome with 166 genes. For sake of speed, population was limited by the maximum of 50
chromosomes. The computation of the target function

2 7 is rather slow, as it requires computation of
histograms of size � for the individual Shannon entropy and of size � � for the joint Shannon entropy.
Moreover, a feature of genetic neural network training generally is that in order to compute the fitness of a
chromosome (e.g. when applying selection operator), we must apply the neural network on the whole training
set. The length of computation of other genetic operators also depends on the number of chromosomes in
the population. Therefore, this number had to be kept low.

We used the roulette wheel selection operator, which selects a chromosome with the probability proportional

3The training time is indeed different.
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to its fitness. The mechanism of elitism was employed so that the best chromosome from the population
always survived. Arithmetic crossover was employed. This operator produces two complimentary linear
combinations of real-valued parent chromosomes � � 
 �  :

� � � � �
�
� � � �  � (13)

� � � � � � �  �
�
� � 
 (14)

based on a random value � � � � # 
 �� . Uniform mutation randomly selects one gene in one chromosome
and assigns it a uniform random number from the permitted space of values (interval ��� � # 
 � #  was used
as the permitted space for the gene values).4 The probabilities of crossover and mutation were

# " � � and
# " � ,

respectively.

In order to estimate and compare generalisation abilities of the methods, we divided the known data into
a training set, which was used during the training period, and the test set, unseen by the networks during
training and used for measuring their performance on unknown data. The training set contained 75% of the
data; the test set contained the remaining 25%.

We compared the proposed methods by carrying out 100 experiments. During each of them, three networks
were trained - one using the standard least-square error function and one using each of the proposed target
functions (1) and (9). The table below contains the averaged results both on the training set and the test
set. The division into the training/test set was carried out randomly for each of the 100 experiments; it was
however the same for all three target functions tested.

Target function Set Square error Direction correctness Profit
LSE Train

# " # � � �
� " 
 � # " � ��� �

Test
# " # � � � � " # � # " � � � �

(1) Train
# " # � � ��� " ��� # " � ��� �

Test
# " # � � � � " � � # " � 
 ���

(9) Train
# " � � � �+# " 
 � # " # 
 � �

Test
# " � � � � � " � � # " # � 
 �

Table 1: Comparison of performance of the least-square error function and of the proposed target functions on the
problem of stock price prediction, separately for the training set and the test set. The first and second couple
of rows contain the results for networks trained by BP-training algorithm and applying the least-square error
function and the cross-entropy function, respectively. The third couple presents the results of networks trained
genetically, using the normalised mutual information. Several measures of success are presented - summed-
square error, direction correctness (the percentage of correct prediction of price rise/decrease) and an average
daily profit model.

As we can see, the two alternative target functions have produced very different results. As regards the
outcomes on the tests set, the cross-entropy function (1) has exceeded the least-square error function in all
three measures used — the direction correctness, the summed square error itself(!) and, above all, the profit
model.

The fact that the results on the test set were better even though the results on the training set were worse
than in the case of the standard error function suggests that the generalisation ability of the cross-entropy
function is better. The cross-entropy function was also significantly faster (it needed only 273 training
cycles in average to achieve these results, in comparison with 953 cycles in the case of the least=square
error function).

4For detailed definition of the mentioned genetic operators, see [1].
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On the other hand, the outcome of the normalised mutual information function (9) are worse, both on the
training and the test set. One of the reasons may be the high time complexity of training using this target
function; it was therefore not yet possible to test larger populations and tune the parameters of the tested
networks and genetic algorithms appropriately.

Let us however stress that these results are not bad either — the direction correctness is close to 70% and
the average net (including transaction costs) daily profit (though only modelled) is approaching 0.1% daily.
Moreover, we can note that the results of the networks trained using function (9) are very similar for the
training set and for the test set. This suggests good generalisation abilities of this target function. The fact that
these networks tend to give ”trading advices” (i.e. predict a share price change higher than the transaction
costs) more often than those trained using the least-square error is promising as well; the author’s previous
works ([5],[6],[7]) suggest that ”more courageous” predictions were awarded by higher profit.

6. Conclusion

This article proposed two types of alternative entropy-based target functions for multilayer neural networks.
One of them is based on the cross-entropy function and employs standard Back-Propagation training
algorithm, the other is normalised mutual information based on Shannon entropy and employs genetic
training.

Theoretic derivation of the appropriate functions, their properties and training methods was accompanied
by preliminary results of their testing on a real-life sample problem — stock price prediction. The results
of the cross-entropy function exceeded those achieved by networks trained by the standard least-square
error function; the results of the mutual information function were worse. Both alternative target functions
proposed in this paper show better generalisation abilities.

The future work in this field will include further thorough tuning of the systems’ parameters. More time is
needed above all in the case of the model based on Shannon entropy, whose results are not very good so far,
partially due to the very time-consuming character of its training. Further work is also needed to speed up
this method. Alternative functions based on these and other entropies offer a wide field for research, and as
the results of the cross-entropy function suggest, the outcome may be worth the effort.
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Abstract

Standard GUHA [3] data mining methods are for crisp, i.e. two-valued
�
yes, no � , data. We develop

algorithms to exploit continuous data in a natural way. The task is motivated by growing amount of bio-
logical data that come from microarray experiments. We describe data representations which are suitable
for logical transformations based on gene expression regulations. We define multitudinal quantification
on fuzzy data. Next to it, we make series of such quantifiers and we describe their features.

1. Introduction

There is growing amount of biological data which are usable for data mining procedures. Microarray
experiments are promising source of such data. Result from one microarray experiment is an amount of
floating point numbers. The amount is frequently thousands of values. One such value indicates a level of
expression of one specific gene (i.e. production level of its coded protein). Thus, data from one experiment
describe how particular genes are expressed under specific experimental conditions. One set of experimental
conditions can be a specific tissue, cancer cells, etc. Collection of values from several experiments can be
viewed as data matrix where objects (rows) are experiments and attributes (columns) are genes. Data from
one row are usually called an expression profile. The challenge is exploration of relations between expression
levels of particular genes. The goal of this work is to provide methods which are suitable for data mining
on the data collections introduced above.

Genes (that are four-symbol sequences along DNA molecules) code protein sequences. Protein production
according to DNA sequences is called gene expression. The expression process is mediated by mRNA
molecules. Amounts of mRNAs of particular genes determine levels of their expressions and thus regulations.
There are developed technics to extract, label and identify mRNAs from biological materials (e.g. microarray
experiments) [2]. Experimental results (i.e. expression values) are gained primarily as light signals. There
are two main classes for the light signals. First, the signals can directly reflect expression levels under
investigated conditions. Second, the signals can reflect ratios between expression levels under investigated
and reference conditions. The first possibility suffers from the fact that absolute values of the light signals
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depend on variable values of experiment parameters. Ratios between expression levels of individual genes
are the relevant data. The second possibility suffers from unknown exact expression levels under reference
conditions.

Number of researchers design and develop methods to extract information from microarray experiments
data. There are standard methods to transform and normalize the data [5]. Data normalization reflects the
fact that positive and negative regulations contain information of the same importance. Thus, values of the
same greatness should be taken from expression values which are either k-times higher than or k-times
lower than basic expression values. It is yielded by logarithming the data. There should be performed some
divisions of data by chosen standard values before doing the logarithm. Mean (or another base) value of
data from one experiment is an essential divisor in case of experiments without paired mRNAs. The most
common current technics for data mining itself comprise gene clustering and expression profile comparison.
Clustering methods are used to find similarly regulated genes. Profile comparisons are used for diagnosis
(i.e. classification) purposes.

2. Data representation

Interval  � � 
 �'� is chosen as a natural way to express negative regulation (i.e. interval  � � 
 #  ), basic value
(i.e.

#
value), and positive regulation (i.e. interval � # 
 �C� ). Higher values are for greater levels of gene

expressions, lower values are for lesser levels of gene expressions. We write terms in scope of propositional
logic language in this section.

There can be found four classes of mappings which play roles of conjunctions and disjunctions. First, let us
evaluate proposition which says that both gene

�
and gene

�
are activated. Result value of this conjunction

should be (may nonstrictly) lower than input values. Second, let us evaluate proposition which says that at
least one of genes

�
and

�
is activated. Result value of this disjunction should be (may nonstrictly) higher

than input values. Situation is opposite to the above if we want to make formulas on gene inhibitions.
We need to do formulas on combinations of both activations and inhibitions as well. General solution of
this situation is the usage of 2-tuples that are to be assigned to formulas. Thus, each formula has both its
evaluation and its assigned 2-tuple. Every 2-tuple has both its values at interval  # 
 �'� . There has to be one
more operation, say ”opposite”, which has one argument. This operation exchanges the first and the second
2-tuple values of its argument. The operation has a role which somewhat resembles negation. Doubling the
opposite results into the initial formula. Evaluation of a formula is the first value of its 2-tuple. The second
value of the 2-tuple is the evaluation of a formula with the opposite meaning.

It is obvious that ”opposite of (
�

and
�
)” should be equivalent to ”(opposite of

�
) and (opposite of

�
)” if

we want to preserve natural meaning of the connectives. In other words: ”inhibition of both genes
�

and
�
”

means ”inhibition of gene
�

and inhibition of gene
�
”. All the other classical connectives can be used in the

same way. Thus, the opposite is, say, outer operation. All the other operations are, say, inner operations.

Let us do an example to make it more clear. Consider formulas on single genes
�

and
�
, with assigned 2-tuple

� � � , � � � , � � � , � � � . The first values (i.e.
� �

,
� �

) mean activation levels of the genes
�
,
�
. The second values

(i.e.
�
� ,
�
� ) mean inhibition levels of the genes

�
,
�
. Formula of ”gene

�
is activated” has assigned 2-tuple

� � � , � � � and is evaluated as
� �

. More complex formula is, for example, ”both genes
�

and
�

are activated”.
It has assigned 2-tuple � � � and

� �
,
�
� and

�
� � and its evaluation is

� �
and

� �
. The 2-tuple � � � , � � � expresses

regulation values which are opposite to that of gene
�
. It can be used in construction of formulas like ”gene�

is inhibited or gene
�

is activated”. Its assigned 2-tuple is � � � or
���

,
� �

or
�
� � and its evaluation is

�
� or�#�

.

Taken it all together, correct formulas are basic ones and composite ones. Basic formulas are of form
”object � is activated”, their assigned 2-tuples are ��� � , � � � and their evaluations are � � . Composite formulas
are made from other formulas by the ”outer” operation of opposite and ”inner” operations conjunction,
disjunction and possibly other ones like implication, coimplication and negation. Formula created by the
opposite from

�
, ( �
� �

,
�
� � ,
� �

) is of form �
�

, i.e. ”opposite of
�

”. It has assigned 2-tuple �
�
� ,
� � � and

an evaluation
�
� . Formula created by an inner binary (unary respectively) operation op from

�
, " formulas,
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(
�

formula respectively), is of form op(
�

, " ), (op(
�

) respectively). Its assigned 2-tuple is of form � op(
� �

, " � ),
op(
�
� , " � ) � , ( � op(

� �
), op(

�
� ) � respectively).

Up to now, we have considered formulas as abstract ones with assigned 2-tuples. But there is a question:
How to obtain the 2-tuple assignment for basic formulas. We have to take two values which fit in interval # 
 �C� from one value (label it by ” � ”) that fits in interval  � � 
 �C� . Lower (higher respectively) is the initial
value, lesser (greater respectively) should be the first value of the pair and greater (lesser respectively)
should be the second value of the pair. Let us consider there is some basic (label it by � ) value (zero value
was considered in the beginning of this section) which means there is no activation and no inhibition. The
2-tuple is � distance( � , � ),

# � in case of high (positive) values, � # , distance( � , � ) � in case of low (negative)
values, and � # ,

# � in case of equality of � and � .

It can be generalized as shown at Figure 1. The intervals for activation and inhibition values can be in
different relative positions. They can, for example, overlap or have nonzero distance. It can be described
by a set of connected relations. We assume some symmetry conditions, since there is no prerequisite need
for any asymmetry. The class of models can be, of course, directly generalized to contain asymmetrical
situations.

First, we have output of double use of the opposite operation equal to the input. In terms it is � ���
�
 � �

� �
,

��� � � 
 � � for assigned 2-tuple values and
�

formula, or without equality operation
�
� � ���

�
 and

� � �
�
 �

�
for
�

formula. These ones hold for every formula. We have more holding relations when we
restrict ourselves to basic formulas and their opposites. Let us assume a set of new formulas I � that are
labeled by parameter � �  # 
 �'� . Evaluation of each formula I � is � , the second values of their assigned
2-tuples can be arbitrary, e.g. zero. Then we have two sets of formula pairs

� �
, " � , which means: when we

have proved
� �

, we can deduce " � . Formulas in the first set are
� � � I � � �

and " � � � � � I � where�
is any basic formula or its n-times repeated opposite. Formulas in the second set are

� � � � � I � and" � � I � � � � where
�

is again any basic formula or its n-times repeated opposite. Distinct classes of
models differ in values for � , � ,

�
, and

�
which can be used for correct deduction pairs.

First, let us consider models which fit to situations A, B at Figure 1. Then the valid values are each � �� # 
 �C�
with each � ��� # 
 �'� , � �

� with �
� #

,
� � #

with each
� �  # 
 �C� . Second, let us consider models which

fit to situation C. Then the valid values are each � �  # 
 �'� with each � �  n # 
 �C� , each � �  p # 
 �'� with
each � � � # 
 n #  , � �

� with �
� #

, each
� �  p # 
 �C� with

� � #
,

� � #
with each

� � � # 
 �'� . We set
p
# �

n
#

for the purpose of symmetry. Third, let us consider models which fit to situation D. Then the valid
values are each � �  # 
 �C� with �

�
� , � �

� with each � � � # 
 �'� , each
� �  # 
 �C� with

� � #
,

� � #
with each

� � � # 
 �C� . The other situation cases are somewhat unnatural from the point of regulatory view
- positive regulation values are lesser than negative regulation values. However, there can be some other
needs for such models. Fourth, let us consider models which fit to situation E. Then the valid values are each
� �  p � 
 �C� with �

�
� , � �

� with each �+�  # 
 �� , each
� �  # 
 �C� with each

� �  # 
 n �'� , each
� �  # 
 p �C�

with each
� ��� n � 
 �� , � � #

with
� �

� . We again set symmetry condition p �
�

n � . Fifth, let us consider
models which fit to situations F, G. Then the valid values are � �

� with each � �  # 
 �C� , each
� �  # 
 �C�

with each
� �  # 
 �� , � � #

with
� �

� . It should be noted that the formula pairs are not valid for arbitrary
composite formula in place of formula positions

�
. Let us set the model B as the default model.

There is nothing new from logical point of view when we restrict ourselves to inner operations. In such
a case, the 2-tuples can be neglected and we have the class of standard fuzzy logics. The operation
of opposite brings new formulas and their evaluations. The formula pairs stated above can be used as
a deduction extension. One another extension which is inspired by the above one, uses the outer relation as
negation, not the opposite. In such a case, there is a connection between inner operations: conjunction is
paired with disjunction and implication is paired with coimplication. The pairing involves assigned 2-tuples
making. Assigned 2-tuple of a formula of conjunction (

�
, " ) is � conjunction (

�
, " ), disjunction (

�
, " ) �

and reversely for disjunction. Assigned 2-tuple of a formula of implication (
�

, " ) is � implication (
�

, " ),
coimplication (

�
, " ) � and reversely for coimplication. There is again the need for two values for each

basic formula. However, the second values are negations and not opposites in this case. This results in the
same outputs as classical predicate calculus when we restrict ourselves into crisp, i.e. � # , � � , values with
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Figure 1: Resection of initial � � � � ��� valuation interval into two � ��� ��� intervals. Positive regulation ranges from � � to
� � , negative regulation ranges from 	�� to 	�� . Arrow points to greater expression values.

classical negations for assigned 2-tuples of basic formulas. For example, ”outer negation (disjunction (outer
negation (

�
), outer negation ( " )))” is equivalent to ”conjunction (

�
, " )”. In the next, we use symbol of �

for evaluation value of
�

, symbol of
�

for evaluation value of " .
After having structure for formula building, it is necessary to choose evaluation rules for inner operations.
Inner operations which are needful for data mining, are conjunction and disjunction. The initial model
building bids

	�
 � � � 
 � � � � � � ��� � � � ���� , � % � (label it �
�
), where � is the base used for logarithm

in data normalization. Such operation is archimedean nilpotent t-conorm with �
� � # " � 
 # " �  � � . It moves

its input values back to the original interval (before logarithming), carries out Lukasiewicz conorm and
then it brings result back. Limits of �

�
conorms with � � � � , � � � respectively, are Lukasiewicz,

maximum respectively, conorms. The �
�

conorms can be defined for � � � # 
 �� too. Note that the latter �
�

cases need to have set a convention of
� � � � � � � for � � � # 
 �� and � � #

. Such �
�

conorms are again
nilpotent archimedean ones. Limits of the �

�
conorms with � � � � , � � � #

respectively, are Lukasiewicz,
drastic respectively, conorms. There is standard way to make t-norms (i.e. ”and” connectives) from conorms
(i.e. ”or” connectives) and vice versa. It uses standard negation ( �

� � � ; in fact, it can use any strong
negation. It is � �1��
 �  � (��-� ��(����  
0(��

�
   where � is t-norm, � is conorm and ( is the standard

negation. Label the result t-norm with � � . Unfortunately, � � and �
�

enumerations are computation intensive
for nonlimit cases. There are standard operations which are usually used for conjunction and disjunction
computations. They are minimum and maximum, their enumerations are fast - it is necessary in high volume
number crunching.

The outer operation can be gained by operations which extend implication-like operations beyond zero
ground. Result of the opposite on � is given as output value of ”extended operation ( � ,

#
)”. It is notable

that it is similar to gaining the negation from residual implication. There is more than one possibility how
to do it. It can be done by changing the implication from Lukasiewicz logic by setting the neutral element
to zero. The result

# � �
� � is gained from original

	�
 � � � 
 � � �
�+�  . More direct way is the usage

of coimplication which belongs to Lukasiewicz conorm. Then we just omit maximization, i.e. we have�
� � from original

	���� � # 
 � ��� � . One more way is the usage of mean-implication. As implications are
gained from norms, i.e. operations which downsize values, and coimplications are gained from conorms,
i.e. operations which upsize values, mean-implications are gained (by an appropriate definition) from means,
i.e. operations which makes averages. In such a case, we can use arithmetic mean as the mean operation.
Original mean-implication

	�
 � � # 
 	 � � � � 
 � � ����� is extended to � � ��� .

Some points herein evoke notion of uninorms [1]. However, there are used 2-tuples for formula evaluations
in the situation which is described above. It is not available in uninorms. We can restrict ourselves to the
default model (see figure 1, situation B) and to operations of the opposite and conjunction. Then we have
model where one value of each 2-tuple is zero. In such a case, we can move the model back to single
values which are from interval  � � 
 �'� . It is not possible if we want to use either disjunction or model with
overlapping intervals. As a result, we have functions which are dual to uninorms, they are nullnorms. While
uninorms move values to border values, nullnorms move values to the central value. From this point of
view, conjunctions of general model with assigned 2-tuples can be called dinorms.
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While implications together with norms (co-implications together with co-norms respectively) can be
directly used for proofs of one (zero respectively) validity of formulas, mean-implications have more
difficult utilization. Binary averaging operations which are non-decreasing in both arguments, and which
have their outputs strictly between input values whenever the inputs are not equal, are not associative. It
hardens their utilizations. Nevertheless, we can use them combined with mean-implications without direct
nesting the means. Formulas which are made purely from mean-implications, variables and border constants,
say

#
and � , have simple evaluations. Select the rightmost symbol which is either variable or border constant,

from the formula. If the selected symbol is a border constant, evaluation is always equal to the constant.
Evaluation contains both border constants whenever the selected symbol is a variable. In addition, evaluation
results form the hole  # 
 �'� interval if the used mean-implication is continuous. For example, it holds in the
case of arithmetic mean, i.e. ��� � �

 � � and its mean-implication, i.e.
	�
� � # 
 	 � � � � 
 � � ����� . One example

of a formula where both mean operation (label it mo) and its mean-implication (label it mi) are used: mi ( � ,
mo( � , � )). Its evaluation is � for every mean operation (as introduced above) and its residual implication.

3. Multitudination

The previous section was devoted to propositional kinds of logic. Now, we have to consider predicate
calculus. Data mining makes heavy utilization of generalized quantifiers. While there are situations where
general predicate calculus is needed, we restrict ourselves to unary predicate calculus. It means that we
make use of single database tables, and properties are described in terms of single objects (i.e. single rows
in database tables). The situation is still fruitful enough. General characterization of data features is done by
quantifiers. We usually want to express that most of data objects contains some property. Classical quantifiers
express situations when every objects contains or one object contains the property. It is not sufficient in
the field of data mining. Thus, generalized quantifiers are used, e.g. 90% of objects contain some property.
Next thing we want to do, is to characterize relations between some properties. For example, there is
minority of objects which have just one of two given properties (it expresses associativity). Such (binary)
quantifiers are over pairs of formulas. The former case can be gained from the latter one by usage of one
property and one constant as quantifier inputs. There are two main classes of binary generalized quantifiers:
associative and multitudinal ones. Associativity can be vied as function characterization from both sides of
its valuation graph. Clustering technics can be viewed as applying some generalized associative quantifiers
on input (fuzzy) data. There is amount of such technics. Note that we take interest in fuzzy quantifiers [4],
i.e. quantifiers with fuzzy output.

Multitudinal quantifiers express situations where high level of one property assures high level of another
property. It can be partly viewed as kind of regression where we count just errors which are caused by cases
which lie below some regression curve. Together with it, we do not lay stress on parts of the regression line
where there can not be error cases at all. Another difference is that we do not fit curves but we search for
fitting compared variables. Let us have a look from gene regulation point of view. Natural interpretation is
such that a level of occurrence of some combination of gene regulations guarantees (i.e. it is sufficient but not
necessary condition for) the same level of another combination of gene regulations. The former combination
is described by formula called antecedent, the latter one is described by formula called succedent. Such
properties are easy to describe in the area of crisp data values. In such a case, there are used fourfold tables
with values

�
,
�
, � , and 	 . Value of

�
is count of cases where both antecedent and succedent occur, value

of
�

is count of cases where antecedent occurs but not so succedent. The last two values are for the other
cases. A feature is multitudinal if it is diminished neither with increase of ”

�
” value nor with decrease of ”

�
”

value. There are developed multitudinal quantifiers over formulas on crisp data, e.g.
�
� � �

� �  , but there is
a desert field in the case of formulas on fuzzy data. We try to cultivate the field.

Label general antecedent formula with
�

, its evaluation fuzzy value with � , and general succedent formula
with " , its evaluation fuzzy value with

�
. It should be noted that the word of fuzzy does not mean that the

data are somehow unknown. It just means that the data can range from
#

to � . In fact, they can be from
another nonempty interval. Then the symbol of � is used for maximum and the symbol of

#
is used for

minimum. There can be done many generalizations of the crisp multitudinality into the fuzzy area. It is
caused by the fact that the value of

�
(
�

respectively) in classical fourfold table can be gained as satisfaction
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(nonsatisfaction respectively) of
�
� " under condition of

�
, " under condition of

�
,
��� " under condition

of
�

, and many other different ones. In all the cases, there is no relevance of values which are under condition
where

�
does not hold. Models under situation when we have fuzzy data, can be more easily understood

with 3-dimensional valuation diagrams inside  # 
 �'� � boxes. They are replacement for fourfold tables. We
use 2-dimensional diagrams with valuation contours because of their simplicity.

Figure 2 shows schemas of three basic situations. The model A reflects situation where wrong cases are those
with reached level of

�
not accompanied with the level of " . The situation respects implication

�
� " . The

model B reflects situation where " does not depend on
�

. The situation respects gation of " . The model C
reflects situation where we need both

�
and " . The situation respects conjunction

��� " . Each case which
is taken from data, falls somewhere onto the square of a chosen model. It takes its evaluation in this way.
Occurrences from fourfold tables (i.e. crisp data models) fall onto corners of a chosen square. Model A
respects the required assurance of formula levels without any addition. The other models are unnecessarily
severe. In fact, model B respects search for " s which do not depend on

�
s. Model C requires high levels

of " s even under low levels of
�

s. It has no support in initial requirements. Thus model A fills best the
demanded conditions. It should be noted that the three shown models are just single representants of classes
of models which have the depicted properties. The three models are chosen because of their continuity and
linearity.

0 1 0 110

1 1 1

0.5

1
1

0.5

0

0

0.5
1

y y y

0
x

B

x

C

x

A

1 0

Figure 2: Model (evaluation) squares for formula pairs. The shown cases are representants of three general classes of
models.

Quantifiers have to use all the evaluations in a given model set and create an output value. We have to
put higher stress on cases which fall more right onto the model square, to retain multitudinal character. In
fact, the cases where

�
have evaluation � , should have the greatest importance (i.e. weight). Let us scale

the maximum onto value � . Cases where
�

has evaluation
#
, should have zero level weight, i.e. should be

neglected. Weight of any case should not be involved by evaluation of " . Such conditions are both natural
and in concordance with multitudinality on crisp data. Thus, weight function on cases can be expressed as
function with one input, i.e. � - the evaluation of

�
, and one output, the weight. The function is from  # 
 �C�

into  # 
 �'� . Label the function with * (for force). Then * � #  ��#
, * � �� � � , and * should be continuous

and nondecreasing, since discontinuity points or decrease areas are both unnatural and without reasoning.
We can have various weighting functions of such kind. Some of them are shown at Figure 3. The model A
shows two classes: less than linearily proportional stress on lower

�
levels (below � # 
 # ��� � � 
 ��� diagonal)

and greater than linearily proportional stress on lower
�

levels (above � # 
 # � �8� � 
 ��� diagonal). They can
be such as * �1�  � � � , * ���  � � �

�
��� � � �  for the lowers, * �1�  � � � , * �1�  � �

� � � ��� � �  �  for
the uppers. The model B shows linear (in parts) weights, for example, the most simple one * ���  � � . The
model C shows cases where lower

�
levels tend to be neglected and higher

�
levels tend to be taken nearly

the same as maximal ones. It can be * �1�  � � � � ��� � � .
Now, we can put down general definitions of two kinds of fuzzy multitudinal quantifiers on fuzzy data. We
can have weak and strong multitudinal quantifiers. Weak fuzzy multitudinal quantifiers on fuzzy data are
such mappings from � �� 3��  # 
 �C� �  � into  # 
 �'� that their restrictions on crisp data are multitudinal quantifier
with respect to the standard definition on fourfold tables. Strong fuzzy multitudinal quantifiers on fuzzy
data are mappings from � �� 3��  # 
 �C� �  � into  # 
 �C� which satisfy several conditions. First, the quantifiers
are nondecreasing in values at the second positions of pairs that lies inside input n-tuples. Second, change
of any pair (inside n-tuple input) which has its values � � , # � , into a pair with any other values does not
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A
x

F(x) F(x) F(x)

x
CB

x

1 1 1

000 1 1 1

Figure 3: Several examples of weight * functions.

decrease quantifier output. Third, change of any pair (inside n-tuple input) into a pair with its values � � , � �
does not decrease quantifier output. Fourth, the quantifiers are invariant to addition and removal of any pair
which has zero value in its first position, to/from any input n-tuple whenever + 	��#

. Fifth, the quantifiers
are invariant to permutations of pairs inside input n-tuples.

Such definitions are somewhat weak because they allow, for example, mappings with constant output. It
holds in the case of multitudinal quantifiers on crisp data too. We should realize that usage of shown squares
for direct output computations is just one possibility. Quantifiers which fulfill natural requirements for
multitudinality, can be more complex. In fact, we do not know apriory how complex they can be and what
can be the ways for their evaluations. The upcoming task is to find multitudinal quantifiers which do not
have unwanted features. The definitions have some rational properties too, e.g. each strong multitudinal
quantifier is weak multitudinal quantifier. It can be viewed from changes of � � , # � , � � , � � pairs and additions
and removals of � # ,

�
� pairs. While general definitions allow usage of all the three models introduced above

(see Figure 2), we confine ourselves to situations which are similar to the model A. They are generally model
squares of implications (with weights). There are three basic implications which are main representants of
such models. They are residual implications of continuous t-norms: Lukasiewicz, product and Goedel ones.
Valuation squares with contour lines are good aids to understand particular cases. The squares are shown at
Figure 4.

A
x x

CB
x

1 1

000 1 1 1

y y

1

y1

0.5
0 0 0

0.5 0.5

11 1
1 1

Figure 4: Model squares for three basic implications.

The case A is the evaluation square for Lukasiewicz implication, the case B is the evaluation square for
product implication, and the case C is the evaluation square for Goedel implication. The Lukasiewicz
implication is continuous, product implication is not continuous at � # ,

# � point, Goedel implication is not
continuous at ��� , � � points. Continuity is important in case of search for natural relations because nature
generally behaves continuously. Since the implication evaluations are just parts of quantifier computations,
the discontinuity points can possibly be overcome. It is notable that product implication separates the
lower right triangle in equal ratios of higher and lower values. It is preserved after usage of any weighting
* function. Lukasiewicz implication results in greater regions of higher values, Goedel implication do
it reversely. It is partially attenuated by usage of weighting F functions. We describe several classes of
multitudinal quantifiers below.

Weighted (by * functions) arithmetical means of implication evaluations are multitudinal quantifiers. The
weights are gained by forces described above. Label implication evaluation with � ����
 �  , the quantifiers with
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� � � � � � � , ( �
�

for weighted mean, * for the used force (weighting) function). Then we have

� � � � � � � � � 
�"  � !  * �1� �� � �1� 
 � ��!
* ��� 

where � is multiplication. Recall that � is evaluation of
�

, and
�

is evaluation of " . Summation is done over
all the data objects, each object (i.e. experiment in the scope of our investigation) is taken exactly once.
Accuracy of the computed mean can be outlined by a well known estimation of its variance

� �� �  � 9 � =9  � 9 � =1= ) � 9  � 9 � = ) = � !  * �1� �� � � ����
 �  � � � � � � � �  � �
� �
� � �

9  � 9 � =1= � � �
!  * ��� �� ��� �1��
 �  � � � � � � � �  � �

where � �� is for * �1�  values taken as weights, � �
�

is for * �1�  values interpreted as counts of occurrences.� � � � � � � quantifiers are both weak and strong fuzzy multitudinal quantifiers on fuzzy data. Weak multi-
tudinality is easy to see,

� � � � � � � used on crisp data is just
� � � �

� �  for any * �1�  and � �1� 
 �  . Strong
multitudinality can be proved taking the conditions one by one. We explore several cases of these quantifiers.
Continuous weighting functions which are zero valued at point � # ,

# � , combined with Lukasiewicz and
product implications lead to continuous quantifiers. It is not so in the case of Goedel implication. Let us
take * �1�  � � , the identity (label it

� �1�  ). Then, we have

� "'"�" Lukasiewicz
� � � � � � ) � � 
�"  �  � �


 � @ B � ��� � �
� �

� �
� �

� "'"�" Product
� � � � � � ) � � 
�"  �  � @ B � �+� � � �

where the summation is over all the data objects, as usually. Usage of
� � � � � � ) leads to the fastest nontrivial

computation if we consider
� � � � � � � quantifiers with * weightings which are

#
( � respectively) valued in#

( � respectively) point only. Summations have to be done in sake of nontriviality and minimum is just one
condition, i.e. faster than any numerical computation. Usage of Lukasiewicz or Goedel implications can be
faster if the weighting function practically separates  # 
 �'� interval onto two parts where objects are either
fully neglected or used with maximum weight. Weighting means resemble IOWA operators [6], but they
work in a different way. Results of their computations are equal to

� � � � � � � operators if weighting functions
are identity in both models. There are problems with defining the IOWA operators if their weighting functions
are not to be linear and there are data objects with formula evaluations �0� � , � � � , ��� � , � � � where � � � � �
and

� � 	�
�
� . In addition, there is violated stability of IOWA operators if they use nonlinear weighting

functions.

It is sometimes possible to make fourfold table-like data which can be used for
�
� � �

� �  multitudinal
quantifier computation. The value of

�
should be set to

!  * ��� �� � �1� 
 � �� , value of
�

to
!  * ��� �� ��� � � ����
 �  �� .

It is something like the
�

value is conjunction evaluation summation of
�

and of implication
�
� " . The

value of
�

is computed in a similar way, but the implication
�
� " is replaced by its negation. Another

notable feature comes from
� � � � � � ) term. It is

!
� Goedel �1��
 �  � ! � , i.e. it uses t-norm evaluation. We can

use other t-norms and find their initial (pseudo)implication functions (say � -functions). Usage of product
t-norm leads to constant initial � -function. It is the case B in the model squares overview (see Figure 2).
Usage of Lukasiewicz t-norm leads to an � -function which falls to class of models represented by the case
C, Figure 2. There is one difference, all the contour lines lead to � # , � � point of the evaluation square.

Important properties of quantifiers are changes of their evaluations with respect to formula alterations. Let
us suppose that a chosen multitudinal quantifier has its output high enough on

�

�" pair, say 0.9 or higher.

Can it be on �
�

�" or

�

 � " too? Generally said, it can be so. Nevertheless, there are conditions which

prevent the latter case (i.e.
�

 � " ). Assume that the initial data separation (from  � � 
 �C� interval into two # 
 �C� intervals) is done according to the default model at Figure 1 (i.e. case B, without interval overlap). If� � � � � � ) � � 
�"  is used and if its result is greater than 0.5, then the result of

� � � � � � ) � � 
 � "  is lower than
0.5. It means that if

�
multitudinates " by

� � � � � � ) , then
�

does not multitudinate � " (by the
� � � � � � ) ).

Somewhat weaker rule holds for
� � � � � � � , it needs its * to be zero valued on some  # 
 � � interval. Situation is

less satisfactory when we use overlap models. It is necessary to use weighting functions with zero valuations
on intervals greater than  # 
 � � 	  �� � � : � . It practically turns such models into the model without overlapping.
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Multitudinal quantifiers on crisp data which are frequently considered, are sample quantiles and statistical
estimators of quantiles. Fuzzy sample quantiles on fuzzy data can be constructed by extending the classical
ones. First, sort all the data objects according to their evaluations on a chosen model square, (i.e. � �1� 
 �  , see
Figures 2, 4). Second, assign a rod to each data objects. Set length of each rod to weight value of the object,
(i.e. to * �1�  ). Concatenation of the rods results in a final staff. Requested quantile interval can be gained
by multiplying the final length with the quantile and measuring out it from the end of the lowest � ����
 � 
values. It does not depend on choice of particular sorting ranks of objects with equal � ����
 �  values. These
quantifiers, label them

� � � � � � � ( � ( for sample quantile), reduce to classical sample quantiles if the used
weighting function is replaced with constant function which has its output equal to � . Quantifiers

� � � � � � �
are strong fuzzy multitudinal quantifiers on fuzzy data. Weak multitudinality is evident, zero value weighted
objects disappear from the final staff. Strong multitudinality is not hard to check too.

Statistical quantile estimators on crisp data have direct (and commonly known) counterparts on fuzzy data
if output values of weighting functions are just

#
and � . In such a case we utilize the fact that any continuous

distribution function taken as random variable has uniform distribution on  # 
 �'� interval. Quantile estimation
reduces to testing on binomial distribution. It is given by

� � �2
�43 � � +

� �� ��� ��� 
�
�
�
� �

�
� �

where ��� � is confidence interval for stating that �
#2#

� � ��� �  percents of objects have their � �1� 
 �  values
greater than � �1� 
 �  of the - -th least object (from totally + objects). Label these quantifiers with

� �  � : � � � � �
( ( � for quantile estimator). It is known that such quantifiers applied on crisp data are multitudinal. Hence,
these quantifiers applied on fuzzy data are multitudinal too, since they neglect objects with

#
weight. It

should be noted that we use special kind (i.e. two valued) of weighting functions herein.

Extension of
� �  � : � � � � � onto estimations with general * weighting functions directly uses the process of

quantile estimation, i.e. before it is summed into classical terms with binomial coefficients. Assume we
estimate � -quantile (for �

#*#
� ��� � �  percents of objects with high � �1� 
 �  values) and we have + objects.

First, give each data object a rod which has its length set to * ���  weight of the object. After it, data objects
are sorted (as usually) according to their � ����
 �  evaluation levels and the staff is made from object rods.
Rank the sorted objects, the first (with the lowest � ����
 �  value) has rank of 1, the last has rank of + . Put
probabilities on each of the objects: � probability that it is below the � -quantile, (i.e. outside the searched
interval), and ( � ��� � �  probability that it is above the � -quantile, (i.e. inside the searched interval). Make
all the combinations on possibilities of data objects lieings and do next procedure for each such combination.
First, concatenate rods of those objects which have fallen outside the searched interval. Second, multiply
probabilities which were selected in the applying combination. Assign it to the gained short staff. Finally,
lay the short staff along the original staff to its end with the lowest values, as shown at Figure 5.

12986 721 3 4 5 10 11

0.3 0.60.20.0 0.7 0.7 0.7 0.7 0.8 1.01.0 1.0

2 3 6 7 10
one short staff, its probability:

entire staff

comb
p         = q*p*p*q*q*p*p*q*q*p*q*q

Figure 5: Staffs alignment during weighted quantile estimation.

After all the short staffs are laid, make subsequent summations. Take all short staffs which have their ends
along particular rods into distinct groups. The intervals that belong to rods are open from their lower sides
and closed from their upper sides. In such a manner, there is an initial part  # 
 # � . It contains ends of short
staffs which have zero lengths. Add up the assigned values which belong to short staffs from single groups.
The outputs are group (rod) assigned values. Do a new succession along the entire staff from its end of the
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lowest values. Add up group assigned values until the summation strictly greater than � , the confidence
value. Stop by the rod which is the first with the greater summation. Take its � ����
 �  value, label it � � .
The interval for � -quantile (of weighted occurrences) is  � � 
 �C� on ��� � �  confidence level. It means, the
probability that � -quantile (of weighted occurrences) lies outside  � � 
 �C� is less than or equal to � . We assume
that � values of the sample are representative enough with respect to � -dependent changes of � ��� �&���& � 
 � 
distributions. Weighting functions which have zero outputs on some  # 
 � � interval, are a bypass if there is
a problem with that assumption on � �1� 
 �  for small � values.

Label the newly gained quantifiers with
� �  � : � � � ��� ( * 	 for general * weighting functions). Usage of

two (i.e. � # , � � ) valued weighting functions reduces
� �  �� : � � � ��� quantifiers into

� �  �� : � � � � � quantifiers. We
can prove that

� �  � : � � � ��� are strong fuzzy multitudinal quantifiers on fuzzy data, by using the evaluation
process that is exposed above. It directly implies, first, that

� �  � : � � � � � are strong multitudinal quantifiers too,
and second, that both

� �  � : � � � ��� and
� �  �� : � � � � � are weak multitudinal quantifiers as well. The presented

quantifiers take * �1�  values as weights. It is possible to take * �1�  outputs as counts of occurrences.
It leads into different quantifiers, label them

� � )�� : � 	 � ��� ( � for border value,
�

explained in next). Such
quantifiers are yielded by the usage of regularized beta function

� : � � 
 �� � ���	��
 � 
 �� � ����� 
 �� , where
��� � 
 �� is the beta function and ���	� 
 � 
 �� is the incomplete beta function. Incomplete Beta function is
defined by integral: ��� ��
 � 
 �� � � :� � � � � � � � � 

�
�
�
	 � and ��� � 
 �� � ��� � 
 � 
 �� . Cumulative probabilities

for a binomial distribution can be computed by
� : � � 
 �� with � , � integers. We just extend the definition onto

arbitrary nonnegative real values, there is no other change. Set % � ! � � * �1�  and & � ! � � * ���  , where +
is number of data objects and - is number of objects which have their � �1� 
 �  strictly lower than a chosen
value � . Then we have � � )�� : � 	 � ��� �

� � � 9 � � :'= ��%�� & 
�&
�
��

where � is for the � -quantile, and
� � ) � : � � � ��� expresses confidence interval for the � -quantile being in � � �

� �1� 
 �  
 �C� . It is straightforward to prove that
� � )�� : � 	 � ��� are strong fuzzy multitudinal quantifiers on

fuzzy data.

Now, let us intrigue on residual implication of Goedel t-norm. That implication is somewhat special because
it depends on � in just one condition checking. The situation resembles survival monitoring. There are
developed methods for survival estimation. We exploit some of them to develop new multitudinal quantifiers.
We use conception that � represents observation time (before censoring takes place) and

�
represents survival

time for each data object. Each object is taken at time of
	�
 � �1� 
 �  . No object is considered again after its

censoring time (if it was censored). An object is taken as failed one if
�

is sharply less than � . An object is
taken as censored if

�
is greater than or equal to � . It changes the notion of our version of survival analysis

from ”to live over” (to survive) into ”to live up to” (to reach). The function, say � ���  , which is searched, is
probability � of reaching an age � . We alternate classical Kaplan-Meier estimator to fit our model. Multiplier
terms which are used for estimation of reaching (i.e. survival in the original case) probability, are gained
by a method shown next. Consider computation at a time � � when an event occurs. Count all objects which
reached the time � � (including those which fail at that time). It is the amount of objects with

	�
 � �1��
 � 
greater than or equal to that time � � . Label this value with

� �
. Count number of objects which failed at

time � � � � of previous event, label this value with
� �

. The multiplier term is
� � � � � �

� � �  , label it with � � .
Reaching probability at the time � � is

� ��� � � � , set � ��� �  to this value. The value of � � � �  is sample estimation
of reaching for interval � � � � � 
 � � � . Estimation of � � #  is set to � , and of � ���  is set to

#
for � � � � � 
 �C� if � � is

the last time of an event occurrence and � � � � . Estimated mean of reaching time is gained by integrating
the � function from

#
to � . Label this estimator by

� �1� � , . We have considered all the objects with the same
stress. It corresponds to setting the weighting function to constant of � . Label generalized estimators which
use weighting functions * , with

� � � � �
. Both

� � ��� , and
� � � � �

are classes of fuzzy quantifiers which are
weak multitudinal. Neither of them is strong multitudinal quantifier. The cases of � � quantifiers belong to
model A at Figure 6.

It is possible to alter
� � ��� �

so that they can hold strong multitudinality. One solution is in two changes. First,� �
is count of all the objects which failed before time � � . Second, � ��� �  is computed directly as

� � � � � �
� � �  .

Then, it is used as value for interval � � � � � 
 � � � . In fact, � ���  can be computed as
�
� � �

� �  for every time.
End of the modified algorithm is the same as in the case of

� �1� � �
. We have new quantifiers, label them
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a

b

a

b

A B

Figure 6: Model squares for reaching time quantifiers

with
� �
�
� �

and their version with constant weighting function as
� �
�
� , . The newly gained quantifiers� �

�
� �

and
� �
�
� , are strong fuzzy multitudinal quantifiers on fuzzy data. The cases of � � quantifiers belong

to model B at Figure 6. It is notable that � � �  remains reach estimator and it has a natural property, it is
nonincreasing function of time. Thus, we have developed both strong multitudinal quantifiers and weak
multitudinal quantifiers which are not strong.

We have several classes and concrete examples of multitudinal quantifiers on fuzzy data. In addition, we need
formulas to take advantage of the quantifiers. We have developed methods to generate formulas and their
evaluations in previous section. Formulas which are used in data mining technics, are usually simple. We
consider formulas which are generated by usage of conjunction, disjunction, the outer operation opposite,
and constants

#
and � . Multitudinal quantifiers on formulas

�
, " can resemble implication

�
� " . We

look for formula pairs which lead into high results by the multitudinal quantifiers usage on them. In the
same time, we do not want noninteresting formula pairs, as is in classical GUHA method. Thus we start
from potentially the most interesting formulas. We try other weaker formula pairs until the multitudinal
quantifiers are satisfied high enough on them. The starting pair �

�
, " � is � � , # � . We weaken the first position

formulas into conjunctions of basic formulas and of their opposites. The second position formulas are
weakened into disjunctions of basic formulas and of their opposites. Fitting formulas can be strengthen by
subsequent disjunctions (conjunctions respectively) applied on the first (the second respectively) formulas
of the formula pairs.

Let us restrict onto crisp data. It is known that a pair � conjunction (
�

 5 ), " � which leads into high quantifier

output, can be used for creation of a pair �
�

, disjunction (negation( 5 ), " ) � and the new pair leads into high
quantifier output too. Let us come back to fuzzy data. We replace negation by opposite operation. Then, the
relation between formula pairs which is shown above, does not hold in the field of mining on fuzzy data.
It is caused by the fact that opposite of formula which has low evaluation value, can have low evaluation
value too.

4. Conclusion

We have new methods to make data mining on fuzzy data. They are aimed to be used primarily for
extraction of information from microarray experiments data. There are specific features of such data. The
most considerable one is great number of genes, i.e. properties. It leads into too great amount of formulas.
It can be solved by clustering the data and by usage of the resulting clusters in place of original genes.

Results of quantifier usage on the microarray data can be further used in several ways. They are among
others: first, exploiting gene regulations, second, illnesses classification, third, gene expression predic-
tion. Consider the first case. Formula pairs of form �

� � � �
�

�
"�"'"
� �

� 
�" � � , � � � � � � � "�"'"
� �

� 
�" � � , ...,
�
� � � �

�

�
"�"'"
� �

� 
�" � � can help in search for upstream regulatory sequences of " � , " � , ..., " � . Consider
the second case. Formula pairs which have conditional fitting, are to be searched if there are several
classes of data objects. General formula pairs which fit in some classes but not in some others, are im-
portant cases. Object classification is frequently done by nearest neighbor search. Implication functions
(together with weights) on objects can be used as other points in object vectors (i.e. cells in data rows).
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Consider the third case. Formula pairs of form �
� �0� � � �

�

�
"�"�"
� � � � ' 
�" � , � � � � � � � � � "�"'"

� �
� � ) 
�" � , ...,

�
� ��� � � �

�

�
"'"�"
� � � ��� 
�" � can be used for prediction of expression of genes in position of " formula.

We believe that GUHA inspired data mining technics are fruitful instruments in a broad range of practical
applications. Life sciences and medicine produce high amount of experimental data and there are data
collections which are available on internet. We will implement described methods and test them on gene
expression data.
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školitel:
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Abstract

We express the problem of approximating a data set � � � ��� � � � � 	 � ���� � ���
	����
in the form of

minimizing a functional that composes of an empirical error part and a regularization part. We prove that
by adding the regularization part the problem becomes solvable. We derive existence and uniqueness of
the solution. We also describe the shape of the minimizing function and show that it is in the form of a
one-hidden layer feed-forward neural network with activation functions derived from the regularization
part.

1. Introduction

Learning from data usually means to fit a function to a set of data � � � ��� � 
 � � �� ��43�� � � � , � . Typically
it is not necessary that the function approximates the data exactly, we need some generalisation. There are
infinitely many functions that fulfill this demand, so it is needed to precise the task. Additional constrains
are put on the desired function such as continuity or smoothness, see for example [1], [3].

Mathematical expression of these ideas lies in formulating a functional, that would among admissible func-
tions pick the one, that is reasonably close to the data and also corresponds to global property assumptions.
The article deals with a special type of the functional based on Fourier transform and we show existence,
uniqueness and even the form of the solution.

2. Preliminaries

A real or complex Banach space � � 
 	 " 	  is a vector space over real or complex numbers which is complete
in the topology generated by the norm 	 " 	 , defined on

�
. A Hilbert space is a Banach space in which
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the norm is given by an inner product
�
" 
 " � , that is 	 � 	 � � � 

� � � � � . Sequences of elements of spaces are

denoted by ��� � � meaning +���� � , where � � is the set of positive integers.

The Banach space
� 
 of bounded (real-valued) linear functionals on

�
is called the dual or adjoint space.

It defines weak convergence on
�

. A sequence ��� � � � �
converges weakly to � ( � ��� � ) if and only if� 
	 ��� � � % ��� �  � % �1� 9� �$#

for each fixed % � � 
 .
� denotes the set of real numbers. For a positive integer 	�
 � � � � we denote by ��� � �  
 	 " 	 ,  the space of
continuous functions on � with the maximum norm and by ��� : � �  
 	 " 	 :  the space of � -times integrable
functions on � , where 	 % 	 : � � # � % �1� 9� : � � .

A functional � � � � ��� � 

�
��� is called proper if it is not identically equal to

�
� . The set

� �*	 � �
� % � � ��� �-%  � �

� � is called the domain of � .

� is continuous at % � � �2	 � if for all � % #
there exists

� % #
such that for every & � � �*	 � , 	 % � & 	 � �

implies � � ��%  ��� � &  � � � . The modulus of continuity of � at % is the function �
� � � � � � � defined as

�
� � �  � �
	 � � � � �-%  ��� � & 9� � % 
�& � � �2	 � 
 	 % � & 	 � ��� .

A functional � is lower semicontinuous in a topology if and only if � % ��� ��%  % � � is open for each real�
. A functional is sequentially lower semicontinuous if and only if the convergence of � % � � to % implies
� ��%  � � 
	 
� ����� � � ��% �  . Thus a functional � is weakly sequentially lower semicontinuous if and only if
% � � % implies � ��%  � � 
	 
� ����� � � ��% �  .
A functional � is convex on a convex set � � � �2	 � if for all % 
�& � 2

and all 	 �  # 
 �'� , � � 	$% � ��� � 	� &  �
	� ��% 

�
� � � 	��� � &  . � is uniformly convex on a convex set � � � �*	 � if there exists a non-negative

function � � � � � � � , such that � � #  � #
, � ��� �  % #

for some � � % #
and for all % 
�& � 2

and all 	 �� # 
 �'� ,
� � 	$%

�
� � � 	  &  � 	� �-% 

�
��� � 	 
� � &  � 	���� � 	 �� � 	 % � & 	  . Any such function � is called a modulus

of convexity of � . The functional � is called strictly uniformly convex on � if � � �  % #
for all � � � � .

Functional � is (strongly) quasi-convex if for all % 
�& � 2
it holds: � � �� %

� �
� & # � �  � 	 ��� ��� �-%  
�� � & �� .

Let
� 
 � be Banach spaces and � � � ��� be a mapping from

�
to � . We define the Gateaux derivative of

� in % in direction � as  � � � �  � � 
 	 % � ��� 9 � �
%�	 = � � 9 � =% . If the limit is uniform in � , we call the derivative

the Frechet derivative (which will be our case). We can analogously define the second and so on derivatives.

3. Approximating a Data Set Formulated as a Minimization Problem

The task to find an optimal solution to the setting of approximating a data set � � � �1� � 
 � � �� �� 3�� � � � , �
by a function from a general function space

�
is ill posed. A standard method to cope with ill-posed prolems

is to impose additional (regularization) conditions on the solution. These are typically things like a-priori
knowledge, or some smoothness constraints. The solution % � has to minimize a functional �+� 2 � � that
is composed of the error part and the “smoothness” part:

� �-%  � � � ��% 
��� -

�-%  

where � � is the error functional depending on the data � � � ��� � 
 � � �� �� 3���� � � , � ,

-
is the regularization

part — the so called stabilizer and
�

is the regularization parameter giving the trade-off between the two
terms of the functional to be minimized.

An error functional is usually of the form:

� � �-%  �
�2
�43�� , �-% �1� �  


� � 
A typical example of the empirical error functional is the classical mean square error:

� � ��%  � �
(

�2
�43�� ��% �1� �  �

� �  � "
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In [3] a special stabilizer based on the Fourier Transform was proposed:-
� �-%  �

�
� �

� �% � �� � �
�	 � ��

�
� 


where the hat indicates the Fourier Transform ( �% � �� � � �
�
� � 
� ) �
� � % �1� �� � ����� � � , further we omit the

constants) and �	 is some positive function tending to zero as 	 � 	 � � . That means �
� �	 is a high-pass

filter.

Now we can define the functional � � that is to be minimized:

� � ��%  � � � ��% 
� - � ��%  � �

(

�2
�43�� ��% ��� �  �

� �  � � �
� �

� �% � �� � �
�	 � ��

�
� "

4. Existence and Uniqueness of the Solution

In this section we will derive conditions that will guarantee existence and uniqueness of solution to the
above minimization problem.

We start with uniqueness. To solve this problem we need some convexity assumptions. We use the following
result from [2, p. 15]:

Theorem 3 A strongly quasi-convex functional � can achieve its minimum over a convex set � at no more
than one point.

Proof: If ���-% �  � ����% �  � 
� � � � , % �1�  , then �
� � % � � �

� � % � �+� , but

��� � � � % � � �
� � % �  � 	 � � �3����% �  
 ���-% � �� � 
 � �� � , ���-%  


which is a contradiction. �

We prove that under a natural assumption functional � � is even strictly uniformly convex. This clearly
implies strong quasi-convexity and using the previous theorem, we conclude, that the minimum of � � (if it
exists) is unique.

Theorem 4 Suppose
��	 � � � ��� �	 � �� � ! � � . With the notation from section 3, functional � � is convex,

the functional

-
�

is strictly uniformly convex with modulus � � �  � � � � ! (in
�
� ). Hence, also � � is strictly

uniformly convex with modulus
� � �  � �

 � � .

Proof: For the first part, � � �-%  is sum of ( elements, each of which is a convex functional, as (real)
function ���� �� � � � � �  � is convex.

To deal with the other functional, choose 	 �� # 
 �'� . We have to prove-
� � 	 %

�
� � � 	� &  � 	

-
� ��% 

�
� � � 	 

-
� � &  � 	 � � � 	� � � 	 %�� & 	  


after rewriting

	

-
� ��% 

�
��� � 	 

-
� � &  �

-
� � 	 %

�
� � � 	� &  � 	 � � � 	� � 	 %�� & 	  � � ! "

It is straightforward to check that the left-hand side of this inequality is equal to

	 � � � 	 
-
� �-%�� &  "
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Denote � � %�� & . As �
	 � �� � ! , we have-

� � �  �
�
� � �

�� � �� � �
�	 � ��

�
�
� �

!
�
� � � �� � �� � �

�
�
� �

!
	 �� 	 �� "

Since Fourier transform is an isometry on
�
� , the last quantity is equal to

�
 	 � 	 �� , hence

-
�

is uniformly
convex.

This means that
� - �

is uniformly convex with
�

-times larger modulus, i.e. with modulus
�
, and so is

� � � � �
��� - �

, as claimed. �

So we have proven uniqueness of the solution to the minimization problem.

To prove existence we use two basic results of approximation theory, see [2, p. 7-13]:

Theorem 5 A weakly sequentially lower semicontinuous functional � defined on a weakly sequentially
compact set � has an infimum % � such that � ��% �  � 
� � � � , � ��%  �$	 
� � � , � �-%  "
Weak lower sequential semicontinuity of a functional can be secured by several means, as for example by:

Theorem 6 A convex functional � that has first and second derivatives at all points of an open convex set
� (subset of

2
) is weakly sequentially lower semicontinuous in � .

To apply Theorem 6 we have to prove the derivatives of � � to exist.

Theorem 7 Let � be an open convex subset of
� �*	 � � . Functional � � is weakly sequentially lower

semicontinuous on � .

Proof: Let us have a look at the regularization part. We compute the first derivative:

 �
-
� � �� � � 
 	% � � � � � � � � �  % ���  � � �����  � � � ����� � � # � � � � % � �  � � � � �  � � � ��&� � � #

� �	 � ��
� � � � � % �1� �� � ���&� � � # � � � � % � � �� � � ���� � � #

� �	 � ��
�
�

� �
���
�
� � � � � � % �1�  � � �  � � �1�  % � �  � � � � ��� � � ���� � � � �

�	 � ��
�
�

� �
� �

�,� � ���% 
 � ���
�	 � ��

�
�

where  �
-
� � �   means the first derivative of

-
�

in % in direction � .

Now we compute the second derivative:

  �
-
� � � 
�-  � � 
	% � � � � � �,� � ���% � � - 


�
� �

� �	 � ��
�
� �

��� � � �% 
 � � �
� �	 � ��

�
�
� �
� �

�,� � � � - 
 � � �
�	 � ��

where   �
-
� � � 
�-  is the second derivative of

-
�

in % in directions � 
�- .
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Now we will need also the error part derivative (recall the error part is of the form ( � � ��%  �
�� ! ��43�� �-% �1� �  �� �  � ):

 � � � � �� � �
(

� 
	% � � ! ��43�� �-% �1� �  � � � �1� �  � � �  � � ! ��43�� ��% �1� �  � � �  �
�

�

� �
(

�2
� 3�� ��� % ��� �  ����� �  ���!� �1� �  � � 

The second derivative is:

  � � � � ��
 -  � �
(

� 
 	% � � ! ��43�� � � �-% � � -  �1� �  � �1� �  � � ����� �  � �  � ! ��43�� ��� % ��� �  � �1� �  ���!� �1� �  � � 
�

�

� �
(

�2
�43�� � - �1� �  ����� � 

By Theorem 6 � � is weakly sequentially lower semicontinuous. �

Hence using theorems 5 and 7 we obtain existence of the solution to the minimization problem.

5. The Form of the Solution

We can describe the shape of the solution using a well known fact from mathematical analysis, see for
example [3]:

Theorem 8 Let the functional � defined on a set
2

in a Banach space
�

be minimized at a point % � � 2
,

with % � an interior point in the norm topology. If � has a derivative  � ��� at % � , then  �� ��� � #
.

The existence and uniqueness of the solution have been proven, so we can use Theorem 8 to derive the form
of the solution. The proof of the following theorem is a rigorous version of the proof sketched in [3].

Theorem 9 With the notation from section 3, functional � � defined on real functions and for �
	

symmetric
we have a unique minimizing function % � of the form

% � ���  � �2
�43�� � � 	 ����� � �  � 2

� 3 �
	 � " � �1�  


where � � are the data points and � " � � � 3�� is the bias of the null space of functional

-
�

.

Proof: The existence and uniqueness of the solution has been proven in section 4. Now we will rewrite the
functional � � in terms of Fourier transform of % , & � �% :

� � � &  � �
(

�2
�43�� �

�
� � & � �� �

��� 8 � � � � � �  � ��� � � � � & � ��9� ��	 � ��
�
� "

Let us observe, that � & � ��9� � � & � �� & � �� � & � �� & � � �� because for % real it holds
�

% ���  � �
% ��� �  . Now we

will compute the derivative of � � in & in direction � :

 � � � � �  � � �(
�2
� 3 � �

�
��� & � ����

��� 8 � � � � � � ��� �� �
� � 8 � � � � � � �

��� � � ����
��� 8 � � �� �� � �

��� & � �� � ��� ��
�
& � � �� � � ��

�	 � ��
�
� "
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Now we put  � � � � � �� � #
( & � is the minimizing function). This has to hold for all � . Let us take

� � �� � � % � �� , where
� %

means the delta-function in � . We obtain:

 � � � � � �� � � �(
�2
� 3�� �

�
� � & � � �� � � � 8 � � � � ��� 8 % � � � � ��� 8 %  ��� & � � � � �	 ��� � 

��� & � � � � 
�	 ��� 

�

� � �(
�2
�43�� ��% � �1� �  � � � �� � � 8 % � � � & � ��� � �	 ��� � 

� # 

as for �

	
is symmetric. Now we multiply by � �

����%
and integrate over �

�
:

� �(
�2
� 3�� �-% � ��� �  � � �  �

� � �
� 9 � 8 � � = % �	 ��� �  � � � � � � �

� � & � � � � �� � ����% � �
Thus we obtain �2

� 3�� �
( �-% � ��� �  � � �  	 �1����� �  � � % � �1� 

and we see that the solution must be in the form

% � ���  � �2
�43�� � � 	 ����� � �  � 2

� 3 �
	 � " � �1�  


where " � are functions invisible to

-
�

. �

The solution derived is very nice, since it resembles a neural network with
	

as the activation functions
shifted to the data points � � . The problem of the number of hidden units being too large to be implemented
can be solved by variable basis approximation using the obtained shape of the activation functions.

6. Conclusion

We have derived existence and uniqueness to the problem of finding a function close to the given data and
simultaneously reasonably smooth (in terms of its Fourier transform). We showed that the solution is in the
form of a one-hidden-layer feedforward neural network with activation functions depending on the form of
regularization.

The drawback of this approach is that the obtained neural network has too many hidden units (as much
as the number of data). This problem can be dealt by variable basis approximation limiting the number of
hidden units. Nice approximation properties have been proven. This is unfortunately out of the scope of this
article, so we kindly ask the reader to refer for example to works [5], [10].

The article was based on some ideas from [3].
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KIT,VŠE Praha KIT, VŠE Praha
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Abstrakt

V následujı́cı́m textu je představen akademický projekt zaměřený na vývoj modulárnı́ho systému
LISp-Miner pro data-mining. Tento systém je otevřený a volně dostupný a je vhodný pro výuku a výzkum
v oblasti dobývánı́ znalostı́ z databázı́. Projektový tým se skládá z učitelů i studentů z vı́ce vysokých
škol. LISp-Miner může být snadno rozšiřován pomocı́ dalšı́ch modulů zaměřených na specifický způsob
zpracovánı́ analyzovaných dat. Při tvorbě nových modulů jsou k dispozici rozsáhlé prostředky vytvořené
při implementaci existujı́cı́ch modulů. Je možné vytvářet i specializovaná webová rozhranı́ uzpůsobená
potřebám konkrétnı́ analýzy. Přizpůsobenı́ se může týkat jak rozsahu funkčnosti, tak použité terminologie.
V článku jsou popsány některé existujı́cı́ moduly a zároveň jsou zmı́něny i současné směry rozvoje
systému.

1. Úvod

Automatizované zpracovánı́ provoznı́ch dat se v současné době stalo nezbytnostı́ téměř ve všech oblastech
podnikatelské činnosti i veřejné správy. Vznikajı́ tak rozsáhlé a složitě strukturované databáze zaznamená-
vajı́cı́ někdy i desı́tky let dlouhou historii činnosti organizacı́ jako jsou banky, pojišt’ovny, výrobnı́ podniky,
obchodnı́ řetězce ale i nemocnice, školy atd. Ve většině přı́padů lze z těchto databázı́ zı́skat podstatně vı́ce
informacı́ a znalostı́ než bylo původně předpokládáno.

Proces, jehož cı́lem je zı́skánı́ takovýchto nových znalostı́ se v angličtině nazývá Knowledge discovery in
databases, často se použı́vá i termı́n data mining. Podle [5] je data mining analýza (často rozsáhlých) ob-
servačnı́ch dat s cı́lem nalézt netušené vztahy a sumarizovat data novými způsoby tak, že jsou srozumitelná
a užitečná pro jejich majitele. Pro tento proces budeme použı́vat termı́n dobývánı́ znalostı́ z databázı́ (zkrá-
ceně DZD). Slovo ”dobývánı́” vyjadřuje fakt, že zı́skánı́ nových znalostı́ vyžaduje vynaloženı́ rozsáhlého a
nelehkého úsilı́.

Dobývánı́ znalostı́ z databázı́ je předmětem jak rozsáhlého výzkumu a vývoje, tak i mnoha obchodnı́ch
aktivit. Je k dispozici řada softwarových produktů a metodik pro DZD. Charakteristické je, že komerčnı́
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systémy jsou značně drahé a těžko dostupné pro výuku. Dále je nutné poznamenat, že výzkum a vývoj v
oblasti DZD je stále spı́še na počátku.

Cı́lem článku je představit Projekt LISp-Miner. Projekt je zaměřený nejen na tvorbu samotného systému pro
data-mining, ale i na vytvořenı́ metodik celého procesu DZD a v neposlednı́ řadě i na vysvětlenı́ základnı́ch
principů data-minigu ve výuce.

Systém LISp-Miner je vyvı́jen na Fakultě informatiky a statistiky VŠE od roku 1996. Hlavnı́m cı́lem je při-
blı́žit studentům celý proces DZD, umožnit jim práci na vlastnı́ch analýzách a poskytnout i detailnějšı́ pohled
na algoritmy a techniky použité při implementaci takového systému. Zároveň systém sloužı́ jako platforma
pro dalšı́ výzkum v oblasti DZD a to jak na teoretické rovině, tak i v praktické prostřednictvı́m nových mod-
ulů vyvı́jených zejména v rámci diplomových a disertačnı́ch pracı́. Nezanedbatelným přı́nosem je i možnost
využı́t systém LISp-Miner pro DZD v oblastech, ve kterých nejsou finančně dostupné komerčnı́ systémy
(např. při zpracovánı́ medicı́nských dat). LISp-Miner je volně ke staženı́ na adrese http://lispminer.vse.cz.

Systém LISp-Miner je výsledkem práce celé skupiny autorů, kteřı́ se podı́leli na jeho vývoji. Při jeho
tvorbě byly použity dlouhodobé zkušenosti v oblasti data-miningu. Teoretické podklady byly publikovány v
článcı́ch a knihách již od roku 1960 (viz např. [2], [6], [4], [7], [3], [1], [14]). Staršı́ verze některých modulů
byly nejprve implementované jako samostatné aplikace jejich původnı́mi autory. V systému LISp-Miner je
podstatným způsobem vylepšena funkčnost dřı́ve existujı́cı́ch procedur, jsou přidány nové procedury a celý
systém tvořı́ konzistentnı́ celek těžı́cı́ z propojenı́ch jednotlivých dı́lčı́ch modulů.

Hlavnı́ rysy systému jsou spolu s přehledem jeho hlavnı́ch částı́ popsány v kapitole 2. Dalšı́ směry vývoje
jsou naznačeny v kapitole 3.

2. Systém LISp-Miner

LISp-Miner je modulárnı́ systém. Přehled současných modulů je na obrázku 1.

Moduly rozdělujeme do třech základnı́ch skupin:

� Seznámenı́ s daty a jejich transformace

� Zpracovánı́ analýz

� Interpretace výsledků

Toto rozdělenı́ umožňuje udržet složitost každého modulu na úrovni přijatelné pro uživatele a zároveň
pomáhá dodržet metodikami doporučovaný postup DZD (přı́kladem je metodika CRISP-DM).

Pro rychlé seznámenı́ s daty sloužı́ modul LM DataSource, mezi jehož funkce patřı́ frekvenčnı́ analýza
a široká škála transformacı́ dat, podrobnosti jsou v odstavci 2.1. Do skupiny seznámenı́ s daty a jejich
transformace patřı́ i modul LM TimeTransf [13]. Ten se zaměřuje na výpočet různých charakteristik časových
řad tak, aby vypočı́tané charakteristiky mohly být snadno využity v dalšı́ch částech systému LISp-Miner.

Jako přı́klad analytické procedury uvádı́me proceduru 4ft-Miner, která je v hrubých rysech popsaná v
odstavci 2.2. Jedná se o novou, oproti dřı́vějšı́m značně rozšı́řenou, implementaci GUHA procedury ASSOC
[3]. Při implementaci procedury 4ft-Miner byly využity dřı́vějšı́ zkušenosti [6], [7]. Současná implementace
obsahuje dalšı́ četná rozšı́řenı́ a je integrovanou součástı́ celého systému LISp-Miner. Kromě procedury
4ft-Miner je součástı́ systému i procedura KEX [1] pro strojové učenı́, jejı́ž hrubý popis je v odstavci 2.3.

Prostředky vyvinuté během tvorby současné verze systému mohou být využity i v budoucnu a významným
způsobem usnadnı́ implementaci dalšı́ch analytických procedur.

Důležitou součástı́ systému je metabáze. Jedná se o centralizované úložiště dat ze všech modulů systému
LISp-Miner. V metabázi se uchovávajı́ nezbytné informace o analyzovaných datech (např. seznam relačnı́ch
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Obrázek 1: Přehled současných modulů systému LISp-Miner.

tabulek, názvy a datové typy sloupců), definice transformacı́ dat prováděných moduly LM DataSource a
LM TimeTransf, zadánı́ úloh jednotlivých procedur a v neposlednı́ řadě i samotné výsledky analýz. Každý
modul načı́tá veškeré své vstupy z metabáze a ukládá do nı́ i veškeré své výstupy. Omezená skupina modulů
pracuje i přı́mo s analyzovanými daty, viz obrázek 2.

Uvedená architektura umožňuje snadno přidávat dalšı́ moduly. Ty mohou využı́vat výstupy ostatnı́ch mod-
ulů jako své vstupy a své výstupy naopak zpřı́stupňovat jiným modulům pro dalšı́ zpracovánı́. Nový modul
může být jak samostatnou aplikacı́, tak i webovým rozhranı́m, které spouštı́ vybrané moduly v dávkovém
režimu. Tak je možné velmi rychle vytvořit rozhranı́ specializovaná pro určitou oblast a konkrétnı́ analýzu.
V nich mohou být použity odborné termı́ny z analyzované oblasti a ovládánı́ může být zjednodušené, aby
s nı́m mohl snadno pracovat i samotný odbornı́k na danou oblast. Takto lze rozšı́řit okruh lidı́ schopných
provádět kvalifikované a hluboké analýzy dat, zejména pokud se jedná o opakované analýzy nad stále aktu-
alizovanou databázı́. Rozhranı́ může být realizováno prostřednictvı́m WWW technologiı́. Jedna z takových
implementacı́ je zmı́něna v [12].

2.1. LM DataSource

Modul LM DataSource sloužı́ pro seznámenı́ se s daty a zejména pro jejich přı́pravu pro dalšı́ zpracovánı́.
V rámci seznámenı́ je možné procházet seznam tabulek v analyzovaných datech, seznam sloupců v každé z
nich a také data, která obsahujı́.

V rámci přı́pravy dat je možné definovat odvozené hodnoty z existujı́cı́ch sloupců tabulek. Pomocı́ databá-
zových funkcı́ je možné dopočı́tat věk pacienta z data narozenı́, celkovou výši platu jako součet základu a
prémiı́ nebo zjistit den v týdnu podle datumu uskutečněnı́ telefonnı́ho hovoru. Přestože se jedná o odvozené
informace, jejich použitı́ může výrazně zlepšit výsledky analýzy.

Během přı́pravy dat je však klı́čovou fázı́ vhodná kategorizace hodnot. Může se jednat o vytvořenı́ intervalů
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Obrázek 2: Globálnı́ architektura systému LISp-Miner.

ze spojité veličiny, o seskupenı́ okrajových hodnot do jedné kategorie, sloučenı́ geograficky blı́zkých okresů
do vyššı́ch celků atd. Na obrázku 3 je ukázka dialogovéhookna, kterým se zahajuje automatická kategorizace
sloupce Věk.

V současné době jsou k dispozici tyto volby pro automatickou tvorbu kategoriı́:

� Enumerace ... každá hodnota v analyzované relačnı́ tabulce je samostatnou kategoriı́,

� Ekvidistantnı́ intervaly ... systém automaticky vytvořı́ intervaly o stejné délce s daným počátkem a
s daným způsobem uzavřenı́ (zleva, zprava),

� Ekvifrekvenčnı́ intervaly ... systém automaticky vytvořı́ zadaný počet intervalů tak, že do každého
intervalu spadá pokud možno stejný počet záznamů z analyzované tabulky.

V obrázku 3 je požadováno vytvořenı́ intervalů o délce 10 uzavřených zprava. Ukázka výsledku je na
obrázku 4.

Důležitou funkcı́ modulu LM DataSource je i frekvenčnı́ analýza, která napomáhá vhodné kategorizaci
hodnot. Ukázka frekvenčnı́ analýzy je na obrázku 5. Kategorie v seznamu i v grafu je možné řadit vzes-
tupně/sestupně podle frekvence. Seznam je možné exportovat do schránky systému Windows a použı́t v
dalšı́ch aplikacı́ch. Analyzujeme-li najednou vı́ce atributů, jsou v seznamu i grafu uvedeny všechny možné
kombinace kategoriı́ ze všech analyzovaných atributů.

2.2. Procedura 4ft-Miner

Procedura 4ft-Miner je nejstaršı́ z procedur celého systému. Pro jejı́ implementaci existujı́ široké teoretické
podklady, které byly poprvé implementovány v souvislosti s metodou GUHA - [2], [6], [7]. Předchozı́ verze
procedury 4ft-Miner je popsána např. v [10].

2.2.1 Asociačnı́ pravidla: Procedura 4ft-Miner nepoužı́vá klasický A-priori algoritmus. Namı́sto
toho vyhledává platná asociačnı́ pravidla tvaru � � " nebo podmı́něná asociačnı́ pravidla tvaru � � " � 5 "
Kde � 
�" a 5 jsou konjunkce booleovských atributů automaticky vytvořených z vı́ce-hodnotových atributů
pomocı́ různých metod (viz dále).

Symbol
�

se nazývá 4ft-kvantifikátor. Asociačnı́ pravidlo � � " řı́ká, že booleovské atributy � a " jsou v
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Obrázek 3: Ukázka okna pro kategorizaci.

Obrázek 4: Ukázka intervalů vytvořených dle zadánı́ z obrázku 3.

určité závislosti definované právě 4ft-kvantifikátorem
�

. Podmı́něné asociačnı́ pravidlo � � " � 5 řı́ká, že� a " jsou v závislosti (ve smyslu
�

), jestliže je podmı́nka 5 splněna.

Pro zadávánı́ úloh je k dispozici jednoduché a uživatelsky přı́větivé uživatelské rozhranı́ - viz obrázek 6.

2.2.2 Syntaktická bohatost: Hlavnı́ rozdı́l oproti A-priori algoritmu je schopnost 4ft-Mineru
vytvářet a testovat syntakticky složitějšı́ asociačnı́ pravidla:

� Je možné použı́vat podmı́něná asociačnı́ pravidla ve tvaru
� � � � � " To pomáhá hledat vztahy, kdy

�
je málo četná kombinace.

� Pravidla mohou obsahovat konjunkce atributů v libovolné své části -
� � / �

� / "'"�" � � � � � /�� � /"�"'" � � � � � / � � / "�"'" � � "
� Každý atribut může obsahovat vı́ce než jednu hodnotu - např.

�
(Praha, Brno) znamená, že

�
může

být bud’”Praha” nebo ”Brno”.

� K dispozici je vı́c typů závislosti než pouhá implikace
� � � � � " Celkem je v současné době k

dispozici 17 4ft-kvantifikátorů, pomocı́ kterých lze vyjádřit hledaný vztah mezi
�

a � , viz např. [8].
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Obrázek 5: Ukázka frekvenčnı́ analýzy pomocı́ modulu LM DataSource.

� Atributy v libovolné části asociačnı́ho pravidla mohou být seskupeny do celků a s těmi může být
zacházeno najednou (nastavovánı́ parametrů, kopı́rovánı́ / přesouvánı́ atd.).

� Během hledánı́ platných asociačnı́ch pravidel jsou použı́vány techniky pro redukci množstvı́ pravidel
ve výsledku. Logicky odvoditelná pravidla mohou být automaticky vynechána, viz např. [8].

Detailnějšı́ rozbor procedury 4ft-Miner je uveden v [11].

Bohatost možnostı́ při zadávánı́ úlohy vede k obrovskému množstvı́ pravidel, které je nutné vygenerovat
a otestovat. Použité algoritmy jsou založeny na vhodné reprezentaci dat pomocı́ bitových řetězců a na
velmi rychlých operacı́ch nad těmito řetězci, viz např. [6], [11]. Výsledkem je velmi krátká doba nutná pro
zı́skánı́ výsledků a použı́vánı́ procedury 4ft-Miner je interaktivnı́ pro úlohy až do velikosti �

#��
generovaných

asociačnı́ch pravidel.

2.3. Expertnı́ systém KEX

KEX je procedura strojového učenı́ založená na asociačnı́ch pravidlech [1]. Verze implementovaná v systému
LISp-Miner rozšiřuje schopnosti předchozı́ch verzı́ zejména ve schopnosti sdı́let vstupnı́ i výstupnı́ data s
ostatnı́mi moduly zejména ve schopnosti použı́vat výsledky fáze přı́pravy dat (z modulu LM DataSource).

2.3.1 Tvorba báze znalostı́: Klı́čovou funkcı́ expertnı́ho systému je tvorba báze znalostı́. Cı́lem
je vybrat takovou skupinu pravidel, která bude umožňovat co nejpřesnějšı́ klasifikaci nových přı́padů. K
tomu se použı́vá trénovacı́ sada přı́padů, na které se může systém naučit. Oddělená testovacı́ sada potom
umožňuje otestovat kvalitu vytvořené báze znalostı́.

Generovaná pravidla majı́ tvar
� + � � � 
 kde:

� � + � je předpoklad (antecedent) ve tvaru
� � � 
/ ��� � 
/ "'"�" / � �1� 

– A, B, X jsou atributy

– a, b, x jsou jejich kategorie (na rozdı́l od procedury 4ft-Miner jsou povoleny pouze jednočlenné
koeficienty)
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Ing. Milan Šimůnek Projekt LISp-Miner

Obrázek 6: Definice úlohy pro proceduru 4ft-Miner.

� C je závěr tvořený jednı́m atributem, podle kterého chceme přı́pady klasifikovat

Při generovánı́ pravidel se postupuje od nejkratšı́ch k nejdelšı́m (generovánı́ do šı́řky). Pro každé pravidlo
se testuje, zda se jeho platnost významně odlišuje od závěru, kterých bychom zı́skali složenı́m vhodných
pravidel již dřı́ve vložených do báze znalostı́. Pouze pravidla, která přinesou novou znalost, jsou vložena
do báze.

Chceme napřı́klad rozhodnout o vloženı́ či nevloženı́ pravidla

Salary (High) / Age (30ies) � District (Praha)

do báze znalostı́. V tomto okamžiku jsme již (dı́ky použitému algoritmu) rozhodli o těchto pravidlech:

� � no antecedent
� � District (Praha)

� Salary (High) � District (Praha)

� Age (30ies) � District (Praha)

Z těchto pravidel vypočteme pomocı́ tzv. kombinačnı́ funkce (viz [1]) tzv. naskládanou váhu, kterou
porovnáme s platnostı́ aktuálně zkoumaného pravidla. Jestliže se od sebe významně lišı́ (ve smyslu 5 �
testu na zadané úrovni �  , je nové pravidlo vloženo do báze znalostı́.

V okamžiku, kdy otestujeme všechna možná pravidla, bude báze znalosti tvořena množinou pravidel, která
je schopna klasifikovat nové přı́pady s požadovanou přesnostı́ a neobsahuje přitom redundantnı́ pravidla.

Důležitou součástı́ tvorby báze znalostı́ je otestovánı́ jejı́ kvality. Podle teorie bylo implementováno několik
možných způsobů testovánı́, z nichž si uživatel může vybrat pro danou situaci nejvhodnějšı́:
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Obrázek 7: Výběr metody testovánı́ báze znalostı́.

� oddělená testovacı́ data, která nejsou použita při trénovánı́;

� cross-validace ... rozdělenı́ dat na pevný počet částı́ a postupné vytvářenı́ báze za použitı́ pouze (n -
1) částı́ a otestovánı́ na zbývajı́cı́;

� náhodné rozdělenı́ ... automatické rozdělenı́ dat na trénovacı́ a testovacı́;

� testovánı́ v trénovacı́ch datech ... testovánı́ ne stejných datech jako probı́halo trénovánı́ (nejméně
spolehlivá metoda testovánı́).

Výsledkem testovánı́ je tabulka obsahujı́cı́ všechny provedené i neprovedené klasifikace spolu s absolutnı́m
i relativnı́m počtem správných a chybných klasifikacı́.

2.3.2 Konzultace: Po vytvořenı́ báze znalostı́ je možné klasifikovat nové přı́pady na základě
známých hodnot atributů z antecedentu. Přitom nenı́ nutné znát hodnoty pro všechny atributy.

Každá klasifikace je doplněna mı́rou nejistoty se kterou byla udělána. Podle naskládané váhy z použitých
pravidel jsou tyto možnosti: jistě, téměř jistě, pravděpodobně, možná. Jestliže známé hodnoty atributů
nedovolujı́ klasifikaci uskutečnit, může být odpovědı́ i odmı́tnutı́ klasifikace.

Při dávkové konzultaci určı́me soubor, který obsahuje přı́pady pro klasifikaci. Je-li součástı́ souboru i
klasifikovaný znak, je na závěr konzultace uvedena tabulka shodná s tabulkou použı́vanou pro testovánı́
báze znalostı́. Tı́mto způsobem se je možné testovat bázi znalostı́ na vlastnı́ch testovacı́ch datech.

3. Dalšı́ vývoj

V současné době je připravována nebo již probı́há implementace několika dalšı́ch procedur. Ty budou
využı́vat výstupů existujı́cı́ch modulů a při jejich implementaci budou použity algoritmy, datové struktury
a knihovnı́ funkce vyvinuté v rámci systému LISp-Miner.
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Obrázek 8: Individuálnı́ konzultace.

Dı́ky použité modulárnı́ architektuře je přidánı́ nového modulu relativně snadné a je popsáno v jednotlivých
částech projektové dokumentace. Novému modulu je umožněno sdı́let data s ostatnı́mi moduly prostřed-
nictvı́m metabáze.

3.1. Nové procedury

Jednou z procedur s největšı́m potenciálem je multi-relačnı́ data-mining. Ten je založen na předpokladu,
že velké množstvı́ potenciálně zajı́mavých informacı́ nenı́ skryto pouze v jedné databázové tabulce, ale ve
vazbě mezi vı́ce tabulkami. Ty nejzajı́mavějšı́ informace nezı́skáme pouze z tabulky uskutečněných nákupů
jednotlivých druhů zbožı́. Ani je nezı́skáme pouze z tabulky popisujı́cı́ detailnı́ jednotlivé druhy zbožı́.
Musı́me právě tyto dvě tabulky nejprve spojit pomocı́ existujı́cı́ho vztahu 1:n. Potom zı́skáme z tabulky
prodejů mnoho agregovaných charakteristik (např. průměrný počet položek zakoupený pro jednotlivé druhy
zbožı́, minimálnı́ měsı́čnı́ tržby za jednotlivé obchody atd.). Tyto charakteristiky budou tvořit dodatečné
atributy v tabulce popisujı́cı́ druhy zbožı́ a umožnı́ nám zı́skat nové znalosti. K zı́skánı́ těchto charakteristik
budou použity dřı́ve implementované techniky bitových řetězců, které zaručı́ velmi rychlý výpočet.

Dalšı́m směrem vývoje je hledánı́ zajı́mavých závislostı́ mezi dvěma vı́ce-hodnotovými atributy. To vede k
nutnosti rychlé práce s kontingenčnı́mi tabulkami o rozměru � , � . Použitı́ bitových řetězců vede opět k
velmi efektivnı́mi způsobu výpočtu frekvencı́ v těchto složitých kontingenčnı́ch tabulkách.

3.2. Vizualizace výsledků

Výsledky libovolné data-miningové procedury musı́ být jednoduše interpretovatelné, aby použitı́ této pro-
cedury mělo praktický smysl. Z praxe se ukazuje, že je vždy obtı́žné přeložit výsledky z formy použı́vané
pro počı́tačové zpracovánı́ zpět do pojmů a obratů oblasti, ze které pocházı́ data. Z těchto důvodů je vhodné
se zaměřit na vývoj co nejintuitivnějšı́ch způsobů zobrazenı́ výsledků, kterým by rozuměl i počı́tačový
laik. Mı́sto seznamu hypotéz nebo kontingenčnı́ch tabulek a různých kvantifikátorů, může být pro uplatněnı́
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Obrázek 9: Dávková konzultace.

výsledků vı́ce inspirujı́cı́ zobrazovat výsledky ve formě dvou- nebo dokonce třı́-rozměrného grafu.

Na obrázku 10 je ukázán jeden z možných způsobů takového zobrazenı́. Je znázorněna skupina objektů
rozdělených do třech třı́d - A, B a C a zobrazených v dvourozměrném grafu podle dvou atributů - Salary
na ose X a Age na ose Y. Zatı́mco třı́da C je jasně samostatná, třı́dy A a B se překrývajı́. To znamená, že
atributy Salary a Age jsou dostatečné pro rozlišenı́ objektů třı́dy C od objektů třı́d A a B, zatı́mco nejsou
dostatečné pro rozlišenı́ mezi třı́dami A a B navzájem.

Našı́m cı́lem je vyvinout takové způsoby zobrazovánı́ výsledků, který budou snadno intuitivně interpreto-
vatelné pro uživatele a zejména přı́mo pro odbornı́ky ve zkoumané oblasti.

PhD Conference ’03 131 ICS Prague
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Obrázek 10: Vizualizace výsledků.
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Elektronický zdravotnı́ záznam a telemedicı́na

doktorand:

MGR. JOSEF ŠPIDLEN
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Abstrakt

Dizertačnı́ práce zkoumá možnosti modelovánı́ a reprezentace medicı́nské informace a tzv. elektron-
ického zdravotnı́ho záznamu. Vzhledem ke klı́čovému požadavku univerzálnosti a dynamické modifiko-
vatelnosti množiny sbı́raných typů je pro uchovánı́ informacı́ navržena a matematicky popsána grafová
struktura zahrnujı́cı́ tzv. znalostnı́ bázi a datové složky. Kromě způsobu ukládánı́ informacı́ text popisuje
třı́vrstvou architekturu systému a způsob zı́skávánı́ uložené informace pomocı́ definovaného aplikačnı́ho
rozhranı́. Na závěr jsou zmı́něny možnosti mobilnı́ho přı́stupu k záznamu, využitı́ v telemedicı́nských
aplikacı́ch a závěry plynoucı́ z prvnı́ch testovánı́.

1. Úvod

1.1. Cı́le dizertačnı́ho projektu

Elektronický zdravotnı́ záznam má potenciál uzavřı́t cyklus mezi klinickou praxı́, výzkumem a výukou.
Vzhledem k náročnosti jeho obsahu i použitı́ musı́ být založen na nejlepšı́ch výsledcı́ch informatiky i
počı́tačových technologiı́. Na druhé straně, protože nelze snadno opustit ani přepracovat dosavadnı́ systémy
natož čekat s tvorbou nových na dobu, kdy technologie i informatika pokročı́ natolik, aby bylo možno splnit
všechny požadavky na takový záznam kladené, otevřenost a modulárnost použitých systémů umožňujı́cı́
integraci nehomogennı́ch komponent a jednoduchou modifikovatelnost množiny uchovávaných dat zde
nabývá nezastupitelného významu.

V projektu “Elektronický zdravotnı́ záznam a telemedicı́na” se snažı́me o zvládnutı́ současného stavu
problematiky elektronického zdravotnı́ho záznamu i souvisejı́cı́ch oblastı́ a prostředků, které poskytujı́
současné softwarové – zejména databázové – technologie a výsledky medicı́nské informatiky, a o jejich
rozpracovánı́ ve směru dokonalejšı́ho naplněnı́ kladených požadavků.

Vzhledem k aplikované povaze tohoto výzkumu je cı́l projektu směřován k vytvořenı́ a otestovánı́ funkčnı́
distribuované prototypové aplikace. Těžiště práce je v prozkoumánı́ vhodnosti využitı́ různých technik
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Mgr. Josef Špidlen Elektronický zdravotnı́ záznam a telemedicı́na

uloženı́ dat, otestovánı́ soudobých XML komunikačnı́ch trendů, zvolenı́ vhodných metod pro začleněnı́
multimediálnı́ch atributů do elektronického zdravotnı́ho záznamu a zváženı́ možnostı́ různého způsobu
integrace formalizovaných lékařských doporučenı́. Celá práce je vytvářena s důrazem kladeným na podporu
v telemedicı́nské oblasti, převážně je počı́táno s možnostmi vzdáleného přı́stupu ke zdravotnı́mu záznamu
pomocı́ Internetu a různých mobilnı́ch zařı́zenı́. Prototypovou platformou pro vývoj je Pocket PC 2002 a
testovacı́m zařı́zenı́m T-Mobile Mobile Digital Assistant.

1.2. Inspirace

Jednı́m z výzkumných směrů Evropského centra pro medicı́nskou informatiku, statistiku a epidemiologii –
Kardio (EuroMISE Centra – Kardio) je aplikovaný interdisciplinárnı́ výzkum v různých oblastech medicı́n-
ské informatiky. Součástı́ tohoto výzkumu jsou otázky reprezentace medicı́nských znalostı́. Prototypová
aplikace, na které pracujeme, je inspirována některými evropskými projekty z oblasti elektronického
zdravotnı́ho záznamu (EHR), zejména projektem I4C/TripleC, na kterém EuroMISE centrum spolupra-
covalo a ve kterém vznikla dvouvrstvá pilotnı́ aplikace EHR ORCA (Open Record for Care) [1]. Vyvı́jená
aplikace rozvı́jı́ elektronický zdravotnı́ záznam, který jsem implementoval v rámci své diplomové práce
a je inspirována konzultacemi s lékaři – převážně kardiology – a českými, evropskými a mezinárodnı́mi
standardy jako HL7, DASTA a komunikačnı́mi standardy ISO TC 215 a CEN TC 251 [2].

2. Architektura vyvı́jeného EHR

2.1. Architektura MUDR

V rámci diplomové práce jsem pracoval na vývoji EHR MUDR (MUltimedia Distributed Record) [3],
který je nynı́ modifikován a dále rozvı́jen. Elektronický zdravotnı́ záznam MUDR je založen na třı́vrstvé
architektuře s datovou, aplikačnı́ a klientskou vrstvou. Tato dekompozice umožňuje oddělit jednotlivé
funkčnı́ části systému a umožňuje uživatelským rozhranı́m pracovat na různých platformách. Funkce datové
vrstvy spočı́vá v ukládánı́ informacı́ a kontrole základnı́ referenčnı́ integrity dat. Aplikačnı́ (funkčnı́) vrstva
zajišt’uje zjednodušený pohled na databázi a zpřı́stupňuje data uživatelským rozhranı́m a různým klientským
aplikacı́m. Tito klienti komunikujı́ s aplikačnı́ vrstvou pomocı́ MUDR API definovaného ve formě platných
XML dokumentů odpovı́dajı́cı́ch přı́slušnému XML schématu. K přenosu tohoto XML je využito HTTP
serveru na aplikačnı́ vrstvě. XML je na straně klienta zabaleno do HTTP POST žádosti a tı́m je přeneseno
na vstup Gateway Interface (CGI) skriptu, který jej dále předává aplikačnı́ vrstvě.

Ve formě dynamických knihoven jsou ke službě aplikačnı́ vrstvy připojována lékařská doporučenı́. Jejich ko-
munikace probı́há na úrovni win32 prostřednictvı́m exportovaných funkcı́ a sdı́lené paměti. Těmto funkcı́m
je předáváno XML odpovı́dajı́cı́ MUDR API. V tomto ohledu zı́skávajı́ knihovny informace ze zdravotnı́ho
záznamu pacienta stejným způsobem jako MUDR klienti. Architektura je zobrazena na obrázku čı́slo 1.

2.2. Architektura MUDR �

Architektura EHR MUDR � vycházı́ ze základnı́ koncepce třı́vrstvé architektury MUDR, kterou dále dekom-
ponuje způsobem zobrazeným na obrázku čı́slo 2. Datová vrstva MUDR � již nemusı́ být nutně implemen-
tována na databázovém stroji Oracle. Komunikace obecného MUDR DB Serveru s aplikačnı́ vrstvou je
zajištěna pomocı́ adaptačnı́ch modulů – “MUDR DB Connection Module”. Služba aplikačnı́ vrstvy –
“MUDR Application Layer Service” – zvolı́ přı́slušný modul ve formě dynamicky připojitelné knihovny
dle konkrétnı́ho databázového stroje. S využitı́m tohoto modulu již služba aplikačnı́ vrstvy komunikuje
s datovou vrstvou plně transparentně.

Dále služba aplikačnı́ vrstvy MUDR � plnı́ logicky obdobné funkce jako služba aplikačnı́ vrstvy MUDR;
zajišt’uje funkčnı́ logiku aplikace, připojuje knihovny lékařských doporučenı́ (LD) apod. Rozdı́l patrný
na prvnı́ pohled je ve zpřı́stupněnı́ svých služeb. Pro komunikaci směrem ke klientům integruje služba
aplikačnı́ vrstvy tzv. komunikačnı́ moduly. V prvnı́ verzi probı́há implementace komunikačnı́ho modulu
MUDR WS. Tento modul obsahuje a zpřı́stupňuje objekty implementujı́cı́ rozhranı́ “MUDR .NET Remoting
API” (MUDRNRAPI). Pomocı́ RPC technologie založené na .NET Remotingu [4] je možno vzdáleně
volat metody těchto objektů. Toto využı́vá dalšı́ komponenta aplikačnı́ vrstvy – MUDR Web Service.
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Obrázek 1: Schéma distribuované architektury EHR MUDR.

Tato webová služba zpřı́stupňuje klientům aplikačnı́ rozhranı́ “MUDR Web Service Application Interface”
(MUDRWSAPI). Typický lékař tedy pracuje s k EHR MUDR ze své pracovnı́ stanice, využı́vá aplikačnı́ho
HTTP serveru pro komunikaci a SOAP protokolu pro kódovánı́ přı́kazů a parametrů a přistupuje takto ke
službě MUDR Web Service [5].

Pro přı́padné využitı́ EHR MUDR tenkými klienty ve formě HTML či WAP klientů na jednoduchých
zařı́zenı́ch je dále počı́táno s vytvořenı́m tzv. MUDR WS Proxy Service. Tato komponenta ve formě CGI
by měla vystupovat na jedné straně jako klient MUDR Web Service a na straně druhé by měla zpřı́stupnit
EHR MUDR ve formě HTML či WAP stránek.

3. Reprezentace dat

Z důvodů nezávislosti záznamu na použitém databázovém stroji nepopisuje práce fyzické schéma databáze.
Mı́sto toho je poskytnuto matematizované zobecněnı́, které je možno fyzicky implementovat pomocı́ různých
databázových strojů různým způsobem. Některé databázové systémy umožňujı́ využı́t hnı́zděných tabulek
či objektově relačnı́ch technologiı́, v jiných systémech je třeba si vystačit s relačnı́mi tabulkami. Přı́slušnou
transparentnost přı́stupu zajišt’uje MUDR DB Connection Module.

Vzhledem k požadavku na dynamicky se měnı́cı́ množinu sbı́raných druhů údajů nenı́ možné využı́t jako
základ pro zaznamenánı́ hodnot klasickou relačnı́ tabulku se sloupečky odpovı́dajı́cı́mi jednotlivým uklá-
daným veličinám. Mı́sto toho jsou k ukládánı́ dat použity dále popsané struktury teorie grafů, tzv. znalostnı́
báze v kombinaci s datovými složkami.

3.1. Znalostnı́ báze

Hlavnı́m úkolem znalostnı́ báze je zachycovat druhy sbı́raných údajů a vztahy mezi nimi. Formálně znalostnı́
bázi ! � � �5� � definujeme jako orientovaný graf:

! � � � � � � � V� � 
 E � �  " (1)
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Obrázek 2: Schéma architektury MUDR � .

Vrcholy grafu, prvky +�� V� � , označujeme jako uzly znalostnı́ báze. Každý uzel znalostnı́ báze je čtveřice:

+ � �
�

 � 
�� 
 � � �  
 (2)

kde
�

je jednoznačný identifikátor v rámci všech uzlů, � je mnemotechnický, maximálně desetiznakový,
řetězcový identifikátor, � je datový typ a �

� � obsahuje základnı́ administrativnı́ údaje napřı́klad o tom, kdo
a kdy vložil uzel do znalostnı́ báze.1 Hrany grafu � � E � � jsou také čtveřice:

� � � ��
�� 
�� 
 �  �  
 (3)

kde ��
�� � V� � označujı́ odkud kam hrana vede, � je typem hrany určujı́cı́m druh vztahu mezi koncovými
uzly a �

 � uchovává administrativnı́ údaje, tentokrát týkajı́cı́ se přı́slušné hrany.

Mezi typy hran existuje jeden dominantnı́ typ – tzv. inferior – vedoucı́ od rodiče k potomkovi a určujı́cı́
tı́mto hierarchický vztah mezi uzly znalostnı́ báze. Vyjmeme-li ze znalostnı́ báze hrany všech ostatnı́ch typů,
požadujeme, aby vznikl orientovaný les s několika málo stromy. Tyto stromy označujeme jako domény
znalostnı́ báze. Každá doména sdružuje uzly sloužı́cı́ ke stejnému účelu. Typicky právě jedna doména sloužı́
pro uchovánı́ množiny všech sbı́raných údajů o pacientovi. Uzly této domény nazýváme sémantické typy.

1 Dále si z oblasti programovánı́ vypůjčı́me indexové značenı́, napřı́klad zápisem �
� ���

budeme myslet třetı́ složku, tj. datový typ
uzlu � .
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Množinu sémantických typů značı́me V
�
; přirozeně platı́ V

� � V� � . Jiné domény uchovávajı́ napřı́klad
hierarchicky strukturovanou mezinárodnı́ klasifikaci nemocı́ MKN10, anatomicko-terapeuticko-chemickou
klasifikaci chemických názvů ATC či klasifikaci měrných jednotek SI nebo seznam léků dostupných na
českém trhu. Hrany dalšı́ch typů umožňujı́ vložit medicı́nskou znalost do této struktury. Představit si můžeme
typy hran, které označujı́ ekvivalenci dvou sémantických typů nebo napřı́klad indikace a kontraindikace
některého léku.

Uzly se stejným otcem nazýváme bratry a značı́me + ��� + � . Formálně je-li + � 
 + � � V� � , pak:

+ � � + �
�  �
� ��� � � 
�� � � E � � 
�� �  � � � � �  �6��
 � �  � � � + � 
 � �  � � � + � 
�� �  �"� � � �  �"� ��� � +�% ����� ��� � " (4)

Triviálně vidı́me, že bratrstvı́ je relacı́ ekvivalence. Logicky, bratři sloužı́ k podobným účelům, např.
zaznamenánı́ ulice a města v kontaktnı́ adrese pacienta.

Uzly nemajı́cı́ otce nazýváme kořeny domén a pro +�� V� � pı́šeme:

+�� R � �

�  ��
� � � � � � E � � 
��" �"� ��� � +�% ����� ��� � � � �  � ��	� +� " (5)

Požadujeme, aby jméno � bylo mezi bratry vždy jednoznačné. Stejnou jednoznačnost vyžadujeme mezi
kořeny domén, tedy:

��+ � � + �   ��+ � 
 + � � R � �  � � � + � � + �   ��+ �  � � 	� + �  � �  " (6)

Datový typ uzlu je významný předevšı́m pro sémantické typy. Rozlišujeme základnı́ datové typy jako čı́slo,
boolean či text, multimediálnı́ datové typy: obraz, audio, video a binárnı́ soubor a speciálnı́, tzv. referenčnı́
datové typy. Dále existuje pomocný datový typ adresář. Datové složky (viz def. 8 na str. 137) majı́cı́
datový typ adresář majı́ prázdnou hodnotu a sloužı́ napřı́klad k seskupovánı́ svých podsložek. V nejnovějšı́
verzi MUDR � je na multimediálnı́ data uplatňován jednotný pohled a rozlišovánı́ je prováděno podle
“Multipurpose Internet Mail Extensions Type” (mime-type, viz RFC 2048) atributu. V této verzi byl také
přidán výčtový datový typ “enum”.

3.2. Datové složky

Konkrétnı́ zadaná data tvořı́ orientovaný les ! � � � � * , formálně:

! � � � � * � � D� � 
 E� �  " (7)

Záznamy jednoho pacienta odpovı́dajı́ vždy jednomu stromu v tomto lese. Vrcholy 	 � D� � nazýváme
datové složky a definujeme jako čtveřice:

	 � � � 
 � 
 	�
 � � �  " (8)

Zde
�

je jednoznačný identifikátor v rámci všech datových složek, � je sémantický typ ve znalostnı́ bázi
( � � V

�
)2 a 	 je tzv. hodnotou datové složky. Doména této hodnoty je určena datovým typem datové složky,

který implicitně vyplývá z sémantického typu � . Pod položkou � � � se skrývá množstvı́ administrativnı́ch
informacı́ určujı́cı́ch kdo a kdy, zadal, smazal či potvrdil přı́slušnou datovou složku, jaké je obdobı́ platnosti
hodnoty, spolehlivost zadaného údaje apod.

2 Implementace samotná je typicky prováděna formou odkazu na sémantický typ ve znalostnı́ bázi.
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Hrany ��� E� � jsou tentokrát netypované, vytvářejı́ pouze hierarchický vztah “otec - syn”, tedy E� � �
D� � , D� � . Navı́c pro ! � � � � * musı́ platit:

1. ��	 � D� � � � 	 �6� D� � 
 ��	 � 
0	  � E� �  	� � ��� R � � 
2. 	 
)	 � � D� � 
���	 � 
)	  � E� � � � � � � E � � �" � � � 	  � � 
��" � � � 	 �  � ��
 �" �"� � � � +�% � ��� ��� �

Slovně popsáno prvnı́ podmı́nka vyjadřuje, že každá datová složka má otce nebo jejı́ sémantický typ je
kořenem domény. Druhá podmı́nka tvrdı́, má-li datová složka 	 otce 	 � , pak sémantický typ 	 je syn
sémantického typu 	 � . Zjednodušeně řečeno, podmı́nky zaručujı́, že datová část odpovı́dá znalostnı́ bázi a
že v nı́ “neplavou” volné uzly. Malý přı́klad několika uložených dat a části znalostnı́ báze je znázorněn na
obrázku čı́slo 3.

Obrázek 3: Přı́klad reprezentace dat v EHR MUDR � .

4. Zı́skávánı́ informacı́ z MUDR

4.1. Rozhranı́ pro přı́stup k datům

Pro účely komunikace s aplikačnı́ vrstvou EHR MUDR bylo definováno aplikačnı́ rozhranı́ MUDR API.
Toto rozhranı́ má formu platných XML dokumentů odpovı́dajı́cı́ch XML Schématu MUDRAPI.xsd [6].
Existujı́ 2 druhy platných XML dokumentů: směrem k aplikačnı́ vrstvě je použı́ván dokument sestávajı́cı́
z identifikace uživatele a posloupnosti přı́kazů, směrem od aplikačnı́ vrstvy je použı́ván dokument složený
z posloupnosti odpovědı́. Každému přı́kazu je přiřazen jednoznačný identifikátor v rámci XML dokumentu.
Tento identifikátor kopı́ruje aplikačnı́ vrstva do odpovědı́, aby klient správně a jednoduše rozpoznal, k jakému
přı́kazu se přı́slušná odpověd’ váže. Ke každému přı́kazu jsou definovány možné odpovědi.

Aplikačnı́ rozhranı́ MUDR API bylo navrženo tak, aby obsahovalo relativně malou množinu přı́kazů a
přitom umožňovalo plnohodnotně pracovat s elektronickým záznamem včetně úprav znalostnı́ báze, správy
uživatelů a jejich pravomocı́, práce s výrazy v různých světových jazycı́ch apod.

4.2. Typické použitı́ aplikačnı́ho rozhranı́

Jak je patrno z obrázku čı́slo 2 aplikačnı́ rozhranı́ pro EHR MUDR � je řešeno odlišně po technické
stránce. Komponenta MUDR Web Service zpřı́stupňuje tzv. MUDRWSAPI. Toto aplikačnı́ rozhranı́ ses-
tává z množiny funkcı́, které je možno volat vzdáleně pomocı́ technologie webových služeb. Pro přı́kazy
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původnı́ho MUDR API nalezneme v MUDRWSAPI funkce provádějı́cı́ obdobnou službu v kontextu nového
EHR. Opačně toto pravda nenı́. V původnı́m EHR bylo analyzováno chovánı́ klientů a na základě zı́skaných
poznatků bylo API rozšı́řeno. Klienti nynı́ mohou požádat napřı́klad o celý strom � � ! � � � � * odpovı́-
dajı́cı́ určitému pacientovi nebo zı́skat určitý fragment znalostnı́ báze � � ! � � �5� � . V původnı́ im-
plementaci zı́skávali klienti postupně (maximálně “po patrech”) jednotlivé datové složky 	�� D� � či uzly
znalostnı́ báze + � V� � s přidanou informacı́ o některých hranách v přı́slušné struktuře. Klienti implementujı́
různé modifikace a kombinace klasických “Depth First Search” (DFS) a “Breadth First Search” algoritmů
k prohledávánı́ zı́skaných grafových struktur. Celkem existuje 21 základnı́ch přı́kazů, z nichž pro potřeby
prohledánı́ informacı́ ze záznamu pacienta jsou relevantnı́ 4 přı́kazy uvedené v tabulce čı́slo 1.

Přı́kaz Popis přı́kazu
get knowledge domains Vypı́še kořenové uzly znalostnı́ch domén.
get knowledge node Vypı́še detailnı́ informace o uzlu znalostnı́ báze.
get node neighbours Vypı́še seznam okolnı́ch uzlů k uzlu znalostnı́ báze.
get data files Vrátı́ určitou(-é) datovou(-é) složku(-y).

Tabulka 1: Vybrané přı́kazy aplikačnı́ho rozhranı́ MUDR API.

Na přı́kladě v jazyce C++ si ukážeme algoritmus načtenı́ podstromu znalostnı́ báze. Každé volánı́ metody
AppendChildren načte dalšı́ patro stromu znalostnı́ báze. Vnějšı́ cyklus přes pN2 procházı́ uzly z patra,
které právě zkoumáme. Vnitřnı́ cyklus přes pN1 přidává postupně do xmlNextLayer požadavky na
prozkoumánı́ všech synů. Je-li alespoň jeden takovýto požadavek přidán, je před koncem metody voláno
zpracovánı́ xmlNextLayer.ProcessCmnds() a metoda AppendChildren je rekurzivně volána na
výsledek. Objekty třı́dy CMUDRXMLDoc sdružujı́ dva XML dokumenty, jeden shromažd’uje přı́kazy a do
druhého (m pXMLResp) je uložena odpověd’ po ProcessCmnds().

bool CKnowledgeTree::LoadTree(int nRootNodeID)�
CMUDRXMLDoc xmlDoc;
xmlDoc.AppendCmnd GetKnowledgeNode(nRootNodeID);
if(xmlDoc.ProcessCmnds()) return AppendChildren(xmlDoc);
else return false;

�

bool CKnowledgeTree::AppendChildren(CMUDRXMLDoc& xmlDocNodes)�
IXMLDOMElementPtr pELRoot = xmlDocNodes.m pXMLResp->GetdocumentElement();
IXMLDOMNodePtr pN1, pN2 = pELRoot->GetfirstChild();
CMUDRXMLDoc xmlNextLayer;

while(pN2)�
pN1 = pN2->GetfirstChild(); pN2 = pN2->GetnextSibling();
if(!pN1) continue;

do
�
CKnowledgeNode *pNode = new CKnowledgeNode(pN1);
StoreKnowledgeNode(pNode);

for(int i = 0; i <= pNode->m dwaInfs.GetUpperBound(); i++)
�

xmlNextLayer.AppendCmnd GetKnowledgeNode(pNode->m dwaInfs.GetAt(i));
�

� while ((pN1 = pN1->GetnextSibling()));
�

if(!xmlNextLayer.IsEmpty())
�

if(xmlNextLayer.ProcessCmnds()) return AppendChildren(xmlNextLayer);
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else return false;
�

return true;
�

Přı́kaz get data files lze použı́t třemi základnı́mi způsoby:

1. Dotaz na datovou složku 	 � D� � pomocı́ jejı́ho identifikátoru 	  � � . Vrácena je kompletnı́ informace
o datové složce. V přı́padě multimediálnı́ch dat lze dokonce specifikovat některé vlastnosti hodnoty
datové složky 	  	$� a systém provede přı́slušné transformace jako napřı́klad převod do určitého formátu
či nastavenı́ úrovně komprese.

2. Dotaz na datové složky pomocı́ jejich společného otce. Vráceny jsou všechny datové složky 	 � D� � ,
které majı́ otce 	 �6� D� � specifikovaného dotazem, tj. pro vrácené datové složky 	 platı́ ��	 � 
0	 ?� E� � .

3. Vyhledávánı́ datových složek 	�� D� � pomocı́ zadané klı́čové hodnoty 	�� , sémantického typu 	� � � a
upřesňujı́cı́ch parametrů vyjadřujı́cı́ch vztah mezi 	  	$� a 	$� . Tento způsob je hodně flexibilnı́ a lze jı́m
vyhledat napřı́klad datové složky systolického krevnı́ho tlaku většı́ho než 180 mmHg nebo přı́jmenı́
pacientů začı́najı́cı́ řetězcem “Nov”.

Při prohledávánı́ datových složek i znalostnı́ báze vyvstává potřeba odkazovánı́ se na určitý sémantický
typ či libovolný jiný uzel znalostnı́ báze. Jednou možnostı́, jak se odkázat na uzel + � V� � je využı́t
identifikátor +  � � . Pro přı́pad, že klient tı́mto údajem nedisponuje, lze využı́t tzv. úplné jméno uzlu. Úplné
jméno uzlu + definujeme jako posloupnost � � 
 � � 
 "�"'" 
 � � , jestliže existujı́ uzly + � 
 + � 
 "'"�" 
 + � � V� � , kde
� � � # "'" -,+ �  � � � � � , + � � R � � , + � � + a � � � � "�" - � � � � E � � 
 � �  � � � + � � � 
 � �  � � � + � 
 � �  �"� �
� � +�% � ��� ��� � . Úplné jméno uzlu zapisujeme tečkovou notacı́

� � � " � � " � � " "�"'"�" � � � , tedy napřı́klad ”PA-
TIENT.PHYS EXAM.BP.SYSTOLIC”.

Úplné jméno uzlu jednoznačně identifikuje uzel znalostnı́ báze. Důkaz provedeme indukcı́. Pro + � před-
pokládáme + � � R � � . Dle (6) tedy � +
� � R � � 
 +
��	� + � +
�� � � 	� + �  � � � � � , tedy

� � � � jednoznačně

identifikuje nějaký kořen znalostnı́ domény. Předpokládejme nynı́, že řetězec
� � � " � � " � � "�"�"'"�" � � � jednoz-

načně identifikuje uzel + � . Postupujme sporem, necht’ řetězec
� � � " � � " � � " "'"�" " � � " � � �

� �
odpovı́dá dvěma

uzlům + � 
 + � � V� � 
 + � 	� + � . Uzel + � je ale jednoznačně určen posloupnostı́
� � � " � � " � � "
"'"�"�" � � � , tedy

� � � E � � 
 �" �6� � + � 
��" � � � + � 
 �" �"� � � � +�% ����� ��� � . Stejně tak pro + � máme � � ��� E � � 
�� �  �6� �
+ � 
 � �� �6� � + � 
 � �� �"� � � � +�% ����� ��� � . Tedy z (4) plyne, že + � � + � , pak ale dle (6) musı́ být� �

�
� � + �  � � 	� + �  � � � � �

�
�
, což je spor.

5. Mobilnı́ přı́stup k záznamu

5.1. Využitı́ tenkých klientů

Ze schématu architektury na obrázku 1 je patrno, že pro typickou komunikaci mezi klienty a aplikačnı́
vrstvou je využı́váno XML definované v [6]. Kvůli přı́kazově orientovanému charakteru tohoto XML je
nutné, aby standardnı́ klientské aplikace disponovaly nezanedbatelnou výpočetnı́ silou.

Pro přı́stup k záznamu z tenkých klientů je využı́vána množina služeb na straně aplikačnı́ vrstvy, která
transformuje přı́kazově orientované XML do HTML či WML jazyka. Tyto utility jsou implementovány
jako speciálnı́ preprocesory ve formě CGI programů či HTTP Server modulů. Tı́mto způsobem může
být veškerá složitost a aplikačnı́ logika přesunuta na prostřednı́ vrstvu MUDR záznamu, což zjednodušı́
výpočetnı́ nároky na uživatelské rozhranı́ a umožnı́ využı́t klienty ve formě WWW prohlı́žečů, Pocket,
Handheld či Tablet PC, PDA nebo mobilnı́ch telefonů. Jednı́m z prvnı́ch testovacı́ch modulů byl modul
pro Nokia 9110i Communicator. U tohoto zařı́zenı́ bylo nutné pamatovat na to, že WWW prohlı́žeč nepod-
poruje ani tabulky ani rámce. Obecně je velmi důležité přizpůsobit výstup podmı́nkám malého přenosného
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zařı́zenı́. V porovnánı́ z osobnı́mi počı́tači je třeba počı́tat s malým a často monochromatickým disple-
jem, omezenými možnostmi ovládánı́, menšı́ pamětı́ a výpočetnı́ sı́lou, pomalejšı́m datovým přenosem atd.
S přihlédnutı́m k těmto omezenı́m zvažujeme řešenı́, které by umožňovalo předtřı́dit data dle specifikace
lékaře a znalosti informacı́ o pacientovi tak, aby pouze relevantnı́ data byla přenášena k lékaři a zobrazována
na mobilnı́m zařı́zenı́. Ostatnı́ data by byla přı́stupná až na speciálnı́ vyžádánı́. Tı́mto by došlo ke zmenšenı́
objemu přenášených dat a snı́ženı́ potřebné přenosové kapacity. Bohužel, tento způsob stále narážı́ na obavy
z možných následků chybného rozhodnutı́ na základě neúplné informace.

Jak je vidět ze schématu na obrázku 2, v nové verzi je použitı́ tenkých klientů přesunuto až za tzv. “MUDR
WS Proxy” službu. Je tomu tak proto, že využitı́ tenkých klientů je čı́m dál vı́ce potlačováno. Důvody
k tomuto jsou dva. Přı́liš jednoduché zařı́zenı́ nedokáže dostatečně přehledně zobrazit potřebné informace
tak, aby lékaři byli ochotni s těmito informacemi pracovat. Kromě toho s vývojem v oblasti mobilnı́ch
komunikacı́ přicházı́ na trh mnoho mobilnı́ch zařı́zenı́, která umožňujı́ implementace tzv. tlustých mobilnı́ch
klientů, kterým se ve své práci snažı́m věnovat vı́ce.

5.2. Tlustı́, ale mobilnı́ klienti

Nejnovějšı́ trend výzkumu mobilnı́ho přı́stupu k EHR MUDR spočı́vá v tvorbě tzv. “.NET Compact Klienta”.
K vývoji je použı́ván “.NET Compact Framework” [7], který je přirozeně podporován ve vývojovém nástroji
“MS Visual Studio .NET 2003” [8, 9]. Tento nástroj v kombinaci s programovacı́m jazykem � �

přispı́vá ke
vzniku MUDR mobilnı́ho klienta na platformách “Pocket PC” a “Smart Phone 2002”. Pomocı́ .NET Studia
rozšı́řeného o tzv. “Smart Device Extensions”, přı́padně v kombinaci s “Microsoft Mobile Internet Toolkit”,
lze v současné době jednoduše vyvı́jet pro vı́ce než 200 různých zařı́zenı́, přičemž tento počet velmi rychle
vzrůstá. Dı́ky tomu, že stále vı́ce zařı́zenı́ použı́vá Windows XP Embedded and Windows CE .NET [10]
operačnı́ systémy, je vývoj do jisté mı́ry transparentnı́ záležitostı́.

V současné době jako testovacı́ a vyvı́jecı́ platformu pro mobilnı́ho MUDR Klienta využı́váme zařı́zenı́
T-Mobile MDA. Tento mobilnı́ digitálnı́ asistent kombinuje výhody mobilnı́ho telefonu podporujı́cı́ho
GPRS s osobnı́m digitálnı́m asistentem (PDA) na platformě Pocket PC 2002 Phone Edition (WinCE 3.0).
Kombinacı́ výkonu procesoru Intel Arm SA-1110 206MHz, barevného TFT 240 x 320 pix. dotykového
displeje a 32 MB RAM rozšiřitelné pomocı́ MMC karet je poskytována dostatečná funkčnost pro použitı́
v medicı́nském prostředı́.

Dalšı́ vývoj směřujeme k použitı́ tzv. ultra osobnı́ch počı́tačů, které představila firma Microsoft na “Windows
Hardware Conference 2002” (WinHEC 2002). Tyto počı́tače slibujı́ posunout éru osobnı́ch počı́tačů kupředu
srovnatelným způsobem jako posunul přı́chod mobilnı́ch telefonů svět telekomunikacı́. Prvnı́ produkt této
řady by měl být k dispozici koncem roku 2003. Jde o plně funkčnı́ všestranný wireless handheld počı́tač,
který jednoduše posloužı́ i jako notebook. Počı́tač měřı́cı́ cca. 10,5 cm x 7,4 cm x 2,3 cm a vážı́cı́ ne vı́ce než
250 gramů využı́vá operačnı́ systém Microsoft Windows XP Professional, zahrnuje 1GHz Crusoe TM5800
processor od firmy Transmeta Corporation, 4 palcový barevný VGA LCD displej s dotykovou obrazovkou,
USB, zvukový výstup a podporu pro bezdrátové sı́tě 802.11b and Bluetooth.

5.3. Komunikace mezi mobilnı́mi klienty a MUDR záznamem

Jak již bylo řečeno, tlustý mobilnı́ klient využı́vá MUDRWSAPI ke komunikaci s elektronickým zdravot-
nı́m záznamem MUDR. V praxi to znamená, že na straně klienta je třeba vytvořit tzv. “proxy objekt”
webové služby MUDR Web Service. Tento proxy objekt nazveme např. MUDRWSProxy a podědı́me
od třı́dy System.Web.Services.Protocols.SoapHttpClientProtocol. Pro každou metodu
rozhranı́ MUDRWSAPI jsou vytvořeny 3 metody proxy třı́dy, jedna stejného názvu jaký má veřejná funkce
rozhranı́, jedna s prefixem Begin a jedna s prefixem End. Prvnı́ metoda sloužı́ pro normálnı́ synchronnı́
vyvolánı́ určité funkce MUDRWSAPI, dalšı́ dvě jsou určeny pro asynchronnı́ komunikaci. Ve vývojovém
prostředı́ MS .NET Studia je tvorba proxy třı́dy automatizována na základě WSDL dokumentu generovaného
webovou službou [5]. Máme-li k dispozici proxy třı́du, lze jednoduchým kódem vzdáleně volat rozhranı́
MUDRWSAPI:

try
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�
cz.euromise.unix.MUDRWSProxy mws = new cz.euromise.unix.MUDRWSProxy();
mws.Url = ”http://unix.euromise.cz:6004/MUDRWebServices/MUDRWS1.asmx”;
KnowledgeNode nd = mws.get knowledge node(”PATIENT.PHYS EXAM.BP.SYSTOLIC”);

�
catch (Exception ex)�

Msg.Text = ”Chyba při volánı́ služby: ” + ex.Message; �

6. Závěr

Využitı́ a možnosti mobilnı́ho přı́stupu k elektronickému zdravotnı́mu záznamu závisı́ podstatnou mı́rou na
vývoji v oblasti mobilnı́ch komunikacı́ a na výzkumu a rychlém vývoji podpůrnýchnástrojů pro lékaře. Prak-
tické testovánı́ ukázalo, že na přı́liš malých a jednoduchých zařı́zenı́ch nenı́ možné strukturovat medicı́nské
informace tak, aby lékaři byli ochotni s elektronickým zdravotnı́m záznamem tı́mto způsobem pracovat.
Nicméně částečné využitı́ se nacházı́ i zde napřı́klad v rychlém zobrazenı́ přehledu stavu pacienta s možnostı́
online vkládánı́ jednoduchých poznámek do zdravotnı́ho záznamu.

Na druhou stranu se v dnešnı́ době objevuje na trhu spousta malých zařı́zenı́ s relativně velkým displejem
a dostatečnou silou na to, aby bylo možné implementovat plnohodnotné mobilnı́ klienty elektronického
zdravotnı́ho záznamu. Ve své práci se snažı́me toto respektovat při vývoji MUDR mobilnı́ch modulů i při
dalšı́m výzkumu v oblasti telemedicı́ny. V oblasti mobilnı́ho přı́stupu k datům využı́váme nové technologie
a nejvı́ce podporované a rozšı́řené nástroje.

Bohužel tomu, aby mobilnı́ přı́stup k elektronickému zdravotnı́mu záznamu přešel z testovacı́ch labo-
ratornı́ch podmı́nek do běžné praxe každého lékaře, bránı́ zatı́m dva zásadnı́ problémy. Jednı́m je stále
poměrně vysoká cena za přenesená data a druhým poměrně malá úspěšnost těchto zařı́zenı́ při rozpoznávánı́
rukopisu, zvláště pak jde-li o český jazyk. Prvnı́ problém by bylo možné řešit “cacheing technikami” v kom-
binaci s částečnou synchronizacı́ dat občasným přı́mým propojovánı́m s pevnou pracovnı́ stanicı́, na řešenı́
druhého problému pracujı́ vývojáři komerčnı́ch firem.

Poděkovánı́

Práce je částečně podporována projektem LN00B107 Ministerstva školstvı́, mládeže a tělovýchovy České
Republiky.

Literatura
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Ústav informatiky Akademie věd české republiky,
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Abstrakt

Práce je zaměřena na klasifikaci multispektrálnı́ch satelitnı́ch snı́mků metodou umělých neuronových
sı́tı́, jejı́ž vývoj a využı́vánı́ je zatı́m v počátcı́ch. Práce se soustřed’uje předevšı́m na konkrétnı́ zpra-
covánı́ snı́mku touto metodou, přičemž důležitým bodem je navrženı́ postupu zpracovánı́ v dostupných
programech. Základem je řı́zená klasifikace neuronovými sı́těmi do několika třı́d land use/land cover v
programu Statistica Neural Networks se současným využitı́m programu Idrisi. Cı́lem práce bylo nejen
vyzkoušet klasifikace různými neuronovými sı́těmi, ale také porovnat výsledky z takto vytvořených klasi-
fikacı́ s obvykle použı́vanou metodou maximum likelihood a s klasifikacemi neuronových sı́tı́ v programu
Geomatica.

1. Úvod

Využitı́ dat dálkového průzkumu Země (DPZ) je v současné době stále častějšı́ a velmi rozsáhlé. Vzhledem k
nejrůznějšı́m aplikacı́m využı́vaným napřı́klad pro zemědělskou evidenci půdnı́ho fondu, mapovánı́ využitı́
územı́, zjišt’ovánı́ zamokřenı́, lesnı́ hospodářstvı́ či pro analýzy životnı́ho prostředı́, se objevuje i mnoho
rozličných metod zpracovánı́ těchto dat. Jelikož přesnost a správnost vyhodnocenı́ snı́mků závisı́ také na
správně zvolené metodě klasifikace, nenı́ divu, že se objevujı́ stále nové přı́stupy. Mezi nejnovějšı́ metody
klasifikace obrazu patřı́ klasifikace pomocı́ umělé neuronové sı́tě (Artificial Neural Network Classification).

Současně s nárůstem rozsahu dostupných dat DPZ přibývajı́ i možnosti použitı́ neuronových sı́tı́, které se
tak začaly použı́vat i pro klasifikaci multispektrálnı́ch snı́mků. V poslednı́ch letech bylo zveřejněno několik
aplikacı́ klasifikačnı́ch přı́stupů založených na neuronových sı́tı́ch, které ukázaly výhody umělých neu-
ronových sı́tı́ oproti obvykle použı́vaným statistickým klasifikátorům. Přı́stupy neuronových sı́tı́ jsou totiž
nezávislé na statistickém rozloženı́ dat a dokážı́ odhadnout nelineárnı́ vztah mezi vstupnı́mi a požadovanými
výstupnı́mi daty. Nejčastěji se v této problematice využı́vá metoda řı́zené klasifikace obrazu neuronovou
sı́tı́ Multi-Layer Perceptron feed-forward back-propagation, neboli vı́cevrstvou sı́tı́ se zpětným šı́řenı́m při
učenı́. Výzkum klasifikačnı́ch metod s neuronovými sı́těmi je však stále ve vývoji, kterému by měla pomoci
i tato práce.
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2. Postup klasifikace

Ke zpracovánı́ zvoleného tématu byl použit výřez z multispektrálnı́ho satelitnı́ho snı́mku ze skeneru ETM+
družice Landsat 7 z roku 2000 s rozlišenı́m 1 pixelu 30 m. Zvolené územı́ v oblasti Polabı́, přibližně mezi
Litoměřicemi a Mělnı́kem, splňuje předpoklad různorodosti krajiny potřebný pro klasifikaci využitı́ územı́.

Pro možnost dobrého porovnánı́ výsledků klasifikacı́ byla zvolena řı́zená klasifikace. Řı́zené klasifikace
použı́vajı́ soubor dat se známými výstupy (tzv. trénovacı́ data), na nichž se klasifikátor naučı́ rozpoznat jed-
notlivé přı́pady. Bylo tedy nejprve nutné co nejlépe vybrat klasifikačnı́ třı́dy a trénovacı́ soubor s referenčnı́mi
daty.

K definici klasifikačnı́ch třı́d byly nakonec vybrány dva trénovacı́ soubory - pro klasifikaci do 11 a 7 třı́d,
jejichž výčet vidı́te v obr. 1. Prvnı́ klasifikace do 11 třı́d předpokládá velkou úspěšnost, protože jsou třı́dy a
trénovacı́ data dobře vybraná. Při druhé klasifikaci do 7 třı́d již nejsou trénovacı́ data tak kvalitnı́ a tak by
měly být patrné rozdı́ly mezi jednotlivými klasifikátory.

Obrázek 1: Klasifikačnı́ třı́dy.

Po vytvořenı́ trénovacı́ho souboru bylo možné snı́mek klasifikovat do zvolených třı́d. Základem byla
samozřejmě klasifikace neuronovými sı́těmi v programu Statistica Neural Networks (SNN), kde jsem vyzk-
oušela různé typy a architektury neuronových sı́tı́. Některé takto vytvořené klasifikace jsem pak porovnala
se stejnými, vytvořenými v programu Geomatica, tedy v programu pro zpracovánı́ dat DPZ s nově zabu-
dovaným modulem pro klasifikaci neuronovými sı́těmi.

Zda jsou klasifikátory neuronových sı́tı́ skutečně lepšı́ než běžně použı́vané klasifikace bylo možné posou-
dit až po vytvořenı́ klasifikacı́ maximum likelihood. Tyto klasifikátory založené na pravidle největšı́
pravděpodobnosti podávajı́ ze statistických klasifikátorů většinou nejlepšı́ výsledky. Srovnávacı́ klasifikace
maximum likelihood byla vytvořena v programech Idrisi a Geomatica.

3. Klasifikace neuronovými sı́těmi

Ke zkoumánı́ možnostı́ klasifikace snı́mků neuronovými sı́těmi musel být navržen takový postup, který
bude využı́vat profesionálnı́ program určený k řešenı́ úloh pomocı́ neuronových sı́tı́. Tomuto účelu plně
vyhovoval program Statistica Neural Networks. K převodu snı́mků do tohoto programu byl použit program
Idrisi, protože SNN umožňuje práci pouze s tabulkovými daty. Vhodnost zvoleného postupu byla posouzena
srovnánı́m s klasifikacemi v programu Geomatica.

V programu SNN byly vyzkoušeny s různým nastavenı́m čtyři záladnı́ typy neuronových sı́tı́- Multilayer
Perceptron, Radial Basis Function, Lineárnı́ a Pravděpodobnostnı́ neuronové sı́tě. Nejlepšı́ výsledky dávala
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klasifikace neuronovou sı́tı́ Multilayer Perceptron s trénovánı́m backpropagation, proto bude blı́že vysvětlen
předevšı́m princip této klasifikace. Vstupem do klasifikace jsou radiometrické hodnoty z jednotlivých kanálů
Landsatu 7, které odpovı́dajı́ odrazivosti objektů v jednotlivých spektrálnı́ch pásmech a určujı́ velikost
vstupnı́ho signálu. Vnitřnı́ parametry sı́tě pak musı́ být nastaveny tak, aby největšı́ výstupnı́ signál byl u
neuronu odpovı́dajı́cı́ho požadované třı́dě. Toto nastavenı́ se upravuje během trénovánı́ neuronové sı́tě a
záležı́ na něm konečná přesnost klasifikace.

Přı́klad zpracovánı́ snı́mku je znázorněn na obrázku 2 s vyznačenými aktivacemi neuronů pro pixel z
městské zástavby, který má téměř ve všech kanálech vysokou odrazivost. Nastavená váhová propojenı́ pak
tyto vstupnı́ signály změnı́ tak, že nejvyššı́ výstupnı́ signál vyjde právě u 4. výstupnı́ho neuronu. Ke všem
ostatnı́m výstupnı́m neuronům váhy tento signál utlumı́, kdežto směrem k požadovanému uzlu ho zvýšı́.
Takto se pak při klasifikaci zpracuje pixel po pixelu celý obraz.

Obrázek 2: Přı́klad třı́vrstvé perceptronové sı́tě se 6 vstupnı́mi, 8 skrytými a 11 výstupnı́mi uzly (MLP 6-8-11) s
přı́kladem vstupu a výstupu při klasifikaci satelitnı́ch snı́mků (s vyznačenými aktivacemi pro město).

Neurony v sı́ti jsou propojeny tzv. váhovými propojenı́mi, které zesilujı́ nebo zeslabujı́ signál přicházejı́cı́ z
předchozı́ch neuronů. Suma těchto vážených signálů určuje aktivaci neuronu, která ovlivňuje dalšı́ výstup
z neuronu (viz (1). Výstup z neuronu je pak funkcı́ právě této aktivace, jak je možné vidět na obr. 3. a ve
vzorci (2), kde je výstup vypočten na základě nejčastějšı́ logistické aktivačnı́ funkce.

� - � � �
� � � + ����� ��+ � � �

�2
�43�� � � � � � � (1)

PhD Conference ’03 146 ICS Prague
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Obrázek 3: Matematický model neuronu.

výstup y:

� � % � �  � �
�
�
� �

� (2)

Nastavenı́ vah tedy hraje ve fungovánı́ neuronové sı́tě důležitou roli. Ke správnému nastavenı́ dojde při
úspěšném trénovánı́ neuronové sı́tě, k čemuž použijeme trénovacı́ soubor, ve kterém známe správné zařazenı́
pixelů do jednotlivých klasifikačnı́ch třı́d. Při trénovánı́ neuronové sı́tě se § signály nejprve vyšlou směrem
dopředu, u výstupnı́ch neuronů se porovnajı́ výstupy s požadovanými a zjištěné chyby se použijı́ ke změně
nastavenı́ vah v sı́ti. Hledánı́ vhodných parametrů sı́tě se opakuje dokud nejsou chyby mezi požadovaným a
aktuálnı́m výstupem minimálnı́. Tı́mto způsobem je neuronová sı́t’schopna rozpoznat i statisticky podobná
data a proto je úspěšnost jejı́ klasifikace velmi vysoká.

4. Využitı́ programu Statistica Neural Neworks

Statistica Neural Networks (SNN) je produktem americké firmy StatSoft, Inc., Tulsa
(http://www.statsoft.com). Tento profesionálnı́ program napsaný v jazyce C/C++ je samostatně fun-
gujı́cı́ částı́ softwaru Statistica určenou k řešenı́ úloh pomocı́ neuronových sı́tı́. V práci byla použita
dostupná verze programu SNN 4.0 E z roku 2000. Program pracuje s daty v tabulkové podobě a umožňuje
snadný převod do jiných aplikacı́.

SNN podporuje práci s šesti základnı́mi typy neuronových sı́tı́ - Multilayer Perceptrons, Radial Basis
Functions, Kohonen, Probabilistic, Generalized Regression a Principal Components. V tomto programu
tedy můžeme vytvářet různé typy a architektury neuronových sı́tı́, které můžeme učit různými trénovacı́mi
algoritmy na vzorových datech. Natrénované neuronové sı́tě pak mohou být užity k řešenı́ regresnı́ch či
klasifikačnı́ch úloh, jejichž řešenı́ jinými metodami selhává.

Základnı́ výhodou programu SNN je možnost automatického hledánı́ nejvhodnějšı́ neuronové sı́tě. Toto
hledánı́ může trvat až 3 dny (na počı́tači s procesorem 500 MHz), ale vyzkoušı́ všechny přijatelné neuronové
sı́tě a určı́ jejich přesnosti na zadaných datech. V tomto programu také můžeme sledovat proces trénovánı́
neuronové sı́tě na grafu, který ukazuje snižovánı́ chyby na trénovacı́ch a ověřovacı́ch datech. Začnou-li se
tyto křivky oddalovat, je vhodné proces trénovánı́ ukončit. Uvedené možnosti však napřı́klad v programu
Geomatica, který umožňuje při klasifikaci neuronovými sı́těmi pracovat přı́mo s obrazovými daty, chybı́.
Výhody možnosti ovlivňovánı́ trénovacı́ho algoritmu lze sledovat na obr. 4. Na tomto přı́kladu je vidět, že
při včasném zastavenı́ trénovánı́ bude neuronová sı́t’schopna dobře rozpoznat i neznámá data.
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Obrázek 4: Vliv počtu epoch na úspěšnost trénovánı́. ((T/V/Te)Perf=přesnost klasifikace pro tréno-
vacı́/ověřovacı́/testovacı́ data, BP250=trénovánı́ back-propagation se 250 epochami).

5. Hodnocenı́ výsledků klasifikace

Vyhodnocenı́ úspěšnosti klasifikace je kontrolou přesnosti celého klasifikačnı́ho procesu. Přesnost klasi-
fikace má určit nakolik odpovı́dá vytvořená tématická mapa skutečnosti, k čemuž se použı́vajı́ tzv. testovacı́
územı́, u nichž známe správné zařazenı́, ale která nejsou shodná s trénovacı́mi daty. V následujı́cı́ch tabulkách
a grafu (obr. 5 - 7) je možné vidět, jak se přesnosti jednotlivých klasifikacı́ od sebe lišily.

Při klasifikaci do 11 třı́d se jednotlivé klasifikátory skutečně přı́liš nelišily. Nejlepšı́ třı́vrstvá neuronová sı́t’
v programu SNN klasifikovala téměř neuvěřitelně na 99,19 % správně. Stejná sı́t’v programu Geomatica
však klasifikovala o 1 % hůře a klasifikátory největšı́ pravděpodobnosti jen s nepatrně horšı́mi výsledky.
Přesnosti klasifikacı́ do 7 třı́d se již lišı́ vı́ce. Klasifikace v programu SNN byly přibližně o 10 % lepšı́ než
všechny ostatnı́.

Porovnánı́ výsledků klasifikacı́ lze shrnout do následujı́cı́ch bodů:

� Neuronové sı́tě klasifikujı́ přesněji než maximum likelihood, což byl předpokládaný výsledek, ale
bylo nutné ho dokázat.

� Navržený postup klasifikace v programu Statistica Neural Networks dává lepšı́ výsledky než stejné
klasifikace v programu Geomatica. Tato skutečnost může být způsobena nevhodným trénovacı́m
algoritmem nebo chybějı́cı́ možnostı́ hledánı́ nejvhodnějšı́ neuronové sı́tě v programu Geomatica.

� Dalšı́m vpodstatě očekávaným zjištěnı́m bylo to, že nejlepšı́mi neuronovými sı́těmi ke klasifikaci dat
DPZ jsou vı́cevrstvé perceptronové sı́tě, i když sı́tě typu RBF nebo pravděpodobnostnı́ sı́tě dávajı́
přijatené výsledky. Lineárnı́ neuronové sı́tě jsou k tomuto účelu nevhodné.

� Výsledky klasifikace jsou pak samozřejmě vždy lepšı́ při lépe vybraném trénovacı́m souboru, ale
tento rozdı́l je znatelný předevšı́m u statistického klasifikátoru. Neuronové sı́tě totiž nejsou závislé na
statistickém rozloženı́ dat.
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Obrázek 5: Srovnánı́ výsledků klasifikacı́.

6. Výstupy z klasifikace

Definitivnı́ výstupy v podobě digitálnı́ch rastrových map land use/land cover jsou vytvořeny z nej-
lepšı́ch klasifikacı́ neuronovýmisı́těmi po vyhlazenı́ obrazu a připojenı́ na souřadnice S-42, přı́klad je uveden
na obr. 8. Tyto výstupy mohou sloužit pro určenı́ využitı́ konkrétnı́ho územı́ podle souřadnic, nebo mohou
být vstupem do geografických informačnı́ch systémů (GIS) v rastrové, přı́padně i vektorové podobě (po
vytvořenı́ vrstev pro jednotlivé kategorie).

7. Závěr

Navržený postup klasifikace snı́mků v programu Statistica Neural Networks podává lepšı́ výsledky než běžně
použı́vané klasifikace a tudı́ž může být doporučen dalšı́m uživatelům. Tı́m se rozšiřujı́ možnosti využitı́
tohoto modernı́ho klasifikátoru, protože v dosavadnı́ch studiı́ch si autoři většinou vytvářeli vlastnı́ programy,
které jsou nedostupné. Až v poslednı́ch letech se začaly objevovat nové moduly s tı́mto klasifikátorem v
programech specializovaných na zpracovánı́ dat DPZ, ty jsou však obvykle velmi drahé.

Kromě možnosti dalšı́ho využitı́ výsledků klasifikace přinášı́ napsaná práce také mnoho námětů na dalšı́
rozšiřovánı́ zpracovaného tématu. Zajı́mavé by bylo napřı́klad vyzkoušet klasifikace neuronovými sı́těmi
s plynulými přechody mezi třı́dami, zahrnout do klasifikace dalšı́ vstupnı́ data (napřı́klad výšky) nebo
zohlednit informace o okolı́ pixelu. Dále by také bylo možné zabývat se přı́činami nespolehlivosti klasifikacı́
neuronovými sı́těmi v programu Geomatica. Budoucı́ práce bude tedy zaměřena předevšı́m na zahrnutı́ okolı́
pixelu a dalšı́ch vstupnı́ch dat do podrobnějšı́ch klasifikacı́.
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Mgr. Inka Vyorálková Klasifikace satelitnı́ch snı́mků neuronovými sı́těmi

Obrázek 6: Přehled celkových přesnostı́ jednotlivých klasifikacı́ do 7 třı́d.
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Obrázek 7: Přehled celkových přesnostı́jednotlivých klasifikacı́ do 11 třı́d.
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Obrázek 8: Výstup z nejlepšı́ klasifikace do 11 kategoriı́.
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[6] Doubrava, P. Klasifikace dat dálkového průzkumu pro Národnı́ atlas ČR. Kartografie a geoinformatika,
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[7] Fanta, Jiřı́. Neuronové sı́tě ve společenských vědách. Praha: Nakladatelstvı́ Karolinum, 2000. 165 s.
ISBN 80-246-0175-3.

[8] Foody, G. M. - Arora, M. K. An evaluation of some factors affecting the accuracy of classification by
an artificial neural network. International Journal of Remote Sensing, 1997, roč. 18, č. 4, s. 799-810.
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Abstrakt

Článek je zaměřen na vybrané metody zpracovánı́ biosignálů a jejich aplikaci na signály srdce, a
to předevšı́m v oblasti elektrokardiogramů (EKG). Analýza biosignálů je ilustrována na diagnostických
metodách kardiografie. Doplněny jsou ukázky využitı́ záznamu a zpracovánı́ EKG z lékařské praxe.

1. Úvod

Zpracovánı́ biosignálů představuje propojenı́ technického přı́stupu zpracovánı́ signálů a diagnostických
potřeb vyplývajı́cı́ch z lékařské praxe. Následujı́cı́ metodologie je vybrána z hlediska dvou požadovaných
cı́lů:

� nejlépe zobrazit požadovaný signál,

� nalézt a zobrazit diagnosticky významné parametry signálů.

Konkrétnı́ použitı́ je zaměřeno na biosignály srdce, předevšı́m na elektrokardiogram (EKG). Problematika
EKG úzce souvisı́ se zaměřenı́m dvou lékařských pracovišt’, pro něž je tato analýza biosignálů primárně
určena v rámci podpory či spolupráce:

� kardiologická ambulance EuroMISE centra - Kardio,

� II. internı́ klinika kardiologie a angiologie Všeobecné fakultnı́ nemocnice v Praze a 1. lékařské fakulty
Univerzity Karlovy
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2. Analýza biosignálů

Před vlastnı́ analýzou je většinou potřeba s biosignálem provést řadu úkonů a operacı́, které můžeme shrnout
do předzpracovánı́ [1, 2]. Tato fáze se může s analýzou překrývat a zařazujeme sem např. :

� segmentaci - odělenı́ informačnı́ch úseků z dlouhodobého signálu,

� průměrovánı́ - přispı́vá k potlačenı́ šumu v signálu,

� filtraci - časová, kmitočtová, korelačnı́, ... ,

� interpolaci - prokládánı́ funkce měřenými hodnotami signálu,

� aproximaci - hledánı́ aproximačnı́ funkce při splněnı́ zadaných kritériı́, nejčastěji minimalizace
kvadratické odchylky.

V přı́padě digitálnı́ho záznamu do předzpracovánı́ zahrnujeme také:

� vzorkovánı́,

� kvantovánı́.

Většina těchto operacı́ bývá v praxi zabezpečena firemnı́m softwarem, či hardwarem s poměrně omezenou
možnostı́ modifikace vstupnı́ch parametrů. Záznam signálu je v lepšı́m přı́padě uložen v databázi a následná
sofistikovanějšı́ analýza mimo firemnı́ systém je umožněna exportem dat.

2.1. Analýza v časové oblasti

Základem analýzy biosignálů v časové oblasti je znalost jejich významných grafoelementů [3]. U signálů s
repetičnı́m či periodickým charakterem bývá často vyhodnocován průměr signálu za několik period.

Ukázka hodnocenı́ křivky EKG, u které hraje důležitou roli amplituda, tvar a časová poloha vln, je v tabulce
1.

Tabulka 1: Ukázka grafoelementů pro hodnocenı́ křivky EKG
(charakter S-T segmentu a tvar vlny T )
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2.2. Analýza v kmitočtové oblasti

Pro kvalitnějšı́ vyhodnocenı́ biosignálů a přı́padnou detekci a odstraněnı́ šumu se použı́vá řada transfor-
macı́ [4], základnı́ transformace pro posouzenı́ signálu v kmitočtové oblasti je Fourierova nebo kosinová
transformace (se zároveň nejlepšı́ fyzikálnı́ interpretacı́).

* � �  �
� � �
� � % � �  � � ��� % 	 � (1)

Vzhledem k digitalizované podobě biosignálů přecházı́me od spojité Fourierovy transformace (1)
k Fourierově transformaci diskrétnı́ (2).
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V praxi se nejčastěji použı́vá rychlá Fourierova transformace (3) a (4), která napřı́klad umožňuje filtraci
biosignálů v reálném čase. � � � � �
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Rychlá Fourierova transformace vycházı́ z předpokladu délky transformace: ( � � � , využı́vá vlastnosti
otáčecı́ho činitele � �

, redukuje počet operacı́ pro ( bodů na
�
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2.3. Kombinovaná analýza v kmitočtové i časové oblasti

Při zpracovánı́ biosignálů naražı́me na potřebu podrobněji sledovat frekvenčnı́ charakteristiku v čase: při
filtraci šumu v přı́padě, kdy se spektra signálu a šumu překrývajı́, nebo při sledovánı́ frekvenčnı́ charakter-
istiky jen vybrané části signálu [4, 3].
Časově-frekvenčnı́ analýza vycházı́ ze dvou hlavnı́ch skupin transformacı́:

� lineárnı́ a
� kvadratické.

Ukažme si dvě nejrozšı́řenějšı́ lineárnı́ transformace.

Krátkodobá Fourierova transformace je Fourierova transformace aplikovaná na krátký úsek signálu. V
rovnici (5) je uvedena pro spojitý signál.

� � * � � � 
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� � �
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��� % 	 � 
 (5)

kde % � �  je zpracovávaný signál a & ���  časové okénko určujı́cı́ interval pro analýzu. Diskrétnı́ krátkodobá
Fourierova transformace je uvedena v rovnici (6).
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kde & � �  jsou časové vzorky vybraného okénka.

Velkou kmitočtovou rozlišovacı́ schopnost má Vlnková transformace (Wavwlet transform) (7).

� � � � � � 
 �  � �� �
�

% � �  & 
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 (7)

kde & � �  je bázová vlnka s úzkým kmitočtovým pásmem, & 
 je komplexně sdružená funkce s funkcı́ & ���  a�
je rozlišovacı́ konstanta.
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3. Zpracovánı́ EKG

Elektrokardiografie podrobně mapuje signály EKG, jejich podrobnou genezi, fyziologickou souvislost a má
řadu metod pro jejich vyhodnocenı́ [5]. Základnı́ charakteristika typického (idealizovaného) signálu EKG
je na obr. 1.

Obrázek 1: Analýza EKG v časové oblasti

Ve vybraném segmentu EKG se jeho elementy rozdělujı́ na:

� elementy náležejı́cı́ izolinii a

� elementy vln, komplexů a dalšı́ch grafoelementů.

Vypočı́távajı́ se křivosti oblouků, trvánı́ vln a komplexů, velikost amplitud apod. Na základě vhodně
zvolených přı́znaků se následně provede třı́děnı́ do určitých diagnostických třı́d.

Do oblasti časově-frekvenčnı́ analýzy EKG spadá např.: studium pozdnı́ch komorových potenciálů násle-
dujı́cı́ch za komplexem QRS, které majı́ malou amplitudu a jejich složky krátké trvánı́.

4. Využitı́ záznamu a analýzy EKG v lékařské praxi

Metodika analýzy biosignálů je určena pro zpracovánı́ EKG vyplývajı́cı́ z potřeb podporovaných a
spolupracujı́cı́ch lékařských pracovišt’v oblastech:

� analýzy zátěžového a klidového EKG (ordinace preventivnı́ kardiologie)

� podpory diagnostických metod analýzy a vizualizace multikanálového EKG - izopotenciálové mapy
(II. internı́ klinika kardiologie a angiologie)

� zpracovánı́ Holterva monitorovánı́ EKG a záznamů EKG z implantabilnı́ch kardiostimulátorů (II.
internı́ klinika kardiologie a angiologie)

PhD Conference ’03 157 ICS Prague



Ing. Petr Zavadil Aplikace analýzy biosignálů srdce

V jednotlivých oblastech je dále přiblı́žen současný stav využitı́ EKG a návazně navržena dalšı́ možná
aplikace analýzy biosignálů nebo směr podpory zpracovánı́ EKG s praktickým efektem v lékařské praxi.

4.1. EKG v oblasti preventivnı́ kardiologie

Na pracovišti kardiologická ambulance EuroMISE centra - Kardio je snı́máno a počı́tačově ukládáno
standardnı́ 12-ti svodové EKG - klidové nebo zátěžové v kombinaci s ergometrem, u kterého lze volit
programy zátěže. Komerčně dodávaný software nabı́zı́ základnı́ vyhodnocenı́ průměrů, průběhů srdečnı́
frekvence a navrženı́ jednoduché klasifikace typů křivek EKG. Systém podporuje databázové ukládánı́
záznamů, export dat nenı́ jednoduše podporován.

U jednotlivých záznamů nenı́ dořešena filtrace rušivých vlivů okolı́, či svalových potenciálů - izolinie je
namodulována na nı́zkofrekvenčnı́m signálu. V přı́padě možnosti exportu celého navzorkovaného EKG lze
rušivé vlivy odstranit pomocı́ filtrů ve frekvenčnı́ nebo časově-frekvenčnı́ oblasti.

Hlavnı́ využitı́ dalšı́ho zpracovánı́ EKG je v oblasti hromadného vyhodnocenı́ celé databáze záznamů.

4.2. Multikanálové EKG a izopotenciálové mapy

Na II. internı́ klinice kardiologie a angiologie Všeobecné fakultnı́ nemocnice v Praze jsou diagnosticky
využı́vány izopotenciálové mapy [6]. Mapovánı́ srdečnı́ch potenciálů vycházı́ z multikanálového snı́mánı́
EKG (přı́klad rozmı́stěnı́ elektrod 120-ti svodového EKG je na obr. 2)

Obrázek 2: Rozloženı́ elektrod pro měřenı́ 120-ti kanálového EKG

Na základě takto senı́maných signálů EKG lze vytvořit izopotenciály, spojnice se stejnou úrovnı́ elektropo-
tenciálu. Z těchto izopotenciál pak vytvářet mapy (ukázka izopotenciálových map je na obr. 3).

V této oblasti je podpora směřována do unifikace dat snı́maných multikanálovým EKG s různým počtem
svodů. Výsledkem by měl být vstup do systému zobrazujı́cı́ho izopotenciálové mapy, který je nezávislý na
počtu svodů. Izopotenciálové mapy lze zı́skat již z 12-ti svodového EKG, výsledeky zobrazenı́ z menšı́ho
početu svodů jsou však značně nepřesné. V této oblasti lze použı́t metody aproximace a interpolace.

4.3. Záznam a analýza EKG u implantabilnı́ch kardiostimulátorů

Na II. internı́ klinice kardiologie a angiologie se zároveň využı́vá dlouhodobé Holtrovo monitorovánı́ EKG
a také monitorovánı́ EKG v implantabilnı́ch kardiostimulátorech [7, 8].

U ambulantnı́ho (Holtrova) monitorovánı́ EKG se aktivita srdce zaznamenává 24 hodin a posléze nahrává
z přenosného přı́stroje a počı́tačově zpracovává. Nenı́ zaznamenáván celý signál, ale jen jeho významné
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Obrázek 3: Ukázka izopotenciálových map

parametry, signál se však může nahrát pokud přı́stroj detekuje anomálii nebo po manuálnı́m upozorněnı́.
Vyhodnocovány jsou předevšı́m různé amplitudové histogramy v jednotlivých dennı́ch úsecı́ch a frekvenčnı́
charakteristika celého průběh srdečnı́ frekvence.

Využı́vané kardiostimulátory majı́ dvé bipolárnı́ elektrody, které sloužı́ zároveň k stimulaci komory a
sı́ně a zároveň k intrakardiálnı́mu snı́mánı́ EKG. Schematické znázorněnı́ použı́vaného dvoudutinového
kardiostimulátoru je na obr. 4.

Obrázek 4: Dvoudutinový kardiostimulátor

Tyto přı́stroje podporujı́ oboustranný telemetrický přenos, který umožňuje nastavit a korigovat funkce
kardiostimulátoru a zpracovávat záznamy EKG. I zde se zaznamenávajı́ pouze parametry signálů. Okamžitě
měřené hodnoty EKG z elektrod se však nevyužijı́ pouze v záznamech, ale předevšı́m jako kontrolnı́ a řı́dı́cı́
vstup systému ovládajı́cı́ho stimulačnı́ pulsy.

U softwaru dodávaného k Holtrovskému monitorovánı́ EKG i ve vyhodnocovacı́ části programu určenému
pro implantabilnı́ kardiostimulátory nenı́ podporována analýza v časově-frekvenčnı́ oblasti. Tato analýza
aplikovaná na části EKG i na průběh srdečnı́ frekvence by měla zlepšit diagnostické vlastnosti záznamů.

5. Závěr

Z řady možnostı́ analýzy biosignálů zde byly přiblı́ženy metody frekvenčnı́ a předevšı́m časově-frekvenčnı́
analýzy. Druhá metoda je vhodná pro různá vyhodnocenı́ biosignálů srdce a zároveň nenı́ přı́liš rozšı́řena
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v lékařské praxi. Možnosti použitı́ a aplikace byly ilustrovány na přı́padech spolupracujı́cı́ch lékařských
pracovišt’.
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