DoktorandskyÂ den ’03

UÂ stav informatiky Akademie veÏd CÏ eskeÂ republiky

Paseky nad Jizerou, 25. ś 26. zaÂrÏõÂ 2003

Obsah

LubomõÂr Bulej:

Current Trends in Middleware Benchmarking 5

TomaÂsÏ BuresÏ:

Automating Connector Evolution 14

Petr Cintula (spoluautor R. HorcÏõÂk):

Product Lukasiewicz Logic ś An Overview 21

Ing. David Coufal:

Radial Implicative Fuzzy Inference Systems 24

Ing. Marek HlavaÂcÏek Ing. Roman Kalous:

StrukturovaneÂ neuronoveÂ sõÂteÏ 25

Milan Hokr:

Model of Flow and Solute Transport in Dual-porosity Media 34

Emil KotrcÏ:

AnalyÂza rozhodovacõÂch lesÊu 44

Pavel KrusÏina:

Practical model of serial computation 52

Petra KudovaÂ:

Learning of Generalized Regularization Networks 60

Mgr. Ctirad Matonoha:

PouzÏitõÂ metody s lokaÂlneÏ omezenyÂm krokem pro podmõÂneÏnou minimalizaci 67

Mgr. MarkeÂta PavlõÂkovaÂ:

SoucÏasnyÂ stav dostupnyÂch softwareovyÂch systeÂmÊu pro genetickou statistiku 74

Petr RaÂlek:

Modelling of resonance characteristic of piezoelectric resonators 79

Jindra ReissigovaÂ:

Validation of the coronary heart disease prediction 89

Milan Rydvan:

Entropy-Based Target Functions for Multilayer Neural Networks 96

Martin Saturka:

GUHA inspired methods for fuzzy data mining 103

Terezie SÏidlofovaÂ:

Neural Network Approximation and Regularization Theory 115

Ing. Milan SÏimuÊnek:

Projekt LISp-Miner 122

Mgr. Josef SÏpidlen:

ElektronickyÂ zdravotnõÂ zaÂznam a telemedicõÂna 133

Mgr. Inka VyoraÂlkovaÂ:

Klasiőkace satelitnõÂch snõÂmkuÊ neuronovyÂmi sõÂteÏmi 144

Ing. Petr Zavadil:

Aplikace analyÂzy biosignaÂlÊu srdce 154

DoktorandskyÂ den UÂ stavu informatiky Akademie veÏd CÏeskeÂ republiky se konaÂ jizÏ po osmeÂ, neprÏetrzÏiteÏ od roku 1996. Tento seminaÂrÏ poskytuje doktorandÊum, podõÂlejõÂcõÂm se na odbornyÂch aktivitaÂch UÂ stavu informatiky prezentacÏnõÂ mozÏnosti pro vyÂsledky jejich odborneÂho studia a naÂsledneÂho smeÏrovaÂnõÂ jejich vyÂzkumu. SoucÏasneÏ poskytuje prostor pro oponentnõÂ prÏipomõÂnky k prÏednaÂsÏeneÂ tematice a pouzÏiteÂ metodologii praÂce, ze strany prÏõÂtomneÂ odborneÂ komunity.

Z jineÂho uÂhlu pohledu, toto setkaÂnõÂ doktorandÊu podaÂvaÂ prÊurÏezovou informaci o odborneÂm rozsahu vyÂzkumu, kteryÂ je realizovaÂn na pracovisÏtõÂch cÏi za spoluuÂcÏasti UÂ stavu informatiky AV CÏR.

Od pocÏaÂtku organizovaÂnõÂ doktorandskeÂho dne byl soubor prÏednesenyÂch prÏõÂspeÏvkÊu publikovaÂn formou technickyÂch zpraÂv UÂ I, ktereÂ jsou dostupneÂ elektronicky na adrese www.cs.cas.cz. Tento rocÏnõÂk se poprveÂ prÏistoupilo k vydaÂnõÂ prÏõÂspeÏvkÊu v knizÏnõÂ formeÏ. JednotliveÂ prÏõÂspeÏvky v publikaci jsou usporÏaÂdaÂny adresneÏ podle autorÊu, neboÂt usporÏaÂdaÂnõÂ podle tematickeÂho zameÏrÏenõÂ nepovazÏujeme za uÂcÏelneÂ, vzhledem k rozmanitosti jednotlivyÂch teÂmat.

VedenõÂ UÂ I a veÏdeckaÂ rada UÂ I jakozÏto organizaÂtor tohoto odborneÂho setkaÂnõÂ veÏrÏõÂ, zÏe toto setkaÂnõÂ mladyÂch doktorandÊu, jejich sÏkolitelÊu a ostatnõÂ odborneÂ verÏejnosti povede nutneÏ ke zkvalitneÏnõÂ celeÂho procesu doktorandskeÂho studia zajisÏÂtovaneÂho v soucÏinnosti s UÂ stavem informatiky, k odborneÂ a pedagogickeÂ sebereŕexi jak na straneÏ doktorandÊu tak i na straneÏ sÏkolitelÊu, a v neposlednõÂ rÏadeÏ k navaÂzaÂnõÂ a vyhledaÂnõÂ novyÂch odbornyÂch kontaktÊu.

FrantisÏek Hakl editor 1. zaÂrÏõÂ 2003

LubomõÂr Bulej Current Trends in Middleware Benchmarking

Current Trends in Middleware Benchmarking

doktorand:

LUBOMI^ÂR BULEJ

sÏkolitel:

PETR T ÊUMA

Charles University in Prague Faculty of Mathematics and Physics Malostranske naÂmeÏstõÂ 25 Prague, Czech Republic

Institute of Computer Science Academy of Sciences of the Czech Republic Pod VodaÂrenskou veÏzÏõÂ 2 Prague, Czech Republic

Charles University in Prague Faculty of Mathematics and Physics Malostranske naÂm. 25 Prague, Czech Republic

lubomir.bulej@mff.cuni.cz bulej@cs.cas.cz petr.tuma@mff.cuni.cz

obor studia:

I2 ś SoftwaroveÂ systeÂmy

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, speciőcally 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 functionality 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].

PhD Conference ’03 5 ICS Prague

LubomõÂr Bulej Current Trends in Middleware Benchmarking

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 speciőc 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 modelapplication benchmarks and feature-speciőc 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 speciőc 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 difőcult 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-independentfunctionality of the middleware platform used.

As an example of this particular benchmark type, consider the EJB platform, which does have an ofőcially 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-speciőc 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 efőciency, including aspects speciőc 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 speciőc middleware platform, these benchmarks provide information about behavior of the individual aspects on a speciőc hardware and software platform

PhD Conference ’03 6 ICS Prague

LubomõÂr Bulej Current Trends in Middleware Benchmarking

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-speciőc 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 speciőcation, 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 primitives 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 őnding 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 noncommercial/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 difőcult, 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 ŕaws 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 beneőts. 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 speciőc 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 proőt.

PhD Conference ’03 7 ICS Prague

LubomõÂr Bulej Current Trends in Middleware Benchmarking

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 őrst 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 speciőc 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, conőguration, 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-speciőc 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, conőguration 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

LubomõÂr 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 őrst 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 ŕushes, stabilization of adaptive resource allocation algorithms and other phenomena accompanying application start up, the framework throws away data from the warm up stage, a őxed 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 őxed execution time. The execution time of third stage is determined by a őxed 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 őxed-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 signiőcant 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 őnd appropriate statistical methods to estimate the length of the warm up stage and the number of samples required for the speciőed 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 σ^2 or sample variance s^2, 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.

PhD Conference ’03 9 ICS Prague

LubomõÂr Bulej Current Trends in Middleware Benchmarking

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 scientiőc discipline with many contributions from the area of discrete-event simulations.

Whether we can really beneőt from the research done in that area is still subject to future work though, mainly to conőrm 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 speciőc 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 s^2.

ś 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.

ś More complex procedure to identify the outliers is based on the analysis of the distance to an example’s nearest neighbours. Knorr [13] deőnes distance based outlier as follows: An object O in a dataset T is a DB(p, D) − outlier if at least fraction p of the objects in T lies farther than distance D from O. We either need to őnd the right values of the p and D parameters empirically, or őnd 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 predeőned accuracy. Such methods should be considerably less susceptible to enormous deviations caused by the the presence of outliers.

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

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

ś Chen [15] describes an implementation of a two-stage procedure for constructing conődence 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 proportional precision at the őrst 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 deőned in the area of discrete-efvent simulations in that it usually

PhD Conference ’03 10 ICS Prague

LubomõÂr Bulej Current Trends in Middleware Benchmarking

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 őlter out phenomena accompanying an execution of a program in an operating system, i.e. priming of processor caches, disk cache ŕushes, 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 conődence interval with probability (1−α), α being the signiőcance 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 μ and a őnite variance σ^2, 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. Conődence interval is then computed using the sample variance s^2 of the batch means and quantiles of Student’s t-distribution.

ś Nakayama [17] describes a modiőcation 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.

ś 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 modiőcation is possible, the method may give better results than the two-stage procedure described by Nakayama.

ś 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

PhD Conference ’03 11 ICS Prague

LubomõÂr Bulej Current Trends in Middleware Benchmarking

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 signiőcant 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 predeőned 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.

Acknowledgements

We would like to express our thanks to FrantisÏek PlaÂsÏil for his valuable comments.

References

[1] Object Management Group, The Common Object Request Broker: Core Speciőcation, Dec 2002. OMG formal/02-12-02, version 3.0.2.

[2] Sun Microsystems, Inc., Java Remote Method Invocation Speciőcation, 2002. Revision 1.8, Java2 SDK, version 1.4.

[3] Sun Microsystems, Inc., Enterprise JavaBeans Speciőcation, Aug 2001. Version 2.0, Final Release. [4] A. Buble and P. TÊuma, łOn Benchmarking Object-Oriented Middleware,ž in Week of Doctoral Students Conference, Faculty of Mathematics and Physics, Charles University, Prague, Jun 2000.

[5] Object Management Group, White Paper on Benchmarking, Dec 1999. OMG bench/99-12-01. [6] P. TÊuma and A. Buble, łOpen CORBA Benchmarking,ž in International Symposium on Performance Evaluation of Computer and Telecommunication Systems (SPECTS’01), (Orlando, FL, USA), SCS, Jul 2001.

[7] Sun Microsystems, Inc., ECperf Speciőcation, Apr 2002. Version 1.1, Final Release. [8] ObjectWeb Consortium, RUBiS: Rice University Bidding System. http://rubis.objectweb.org. [9] eBay, Inc., The World’s Online Marketplace. http://www.ebay.com.

[10] Standard Performance Evaluation Corporation, SPECjbb2000: Java Business Benchmark.

http://www.spec.org/jbb2000.

[11] Distributed Object Computing Group, TAO: The ACE ORB.

http://www.cs.wustl.edu/ schmidt/TAO.html.

[12] Red Hat, Inc., Cygwin: A Unix-like environment for Windows. http://www.cygwin.com. [13] E. M. Knorr, R. T. Ng, and V. Tucakov, łDistance-Based Outliers: Algorithms and Applications,ž VLDB Journal: Very Large Data Bases, vol. 8, no. 3-4, pp. 237ś253, 2000.

PhD Conference ’03 12 ICS Prague

LubomõÂr Bulej Current Trends in Middleware Benchmarking

[14] E. J. Chen and W. D. Kelton, łQuantile and Histogram Estimation,ž in Winter Simulation Conference, 2001.

[15] E. J. Chen, łTwo-Phase Quantile Estimation,ž in Winter Simulation Conference, 2002. [16] C. Stein, łA Two-Sample Test for a Linear Hypothesis Whose Power is Independent of the Variance,ž Annals of Mathematical Statistics, vol. 16, pp. 243ś258, Sep 1945.

[17] M. K. Nakayama, łTwo-Stage Stopping Procedures Based on Standardized Time Series,ž Management Science, vol. 40, pp. 1189ś1206, 1994.

[18] Z. Hlavka, Robust Sequential Methods. PhD thesis, Faculty of Mathematics and Physics, Charles University, Prague, 2000.

[19] N. M. Steiger and J. R. Wilson, łExperimental Performance Evaluation of Batch Means Procedures for Simulation Output Analysis,ž in Winter Simulation Conference, pp. 627ś636, 2000.

[20] N. M. Steiger and J. R. Wilson, łImproved Batching for Conődence Interval Construction in Steady- State Simulation,ž in Winter Simulation Conference, pp. 442ś451, 1999.

PhD Conference ’03 13 ICS Prague

TomaÂsÏ BuresÏ Automating Connector Evolution

Automating Connector Evolution

doktorand:

TOMA^Â S^Ï BURES^Ï

sÏkolitel:

FRANTIS^ÏEK PLA^Â S^ÏIL

Academy of Sciences of the Czech Republic

Institute of Computer Science

Academy of Sciences of the Czech Republic

Institute of Computer Science

bures@cs.cas.cz plasil@cs.cas.cz

obor studia:

I2 ś SoftwaroveÂ systeÂmy

Abstract

A connector is a őrst-class entity representing communication between components. It usually encapsulates 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 žconnector conőgurationž based on designer’s decision (communication style and non-functional properties).

1. Introduction

Connectors emerged recently in component-based systems as a őrst-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 beneőts: (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

PhD Conference ’03 14 ICS Prague

TomaÂsÏ BuresÏ Automating Connector Evolution

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 őxed, 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 reőnement tree). On the top (in the root of the tree) there is a designer’s rough decision what a connector žshould dož. 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 communication 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 őxed (with respect to the attached components) and the interfaces are propagated inside the connector causing generic interfaces on elements’ ports to be őxed too (aka element adaptation).

As the result of the fourth step, a complete connector conőguration is obtained specifying a connector architecture, element implementations and őxing 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 conőguration is speciőed. However, the path from a designer’s decision (on the top) down to a complete connector conőguration is difőcult, 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 conőguration automatically.

PhD Conference ’03 15 ICS Prague

TomaÂsÏ BuresÏ Automating Connector Evolution

Figure 2: Connector reőnement tree

PhD Conference ’03 16 ICS Prague

TomaÂsÏ BuresÏ Automating Connector Evolution

3. Selecting a connector conőguration

In this section we describe how to select a complete connector conőguration based on requested communication style and NFPs. Having presented the reőnement tree in the previous section, the problem of connector generation is reduced to őnding a path in the tree from the top layer (designer’s decision) to the bottom layer (complete connector conőguration). 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 reőnement tree leading to a correct connector conőguration can be obtained using backtracking.

3.1. Composition inconsistency

Composition consistency is checked by matching žtypesž 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 deőnes four ports (call, mashall, lineIn, lineOut) used to bind to neighboring elements. In ADL notation [6] this is deőned 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:

I_{marshall} = marshall(P rotocol, I_{call}) I_{lineOut} = request(P rotocol, I_{call}) I_{lineIn} = response(P rotocol, I_{call}) The variable I_{marshall}, I_{call}, etc. represent interfaces assigned to a particular port, the local variable P rotocol represents communication protocol (e.g. ’SunRPC’), and terms marshall, request and response denote a parametrized interface (e.g. marshall(P rotocol, I_{call}) would contain methods pack and unpack which serialize methods from I_{call} using external data representations deőned by P rotocol). 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).

PhD Conference ’03 17 ICS Prague

TomaÂsÏ BuresÏ Automating Connector Evolution

local binding: I_{Elem1P ort} = I_{Elem2P ort} remote binding: transport compatible bind(I_{Elem1P ort}, I_{Elem2P ort}) The variables I_{Elem1P ort} and I_{Elem2P ort} denote interfaces on the interconnected ports. The predicate transport compatible bind is deőned with respect to available middleware. In our case, e.g.: ⊢transport compatible bind SunRP C( udp(request(^′SunRP C^′, I_{call}), response(^′SunRP C^′, I_{call})), udp(response(^′SunRP C^′, I_{call}, request(^′SunRCP^′, I_{call}))) ⊢transport compatible bind(I_{Elem1P ort}, I_{Elem2P ort}) ←→ transport compatible bind SunRP C(I_{Elem1P ort}, I_{Elem2P ort}) ∨ transport compatible bind RMI(I_{Elem1P ort}, I_{Elem2P ort}) ∨ . . . , where udp(In, Out) 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 conőguration hold and interfaces of attached components are substituable to respective connector roles.

3.2. NFP inconsistency

NFP inconsistency is checked over a complete connector conőguration. For each NFP a predicate exists that tests whether a given conőguration satisőes 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: ⊢nfp mapping distrib RP CImpl(^′distribution^′, NF P V alue, ConConfig) ←→ (con arch name(ConConfig,^′ RemoteP rocCallImpl^′) ∧ con_elem(ConConfig,^′ Stub^′) ∧ nfp_mapping(^′distribution^′, NF P V alue, StubElemConfig)) 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.: ⊢nfp mapping distrib RMIStubImpl(^′distribution^′,^′ RMI^′, ConConfig) ←→ con_arch_name(ConConfig,^′ RMIStubImpl^′) The stub element implementations deőne 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 őnally put together to form one composed predicate used to test arbitrary NFP regardless which architecture and element implementations were selected: ⊢nfp mapping(NF P Name, NF P V al, ConConfig) ←→ nfp mapping distrib RP CImpl(NF P Name, NF P V al, ConConfig) ∧ nfp mapping distrib RMIStubImpl(NF P Name, NF P V al, ConConfig) ∧ . . . ,

PhD Conference ’03 18 ICS Prague

TomaÂsÏ BuresÏ Automating Connector Evolution

3.3. Environment inconsistency

In order to exclude element implementations which would not run propertly on a target platform, we enrich their deőnition by a set of environment requirements that have to be satisőed by a target platform. For the time being, we use for the requirement speciőcation 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 speciőcation.

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 őltering, but not supporting any other types of connectors. Acme on the other hand allows for fully user-deőned 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. Reŕecting NFPs in connectors. Similar to our work is reŕective 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 őnal 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 speciőc 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 satisőes 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 conőguration with respect to requirements speciőed in form of communication style and NFPs. Our approach uses backtracking to traverse a tree of possible connector conőgurations. A correct and suitable conőguration 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.

PhD Conference ’03 19 ICS Prague

TomaÂsÏ BuresÏ Automating Connector Evolution

References

[1] Sun Microsystems, Inc., Java Remote Method Invocation Speciőcation ś Java 2 SDK, v1.4.1, 2002. [2] OMG formal/02-12-06, The Common Object Request Broker Architecture: Core Speciőcation, v3.0, Dec 2002.

[3] IETF RFC 1050, RPC: Remote Procedure Call Protocol Speciőcation Version 2, Jun 1988. [4] T. Bures and F. Plasil, łScalable element-based connectors,ž in Proceedings of SERA 2003, San Francisco, USA, Jul 2003.

[5] D. Balek and F. Plasil, łSoftware connectors and their role in component deployment,ž in Proceedings of DAIS’01, Krakow, Kluwer, Sep 2001.

[6] L. Bulej and T. Bures, łA connector model suitable for automatic generation of connectors,ž Tech.

Rep. 2003/01, Dep. of SW Engineering, Charles University, Prague, Jan 2003.

[7] N. Medvidovic, P. Oreizy, and R. Taylor, łReuse of off-the-shelf components in c2-style architectures,ž in Proceedings of the 1997 International Conference on Software Engineering (ICSE.97), Boston, MA, 1997.

[8] D. Garlan, R. T. Monroe, and D. Wile, łAcme: Architectural description of component-based systems,ž in Foundations of Component-Based Systems (G. T. Leavens and M. Sitaraman, eds.), pp. 47ś68, Cambridge University Press, 2000.

[9] M. Shaw, R. DeLine, D. V. Klein, T. L. Ross, D. M. Young, and G. Zelesnik, łAbstractions for software architecture and tools to support them,ž Software Engineering, vol. 21, no. 4, pp. 314ś335, 1995.

[10] T. Bures, łConstraint-based generation of connectors.ž Presented at Week of Doctoral studies, MFF UK, Jun 2003.

[11] G. Blair and et al., łA principled approach to supporting adaptation in distributed mobile environments,ž in International Symposium on Software Engineering for Parallel and Distributed Systems, Limerick, Ireland, Jun 2000.

PhD Conference ’03 20 ICS Prague

Petr Cintula, (spoluautor R. HorcÏõÂk) Product Lukasiewicz Logic ś An Overview

Product Lukasiewicz Logic ś An Overview

doktorand:

PETR CINTULA (SPOLUAUTOR R. HORC^ÏI^ÂK)

sÏkolitel:

PETR HA^Â JEK

UÂ stav informatiky, Akademie veÏd CÏ eskeÏ Republiky, Pod vodaÂrenskou

veÏzÏõÂ 2, 182 07 Prague 8

UÂ stav informatiky, Akademie veÏd CÏ eskeÏ Republiky, Pod vodaÂrenskou

veÏzÏõÂ 2, 182 07 Prague 8

Cintula@cs.cas.cz hajek@cs.cas.cz

obor studia:

MatematickeÂ inzÏenyÂrstvõÂ

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 deőned 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 l-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 l-rings.

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

PhD Conference ’03 21 ICS Prague

Petr Cintula, (spoluautor R. HorcÏõÂk) Product Lukasiewicz Logic ś An Overview L

L_△ P L RPL

P L_△ RPP L

P L^′

P L^′_△ RPP L^′

LΠ RPP L△=RPP L^′_△

RLΠ 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 deőne 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 Lalgebras. 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 LΠ, which was deőned in [4]. Roughly speaking the logic LΠ 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 LΠ (the extension of LΠ 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 LΠ, R LΠ (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 LΠ logic [2, 4]. Relations between them are depicted in Figure 2.

PhD Conference ’03 22 ICS Prague

Petr Cintula, (spoluautor R. HorcÏõÂk) Product Lukasiewicz Logic ś An Overview

References

[1] R. Cignoli, I.M.L. D’Ottaviano, D. Mundici: Algebraic Foundations of Many-Valued Reasoning.

Kluwer, Dordrecht, 1999.

[2] P. Cintula: The LΠ and LΠ^1_2 propositional and predicate logics. Fuzzy Sets and Systems 124/3:21ś34, 2001.

[3] A. Di Nola, A. DvurecÏenskij: Product MV-algebras. Multiple-Valued Logic 6:193ś215, No.1-2, 2001. [4] F. Esteva, L. Godo, F. Montagna: The LΠ and LΠ^1_2 logics: two complete fuzzy systems joining Lukasiewicz and product logics. Archive for Mathematical Logic 40:39ś67, 2001.

[5] R. HorcÏõÂk, P. Cintula: Product Lukasiewicz logic. To appear in Archive for Mathematical Logic. [6] P. HaÂjek: Metamathematics of Fuzzy Logic. Kluwer, Dordrecht, 1998.

[7] J. Lukasiewicz: O logice trojwartosciowej (On three-valued logic). Ruch őlozoőczny 5:170-171, 1920.

[8] F. Montagna: An algebraic approach to propositional fuzzy logic. Journal of Logic Language and Information 9:91-124, 2000.

[9] F. Montagna: Functorial Representation Theorems for MV_Δ algebras with additional operators.

Journal of Algebra, 238(1):99-125, 2001.

[10] F. Montagna: Reducts of MV-algebras with product and product residuation. (draft) [11] F. Montagna, G. Panti: Adding structure to MV-algebras. Journal of Pure and Applied Algebra 164(3):365-387, 2001.

[12] V. NovaÂk, I. Perőlieva, J. MocÏkorÏ: Mathematical Principles of Fuzzy Logic. Kluwer, Norwell, 1999. [13] J. Pavelka: On Fuzzy Logic I,II,III. Zeitschrift fuÈr math. Logic und Grundlagen der Math. 25:45ś 52,119ś134,447ś464, 1979.

[14] G. Takeuti, S. Titani: Fuzzy Logic and Fuzzy Set Theory. Archive for Mathematical Logic 32:1ś32, 1992.

PhD Conference ’03 23 ICS Prague

Ing. David Coufal Radial Implicative Fuzzy Inference Systems

Radial Implicative Fuzzy Inference Systems

doktorand:

ING. DAVID COUFAL

sÏkolitel:

DOC. ING. STANISLAV KREJC^ÏI^Â, CSC.

Institute of Computer Science University of Pardubice

david.coufal@cs.cas.cz Stanislav.Krejci@upce.cz

obor studia:

Technical cybernetics

Abstract

The paper presents the abstract of Ph.D. thesis I őnished 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 t-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 t-norm (used for the speciőcation 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.

PhD Conference ’03 24 ICS Prague

Marek HlavaÂcÏek, Roman Kalous StrukturovaneÂ neuronoveÂ sõÂteÏ

StrukturovaneÂ neuronoveÂ sõÂteÏ

doktorand:

ING. MAREK HLAVA^Â C^ÏEK ING. ROMAN KALOUS

sÏkolitel:

ING. FRANTIS^ÏEK HAKL, CSC.

Katedra matematiky, FJFI CÏ VUT, Praha UÂ I, AV CÏ R, Praha

hlavacek@km1.fjő.cvut.cz kalous@kmlinux.fjő.cvut.cz hakl@cs.cas.cz

obor studia:

NeuronoveÂ sõÂteÏ StochastickeÂ optimalizace

Abstrakt

CÏlaÂnek shrnuje zaÂkladnõÂ poznatky o strukturovanyÂch neuronovyÂch sõÂtõÂch s prÏepõÂnacõÂmi jednotkami, ktereÂ prÏedstavujõÂ zobecneÏnõÂ puÊvodnõÂho modelu lineaÂrnõÂho rÏeteÏzce. Jeho hlavnõÂm cõÂlem je prÏedstavit zpuÊsob reprezentace obecneÂ architektury strukturovaneÂ neuronoveÂ sõÂteÏ. NalezenõÂ vhodneÂ reprezentace je totizÏ nezbytneÂ pro naÂslednou optimalizaci architektury neuronovyÂch sõÂtõÂ pomocõÂ genetickeÂho algoritmu.

1. UÂ vod

NasÏõÂm cõÂlem je naleÂzt trÏõÂdu neuronovyÂch sõÂtõÂ, v raÂmci nõÂzÏ by bylo mozÏneÂ optimalizovat architekturu sõÂtõÂ tak, aby co nejleÂpe rÏesÏila konkreÂtnõÂ probleÂm separace mnozÏin. S ohledem na charakter uÂlohy jsme jako optimalizacÏnõÂ naÂstroj zvolili genetickyÂ algoritmus. Jeho pouzÏitõÂ je podmõÂneÏno mozÏnostõÂ rychleÂho naucÏenõÂ a ohodnocenõÂ kvality neuronovyÂch sõÂtõÂ a existencõÂ dostatecÏneÏ obecneÂ reprezentace architektury neuronoveÂ sõÂteÏ.

ZejmeÂna kvuÊli rychlosti ucÏenõÂ jsme vysÏli z modelu lineaÂrnõÂho rÏeteÏzce s prÏepõÂnacõÂmi jednotkami poprveÂ popsaneÂho v [BSK95] vyuzÏõÂvajõÂcõÂho k optimalizaci svyÂch parametruÊ lineaÂrnõÂ regresi, kteraÂ je podstatneÏ rychlejsÏõÂ nezÏ beÏzÏneÏ pouzÏõÂvaneÂ gradientnõÂ metody. Vzhledem k velkeÂmu vyÂznamu tohoto modelu je pojem lineaÂrnõÂho rÏeteÏzce formaÂlneÏ zaveden, a to vcÏetneÏ rozsÏõÂrÏenõÂ o takzvaneÂ korekcÏnõÂ jendotky, v cÏaÂsti 2.1. NasÏe experimenty ukaÂzaly, zÏe lineaÂrnõÂ rÏeteÏzce jsou sice relativneÏ silneÂ naÂstroje pro rÏesÏenõÂ ruÊznyÂch probleÂmuÊ, ale bohuzÏel v kontextu s genetickou optimalizacõÂ neprÏedstavujõÂ dostatecÏneÏ sÏirokou trÏõÂdu sõÂtõÂ.

Bylo tedy nutneÂ dalsÏõÂ zobecneÏnõÂ. TõÂm jsou takzvaneÂ strukturovaneÂ neuronoveÂ sõÂteÏ (SNS). ZaÂkladnõÂ mysÏlenka SNS spocÏõÂvaÂ v propojenõÂ võÂce lineaÂrnõÂch rÏeteÏzcuÊ a jinyÂch elementaÂrnõÂch neuronovyÂch sõÂtõÂ. VyÂslednaÂ neuronovaÂ sõÂt’je tedy strukturovaÂna do blokuÊ, ktereÂ sami o sobeÏ prÏedstavujõÂ neuronoveÂ sõÂteÏ. V pruÊbeÏhu genetickeÂ optimalizace je pak mozÏneÂ optimalizovat zvlaÂsÏt’propojenõÂ jednotlivyÂch blokuÊ a jejich vlastnosti. Aby vsÏak

PhD Conference ’03 25 ICS Prague

Marek HlavaÂcÏek, Roman Kalous StrukturovaneÂ neuronoveÂ sõÂteÏ

bylo mozÏneÂ efektivneÏ vyuzÏõÂt strukturovaneÂ topologie bylo nutneÂ zaveÂst jejõÂ vhodnou reprezentaci. Jako nevyhovujõÂcõÂ se ukaÂzala adjacencÏnõÂ matice. Ta totizÏ neumozÏnÏuje efektivneÏ manipulovat se substrukturami sõÂteÏ a prÏi generovanõÂ acyklickyÂch orientovanyÂch grafuÊ je navõÂc nutneÂ kontrolovat, jestli danaÂ matice skutecÏneÏ reprezentuje acyklickyÂ graf. Rozhodli jsme se proto pro takzvaneÂ celulaÂrnõÂ koÂdovaÂnõÂ (viz [Gruau94]), ktereÂ jsme daÂle rozsÏõÂrÏili o dalsÏõÂ parametry a implementovali pomocõÂ zobecneÏnyÂch readovyÂch koÂduÊ (viz [Read72]). Popisem SNS a jejich reprezentacõÂ se podrobneÏ zabyÂvaÂ cÏaÂst 3.1. NeÏktereÂ prÏõÂklady netriviaÂlnõÂch architektur, jejich vlastnosti a vazby na Readovy koÂdy jsou pak prezentovaÂny v cÏaÂsti 4.

2. LineaÂrnõÂ rÏeteÏzec s prÏepõÂnacõÂmi a korekcÏnõÂmi jednotkami

K tomu, abychom kompletneÏ popsali libovolnou neuronovou sõÂt’, musõÂme popsat neurony, z kteryÂch se sõÂt’ sklaÂdaÂ, jejich vzaÂjemneÂ propojenõÂ, neboli topologii sõÂteÏ, a neposlednõÂ rÏadeÏ jejõÂ dynamiku, kteraÂ deőnuje akci neuronu na libovolnyÂ vstup a zpuÊsob ucÏenõÂ sõÂteÏ. V naÂsledujõÂcõÂm textu budeme rovneÏzÏ pouzÏõÂvat pojem architektura neuronoveÂ sõÂteÏ, kteryÂm oznacÏujeme souhrnnyÂ popis vlastnostõÂ jednotlivyÂch neuronuÊ a topologie sõÂteÏ.

2.1. Neuron s prÏepõÂnacõÂ jednotkou

V souladu s uÂvodnõÂ poznaÂmkou zacÏneme nejprve popisem jednotlivyÂch neuronuÊ, prÏicÏemzÏ vyjdeme z naÂsledujõÂcõÂ deőnice obecneÂho neuronu.

Deőnice 1 Necht’jsou daÂna cÏõÂsla n, m, l ∈ N, kteraÂ udaÂvajõÂ dimenzi vstupu, vyÂstupu a parametru neuronu. DaÂle necht’je daÂna funkce F : R^l → T(R^n, R^m), kterou nazveme typ neuronu a parametr p ∈ Dom (F ), jehozÏ obraz F (p) deőnuje prÏechodovou funkci neuronu. UsporÏaÂdanou dvojici [F, p] nazveme neuron. Akce neuronu na libovolnyÂ vstup x ∈ R^n je daÂna prÏedpisem R^m ∋ y := [F (p)] (x).

KazÏdyÂ neuron tedy prÏedstavuje jistou parametrickou funkci zobrazujõÂcõÂ vstupy neuronu na jeho vyÂstupy. Akce neuronu je daÂna jednak jeho typem a jednak konkreÂtnõÂ hodnotou parametru. PrÏi popisu sõÂteÏ vsÏak stacÏõÂ deőnovat typ neuronu, nebot’ten deőnuje chovaÂnõÂ neuronu pro libovolnou hodnotu parametru. Na zaÂkladeÏ s prÏedchozõÂ deőnice jizÏ muÊzÏeme formaÂlneÏ zaveÂst neuron s prÏepõÂnacõÂ jednotkou.

Deőnice 2 Necht’je daÂno:

• cÏõÂsla n, m, l, s, k ∈ N, kteraÂ udaÂvajõÂ vstupnõÂ a vyÂstupnõÂ dimenzi neuronu, dimenzi parametruÊ vyÂpocÏetnõÂch jednotek, dimenzi parametruÊ jednotlivyÂch klastruÊ a pocÏet klastruÊ (respektive vyÂpocÏetnõÂch jednotek),

• funkce S : (R^s)^k → ( 2^{Rn} )_k takovaÂ, zÏe pro vsÏechna p_c ∈ Dom (S) je { S^1 (p_c) , ..., S^k (p_c) } disjunktnõÂ pokrytõÂ R^n, kteraÂ se nazyÂvaÂ typ prÏepõÂnacõÂ jednotky, • funkce F̄ : R^l → T(R^n, R^m), kterou nazveme typ vyÂpocÏetnõÂ jednotky.

DaÂle necht’je pro vsÏechna p ∈ P := Dom(S) × ( Dom(F̄ ) )_k , p = (p_c, p_1, . . . , p_k) deőnovaÂna funkce F : P → T(R^n, R^m) prÏedpisem:

[F (p)] (x) = k∑ i=1 χ_Si_{(pc )} (x) [¯ F (p_i) ] (x) a necht’~p ∈ P . Potom usporÏaÂdanou dvojici [F, ~p] nazveme neuronem s prÏepõÂnacõÂ jednotkou a k klastry.

KazÏdyÂ neuron s prÏepõÂnacõÂ jednotkou se tedy sklaÂdaÂ z jedneÂ prÏepõÂnacõÂ jednotky a jedneÂ nebo võÂce vyÂpocÏetnõÂch jednotek (viz obr. 1). KazÏdaÂ vyÂpocÏetnõÂ jednotka prÏedstavuje łklasickyÂž neuron, zatõÂmco pojmem prÏepõÂnacõÂ

PhD Conference ’03 26 ICS Prague

Marek HlavaÂcÏek, Roman Kalous StrukturovaneÂ neuronoveÂ sõÂteÏ

jednotka oznacÏujeme łzarÏõÂzenõÂž, ktereÂ distribuuje vstupy mezi jednotliveÂ vyÂpocÏetnõÂ jednotky. PrÏepõÂnacõÂ jednotka totizÏ deőnuje disjunktnõÂ rozklad vstupnõÂho prostoru a vyÂraz χ_Si_{(pc)} (x), kteryÂ vystupuje v prÏedchaÂzejõÂcõÂ deőnici 2, zarucÏuje, zÏe se na zpracovaÂnõÂ daneÂho vstupu x podõÂlõÂ pouze jedinaÂ, i-taÂ vyÂpocÏetnõÂ jednotka neuronu s prÏepõÂnacõÂ jednotkou. TõÂmto se neuronoveÂ sõÂteÏ s prÏepõÂnacõÂmi jednotkami podobajõÂ rozhodovacõÂm stromuÊm. Z deőnice rovneÏzÏ vyplyÂvaÂ, zÏe typ neuronu s prÏepõÂnacõÂ jednotkou je popsaÂn jednak typem prÏepõÂnacõÂ jednotky (S ) a jednak typem a pocÏtem vyÂpocÏetnõÂch jednotek (F̄ , k ), prÏicÏemzÏ v naÂmi uvazÏovanyÂch modelech prÏedpoklaÂdaÂme, zÏe vsÏechny vyÂpocÏetnõÂ jednotky jednoho neuronu majõÂ stejnyÂ typ (lisÏõÂ se pouze jejich parametry, jinak by bylo nutneÂ uvazÏovat mõÂsto jedineÂ funkce F̄ syteÂm k funkcõÂ F̄_1, ..., F̄_k).

Typ neuronu s prÏepõÂnacõÂ jednotkou, kteryÂ je pouzÏit v lineaÂrnõÂm rÏeteÏzci muÊzÏeme popsat naÂsledovneÏ. PrÏedpoklaÂdejme, zÏe vstupem neuronu muÊzÏe byÂt libovolnyÂ vektor z R^n. NaÂsledujõÂcõÂ vztah deőnuje typ prÏepõÂnacõÂ jednotky S_{|.|} s k klastry:

S^i_{|.|}(p_c) := x ∈ R^n | | | | | i = min q=1,...,k | | | | | (^n∑ j=1 x^j ) − p^q_c | | | | | = min l=1,...,k | | | | | (^n∑ j=1 x^j ) − p^l_c | | | | | , ∀i = 1, . . . , k, (1) kde p_c ∈ R^k. Typ vyÂpocÏetnõÂ jednotky pak pro kazÏdeÂ p ∈ R^{n+1} deőnuje rovnost [¯ F_L (p) ] (x) := ( p^1x^1, p^2x^2, ..., p^nx^n, p^{n+1} ) , ∀x ∈ R^n. (2) Z geometrickeÂho hlediska si lze funkci vyÂsÏe deőnovaneÂho typu neuronu F_L (.) prÏedstavit tak, zÏe prÏepõÂnacõÂ jednotka nejprve rozdeÏlõÂ vstupnõÂ prostor na neÏkolik paÂsuÊ (resp. na neÏkolik paÂsuÊ a dveÏ poloroviny, v prÏõÂpadeÏ dimenze 2). NaÂsledneÏ vektor parametruÊ prÏõÂslusÏneÂ vyÂpocÏetnõÂ jednotky deőnuje pro kazÏdyÂ takovyÂ paÂs nadrovinu s rovnicõÂ W ≡ p^{n+1} + ∑_n i=1 x^ip^i = 0, kteraÂ tento paÂs daÂle deÏlõÂ na łkladnouž a łzaÂpornouž cÏaÂst. VyÂstup neuronu je pak kladnyÂ praÂveÏ kdyzÏ vstup lezÏõÂ v kladneÂ cÏaÂsti odpovõÂdajõÂcõÂho klastru.

Pokud je uÂkolem sõÂteÏ separovat dveÏ mnozÏiny, jsou beÏhem ucÏenõÂ sõÂteÏ nastavovaÂny parametry neuronuÊ tak, aby do łkladnyÂchž cÏaÂstõÂ klastruÊ mapovaly prvky z jedneÂ mnozÏiny a do łzaÂpornyÂchž prvky patrÏõÂcõÂ do druheÂ mnozÏiny. V kazÏdeÂm okamzÏiku lze tedy na zaÂkladeÏ znameÂnka soucÏtu slozÏek vyÂstupu rozhodnout, do ktereÂ z mnozÏin by danyÂ neuron zarÏadil danyÂ vstup. Tento fakt je velice duÊlezÏityÂ v kontextu s korekcÏnõÂmi jednotkami.

UÂ kolem korekcÏnõÂch jednotek je odstraneÏnõÂ nezÏaÂdoucõÂho efektu plynoucõÂho z prÏõÂtomnosti prÏepõÂnacõÂch jednotek v neuronoveÂ sõÂti. PrÏedstavme si naprÏõÂklad, zÏe chceme separovat dveÏ mnozÏiny, nazveÏme je signaÂl a pozadõÂ. Z deőnice 2 vyplyÂvaÂ zÏe, neuron s prÏepõÂnacõÂ jednotkou lze povazÏovat za neuron s po cÏaÂstech deőnovanou prÏechodovou funkcõÂ (v prÏõÂpadeÏ lineaÂrnõÂho rÏeteÏzce se jednaÂ o po cÏastech lineaÂrnõÂ funkci). Takto deőnovanaÂ prÏechodovaÂ funkce vsÏak nemusõÂ byÂt prostaÂ a proto se muÊzÏe velice snadno staÂt, zÏe jistaÂ oblast signaÂlu odpovõÂdajõÂcõÂneÏktereÂmu z klastruÊ je mapovaÂna do stejneÂ oblasti, jako oblast pozadõÂprÏõÂslusÏejõÂcõÂ jineÂmu klastru. Toto łprÏekrytõÂž signaÂlu a pozadõÂ braÂnõÂ dalsÏõÂ separaci prÏekryÂvajõÂcõÂch se oblastõÂ. CõÂlem korekcÏnõÂch jednotek je uchovat informaci neuronu (resp. cÏaÂsti sõÂteÏ) o separaci signaÂlu a pozadõÂ a zaÂrovenÏ transformovat data tak, aby je bylo mozÏneÂ daÂle separovat. Budeme-li prÏedpoklaÂdat, zÏe puÊvodnõÂ data jsou separovatelnaÂ a jsou jsou cÏaÂstõÂ krychle (−1, 1)^n, stacÏõÂ naprÏõÂklad posunout vstupy, ktereÂ neuron oznacÏõÂ jako signaÂl do kladneÂho oktantu a ostatnõÂ (pozadõÂ) naopak do zaÂporneÂho. PrÏesneÏji zavaÂdõÂ pojem korekcÏnõÂ jednotky naÂsledujõÂcõÂ deőnice.

Deőnice 3 Necht’n = n_1 +n_2 je dimenze vstupu korekcÏnõÂ jednotky a necht’n_1, n_2 > 0. Potom pro libovolneÂ x ∈ R^{n1} × R^{n2} a p ∈ R^{n2} je akce korekcÏnõÂ jednotky daÂna prÏedpisem

R^{n2} ∋ [F_C (p)] (x) := [ sgn (_{n1} ∑ i=1 x^i )] (1, ..., 1) + ( x^{n1 +1} p^1 , ..., x^{n1 +n2} p^{n2} ) .

K teÂto deőnici poznamenejme jesÏteÏ, zÏe poslednõÂch n_2 vstupuÊ prÏedstavuje zpravidla (v lineaÂrnõÂm rÏeteÏzci vzÏdy) vstupy sõÂteÏ, zatõÂmco prvnõÂch n_1 vstupuÊ prÏedstavuje vyÂstup prÏedchaÂzejõÂcõÂho neuronu. PodrobneÏji se vzaÂjemnyÂm propojenõÂm jednotlivyÂch neuronuÊ budeme zabyÂvat v naÂsledujõÂcõÂ podsekci, kteraÂ popisuje topologii lineaÂrnõÂho rÏeteÏzce a jeho dynamiku.

PhD Conference ’03 27 ICS Prague

Marek HlavaÂcÏek, Roman Kalous StrukturovaneÂ neuronoveÂ sõÂteÏ

2.2. Topologie a dynamika lineaÂrnõÂho rÏeteÏzce

Topologii lineaÂrnõÂho rÏeteÏzce s prÏepõÂnacõÂmi jednotkami (viz [BSK95]) lze popsat acyklickyÂm orientovanyÂm grafem (AOG), kteryÂ je cestou (tj. kazÏdyÂ vrchol s vyjõÂmkou prvnõÂho a poslednõÂho maÂ praÂveÏ jednoho potomka a praÂveÏ jednoho prÏedka). KazÏdyÂ vrchol pak prÏedstavuje jeden neuron s prÏepõÂnacõÂ jednotkou a libovolnyÂm pocÏtem klastruÊ.

O neÏco komplikovaneÏjsÏõÂ je topologie lineaÂrnõÂho rÏeteÏzce s prÏepõÂnacõÂmi a korekcÏnõÂmi jednotkami. V podstateÏ se jednaÂ o neÏkolik lineaÂrnõÂch rÏeteÏzcuÊ s prÏepõÂnacõÂmi jednotkami, ktereÂ jsou mezi sebou propojeny pomocõÂ korekcÏnõÂch jednotek a to tak, zÏe poslednõÂ neuron prvnõÂho rÏeteÏzce je prÏedek prvnõÂ korekcÏnõÂ jednotky a prvnõÂ neuron druheÂho rÏeteÏzce je potomkem teÂto korekcÏnõÂ jednotky. DruhaÂ korekcÏnõÂ jednotka pak spojuje stejnyÂm zpuÊsobem druhyÂ rÏeteÏzec s trÏetõÂm a tak daÂle. NavõÂc do kazÏdeÂ prÏepõÂnacõÂ jednotky vede kromeÏ hrany z prÏedchaÂzejõÂcõÂho rÏeteÏzce takeÂ hrana prÏõÂmo ze vstupu sõÂteÏ. CelyÂ rÏeteÏzec pak muÊzÏe byÂt ukoncÏen korekcÏnõÂ jednotkou nebo rÏeteÏzcem s prÏepõÂnacõÂmi jednotkami (viz obr. 1).

NynõÂ naÂm jizÏ zbyÂvaÂ popsat pouze dynamiku lineaÂrnõÂho rÏeteÏzce. Vzhledem k tomu, zÏe se jednaÂ o neuronovou sõÂt’s acyklickou topologiõÂ je prÏirozeneÂ, zÏe je signaÂl zpracovaÂvaÂn sekvencÏneÏ smeÏrem od vstupnõÂho neuronu (odpovõÂdaÂ vrcholu, kteryÂ nemaÂ zÏaÂdneÂ prÏedky) prÏes jeho potomky azÏ po vyÂstupnõÂ neuron (nemaÂ zÏaÂdneÂ potomky).

UcÏenõÂ lineaÂrnõÂho rÏeteÏzce probõÂhaÂ analogicky jako zpracovaÂnõÂ konkreÂtnõÂho vstupu. RozdõÂl spocÏõÂvaÂ pouze v tom, zÏe do daneÂho neuronu je v jeden cÏasovyÂ okamzÏik prÏivedena celaÂ treÂninkovaÂ mnozÏina (respektive jejõÂ obraz zõÂskanyÂ pruÊchodem sõÂtõÂ), na zaÂkladeÏ nõÂzÏ jsou deőnitivneÏ nastaveny vsÏechny parametry neuronu (jak prÏepõÂnacõÂ jednotky, tak vsÏech vyÂpocÏetnõÂch jednotek). NaÂsledneÏ jsou vsÏechny vstupy transformovaÂny jizÏ naucÏenyÂm neuronem a prÏedaÂny daÂle do sõÂteÏ. To znamenaÂ, zÏe po jednom pruÊchodu ucÏõÂcõÂ mnozÏiny sõÂtõÂ je tato sõÂt’naucÏena. K ucÏenõÂ prÏepõÂnacõÂch jednotek se v prÏõÂpadeÏ lineaÂrnõÂho rÏeteÏzce vyuzÏõÂvaÂ JanceyuÊv klastrovacõÂ algoritmus zatõÂmco k nastavenõÂ parametruÊ vyÂpocÏetnõÂch jednotek je vyuzÏõÂvaÂna metoda lineaÂrnõÂ regrese. ZbyÂvaÂ naÂm tedy popsat zpuÊsob ucÏenõÂ korekcÏnõÂch jednotek. Ale protozÏe muÊzÏeme bez uÂjmy na obecnosti prÏedpoklaÂdat, zÏe vstupy sõÂteÏ jsou normovaÂny tj. lezÏõÂ v krychli (−1, 1)^n nenõÂ ucÏenõÂ korekcÏnõÂch jednotek nutneÂ (parametr lze volit jako (1, . . . , 1) ∈ R^n).

Na zaÂveÏr teÂto sekce poznamenejme, zÏe zde prezentovanyÂ popis dynamiky lineaÂrnõÂho rÏeteÏzce je spolecÏnyÂ pro vsÏechny naÂmi uvazÏovaneÂ sõÂteÏ. LisÏit se muÊzÏe pouze algoritmus pro nastavenõÂ parametruÊ jednotlivyÂch neuronuÊ (tj. mõÂsto lineaÂrnõÂ regrese muÊzÏe byÂt naprÏõÂklad pouzÏita libovolnaÂ nelineaÂrnõÂ optimalizacÏnõÂ metoda).

V naÂsledujõÂcõÂch sekcõÂch budou popsaÂny obecneÏjsÏõÂ doprÏedneÂ neuronoveÂ sõÂteÏ s prÏepõÂnacõÂmi jednotkami a zpuÊsob jejich reprezentce.

ObraÂzek 1. Neuron s prÏepõÂnacõÂ jednotkou a trÏemi vyÂpocÏetnõÂmi jednotkami (vlevo) a topologie lineaÂrnõÂho rÏeteÏzce s prÏepõÂnacõÂmi a korekcÏnõÂmi jednotkami (vpravo).

3. Reprezentace

Topologie lineaÂrnõÂho rÏeteÏzce je jako graf daÂna velmi konkreÂtneÏ a jedinyÂm parametrem prÏi konstrukci je jeho deÂlka. NasÏõÂ snahou bylo naleÂzt komplikovaneÏjsÏõÂ topologie a bylo proto trÏeba stanovit, jakeÂ grafy poklaÂdaÂme

PhD Conference ’03 28 ICS Prague

Marek HlavaÂcÏek, Roman Kalous StrukturovaneÂ neuronoveÂ sõÂteÏ

za topologie. MnozÏina naÂmi pozÏadovanyÂch topologiõÂ jsou acyklickeÂ orientovaneÂ grafy a to pouze takoveÂ grafy, jejichzÏ vsÏechny uzly majõÂ alesponÏ jednoho rodicÏe a alesponÏ jednoho potomka (vyjma teÏch, ktereÂ povazÏujeme za vstup a vyÂstup sõÂteÏ).

Deőnice 4 Acyklickou topologiõÂ rozumõÂme acyklickyÂ orientovanyÂ graf G = ({IN, OUT } ∪ V, E), V ≠ ∅, takovyÂ, zÏe existuje orientovanaÂ cesta z IN do OUT a pro libovolnyÂ vrchol j ∈ V existuje orientovanaÂ cesta z IN do j a cesta z j do OUT .

ProtozÏe je mozÏneÂ a v neÏkteryÂch situacõÂch vyÂhodneÂ pracovat namõÂsto s jednotlivyÂmi neurony se skupinami neuronuÊ ś bloky, ktereÂ jsou daÂny indukovanyÂmi podgrafy v daneÂ acyklickeÂ topologii, nazyÂvaÂme neuronoveÂ sõÂteÏ s acyklickyÂmi topologiemi strukturovaneÂ neuronoveÂ sõÂteÏ (SNS). AcyklickaÂ topologie, spolecÏneÏ s dalsÏõÂmi prÏõÂdavnyÂmi parametry jednotlivyÂch neuronuÊ (nejcÏasteÏji pocÏet klastruÊ prÏõÂslusÏneÂ prÏepõÂnacõÂ jednotky, speciőkace vyÂbeÏru promeÏnnyÂch deőnovaneÂ v kapitole 4), prÏedstavuje acyklickou architekturu SNS.

PrÏi hledaÂnõÂ reprezentace architektury SNS a jejõÂ implementace jsme zaÂmeÏrneÏ nevyuzÏili nativnõÂ reprezentace grafu ś adjacencÏnõÂ matice, protozÏe neumozÏnÏuje efektivnõÂ naÂhodneÂ generovaÂnõÂ acyklickyÂch topologiõÂ, modiőkace substruktur, apod.. NavõÂc, jednõÂm z cõÂluÊ vyÂvoje SNS byla optimalizace procesuÊ hledaÂnõÂ submodeluÊ a klasiőkace kvality dat pomocõÂ genetickeÂho algoritmu a v tomto ohledu se adjacencÏnõÂ matice ukaÂzaly rovneÏzÏ jako nevyhovujõÂcõÂ. ZavedenõÂ operaÂtoruÊ genetickeÂho algoritmu krÏõÂzÏenõÂ, mutace, ktereÂ jsou veÏtsÏinou deőnovaÂny jako zaÂmeÏny/zmeÏny podcÏaÂstõÂ dvou reprezentacõÂ, je v prÏõÂpadeÏ adjacencÏnõÂch matic velmi komplikovaneÂ, protozÏe zmeÏnou adjacencÏnõÂ matice acyklickeÂ topologie nemusõÂme obecneÏ znovu zõÂskat adjacencÏnõÂ matici odpovõÂdajõÂcõÂ acyklickeÂ topologii.

3.1. InstrukcÏnõÂ koÂdy

Druh reprezentace acyklickeÂ topologie, kteryÂ splnÏuje prÏedchozõÂ naÂroky, je daÂn na rozdõÂl od adjacencÏnõÂmatice nikoli jako souhrn popisnyÂch informacõÂ o acyklickeÂ topologii, ale jako informace o zpuÊsobu jejõÂ konstrukce. JednaÂ se o celulaÂrnõÂ koÂdovaÂnõÂ (CK) zavedeneÂ F. Gruauem v praÂci [Gruau94].

CK je vlastneÏ posloupnost konstrukcÏnõÂch prÏõÂkazuÊ, kteraÂ je usporÏaÂdaÂna tak, aby bylo zrÏejmeÂ, v jakeÂm porÏadõÂ prÏi sestavovaÂnõÂ topologie postupovat a jakyÂch substruktur se konstrukcÏnõÂprÏõÂkazy tyÂkajõÂ. KonstrukcÏnõÂprÏõÂkazy nazveme instrukcemi. PorÏadõÂ instrukcõÂ je daÂno pozicõÂ v peÏstovaneÂm stromu^1, resp. porÏadõÂm uzluÊ, v nichzÏ jsou instrukce ulozÏeny, prÏi prochaÂzenõÂ tohoto stromu. ProtozÏe je strom zvolen jako peÏstovanyÂ, je porÏadõÂ instrukcõÂ daÂno jednoznacÏneÏ. Instrukce je mozÏneÂ koÂdovat naprÏõÂklad vhodnyÂm oznacÏenõÂm vrcholuÊ a tak je mozÏneÂ ztotozÏnit CK s peÏstovanyÂm stromem, kteryÂ budeme oznacÏovat T.

Konstrukce acyklickeÂ topologie dle CK je zalozÏena na jednoducheÂm rekurzivnõÂm scheÂmatu, jehozÏ vstupem je v kazÏdeÂm kroku konstruovanyÂ graf G = (V, E), prÏõÂslusÏneÂ CK daneÂ stromem s instrukcemi T a urcÏenõÂ aktuaÂlneÏ zpracovaÂvaneÂho uzlu j ∈ V (G). Postup konstrukce je potom daÂn naÂsledujõÂcõÂm algoritmem:

1. je-li korÏen T list, pak jizÏ uzel j nepodleÂhaÂ dalsÏõÂm konstrukcõÂm 2. nenõÂ-li korÏen T list a instrukce je ‘P’, pak je uzel j zdvojen ‘vedle sebe’:

(a) V (G) = V (G) ∪ {k = min{n ∈ N | n > j ∈ V (G)}} (b) E(G) = E(G) ∪ {(l, k) | l ∈ A_G(j)} ∪ {(k, l) | l ∈ D_G(j)} (c) rekurzivnõÂ aplikace algoritmu na graf G, CK daneÂ levyÂm podstromem, kteryÂ vznikne odebraÂnõÂm korÏene z T, uzel j a rekurzivnõÂ aplikace algoritmu na graf G, CK daneÂ pravyÂm podstromem, kteryÂ vznikne odebraÂnõÂm korÏene z T, uzel k

3. nenõÂ-li korÏen T list a instrukce je ‘S’, pak je uzel j zdvojen ‘za sebou’

1PeÏstovanyÂ strom je trojice t = (T_t, r_t, ν_t), kde T_t je strom, r_t ∈ V (T_t) je vrchol oznacÏenyÂ jako korÏen a ν_t je pevneÂ zakreslenõÂ stromu T_t v rovineÏ. Ekvivalence peÏstovanyÂch stromuÊ je tedy silneÏjsÏõÂ nezÏ ekvivalence stromuÊ, cozÏ pozdeÏji umozÏnõÂ existenci jednoznacÏneÂho prÏirÏazenõÂ acyklickeÂ topologie a CK.

PhD Conference ’03 29 ICS Prague

Marek HlavaÂcÏek, Roman Kalous StrukturovaneÂ neuronoveÂ sõÂteÏ

(a) V (T) = V (G) ∪ {k = min{n ∈ N | n > j ∈ V (G)}} (b) E(T) = (E(G) ∪ (j, k) ∪ {(k, l) | l ∈ D_G(j)}) \ {(l, j) | l ∈ A_G(j)} (c) rekurzivnõÂ aplikace algoritmu na graf G, CK daneÂ levyÂm podstromem, kteryÂ vznikne odebraÂnõÂm korÏene z T, uzel j a rekurzivnõÂ aplikace algoritmu na graf G, CK daneÂ pravyÂm podstromem, kteryÂ vznikne odebraÂnõÂm korÏene z T, uzel k

Algoritmus 2. Algoritmus konstrukce acyklickeÂ topologie dle CK. A_G(j), resp. D_G(j) reprezentujõÂ mnozÏinu rodicÏuÊ, resp. potomkuÊ uzlu j v grafu G .

Tento algoritmus provedeme pro iniciacÏnõÂ graf G_{INIT} = ({IN, 1, OUT}, {(IN, 1), (1, OUT)}), neÏjakeÂ CK a vrchol 1. VyÂsledkem algoritmu je acyklickaÂ topologie deőnujõÂcõÂ neÏjakou SNS.

Z algoritmu videÏt, zÏe T je binaÂrnõÂ peÏstovanyÂ strom, protozÏe pocÏet podstromuÊ pouzÏityÂch v kazÏdeÂm kroku je daÂn pocÏtem uzluÊ, ktereÂ dle instrukcõÂ vzniknou. ProtozÏe jsou pouzÏity instrukce pro zdvojenõÂ uzluÊ a jineÂ instrukce nejsou implementovaÂny (naprÏõÂklad smazaÂnõÂ daneÂho uzlu, rekurzivnõÂ volaÂnõÂ puÊvodnõÂho CK pro danyÂ uzel), budou v dalsÏõÂm uvazÏovaÂny pouze binaÂrnõÂ peÏstovaneÂ stromy CK.

Takto deőnovaneÂ CK nenõÂ jednoznacÏneÏ svaÂzaÂno s vyÂslednyÂm grafem, protozÏe nenõÂ vyuzÏita jednoznacÏnaÂ vazba listuÊ CK a uzluÊ vyÂsledneÂho grafu. Listy nebudou obsahovat instrukce, ale parametry neuronuÊ vyÂsledneÂ sõÂteÏ; tõÂm se staÂvaÂ CK reprezentacõÂ architektury SNS. JednoduchyÂ prÏõÂklad konstrukce architektury SNS dle CK je na obraÂzku 3.

Pro implementaci mechanismu CK v programu je vyÂhodneÏjsÏõÂ peÏstovaneÂ stromy i s prÏõÂslusÏnyÂmi prÏõÂdavnyÂmi parametry v listech uchovaÂvat ve tvaru posloupnosti, kteraÂ umozÏnÏuje snadneÂ zachaÂzenõÂ s teÏmito strukturami. Je pouzÏit postup rozsÏõÂrÏenyÂch readovyÂch koÂduÊ (RK), ktereÂ zavedl R. C. Read pro obecneÂ peÏstovaneÂ stromy (viz [Read72]). RK peÏstovaneÂho stromu t, kteryÂ oznacÏõÂme RK(t), je daÂn jako posloupnost hodnot 0, . . . , max_{j∈V (Tt )}{D_{Tt} (j)}, kde D_{Tt} (j) je pocÏet potomkuÊ uzlu j stromu T_t. Tato posloupnost se konstruuje rekurzivneÏ pomocõÂ pravidla RK(t) = { D_{Tt} (r_t) , RK(t_1), . . . , RK(t_{DTt (rt )}) } . (3)

PorÏadõÂ RK(t_j ), j = 1, . . . , D_t(r_t), potomkuÊ korÏene stromu t je jednoznacÏneÏ daÂno zakreslenõÂm peÏstovaneÂho stromu do roviny. RK listu (stromy isomorfnõÂ s t = {0, ∅}) je daÂn vztahem RK(t) = 0. NaprÏõÂklad RK uÂplneÂho binaÂrnõÂho stromu hloubky 2 je daÂn {2, 2, 0, 0, 2, 0, 0}.

PocÏet prvkuÊ posloupnosti RK(t) je roven pocÏtu uzluÊ stromu t. Pro mnozÏinu peÏstovanyÂch stromuÊ je zobrazenõÂ RK(.) bijekcõÂ mnozÏiny peÏstovanyÂch stromuÊ a tzv. grafovyÂch posloupnostõÂ^2. NaÂhodnaÂ grafovaÂ posloupnost potom odpovõÂdaÂ naÂhodneÂmu peÏstovaneÂmu stromu, navõÂc je dõÂky shodnosti pocÏtu prvkuÊ posloupnosti s pocÏtem uzluÊ stromu mozÏneÂ kontrolovat i pocÏet uzluÊ ve vznikleÂm grafu.

ProtozÏe se jednoznacÏnost prÏirÏazenõÂgrafovyÂch posloupnostõÂa peÏstovanyÂch stromuÊ zachovaÂ i ve speciaÂlnõÂ trÏõÂdeÏ binaÂrnõÂch peÏstovanyÂch stromuÊ, je mozÏneÂ kromeÏ skalaÂrnõÂch hodnot RK zachovaÂvat i prÏõÂdavneÂ parametry. KonkreÂtneÏ je potrÏeba zachovat pro vnitrÏnõÂ uzly informaci o instrukci prÏi sestavovaÂnõÂ vyÂsledneÂ acyklickeÂ architektury a pro listy informaci o hodnotaÂch parametruÊ neuronuÊ. Pro CK T tedy zavedeme posloupnost trojic (RK(T)_j, Inst(T)_j, P ar(T)_j)^q_{j=1}, q = |V (T_T)|, z nichzÏ prvnõÂ hodnota udaÂvaÂ hodnotu Readova koÂdu, druhaÂ instrukci daneÂho uzlu a trÏetõÂ parametry neuronuÊ. Instrukce existujõÂ pouze pro vnitrÏnõÂ uzly stromu, proto RK(T)_j = 0 =⇒ Inst(T)_j = 0, j = 1, . . . , |V (T_T)|. NepraÂzdneÂ instrukce je mozÏneÂ reprezentovat hodnotami z N nebo neÏjakou abecedou znakuÊ. Naopak parametry existujõÂ pouze pro listy, proto RK(T)_j > 0 =⇒ P ar(T)_j = 0, j = 1, . . . , |V (T_T)|. NepraÂzdneÂ hodnoty parametruÊ jsou veÏtsÏinou võÂcerozmeÏrneÂ a reaÂlneÂ, a proto Par(T)_j ∈ N udaÂvaÂ odkaz na pozici v poli polõÂ reaÂlnyÂch parametruÊ vsÏech vyÂpocÏetnõÂch jednotek. Popsanou posloupnost trojic nazveme instrukcÏnõÂ koÂd, zkraÂceneÏ IKoÂd.

2 RK splnÏujõÂ tzv. level property ś pro lib. peÏstovanyÂ strom t platõÂ, zÏe soucÏet prvnõÂch d hodnot RK(t) je veÏtsÏõÂ nebo roven d a rovnost nastaÂvaÂ pro d = |V (T_t)|. RK je v tomto smyslu grafovou posloupnostõÂ CK.

PhD Conference ’03 30 ICS Prague

Marek HlavaÂcÏek, Roman Kalous StrukturovaneÂ neuronoveÂ sõÂteÏ

ObraÂzek 3. ScheÂma zobrazenõÂ RK a CK. IKoÂd a CK jsou ve vzaÂjemneÏ jednoznacÏneÂm vztahu.

PocÏet uzluÊ ve vyÂsledneÂ acyklickeÂ architekturÏe SNS je v jednoznacÏneÂm vztahu s IKoÂdem, protozÏe pocÏet uzluÊ vyÂsledneÂ architektury je pevneÏ daÂn pocÏtem listuÊ v IKoÂdu. Pro pocÏet uzluÊ v grafu acyklickeÂ architektury a pocÏet prvkuÊ IKoÂdu IC platõÂ vztah |V (G_{SNS} )| = |IC| + 1 2 (4) PomocõÂ tohoto vztahu muÊzÏeme uÂcÏinneÏ kontrolovat pocÏty neuronuÊ v konstruovaneÂ architekturÏe SNS.

4. ImplementovaneÂ netriviaÂlnõÂ acyklickeÂ architektury

PomocõÂ IKoÂduÊ je mozÏneÂ pracovat s rozsaÂhlou trÏõÂdou architektur, vhodnou modiőkacõÂ podmõÂnek kladenyÂch na RK cÏaÂst IKoÂdu (kromeÏ level property) lze dosaÂhnout i speciaÂlnõÂch topologiõÂ. Z prozatõÂm testovanyÂch architektur sestavovanyÂch dle IKoÂduÊ uvedeme naÂhodnou, vrstevnatou architekturu a architekturu sõÂtõÂ, ktereÂ jsou uzÏõÂvaÂny k separaci a klasiőkaci kvality dat zõÂskanyÂch simulacemi prÏipravovaneÂho detektoru ATLAS, nazyÂvanou architektura s vyÂbeÏrem promeÏnnyÂch.

KromeÏ typu neuronu F_L deőnovaneÂho v cÏaÂsti 2.1 vztahy 1 a 2 je v architekturaÂch pouzÏõÂvaÂn typ neuronu s vyÂbeÏrem promeÏnnyÂch. FormaÂlneÏ tento typ muÊzÏeme pro neuron s vstupnõÂ dimenzõÂ n ∈ N deőnovat pomocõÂ pevneÂho parametru p ∈ {0, 1}^n jako zobrazenõÂ F^p_{V S} : R^n −→ R^{∑nj=1 pj} , ktereÂ je pro kazÏdeÂ x ∈ R^n daÂno vztahem ([F^p_{V S} ] (x))_k = x_{l̃}, l̃ = min_{l∈{1,...,n}} l∑ j=1 p_j = k , k = 1, . . . , n∑ j=1 p_j . (5)

Parametr p tedy svyÂmi nenulovyÂmi slozÏkami vytvaÂrÏõÂ masku, kteraÂ urcÏuje vyÂstupnõÂ promeÏnneÂ neuronu, prÏicÏemzÏ tyto promeÏnneÂ majõÂ stejnou hodnotu jako prÏõÂslusÏneÂ vstupy; tento parametr je oznacÏen jako pevnyÂ, protozÏe je stanoven prÏed konstrukcõÂ sõÂteÏ a nenõÂ daÂle modiőkovaÂn (naprÏõÂklad procesem ucÏenõÂ).

4.1. NaÂhodneÂ architektury

NaÂhodneÂ architektury jsou zõÂskaÂvaÂny konstrukcõÂ dle IKoÂduÊ, ktereÂ jsou naÂhodneÏ generovaÂny pomocõÂ level property. Jsou pouzÏity beÏzÏneÂ neurony bez korekcÏnõÂch jednotek a z parametruÊ jsou nastavovaÂny pouze pocÏty klastruÊ v prÏepõÂnacõÂch jednotkaÂch.

Na zacÏaÂtku generovaÂnõÂ je pevneÏ zvolen pocÏet neuronuÊ ve vyÂsledneÂ architekturÏe (naprÏ. naÂhodnyÂm vyÂbeÏrem cÏõÂsla N ∈ {N_{min}, . . . , N_{max}}), pak je uzÏitõÂm level property a vztahu 4 postupneÏ sestavovaÂn IKoÂd IC deÂlky 2N − 1. Tento postup je realizovaÂn od prvnõÂho prvku IC; cÏaÂst RK_{IC} je generovaÂna naÂhodneÏ tak, aby tvorÏenyÂ RK v kazÏdeÂm okamzÏiku splnÏoval level property. JestlizÏe je aktuaÂlneÏ nagenerovanaÂ pozice RK v IC nenulovaÂ, tj. je rovna 2, odpovõÂdaÂ tato cÏaÂst vnitrÏnõÂmu uzlu CK a tedy instrukci. Hodnota instrukce je (rovnomeÏrneÏ) naÂhodneÏ zvolena (‘S’ nebo ‘P’) a parametry jsou praÂzdneÂ. JestlizÏe je aktuaÂlneÏ nagenerovanaÂ pozice RK v IC nulovaÂ, odpovõÂdaÂ tato cÏaÂst listu CK a tedy jizÏ konkreÂtnõÂmu neuronu. Instrukce je ponechaÂna

PhD Conference ’03 31 ICS Prague

Marek HlavaÂcÏek, Roman Kalous StrukturovaneÂ neuronoveÂ sõÂteÏ

praÂzdnaÂ a je zvolen pocÏet klastruÊ v neuronu. Nakonec je dle IC sestavena architektura SNS, kteraÂ je ucÏena a ohodnocena.

Tyto naÂhodneÏ generovaneÂ architektury je mozÏneÂ optimalizovat pomocõÂ genetickeÂho algoritmu (GA); reprodukcÏnõÂ scheÂmata pak spocÏõÂvajõÂ v modiőkacõÂch nebo zaÂmeÏnaÂch podstromuÊ CK vcÏetneÏ instrukcõÂ a parametruÊ.

4.2. VrstevnateÂ architektury

Zvolme pocÏet vrstev K ∈ N a pro kazÏdou vrstvu pocÏet neuronuÊ N_1, . . . , N_K ∈ N. Graf vrstevnateÂ architektury je daÂn mnozÏinou uzluÊ {IN, 1, . . . , N_1, N_1 + 1, . . . ,

∑_K j=1 N_j , OUT} a naÂsledujõÂcõÂmi podmõÂnkami pro hrany:

• mezi uzly {IN} a {1, . . . , N_1} je uÂplnyÂ bipartitnõÂ graf,

• pro vsÏechna l = 1, . . . , K je mezi uzly { ∑_{l−2} j=1 N_j + 1, ∑_{l−1} j=1 N_j } a { ∑_{l−1} j=1 N_j + 1, ∑_l j=1 N_j } uÂplnyÂ bipartitnõÂ graf,

• mezi uzly {

∑_K j=1 N_j + 1, OUT} a {1, . . . , N_1} je uÂplnyÂ bipartitnõÂ graf.

Typy mohou byÂt beÏzÏneÂ neurony bez korekcÏnõÂch jednotek, v prvnõÂ vrstveÏ je mozÏneÂ pouzÏõÂt neurony s vyÂbeÏrem promeÏnnyÂch.

V tomto prÏõÂpadeÏ jizÏ neplatõÂ, zÏe libovolnyÂ IKoÂd nutneÏ reprezentuje vrstevnatou sõÂt’. Je trÏeba klaÂst na IKoÂd dodatecÏneÂ podmõÂnky. PlatõÂ, zÏe pro K ∈ N a N_1, . . . , N_K ∈ N reprezentuje IKoÂd

(2, ‘S’, 0)(2, ‘P ’, 0)(0, ‘ ’, 1) . . . (2, ‘P ’, 0)(0, ‘ ’, N_1 − 1)(0, ‘ ’, N_1) (2, ‘S’, 0)(2, ‘P ’, 0)(0, ‘ ’, N_1 + 1) . . . (2, ‘P ’, 0)(0, ‘ ’, N_1 + N_2 − 1)(0, ‘ ’, N_1 + N_2) . . (2, ‘P ’, 0)(0, ‘ ’, ( ∑_{K−1} j=1 N_j ) + 1) . . . (2, ‘P ’, 0)(0, ‘ ’, (

∑_K

j=1 N_j ) − 1)(0, ‘ ’, (

∑_K j=1 N_j )) (6)

architekturu vrstevnateÂ sõÂteÏ s K vrstvami a N_j , j = 1, . . . , K, neurony v j-teÂ vrstveÏ. GenerovaÂnõÂ IKoÂdu pro vrstevnatou sõÂt’probõÂhaÂ tedy pro naÂhodneÏ zvoleneÂ pocÏty vrstev a neuronuÊ v jednotlivyÂch vrstvaÂch tak, aby RK splnÏoval level property a celyÂ IKoÂd byl navõÂc tvaru uvedeneÂho v (6).

4.3. Architektury s vyÂbeÏrem promeÏnnyÂch

Architektura s vyÂbeÏrem promeÏnnyÂch je pouzÏõÂvaÂna k testovaÂnõÂ a analyÂze dat probleÂmu detekce Higgsova bosonu. Jsou zde spojeny dva prÏõÂstupy; jednak je jako substruktura pouzÏit lineaÂrnõÂ rÏeteÏzec, kteryÂ zpracovaÂvaÂ robustneÏ i takto komplikovanaÂ data, a daÂle jsou zarÏazeny neurony s vyÂbeÏrem promeÏnnyÂch, ktereÂ umozÏnÏujõÂ hledaÂnõÂ submodeluÊ a jejich kombinacõÂ.

Graf architektury je ze vstupnõÂho uzlu IN rozveÏtven do K ∈ N neuronuÊ s vyÂbeÏrem promeÏnnyÂch. Dle dalsÏõÂch cÏaÂstõÂ grafu architektury rozdeÏlujeme na

• jednodusÏsÏõÂ typ: za kazÏdyÂm z neuronuÊ s vyÂbeÏrem promeÏnnyÂch naÂsledujõÂ lineaÂrnõÂ rÏeteÏzce stanovenyÂch deÂlek L_1, . . . , L_K ∈ N. Jejich vyÂstupy jsou pak spojeny do poslednõÂho lineaÂrnõÂho rÏeteÏzce deÂlky L_{K+1} ∈ N a jeho vyÂstup vede do vyÂstupnõÂho uzlu OUT.

• slozÏiteÏjsÏõÂ typ: za kazÏdyÂm s neuronuÊ s vyÂbeÏrem promeÏnnyÂch naÂsledujõÂ naÂhodneÏ generovaneÂ podsõÂteÏ s maximaÂlnõÂmi pocÏty neuronuÊ S_1, . . . , S_K ∈ N. VyÂstupy podsõÂtõÂ jsou spojeny do poslednõÂ podsõÂteÏ s maximaÂlnõÂm pocÏtem neuronuÊ S_{K+1}, jejõÂzÏ vyÂstup vede do vyÂstupnõÂho uzlu OUT.

PhD Conference ’03 32 ICS Prague

Marek HlavaÂcÏek, Roman Kalous StrukturovaneÂ neuronoveÂ sõÂteÏ

ObraÂzek 4. UkaÂzky jednotlivyÂch architektur ś naÂhodneÂ, vrstevnateÂ a s vyÂbeÏrem promeÏnnyÂch (jednodusÏsÏõÂ typ).

5. ZaÂveÏr

Studiem zaÂkladnõÂ architektury lineaÂrnõÂho rÏeteÏzce jsme jednoznacÏneÏ prokaÂzali, zÏe mozÏnosti neuronovyÂch sõÂtõÂ s prÏepõÂnacõÂmi jednotkami nejsou zdaleka vycÏerpaÂny a zÏe se nabõÂzõÂ celaÂ rÏada mozÏnostõÂ pro jejich zobecneÏnõÂ.

O potenciaÂlu, kteryÂ nabõÂzõÂ neurony s prÏepõÂnacõÂmi jednotkami, naÂs prÏesveÏdcÏily i nasÏe experimenty.Ty ukaÂzaly, zÏe jizÏ lineaÂrnõÂ rÏeteÏzce dosahujõÂ vyÂsledkuÊ srovnatelnyÂch se standardnõÂmi modely naprÏõÂklad prÏi jejich aplikaci na separaci dat nebo na predikci sezoÂnnõÂch cÏasovyÂch rÏad.

ZobecneÏnõÂ lineaÂrnõÂch rÏeteÏzcuÊ, ktereÂ prÏedstavujõÂ doprÏedneÂ strukturovaneÂ neuronoveÂ sõÂteÏ, pak posunulo mozÏnosti vyuzÏitõÂ neuronovyÂch sõÂtõÂ s prÏepõÂnacõÂmi jednotkami opeÏt o neÏco daÂle. Jejich vyÂznam navõÂc umocnÏuje prezentovanaÂ reprezentace teÏchto sõÂtõÂ pomocõÂ ReadovyÂch koÂduÊ a naÂslednaÂ mozÏnost genetickeÂ optimalizace architektury sõÂtõÂ. Dohromady totizÏ genetickeÂ algoritmy a neuronoveÂ sõÂteÏ prÏedstavujõÂ komplexnõÂ naÂstroj pro modelovaÂnõÂ sÏirokeÂ trÏõÂdy probleÂmuÊ, jehozÏ vlastnosti jizÏ nynõÂ testujeme.

V budoucnu plaÂnujeme dalsÏõÂ rozsÏõÂrÏenõÂ trÏõÂdy doprÏednyÂch strukturovanyÂch neuronovyÂch sõÂtõÂ a to zejmeÂna o noveÂ typy neuronuÊ, ktereÂ by umozÏnili robustneÏjsÏõÂ klastrovaÂnõÂ dat a nelineaÂrnõÂ optimalizaci parametruÊ jednotlivyÂch neuronuÊ. ParalelneÏ s tõÂmto zobecneÏnõÂm podrobõÂme dalsÏõÂm experimentuÊm genetickou optimalizaci architektury neuronovyÂch sõÂtõÂ. V neposlednõÂ rÏadeÏ pak plaÂnujeme vytvorÏit analyÂzu teoretickyÂch vlastnostõÂ teÏchto neuronovyÂch sõÂtõÂ a pouzÏiteÂho procesu optimalizace.

References

[Gruau94] Gruau F., łNeural Network Synthesis using Cellular Encoding and The Genetic Algorithmž, Doctor Thesis, Lyon, 1994.

[Read72] Read Ronald C., łThe coding of various kinds of unlabeled treesž, łGraph theory and computingž, pp. 153 - 182, 1972.

[BSK95] Bitzan P., SÏmejkalovaÂ J., KucÏera M., łNeural networks with switching unitsž, łNeural Network Worldž, vol. 4, pp 515-526, 1995.

PhD Conference ’03 33 ICS Prague

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

Model of Flow and Solute Transport in Dual-porosity Media

doktorand:

MILAN HOKR^{sÏkolitel:}JIR^Ï I^Â MARYS^ÏKA

Dpt. of Modelling of Processes, Faculty of Mechatronics, Technical University of Liberec, HaÂlkova 6, 461 17 Liberec

Dpt. of Computational Methods, Institute of Computer Science,

Academy of Sciences of the Czech Republic, Pod VodaÂrenskou veÏzÏõÂ 2,

182 07 Prague 8

Department of Modelling of Processes, Faculty of Mechatronics,

Technical University of Liberec, HaÂlkova 6, 461 17 Liberec, Czech

Republic

milan.hokr@vslib.cz jiri.maryska@vslib.cz

obor studia:

PrÏõÂrodoveÏdneÂ inzÏenyÂrstvõÂ

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 ŕuid ŕow is solved by the mixed-hybrid őnite elements method and the transport problem is solved by the operator splitting method, where the split problems are advection (solved by explicit upwind őnite volume scheme) and the mobileśimmobile exchange (expressed by analytical solution) ś 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 StraÂzÏ pod Ralskem region and the material parameters in the model are calibrated by comparisons with őeld measurements.

1. Introduction

Numerical calculations play important role in the groundwater management for forecasting of results of artiőcial 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 ŕuid ŕow 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 ŕowing chemical substances and the solid matrix of porous media. The inŕuence of the blind (immobile) pores in the material evinces e.g. during extraction of contaminated water ś the gradual diffusive motion of solutes from the immobile to the mobile pores

PhD Conference ’03 34 ICS Prague

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

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 StraÂzÏ 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 c_m and c_i, denoting the concentrations in mobile and immobile pores respectively [1]. The water ŕow 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 mobileś immobile exchange is introduced as a source term in the equation, with the rate proportional to the concentration difference by a coefőcient α. The overall process is governed by the system of equations ∂c_m ∂t + ∇ · (c_m v) − ∇ · (D ∇c_m ) = 1 n_m α(c_i − c_m) + c^∗q^+_s + c_mq^−_s , (1) ∂c_i ∂t = − 1 n_i α(c_i − c_m) , (2)

where c_m, c_i are the unknown concentrations mentioned above, D is the matrix of dispersion coefőcients (functions of velocity, see e.g.[3]), q^+_s > 0 is the ŕuid source intensity, q^−_s < 0 is the ŕuid sink intensity (volume per unit volume of mobile ŕuid and unit time), c^∗ is the injected solute concentration given and v is the seepage velocity.

The velocity őeld v(x) must be determined as a solution of the ŕuid ŕow problem [3], deőned by the Darcy’s Law v = − 1 n_m K ∇ϕ (3) and the mass balance (continuity) equation

∇ · v = q^+_s + q^−_s (4)

where K is the tensor of hydraulic conductivity and ϕ is the piezometric head. We assume the ŕow in saturated porous media (no free water surface).

PhD Conference ’03 35 ICS Prague

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

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

Both the problems of ŕow and transport are solved in the domain Ω ⊂ R^3 . 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 efőcient 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 ŕow and transport, taking advantage of its interface for realistic problems (unstructured mesh geometry, general choice of coefőcients and boundary conditions, etc.).

We used a mixed-hybrid őnite element (MH-FEM) approximation of the ŕow problem [4]. The discretisation of the transport by the őnite volume method (FVM) beneőts from a convenient coupling with the MH-FEM ŕuid ŕow, whose resulting values are ŕuxes through element edges, which are the input values of the transport model. The ŕux results of MH-FEM approximation have the important property of ŕuid mass balance (U_{kj} =−U_{jk} 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 mobileśimmobile exchange (besides the other two ś advection and dispersion). Other methods of solution of the solute transport with non-equilibrium mobileśimmobile 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 simpliőed problem without the dispersion term, which is often appropriate approximation for the real-world problems (advection-dominated transport and difőcult identiőcation of the dispersion parameters). Particular methods are described only for the advection and the mobileśimmobile exchange.

3.1. Mixed-hybrid FEM for the ŕuid ŕow

The mixed-hybrid FEM is based on weak formulation of the equations (3)-(4) on a system E_h of subdomains of Ω with additional constraint on the interfaces ś see [4] and references therein for details. The unknown functions ϕ, u, and λ with the lowest regularity L_2, H^1 and L_2 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, elementwise linear and side-wise constant base functions (in the order above). The solved variables relating to velocities have a meaning of ŕuxes through the element sides (U_{jk} 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

(u_h, ϕ_h, λ_h) ∈ RT^0_{−1}(E_h) × M^0_{−1}(E_h) × M^0_{−1}(Γ_h) : (5) ∑ e∈E_h {(Au_h, w_h)_{0,e} − (ϕ_h, ∇ · w_h)_{0,e} + ⟨λ_h, ν^e · w_h⟩_{∂e∩Γh} } = ∑ e∈E_h ⟨ϕ_{D,h}, ν^e · w_h⟩_{∂e∪ΓD} ∀w_h ∈ ⃗RT^0_{−1}(E_h) , (6)

− ∑ e∈E_h (∇ · u_h, ψ_h)_{0,e} = −(q_h, ψ_h)_{0,Ω} ∀ψ_h ∈ M^0_{−1}(E_h) , (7) ∑ e∈E_h ⟨ν^e · u_h, μ_h⟩_{∂e} = ⟨u_{N,h}, μ_h⟩_{ΓN} ∀μ_h ∈ M^0_{−1}(Γ_h) , (8)

where the boundary conditions are incorporated by functions ϕ_{D,h} and u_{N,h} and by the choice of Γ_h (union of element faces except those with prescribed Dirichlet boundary condition). The notations RT^0_{−1}, M^0_{−1}, M^0_{−1} denote the approximation spaces, ν is outword normal to element boundary; see [4] for further details.

Expressing the integrals (scalar products) in the system (6)ś(8) for the base functions, we obtain an equivalent system of linear algebraic equation with a speciőc structure. A B C B^T C^T U Φ Λ = q_1 q_2 q_3 . (9)

Overall, the matrix in (9) is symmetric and indeőnite (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 deőne the operator splitting [6], we rewrite the system of equations (1)ś(2) in the operator form ∂c ∂t = A(c) + D(c) + X(c) , (10)

where c = ( c_m c_i ) is the couple of unknown concentrations, the operators of advection A, dispersion D and exchange X are deőned as follows

A(c) = ( −∇ · (c_mv) + c^∗q^+ + c_mq^− 0 ) , (11)

D(c) = ( −∇ · (D ∇c_m ) 0 ) , (12)

X(c) = 1 n_m α (c_i − c_m) − 1 n_i α (c_i − c_m) , (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 A, D, X on the right-hand side instead of (10), in each time step.

The simpliőed calculation with advection and mobileśimmobile exchange with cell-centred values of concentration can be expressed by the values

C^{k,n}_m , C^{k,n}_i^{advection}→ C^{k, n+ 12}m , C^{k, n+ 12}_i^{exchange}→ C^{k, n+1}_i , C^{k, n+1}_i , (14)

PhD Conference ’03 37 ICS Prague

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

where k is cell index, m and i denote the mobile and immobile zone. We remark that C^{n+ 12}_i = C^n_i , 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 C^n_k ≡ C^{k,n}_m for readability, C^{n+ 12}_k = C^n_k + Δt V_k · [ − ∑ j∈N_k (U^+_{kj} C^n_k + U^−_{kj} C^n_j ) + C^n_k Q^−_k + C̃^n_k Q^+_k ] , (15)

where Δt is the time step duration, Q_k is the source/sink intensity of ŕuid, C̃^n_k is the injected concentration (given), V_k is the volume of the cell, N_k is the index set of neighbour cells. Next, U_{kj} are the ŕuxes from k-th cell to j-th cell, and the superscripts + and − behave as a łswitchž between a positive or negative number (a^+ = a for a ≥ 0 and a^+ = 0 for a < 0 etc.). Thanks to the mass balance in the MH-FEM ŕow model, it holds U_{kj} = −U_{jk}.

The stability condition for the scheme is Δt ∑ j∈N_k U^+_{kj} ≤ V_k and Δt ∑ j∈N_k (−U^−_{kj} ) ≤ V_k ∀k , (16)

which is a form of the well-known CFL condition in 1D, C_r =^{vΔt}_{Δx} ≤ 1, where C_r 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 őeld. 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 fulőlled.

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 dc_m dt = 1 n_m α(c_i − c_m) , (17) dc_i dt = − 1 n_i α(c_i − c_m) , (18)

which honour the mass balance n_mc_m + n_ic_i = const. The exact solution of (17)-(18) for arbitrary time t ≥ 0 is c_m(t) = ( c^{(0)}_m − c̄^{(0)} ) e^{−α nm+ninmn}i^t + c̄^{(0)} (19)

and by analogy for c_i(t). We denoted c^{(0)}_m and c̄^{(0)} =^{nmcm+nici}_{nm+ni} the initial values for t = 0. Next, we denote α̃ = α^{nm +ni}_{nmni} the modiőed exchange coefőcient and the characteristical time of exchange T_{1/2} =^{ln 2}_{α̃} , which is the value used in practice as input value of the model. The discretisation scheme for both mobile (m) and immobile (i) concentrations is

C^{n+1}_{i,m} = (C^{n+ 12}_{i,m} − C^{n+ 12} )e^{−α̃Δt} + C^{n+ 12} , C^{n+ 12} = n_mC^{n+ 12}_m + n_iC^{n+ 12}_i n_m + n_i

, (20)

where we omitted a symbol for mesh cell k 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 signiőcance of the numerical error in the context of solving hydrogeological problems.

PhD Conference ’03 38 ICS Prague

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

Figure 3: The mesh for example calculation of 1D transport with 3D model

The problems below are ł1Dž and ł2Dž 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 signiőcantly changes the results compared with the exact solution of the advection. For our comparisons, we included the numerical dispersion into a considered analytical solution to separate that numerical error (expected) from the possible error of the discretisation of the mobileśimmobile exchange and the operator splitting.

The numerical dispersion in 1D can be expressed [11] by a dispersion coefőcient D_{num} = 1 2 vΔx(1 − C_r) , (21)

where Δx is the space discretisation step.

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

4.2. Transport in uniform 1D ŕow

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

length of the domain L = 1000m velocity v = 1m/day porosities n_m = 0.1 n_i = 0.2 or n_m = 0.2 n_i = 0.1 input concentration c_0 = 100kg/m^3 observed time interval t_{max} = 500days

where we consider two choices of porosities with opposite weighting.

The calulations were performed for the rates of the mobileśimmobile exchange covering the full possible scale, from 0 to ∞. The values are in Tab.1 in terms of the characteristic time of exchange and the dimensionless form of the coefőcient.

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: Δx = 25m. The time step is chosen Δt = 12.5days, thus the Courant number is C_r =^1_2 .

Using (21), we express the numerical dispersion in this problem. The equivalent dispersion coefőcient in the advection-dispersion equation is D = 6.25m^2/day.

PhD Conference ’03 39 ICS Prague

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

Table 1: Values of T_{1/2} chosen for the example calculations and comparison of numerical and analytical solutions.

The values of ω are appropriately derived (23) for the use in the analytical solution.

n_m = 0.1, n_i = 0.2 n_m = 0.2, n_i = 0.1 T_{1/2} [days] ω (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 nm = 0.1, ni = 0.2. The labels denote the values of exchange time T_{1/2}.

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

X =^x_L , T =^{vt}_L , β =^{nm}_{nm +ni} , (22)

P =^{vL}_D (Peclet number) and ω =^{αL}_{nmv} . (23)

In our problem, the coefőcients are β =^1_2 , P = 160 and ω in Tab.1.

4.2.3 Discussion: Both the numerical and the analytical solution are displayed in the Fig. 4 for the őrst choice of the porosities. Results for the second variant are similar, but the łretardationž in the equilibrium case (T_{1/2} = 0) is smaller: one third instead of two thirds as given by the ratio of porosities.

The results őt well. We can observe that the approximation of the mobileśimmobile exchange does not bring other signiőcant numerical error besides the numerical dispersion of the scheme for the advection.

4.3. Transport in 2D radial ŕow This model problem was chosen to represent a typical situation in the hydrogeological actions ś drawing or injecting well. We consider a circle domain of radius R with the well in the center. For correct dimensions and for the use of the 3D model, we consider thickness h.

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

R = 100m, r_w = 5m, h = 10m, Q = 48m^3/d ,

where Q is the injected/drawn rate.

PhD Conference ’03 40 ICS Prague

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

Figure 5: Solution of transport problems in 2D radial ŕow. 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 inŕow from the outside.

4.3.1 Numerical solution: The mesh was constructed as non-uniform, őner close to the well and coarser at the outside boundary. The dimensions in the radial direction are approximately proportional to the position, Δx ∼ r, from 1.75m to 25m. Thanks to the radial symmetry, we solved the problem in a^π_4 -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 coefőcient D = 0.5m^3/day (C_r ≈ 0 in most of the cells, except close to the well and v is inverse proportional to r).

4.3.2 Analytical solution of advection and dispersion: We did not őnd 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 erfc (_{x−vt√} 4Dt ) , with appropriately placing the łwave frontž according to the non-uniform velocity.

In comparison for a given time (Fig. 5 in the left) we can observe that the numerical result őt to the analytical with the dispersion coefőcient D = 0.1m^2/d instead of the estimated numerical dispersion D = 0.5m^2/d. It can be caused by our many simpliőcation in calculation of both the results.

4.3.3 Inŕuence of mobileśimmobile exchange: We compared (Fig. 5 in the right) the timedependences of the drawn concentration for various values of mobileśimmobile exchange coefőcient T_{1/2}. The quicker mobileśimmobile 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 őelds like the one presented and the remediation process is handled by weighted drawing from all these őelds.

We consider a single leeching őeld with the horizontal dimesions about 1200 × 500m and 60 − 90m 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

PhD Conference ’03 41 ICS Prague

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

Figure 6: Deviations of the total drawn mass (kg) in single months, comparing the numerical results and őeld measurements. Results for various sets of material parameters (in the order: mobile porosity nm, total porosity ntot = nm + ni, and characteristic time of mobileśimmobile exchange T_{1/2}).

Figure 7: Drawn concentration (m^3/kg) versus time (dates) for a selected well. Comparison of the model without immobile pores, model with calibrated parameters, and measurements.

PhD Conference ’03 42 ICS Prague

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

intervals: there are given constant ŕow rates in the wells in each month and measured the total mass of drawn solutes.

5.2. Discussion of the results

The model with mobileśimmobile 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 n_m, n_i and T_{1/2}, which are not sufőciently 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 difőcult 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 őtting results. An example of the results is in Fig. 7, where we can observe good agreement in the őnal period, but worse agreement in the middle period.

References

[1] K. H. Coats and B. D. Smith, łDead-end pore volume and dispersion in porous media,ž Soc. Pet.

Eng. J., vol. 4, pp. 73ś84, 1964.

[2] J. NovaÂk, łGroundwater remediation in the StraÂzÏ leaching operation,ž Mine Water and the Environment, vol. 20, pp. 158ś169, 2001.

[3] J. Bear and V. Verruijt, Modeling groundwater ŕow and pollution. Dordrecht, Holland: D. Reidel, 1990.

[4] J. MarysÏka, M. RozlozÏnõÂk, and M. TÊuma, łMixed-hybrid őnite-element approximation of the potential ŕuid-ŕow problem,ž J. Comput. Appl. Math., vol. 63, pp. 383ś392, 1995.

[5] C. Hirsch, Numerical Computation of Internal and External Flows, Volume 1 ś Fundamentals of Numerical Discretization. John Wiley & Sons Ltd., 1991.

[6] M. Crandall and A. Majda, łThe method of fractional steps for conservation-laws,ž Numerische Mathematik, vol. 34, no. 3, pp. 285ś314, 1980.

[7] J. van Kooten, łA method to solve the advection-dispersion equation with a kinetic adsorption isotherm,ž Adv. Water Resour., vol. 19, no. 4, pp. 193ś206, 1996.

[8] J. KacÏur and P. FrolkovicÏ, łSemi-analytical solutions for contaminant transport with nonlinear sorption in 1D.ž IWR/SFB preprint, University of Heidelberg, 2002.

[9] C. Gallo, C. Paniconi, and G. Gambolati, łComparison of solution approaches for the two-domain model of nonequilibrium transport in porous media,ž Adv. Water Resour., vol. 19, pp. 241ś253, 1996.

[10] J. MarysÏka, M. RozlozÏnõÂk, and M. TÊuma, łSchur complement systems in the mixed-hybrid őnite element approximation of the potential ŕuid ŕow problem,ž SIAM J. Sci. Comput., vol. 22, pp. 704ś 723, 2000.

[11] C. Zheng and G. D. Bennett, Applied contaminant transport modeling. New York: Van Nostrand Reinhold, 1995.

[12] N. Toride, F. Leij, and M. van Genuchten, łA comprehensive set of analytical solutions for nonequilibrium solute transport with őrst-order decay and zero-order production,ž Water Resour. Res., vol. 29, pp. 2167ś2182, 1993.

PhD Conference ’03 43 ICS Prague

Emil KotrcÏ AnalyÂza rozhodovacõÂch lesÊu

AnalyÂza rozhodovacõÂch lesÊu

doktorand:

EMIL KOTRC^Ï

sÏkolitel:

RNDR. PETR SAVICKY^Â, CSC.

UÂ stav informatiky AV CÏ R, Pod VodaÂrenskou veÏzÏõÂ 2, Praha 8 UÂ stav informatiky AV CÏ R, Pod VodaÂrenskou veÏzÏõÂ 2, Praha 8

kotrc@cs.cas.cz savicky@cs.cas.cz

obor studia:

MatematickeÂ inzÏenyÂrstvõÂ

Abstrakt

RozhodovacõÂ stromy a lesy jsou jedneÏmi ze zaÂkladnõÂch metod strojoveÂho ucÏenõÂ a ve srovnaÂnõÂ s ostatnõÂmi dosahujõÂ velmi dobryÂch vyÂsledkÊu. ZaÂrovenÏ jsou tyto metody pomeÏrneÏ jednoducheÂ a velice rychleÂ, jak prÏi konstrukci, tak prÏi vyhodnocovaÂnõÂ. Tento cÏlaÂnek je veÏnovaÂn jedneÂ pomeÏrneÏ noveÂ a zajõÂmaveÂ metodeÏ zvaneÂ Random Forest. Na konkreÂtnõÂch datech bude ukaÂzaÂno, jak lze lesy zkonstruovaneÂ pomocõÂ Random Forest analyzovat a odvozovat jejich chovaÂnõÂ pro rÊuznaÂ pravidla kombinovaÂnõÂ jednotlivyÂch stromÊu v lese zvoleneÂ velikosti; to vsÏe pouze ze znalosti chovaÂnõÂ jednoho konkreÂtnõÂho velkeÂho lesa. HlavnõÂm cõÂlem tohoto prÏõÂspeÏvku je popsat naÂstroj, kteryÂ umozÏnõÂ hledaÂnõÂ optimaÂlnõÂch vah stromÊu v lese, jejichzÏ pouzÏitõÂ by vedlo ke zlepsÏenõÂ predikce.

1. UÂ vod

V tomto cÏlaÂnku se budeme zabyÂvat analyÂzou rozhodovacõÂch lesÊu, ktereÂ vytvaÂrÏõÂ metoda Random Forest [4]. RozhodovacõÂ lesy jsou spolecÏneÏ s rozhodovacõÂmi stromy jednou z metod strojoveÂho ucÏenõÂ. V prÏõÂspeÏvku se budeme teÏmito metodami zabyÂvat z pohledu klasiőkace, tedy budeme se zabyÂvat analyÂzou klasiőkaÂtorÊu ve formeÏ rozhodovacõÂch lesÊu. KlasiőkaÂtor je obecneÏ neÏjakeÂ zobrazenõÂ h : X → C, kde X je neÏjakyÂ prostor vektorÊu a C je mnozÏina mozÏnyÂch trÏõÂd, do kteryÂch mÊuzÏeme prvky z X zarÏadit. Pro konstrukci klasiőkaÂtoru se ve veÏtsÏineÏ prÏõÂpadech vyuzÏõÂvaÂ znalosti takzvaneÂ ucÏõÂcõÂ mnozÏiny, cozÏ je nezaÂvislyÂ vyÂbeÏr prÏõÂpadÊu se znaÂmou klasiőkacõÂ z prostoru X.

RozhodovacõÂ strom je tedy neÏjakyÂ klasiőkaÂtor h, kteryÂ maÂ tvar stromu se dveÏma typy uzlÊu ś rozhodovacõÂ uzly, obsahujõÂcõÂ neÏjakyÂ test, a hrany do dalsÏõÂch uzlÊu; a listy, ktereÂ neÏjakyÂm zpÊusobem indikujõÂ trÏõÂdu. NeznaÂmyÂ prÏõÂpad, kteryÂ chceme oklasiőkovat, tak prochaÂzõÂ jednotlivyÂmi testy v rozhodovacõÂch uzlech azÏ dosaÂhne neÏjakeÂho listu, jenzÏto urcÏõÂ jeho trÏõÂdu.

RozhodovacõÂ les potom nenõÂ nic jineÂho nezÏ mnozÏina rozhodovacõÂch stromÊu a pravidlo pro kombinaci predikcõÂ jednotlivyÂch stromÊu. V soucÏasneÂ dobeÏ existuje neÏkolik metod a implementacõÂ na konstrukci rozhodovacõÂch stromÊu a lesÊu ś C4.5 a C5.0 [1, 3], CART [2], CRUISE, QUEST [7, 8] a Random Forest [4]. Zde se budeme zabyÂvat metodou Random Forest a zejmeÂna vhodnou volbou vaÂzÏenõÂ jednotlivyÂch stromÊu v lese. UkaÂzÏeme jak lze snadno lesy z Random Forest analyzovat a odvozovat jejich chovaÂnõÂ ze znalosti

PhD Conference ’03 44 ICS Prague

Emil KotrcÏ AnalyÂza rozhodovacõÂch lesÊu

chovaÂnõÂ velkeÂho lesa, cozÏ bude mõÂt vyÂznam pro hledaÂnõÂ optimaÂlnõÂch vah.

NasÏõÂm vyÂsledkem je tedy naÂstroj respektive postup, kteryÂ naÂm umozÏnõÂ pouze ze znalosti predikcõÂ a vlastnostõÂ stromÊu v jednom konkreÂtnõÂm velkeÂm lese (zvolili jsme les velikosti 500 stromÊu) odvodit prÊumeÏrneÂ chovaÂnõÂ lesa zvoleneÂ velikosti prÏi pouzÏitõÂ rÊuznyÂch pravidel pro kombinaci stromÊu. DÊulezÏiteÂ je, zÏe odvozujeme prÊumeÏrneÂ chovaÂnõÂ lesa. MõÂsto konkreÂtnõÂho lesa, kteryÂ by mohl byÂt zatõÂzÏen chybou, totizÏ pouzÏõÂvaÂme statistickyÂ model, kteryÂ je urcÏen parametry odhadnutyÂmi z jizÏ zminÏovaneÂho lesa o 500 stromech. V cÏlaÂnku zaÂrovenÏ ukaÂzÏeme i jeden konkreÂtnõÂ prÏõÂpad vah (pravidlo pro kombinovaÂnõÂ stromÊu), kteryÂ prÏi daneÂm pocÏtu stromÊu v lese klasiőkaci zlepsÏõÂ.

1.1. Data

VeÏtsÏinu experimentÊu provaÂdõÂme na datech z projektu MAGIC-telescope^1. JednaÂ se o data s 13 numerickyÂmi prediktory a se dveÏma trÏõÂdami −1, +1 (sÏum a signaÂl), prÏicÏemzÏ na ucÏenõÂ se pouzÏõÂvaÂ prvnõÂch 10 atributÊu (x_1, . . . , x_{10}). OznacÏme si X mnozÏinu vsÏech mozÏnyÂch meÏrÏenõÂ a C = {−1, +1} mnozÏinu mozÏnyÂch klasiőkacõÂ. Pro naucÏenõÂ klasiőkaÂtoru budeme potrÏebovat ucÏõÂcõÂ mnozÏinu, necht’l = {x_1, . . . , x_S }, kde x_i ∈ X, x_i = (x_1, . . . , x_{10}), i ∈ {1, . . . S} je pro naÂs mnozÏina vektorÊu se znaÂmou klasiőkacõÂ. Tyto znaÂmeÂ klasiőkace mÊuzÏeme vyjaÂdrÏit pomocõÂ cÏõÂsel y_i ∈ C; i ∈ {1, . . . , S}; tak, zÏe pokud je naprÏõÂklad vektor x_i prvkem trÏõÂdy −1, pak y_i = −1. UcÏõÂcõÂ mnozÏina pak pro naÂs bude mnozÏina dvojic z_i = (x_i, y_i); L = {z_1, . . . , z_S }. Na zaÂkladeÏ teÂto mnozÏiny pak mÊuzÏeme pomocõÂ Random Forest vygenerovat klasiőkaÂtor ve formeÏ rozhodovacõÂho lesa.

PodobnyÂm zpÊusobem jako ucÏõÂcõÂ mnozÏinu mÊuzÏeme deőnovat testovacõÂ mnozÏinu K = {z_1, . . . , z_M }, z_i = (x_i, y_i). S vyuzÏitõÂm teÂto mnozÏiny pak budeme porovnaÂvat a provaÂdeÏt analyÂzu vzniklyÂch lesÊu. OznacÏme si jesÏteÏ navõÂc M_+ pocÏet prÏõÂpadÊu z K, ktereÂ patrÏõÂ do trÏõÂdy +1 a podobneÏ M_− jako pocÏet prÏõÂpadÊu z −1. VõÂce o datech a drÏõÂveÏjsÏõÂch experimentech, ktereÂ jsme provaÂdeÏli s vyuzÏitõÂm C5.0 a CART lze najõÂt v [10] a [9].

2. Random Forest

Random Forest je pomeÏrneÏ novaÂ a zajõÂmavaÂ metoda, jejõÂmzÏ autorem je L.Breiman [4]. NarozdõÂl od metod C4.5, C5.0 a CART, ktereÂ vznikly jako metody na konstrukci jednotlivyÂch stromÊu, metoda Random Forest je od pocÏaÂtku urcÏena na generovaÂnõÂ velkyÂch lesÊu. Algoritmus teÂto metody zde nebudeme popisovat, podrobnosti lze naleÂzt ve cÏlaÂnku [4]. NicmeÂneÏ si zde uvedeme alesponÏ zaÂkladnõÂ mysÏlenku. PrÏi konstrukci jednotlivyÂch stromÊu v lese, vyuzÏõÂvaÂ Random Forest takzvaneÂho baggingu bez vracenõÂ. Ten spocÏõÂvaÂ v tom, zÏe prÏi kazÏdeÂm kroku (tedy prÏi vytvaÂrÏenõÂ kazÏdeÂho stromu) se provede z treÂnovacõÂ mnozÏiny naÂhodnyÂ vyÂbeÏr prÏõÂpadÊu (bez vracenõÂ). NaÂsledneÏ je na zaÂkladeÏ tohoto vyÂbeÏru vygenerovaÂn strom (metodou rozdeÏl a panuj) s cÏistyÂmi listy, kteryÂ nenõÂ prorÏezaÂvaÂn, narozdõÂl od metod C5.0 cÏi CART. ZajõÂmavyÂ v metodeÏ Random Forest je vyÂbeÏr testÊu v rozhodovacõÂch listech prÏi ucÏenõÂ. Metoda vybere k naÂhodnyÂch promeÏnnyÂch, dle kteryÂch by se v daneÂm listeÏ mohl provaÂdeÏt test a na zaÂkladeÏ podobneÂho kriteria jako v C4.5 provede vyÂbeÏr nejlepsÏõÂho testu. ZajõÂmaveÂ je, zÏe i pokud se k zvolõÂ rovno 1, vyÂsledky nejsou sÏpatneÂ viz.[4] . PrÏi klasiőkaci pak Random Forest vyuzÏõÂvaÂ veÏtsÏinoveÂho hlasovaÂnõÂ, kdy vyÂsledek klasiőkace se rÏõÂdõÂ veÏtsÏinou hlasÊu jednotlivyÂch stromÊu; jinyÂmi slovy, vsÏechny stromy v lese majõÂ stejnou vaÂhu.

3. OdvozenõÂ chovaÂnõÂ lesÊu

V teÂto cÏaÂsti strucÏneÏ popõÂsÏeme jak lze provaÂdeÏt analyÂzu rozhodovacõÂch lesÊu (z Random Forest). NasÏe snaha byla pokusit se pouze ze znalosti velkeÂho lesa odvodit prÊumeÏrnou chybu lesÊu rÊuznyÂch velikostõÂ prÏi uzÏitõÂ rÊuznyÂch kombinacõÂ stromÊu, cozÏ by naÂm pomohlo prÏi hledaÂnõÂ optimaÂlnõÂch vah a umozÏnilo by naprÏõÂklad optimalizaci vaÂzÏõÂcõÂ funkce. Z drÏõÂveÏjsÏõÂch experimentÊu (viz. [9]) maÂme totizÏ zkusÏenosti, zÏe vhodneÂ vaÂzÏenõÂ stromÊu v lese mÊuzÏe klasiőkaci zlepsÏit.

Celou analyÂzu jsme rozdeÏlili na trÏi prÏõÂpady. V prvnõÂm prÏõÂpadeÏ nechaÂme jednotliveÂ stromy hlasovat pouze dvouhodnotoveÏ (+1/ − 1), tedy prÏesneÏ tak jak to provaÂdõÂ Random Forest. Ve druheÂm prÏõÂpadeÏ provedeme aproximaci takoveÂho hlasovaÂnõÂ pomocõÂ normaÂlnõÂho rozdeÏlenõÂ, abychom se prÏipravili na poslednõÂ situaci,

1http://hegra1.mppmu.mpg.de/MAGICWeb/

PhD Conference ’03 45 ICS Prague

Emil KotrcÏ AnalyÂza rozhodovacõÂch lesÊu

kde uzÏ budou hlasy jednotlivyÂch stromÊu reaÂlnaÂ cÏõÂsla, tedy neÏjakeÂ obecneÂ vaÂhy.

3.1. PrÏõÂpad I, hlasovaÂnõÂ −1/ + 1

MeÏjme nynõÂ testovacõÂ mnozÏinu K a mnozÏinu N rozhodovacõÂch stromÊu F = {T_1, . . . , T_N }. Pro kazÏdyÂ prÏõÂpad (x_i, y_i) ∈ K oznacÏme hlas j-teÂho stromu jako T_j (x_i) ∈ C.

PrÏedpoklaÂdejme nynõÂ, zÏe pro kazÏdyÂ prÏõÂpad (x_i, y_i) z testovacõÂ mnozÏiny K znaÂme parametry rozdeÏlenõÂ hlasovaÂnõÂ stromÊu v lese ś strÏednõÂ hodnotu μ_i a rozptyl σ^2_i , ktereÂ jsme odhadli z jizÏ zminÏovaneÂho velkeÂho lesa. Mezi teÏmito dveÏma parametry platõÂ tento zaÂkladnõÂ vztah

σ^2_i = 1 − μ^2_i (1)

kteryÂ lze snadno odvodit z deőnice rozptylu a ze skutecÏnosti, zÏe hlasovaÂnõÂ nabyÂvaÂ pouze hodnot −1/ + 1. OznacÏme si nynõÂ soucÏet hlasÊu jednotlivyÂch stromÊu jako

g(x_i) = N∑ j=1 T_j (x_i) (2)

a hlasovaÂnõÂ celeÂho lesa je potom

f(x_i) = I(g(x_i) > t) (3)

kde funkce I je deőnovaÂna takto I(true) = +1, I(false) = −1 a t je neÏjakyÂ parametr (mez) pro prÏijetõÂ, naprÏõÂklad prÏi veÏtsÏinoveÂm hlasovaÂnõÂ je t = 0. V obecneÂm prÏõÂpadeÏ (prÏi hlasovaÂnõÂ −1/ + 1) mÊuzÏe byÂt t ∈ ⟨−N, +N⟩. Ze znalosti parametrÊu rozdeÏlenõÂ a s vyuzÏitõÂm vztahu (1) mÊuzÏeme daÂle odvodit pravdeÏpodobnost, zÏe j-tyÂ strom bude hlasovat, zÏe i-tyÂ prÏõÂpad patrÏõÂ do trÏõÂdy +1

P (T_j (x_i) = 1) = 1/2 · (μ_i + 1) (4)

DõÂky tomu, zÏe hlasovaÂnõÂ stromÊu v tomto prÏõÂpadeÏ nabyÂvaÂ pouze dvou hodnot, mÊuzÏeme odvodit pravdeÏpodobnost, s jakou celyÂ les oklasiőkuje i-tyÂ prÏõÂpad jako +1 prÏi daneÂm t (oznacÏme si (4) jako p_i)

P (f(x_i) = 1) = N∑ k=[1/2·(N+t)] ( N k ) p^k_i (1 − p_i)^{N−k} (5)

kde dolnõÂ mez k vlastneÏ odpovõÂdaÂ pocÏtu stromÊu, ktereÂ prÏi daneÂm t hlasujõÂ jako 1. VyjaÂdrÏenõÂ chyby a srovnaÂnõÂ lesÊu rÊuznyÂch velikostõÂ s rÊuznyÂmi pravidly kombinovaÂnõÂ provaÂdõÂme s vyuzÏitõÂm takzvanyÂch ROC (Receiver Operator Curve) krÏivek. Tyto krÏivky lze deőnovat naÂsledujõÂcõÂm vztahem

roc = {(r, s) ∈ ⟨0, 1⟩^2|r = P (f(x) = 1|y = −1), s = P (f(x) = 1|y = 1)}, (x, y) ∈ K (6)

Tedy osa x vyjadrÏuje pravdeÏpodobnost, zÏe testovacõÂ prÏõÂpady ze trÏõÂdy −1 se prÏirÏadõÂ do trÏõÂdy +1, a osa y prÏedstavuje pravdeÏpodobnost s jakou jsou prÏõÂpady ze trÏõÂdy +1 klasiőkovaÂny spraÂvneÏ. Ze vztahu (6) je zaÂrovenÏ zrÏejmeÂ, zÏe optimaÂlnõÂm bodem je bod (0, 1) (vsÏechny prÏõÂpady jsou spraÂvneÏ klasiőkovaÂny).

PhD Conference ’03 46 ICS Prague

Emil KotrcÏ AnalyÂza rozhodovacõÂch lesÊu

My jsme schopni pro kazÏdyÂ praÂh t s vyuzÏitõÂm (5) urcÏit jeden bod na ROC krÏivce. K tomu ovsÏem potrÏebujeme vyjaÂdrÏit podmõÂneÏneÂ pravdeÏpodobnosti P (f(x) = 1|y = c), c ∈ {−1, +1}. Ty lze s vyuzÏitõÂm (5) vyjaÂdrÏit pomocõÂ naÂsledujõÂcõÂch vztahÊu

P (f(x) = 1|y = −1) = 1/M_− ∑ i:y_i=−1 P (f(x_i) = 1) (7)

P (f(x) = 1|y = 1) = 1/M_+ ∑ i:y_i =+1

P (f(x_i) = 1) (8)

Na obraÂzku 1 vidõÂme srovnaÂnõÂ grafÊu (ROC krÏivek), ktereÂ vzniknou z lesa o 500 stromech (cozÏ je vlastneÏ naÂsÏ odhad rozdeÏlenõÂ) a z lesa o 11 stromech, a odhadem, kteryÂ jsme dostali ze vzorcÊu (5), (8) a (7). Po odvozenõÂ chovaÂnõÂ lesÊu v nejjednodusÏsÏõÂm prÏõÂpadeÏ se dostaneme ke zobecneÏnõÂ.

ObraÂzek 1: Odhad chovaÂnõÂ lesa o 11 stromech

3.2. PrÏõÂpad II, aproximace normaÂlnõÂm rozdeÏlenõÂm

PrÏedchozõÂ prÏõÂpad naÂs pomeÏrneÏ podstatneÏ omezoval tõÂm, zÏe umozÏnÏoval hlasovaÂnõÂ pouze dvouhodnotoveÂ. V budoucnu ale budeme potrÏebovat neÏjakeÂ obecneÂ vaÂhy, tedy kdy hlasy jednotlivyÂch stromÊu jsou reaÂlnaÂ cÏõÂsla. OmezenõÂ v prÏedchozõÂm prÏõÂpadeÏ je tedy daÂno tõÂm, zÏe je tam uzÏito binomickeÂho rozdeÏlenõÂ a pocÏõÂtaÂ se tedy pouze se dveÏma mozÏnyÂmi zpÊusoby hlasovaÂnõÂ. Proto jsme si potrÏebovali prÏipravit pÊudu a umozÏnit obecneÂ hlasovaÂnõÂ. TudõÂzÏ jsme mõÂsto binomickeÂho rozdeÏlenõÂ pouzÏili aproximaci normaÂlnõÂm rozdeÏlenõÂm. PomocõÂ normaÂlnõÂho rozdeÏlenõÂ mÊuzÏeme odhadovat chovaÂnõÂ lesÊu prÏi obecneÂm hlasovaÂnõÂ; a prvnõÂm krokem je praÂveÏ tato aproximace.

PhD Conference ’03 47 ICS Prague

Emil KotrcÏ AnalyÂza rozhodovacõÂch lesÊu

PrÏedpoklaÂdejme nynõÂ, zÏe maÂme opeÏt N stromÊu, jako v prÏedchozõÂm prÏõÂpadeÏ, ktereÂ hlasujõÂopeÏt dvouhodnotoveÏ, tedy +1/ − 1; a rovneÏzÏ prÏedpoklaÂdejme, zÏe znaÂme parametry rozdeÏlenõÂ μ_i a σ^2_i . OvsÏem v tomto prÏõÂpadeÏ jizÏ obecneÏ (pocÏõÂtaÂme s obecnyÂmi vahami) neplatõÂ vztah (1), tudõÂzÏ neplatõÂ ani (4). NicmeÂneÏ mÊuzÏeme urcÏit

P (f(x_i) = 1) = P (g(x_i) > t) = 1 − P (g(x_i) ≤ t) (9)

Abych mohli tuto hodnotu urcÏit, musõÂme nejdrÏõÂve zjistit P (g(x_i) ≤ t). Jak je vyÂsÏe uvedeno, budeme zde aproximovat hlasovaÂnõÂ lesa pomocõÂ normaÂlnõÂho rozdeÏlenõÂ. PotrÏebujeme tedy znaÂt parametry rozdeÏlenõÂ hlasovaÂnõÂ celeÂho lesa; ty ovsÏem dokaÂzÏeme snadno zjistit ze znalosti parametrÊu rozdeÏlenõÂ hlasovaÂnõÂ stromÊu a dõÂky tomu, zÏe hlasovaÂnõÂ stromÊu je nezaÂvisleÂ, protozÏe stromy sami osobeÏ jsou konstruovaÂny nezaÂvisle. MaÂme tedy N nezaÂvislyÂch stejneÏ rozdeÏlenyÂch naÂhodnyÂch velicÏin. Potom lze parametry rozdeÏlenõÂ hlasovaÂnõÂ lesa urcÏit ze vztahÊu

M_i = E( N∑ j=1 T_j (x_i)) = N · μ_i (10)

S^2_i = E( N∑ j=1 T_j (x_i) − E( N∑ j=1 T_j (x_i)))^2 = N · σ^2_i (11)

pro kazÏdeÂ ∀i ∈ {1, . . . , M}. MaÂme tak parametry normaÂlnõÂho rozdeÏlenõÂ ś strÏednõÂ hodnotu M_i a rozptyl S^2_i . MÊuzÏeme tudõÂzÏ urcÏit

P (g(x_i) ≤ t) = 1 S_i · √ 2π ∫_t −∞ e −(x−M 2i ) 2·S2i dx (12)

a dõÂky tomu uzÏ spocÏteme (9). MÊuzÏeme tudõÂzÏ urcÏit pravdeÏpodobnost, zÏe les vraÂtõÂ pro konkreÂtnõÂ prÏõÂpad trÏõÂdu +1 a lze tak snadno ze vztahu (6) vyjaÂdrÏit ROC krÏivku klasiőkace lesa.

Jak dopadne odhad ROC krÏivky s vyuzÏitõÂm normaÂlnõÂho rozdeÏlenõÂ oproti odhadu s binomickyÂm rozdeÏlenõÂm lze videÏt v grafu 2. V tuto chvõÂli maÂme tedy prÏipraven postup pro odhad chovaÂnõÂ lesa s vyuzÏitõÂm neÏjakyÂch obecnyÂch reaÂlnyÂch vah. V dalsÏõÂm kroku se podõÂvaÂme jak dopadne pouzÏitõÂ konkreÂtnõÂho typu vah.

3.3. PrÏõÂpad III, hlasovaÂnõÂ ks(α), normaÂlnõÂ rozdeÏlenõÂ

V prÏedchozõÂch dvou krocõÂch jsme si vlastneÏ pouze prÏipravovali postup na odvozenõÂ chyby prÏi hlasovaÂnõÂ lesa s vyuzÏitõÂm obecnyÂch reaÂlnyÂch vah. V tomto bodeÏ se podõÂvaÂme na jeden konkreÂtnõÂ prÏõÂpad vah, na kteryÂch jsme vyÂsÏe uvedenyÂ postup vyzkousÏeli a ktereÂ jsme jizÏ drÏõÂve testovali po experimentaÂlnõÂ straÂnce. Po vytvorÏenõÂ lesa, mÊuzÏeme v kazÏdeÂm listu kazÏdeÂho stromu zjistit pocÏet prÏõÂpadÊu z konkreÂtnõÂ trÏõÂdy, ktereÂ se prÏi ucÏenõÂ do daneÂho listu dostali. MeÏjme tedy list u a oznacÏme si pocÏet prÏõÂpadÊu z ucÏõÂcõÂ mnozÏiny z trÏõÂdy +1, ktereÂ se do listu u dostali prÏi ucÏenõÂ jako

pos_u = |{(x, y) ∈ L|x ∈ u ∧ y = +1}| (13) PodobneÏ mÊuzÏeme pro list u deőnovat i neg_u ś pocÏet negativnõÂch prÏõÂpadÊu (z trÏõÂdy −1). Pro kazÏdyÂ list tak maÂme statistiky pos a neg. Na zaÂkladeÏ teÏchto dvou hodnot jsme prÏirÏadili kazÏdeÂmu listu neÏjakou vaÂhu, kteraÂ zaÂvisõÂ jednak na veÏtsÏineÏ prÏõÂpadu z neÏjakeÂ trÏõÂdy a rovneÏzÏ na velikosti (pos + neg) listu. Tuto vaÂhu listu u jsme deőnovali takto (ks = koeőcient signiőkance)

ks_u(α) = pos_u − neg_u (pos_u + neg_u)^α (14)

PhD Conference ’03 48 ICS Prague

Emil KotrcÏ AnalyÂza rozhodovacõÂch lesÊu

ObraÂzek 2: PorovnaÂnõÂ aproximace normaÂlnõÂm rozdeÏlenõÂm s rozdeÏlenõÂm binomickyÂm

Hodnotu (14) tedy spocÏteme pro kazÏdyÂ list v lese a hlasovaÂnõÂ lesa pro danyÂ prÏõÂpad bude soucÏet hodnot (14) listÊu, do kteryÂch se neznaÂmyÂ prÏõÂpad łprosypalž. NynõÂ bychom tedy raÂdi urcÏili chybu prÏi hlasovaÂnõÂ lesa s teÏmito vahami. PrÏedtõÂm nezÏ jsme meÏli vyÂsÏe popsanyÂ postup pro odvozovaÂnõÂ chyby, museli jsme prosteÏ skutecÏneÏ vygenerovat les, na ktereÂm jsme chybu spocÏõÂtali. Pro pouzÏitõÂ nasÏich naÂstrojÊu ovsÏem stacÏõÂ znaÂt parametry rozdeÏlenõÂ μ_i a σ^2_i , tak jak jsou popsaÂny ve druheÂm prÏõÂpadeÏ. PrÏi prvnõÂch experimentech s vahami (14) jsme tyto parametry prosteÏ opeÏt odhadli z velkeÂho lesa. To je ovsÏem pro budoucõÂ praÂci nepouzÏitelneÂ, protozÏe bychom pro kazÏdeÂ noveÂ vaÂhy museli znovu parametry odhadovat z velkeÂho lesa. OvsÏem je asi zrÏejmeÂ, zÏe i pozdeÏjsÏõÂ vaÂhy se budou urcÏovat z hodnot pos a neg, proto naÂm bude stacÏit zjistit si informace o rozdeÏlenõÂ teÏchto hodnot pro kazÏdyÂ prÏõÂpad na velkeÂm lese. Toto se provede pouze jednou a bude to mozÏno pouzÏõÂt võÂcekraÂt, pro rÊuzneÂ vaÂhy. V soucÏasnosti na tomto postupu pracujeme.

Vrat’me se ale zpeÏt; prÏedpoklaÂdejme nynõÂ, zÏe maÂme neÏjakyÂm zpÊusobem odhadnuty parametry μ_i a σ^2_i prÏi hlasovaÂnõÂ pomocõÂ (14). Na zaÂkladeÏ teÏchto znalostõÂ opeÏt mÊuzÏeme urcÏit (9) a ROC krÏivku (6), prÏesneÏ dle postupu uvedeneÂho ve druheÂm prÏõÂpadeÏ.

Jak dopadne klasiőkace s vyuzÏitõÂm hlasovaÂnõÂ (14) na 11 stromech mÊuzÏeme videÏt na obraÂzku 3; jak vidno toto hlasovaÂnõÂ klasiőkaci oproti hlasovaÂnõÂ bez vah zlepsÏõÂ.

4. ZaÂveÏr

Je zrÏejmeÂ, zÏe v tuto chvõÂli maÂme v podstateÏ pouze pohodlnyÂ naÂstroj, kteryÂ naÂm umozÏnõÂ snadno analyzovat rozhodovacõÂ lesy. Jeho vyÂznam je daÂn tõÂm, zÏe prÏi hledaÂnõÂ a testovaÂnõÂ rÊuznyÂch vah nemusõÂme generovat lesy, cozÏ byÂvaÂ cÏasoveÏ i pameÏt’oveÏ velice naÂrocÏneÂ, a mõÂsto toho stacÏõÂ v podstateÏ dosadit do nasÏich vzorecÏkÊu a odhadnout tak chybu lesa daneÂ velikosti. UkaÂzali jsme rovneÏzÏ na prÏõÂkladu vah ks(α), zÏe vaÂzÏenõÂ mÊuzÏe pomoci. Do budoucna se tak mÊuzÏeme zabyÂvat hledaÂnõÂm vhodnyÂch vah, prÏõÂpadneÏ hledaÂnõÂm bodÊu, ktereÂ

PhD Conference ’03 49 ICS Prague

Emil KotrcÏ AnalyÂza rozhodovacõÂch lesÊu

ObraÂzek 3: Odhad hlasovaÂnõÂ prÏi pouzÏitõÂ vah ks(0.7)

jsou neÏjakyÂm zpÊusobem zajõÂmaveÂ (naprÏõÂklad prÏi vaÂzÏenõÂ se zlepsÏõÂ jejich klasiőkace), tedy obecneÏ analyÂzou rozhodovacõÂch lesÊu. V tomto cÏlaÂnku jsme popsali naÂstroj, kteryÂ naÂm toto elegantneÏ a snadno umozÏnõÂ.

PhD Conference ’03 50 ICS Prague

Emil KotrcÏ AnalyÂza rozhodovacõÂch lesÊu

References

[1] J.R. Quinlan, łC4.5:Programs for Machine learningž, Morgan Kaufmann Publishers, 1993. [2] L. Breiman, J.H. Friedman, R.A. Olshen, C.J. Stone, łClassiőcation and regression treesž, Belmont CA: Wadsworth, 1984.

[3] J.R. Quinlan, łBoosting, bagging and C4.5ž, Proceedings of AAAI’96., 1996. [4] L. Breiman, łRandom forestsž, Machine Learning, vol. 45, p. 5ś32, 2001.

[5] R.E. Shapire, Y. Singer, łImproved boosting algorithms using conődence-rated predictionsž, Machine Learning, vol. 37, p. 297ś336, 1999.

[6] H. Kim, W. Loh, łCRUISE User manualž, Technical report 989, University of Wisconsin, Madison, 2000.

[7] H. Kim, W. Loh, łClassiőcation trees with unbiased multiway splitsž, Journal of the American Statistical Association, vol. 96, p. 589-604, 2001 [8] W.-Y. Loh, Y.-S. Shih, łSplit selection methods for classiőcation treesž, Statistica Sinica, vol. 7, p.

815-840, 1997 [9] R.K. Bock, A. Chilingarian, M. Gaug, F. Hakl, T. Hengstebeck, M. JirÏina, J. Klaschka, E. KotrcÏ, P. SavickyÂ, S. Towers, A. Vaiciulis, W. Wittek, łMethods for multidimensional event classiőcation: a case study using images from a Cherenkov gamma ray telescopež, Technical report V-887, ICS AS CR, 2003 [10] E.KotrcÏ łAnalyÂza dat z projektu MAGIC-teleskop pomocõÂ rozhodovacõÂch stromÊu a lesÊuž, DoktorandskyÂ den 02, UÂstav informatiky AV CÏR, 2002

PhD Conference ’03 51 ICS Prague

Pavel KrusÏina Practical model of serial computation

Practical model of serial computation

doktorand:

PAVEL KRUS^ÏINA

sÏkolitel:

ROMAN NERUDA

Pod VodaÂrenskou veÏzÏõÂ 2, Praha Pod VodaÂrenskou veÏzÏõÂ 2, Praha

krusina@cs.cas.cz roman@cs.cas.cz

obor studia: I-1

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 proőlers 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 ś the computational processes of real computers. We do it by enhancing the RAM model deőnition 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 deőnition and the deőnition 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

Pavel KrusÏina Practical model of serial computation

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 deőnition. This ensures that there are no minor non-consistencies between the RAM and PRAM models [3].

Deőnition 1 A random access machine (RAM) consists of a single processor P , an unbounded memory, a set of input registers, and a őnite 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.

Deőnition 2 A language L is in the class deterministic (nondeterministic) T (n)-time-RAM if there is a deterministic (nondeterministic) RAM M such that for all words x of length n, x is in L if and only if x is accepted by M and requires time at most T (n).

Next we remind a von Neumann machine deőnition.

Deőnition 3 A von Neumann machine consists of a single processor P , a bounded memory, and a őnite 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 őxed list. A program is always deterministic.

Operands may be literals, addresses, or indirect addresses depending on the actual instruction.

PhD Conference ’03 53 ICS Prague

Pavel KrusÏina Practical model of serial computation

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.

Deőnition 4 A language L is in the class deterministic T (n)-time-vN if there is a von Neumann machine M such that for all words x of length n, x is in L if and only if x is accepted by M and requires time at most T (n).

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 deőnition 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 ś this is common to all real implementations of von Neumann machine. The x86 has only bounded memory and stores only bounded integer numbers ś 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 őnite time) can only use a őnite number of memory. As opposed to RAM, the x86 instructions do not always take the same time, they reŕect 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 proőling 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.

PhD Conference ’03 54 ICS Prague

Pavel KrusÏina Practical model of serial computation

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.

PhD Conference ’03 55 ICS Prague

Pavel KrusÏina Practical model of serial computation

Deőnition 5 A x86 random access machine (86-RAM) consists of a single processor P , an unbounded data segment, an input segment , and a őnite program. The processor has a őxed 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 speciőcation. 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.

Deőnition 6 A language L is in the class T (n)-time-86-RAM if there is a 86-RAM M such that for all words x of length n, x is in L if and only if x is accepted by M and requires time at most T (n).

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 őt 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 M running in time T , there is an equivalent 86-RAM machine N bounded by time T c, where the c is a program independent constant.

Proof. We construct the machine N by direct translation of the machine M program. We start at the beginning of the M 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: őrst, if the 86-RAM machine N is generated this way, the ebp register is never modiőed 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 N running in time T , there is an equivalent RAM machine M bounded by time T p(I), where p(I) 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 M by direct translation of the machine N program. But there are several issues we should take care of: First, the RAM machine M 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

PhD Conference ’03 56 ICS Prague

Pavel KrusÏina Practical model of serial computation

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.

PhD Conference ’03 57 ICS Prague

Pavel KrusÏina Practical model of serial computation

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 ŕoating point numbers. The program was proőled using the PAPI library [4] and the results are listed in Table 4. Each line stands for a single operator. The őrst (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 n, the average number of ŕoating point operations in one invocation f, the average number of all operations a, the average number of processor cycles per invocation c, together with variances D 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.

PhD Conference ’03 58 ICS Prague

Pavel KrusÏina Practical model of serial computation

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.

References

[1] Borland. Turbo Assembler Quick Reference Guide. Borland International, 1991. [2] Intel Corporation. IA-32 Intel architecture software developer’s manual volume 2: Instruction set reference, ftp://download.intel.com/design/pen-tium4/manuals/24547112.pdf.

[3] S. Fortune and J. Wylie. Parallelism in random access machines. In Proceedings of the 10th Symposium on theory of Computing, pages 114ś118, 1978.

[4] Performance Application Programming Interface. http://icl.cs.utk.edu/projects/papi/. [5] Pavel KrusÏina. AGenetics manual page, http://www.cs.cas.cz/bang/bang3/doc/www/man /agenetics.html.

PhD Conference ’03 59 ICS Prague

Petra KudovaÂ Learning of Generalized Regularization Networks

Learning of Generalized Regularization Networks

doktorand:

PETRA KUDOVA^Â

sÏkolitel:

ROMAN NERUDA

Institute of Computer Science, Academy of Sciences of the Czech Republic, Prague, Czech Republic

Institute of Computer Science, Academy of Sciences of the Czech Republic, Prague, Czech Republic

petra@cs.cas.cz roman@cs.cas.cz

obor studia:

I1 TeoretickaÂ informatika

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 őt 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, classiőcation, 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 { ⃗x_i, ⃗y_i}^m_{i=1} (called training set) and we are looking for the function that represents the relation between the inputs ⃗x_i and the outputs ⃗y_i 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 łreasonablež assumption about the approximation function (such as smoothness).

In the section 2 we will summarize the regularization techniques and show how different types of regularization 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.

PhD Conference ’03 60 ICS Prague

Petra KudovaÂ Learning of Generalized Regularization Networks

2. The regularization approach

Given a set {(x_i, y_i) ∈ R^d × R}^N_{i=1} of data that was obtained by random sampling of some function f (belonging to some space of functions X deőned on R^d), generally in the presence of noise, our goal is to recover the function f from the data, or őnd the best estimate of it. It can be done by Empirical Risk Minimization, i.e. őnding a function that minimizes the functional H[f] = ∑_N i=1(f(⃗x_i) − y_i)^2 over the hypothesis space H, that is a chosen function space. Since this problem is generally ill-posed, we add an additional member called stabilizer to H[f]. The stabilizer typically forces the smoothness of the minimizing function, in the sense that two similar inputs correspond to two similar outputs. We get: H[f] = N∑ i=1 (f(⃗x_i) − y_i)^2 + γΦ[f], (1)

where Φ[f] is a stabilizer and γ > 0 is a regularization parameter that controls the trade-off between the smoothness and closeness to data.

Tikhonov [8] proposed to choose a symmetric, positive-deőnite kernel function K and deőned the stabilizer by means of the norm || · ||_K in H_K, that is the Reproducing Kernel Hilbert Space (RKHS) determined by the kernel K. So, we minimize the functional: H[f] = 1 m m∑ i=1 (y_i − f(⃗x_i))^2 + γ||f||^2_K , (2)

over the hypothesis space H_K. If we take the functional derivative with respect to f, apply it to f̄ ∈ H, and set equal to 0: 1 m m∑ i=1 (y_i − f(⃗x_i))f̄(⃗x_i) − γ⟨f, f̄⟩ = 0 (3) where ⟨·, ·⟩ is an inner product in RKHS. By setting f̄ = K_{⃗x} = K(·, ⃗x) we get f(⃗x) = m∑ i=1 c_iK_{⃗xi} (⃗x) c_i = y_i − f(⃗x_i) mγ . (4)

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

Φ[f] = ∫ R^d d⃗s |f̃(⃗s)|^2 G̃(⃗s) , (5) where f̃ indicates the Fourier transform of f , G̃ is some positive function that goes to zero for ||s|| → ∞ (i.e. 1/G̃ is a high-pass őlter).

Under slight assumptions on G̃ (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: f(x) = m∑ i=1 c_iG(⃗x − ⃗x_i) + k∑ α=1 d_αψ_α(⃗x), (6) where {ψ_α}^k_{α=1} is a basis in the k-dimensional space N of the functional Φ (in most cases a set of polynomials). Coefőcients d_α and c_i depend on the data and satisfy the following linear system:

(G + γI)⃗c + Ψ^T ⃗d = ⃗y (7) Φ⃗c = 0 (8)

where I is the identity matrix, and we deőned: ⃗y = (y_1, . . . , y_m), ⃗c = (c_1, . . . , c_m), ⃗d = (d_1, . . . , d_k) (9) (G)_{ij} = G(⃗x_i − ⃗x_j ), (Ψ)_{αi} = ψ_α(⃗x_i) (10)

PhD Conference ’03 61 ICS Prague

Petra KudovaÂ Learning of Generalized Regularization Networks

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 G̃:

• Radial stabilizers ś those are radially symmetric ones, i.e. satisfying Φ[f(⃗x)] = Φ[f(R⃗x)], where R is an arbitrary rotation matrix. The radial symmetry reŕects the assumption, that all the input variables have equal relevance, that is, there are no privileged directions. They lead to a radial basis function G(||x||) and the approximation model corresponds to the RBF networks [3].

The important example is the Gaussian function G̃(⃗s) = e^{− ||⃗s||2β} resulting in the basis function G(⃗x) = e^{− ||⃗x||2β} , where β is a positive parameter. As the Gaussian function is a positive deőnite function, Φ[f] 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 ś an alternative of choice for G̃(⃗s) in the form G̃(⃗s) = Π^d_{j=1}g̃(s_j ), where g̃ is an one-dimensional function. This leads to a tensor product basis function G(⃗x) = Π^d_{j=1}g(x_j ), where g is the Fourier transform of g̃. For positive deőnite functions g the functional Φ[f] is a norm and its null space is empty.

An interesting example is the choice g̃(s) =^1_{1+s2} , which leads to the basis function: G(⃗x) = Π^d_{j=1}e^{−|xj |} = e^{− ∑dj=1 |xj |} = e^{−||⃗x||L1} . (11) This basis function is interesting from the point of view of hardware implementation, since it requires only the computation of L_1 norm (instead the usual Euclidean norm L_2).

• Additive stabilizers ś it is also possible to derive the class of additive approximation schemes, i.e.

the schemes of the form f(⃗x) = ∑_d μ=1 f_μ(x^μ), where f_μ are one-dimensional functions. It can be done by the use of the stabilizer

Φ[f] = d∑ μ=1 1 θ_μ ∫ R ds |f̃_μ(s)|^2 g̃(s) , (12)

where θ_μ > 0 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 f(⃗x) = ∑_N i=1 c_iG(⃗x − ⃗x_i), where G(⃗x − ⃗x_i) = ∑_d μ=1 θ_μg(x^μ − x^μ_i ). The additive components are not independent, because θ_μ are őxed.

3. Learning algorithms

In the previous section we derived several approximation schemes, that are all in the form f(⃗x) = m∑ i=1 c_iG(⃗x_i, ⃗p_i, ⃗x), (13) where m is the number of data points, ⃗x_i are the given data samples, G is some basis function, p_i are possible additional parameters of basis function G and c_i are real coefőcients, 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: f(⃗x) = n∑ α=1 c_αG(W ⃗x − W⃗t_α) n < N, (14)

PhD Conference ’03 62 ICS Prague

Petra KudovaÂ Learning of Generalized Regularization Networks

where W is matrix deőning the transformation of the input space, t_α 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 {⃗x_i, y_i}^m_{i=1} ⊆ X × Y .

2. Choose a symmetric, positive-deőnite function K_{⃗x}(⃗x^′) = K(⃗x, ⃗x^′), continuous on X × X.

3. Create f : X → Y by f(⃗x) = m∑ i=1 c_iK_{⃗xi} (⃗x) (15) and compute ⃗c = (c_1, . . . , c_m) by solving (mγI + K)⃗c = ⃗y, (16) where I is the identity matrix, K is the square positive-deőnite matrix K_{i,j} = K( ⃗x_i, ⃗x_j ), and ⃗y = (y_1, . . . , y_m), γ > 0 is real number.

The linear system of equations (16) in m variables is well-posed, since K is positive and (mγI + K) 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: f(⃗x) = h∑ j=1 w_j φ ( ‖ ⃗x − ⃗c_j ‖_{Wj} b_j ) , (17)

where φ is some radial basis function, typically e^{−z}, h is the number of hidden units (basis functions). Note that in our model each hidden unit j has possibly different norm matrix W_j . 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 ⃗c_j , widths b_j and matrices W_j ) have to be determined. We are in a danger of overőtting, that means that our solution can go through all the data points (or most of them) and minimize the empirical risk ∑_N i=1(f(⃗x_i) − y_i)^2 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: E_{Bsh} = m∑ i=1 (f(⃗x_i) − y_i)^2 + γE_{reg}, E_{reg} = m∑ i=1 n∑ j=1 ( ∂^2f ∂x^2_j (⃗x) )_2 , (18)

where x_j is the j-th coordinate of ⃗x.

Our Three step learning adopted to the error function (18) leads to the algorithm:

PhD Conference ’03 63 ICS Prague

Petra KudovaÂ Learning of Generalized Regularization Networks

Algoritmus 3.2: Three step algorithm based on Bishop’s regularization

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

2. Find the values for b_j a Σ^{−1}_j = W^T_j W_j by minimizing the error function

E(b_1, · · · , b_h; Σ^{−1}_1 , · · · , Σ^{−1}_h ) = 1 2 h∑ r=1 [_h ∑ s=1 e^− (_{‖cs−cr ‖Wr} br )_2 ( ‖ c_s − c_r ‖_{Wr} b_r )_2 − P ]_2

, (19)

where P is an overlap parameter.

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

W = Φ^+D , Φ^+ = (Φ^T Φ)^{−1}Φ (20) where D ∈ R^{h×m}, Φ ∈ R^{h×h} and

D_{ij} = k∑ t=1 d^{(t)}_j y_i(⃗x^{(t)}), y_j (⃗x^t) = e^− (_{‖⃗xt−cj ‖W} j bj )_2

(21)

Φ_{qr} = k∑ t=1 ( y_q(⃗x^{(t)})y_r(⃗x^{(t)}) + λ n∑ i=1 ( ∂^2y^{(t)}_q ∂x^2_i ∂^2y^{(t)}_r ∂x^2_i )) . (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 γ, that must be somehow estimated, and that may signiőcantly inŕuence the solution.

Our second approach ś Gradient learning ś 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 γ , 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.

PhD Conference ’03 64 ICS Prague

Petra KudovaÂ Learning of Generalized Regularization Networks

Algoritmus 3.3: Gradient learning with the test for generalization

1. Split the data set DS to training set T S_1 and testing set T S_2 (for instance 90% for training set, 10% for testing set, depending on the number of data points).

2. ∀j ⃗c_j (i) ← random sample from T S_1

∀j b_j (i), Σ^{−1}_j (i) ← small random value i ← 0 3. For all j and p(i) in ⃗c_j (i), b_j (i), Σ^{−1}_j (i): Δp(i) ← −ϵ δE_1 δp + αΔp(i − 1), p(i) ← p(i) + Δp(i) (23)

E_1 ← ∑ ⃗x∈T S_1 (f(⃗x) − y_i)^2 (error on the training set) (24)

4. i ← i + 1 5. E_2 ← ∑ ⃗x∈T S_2 (f(⃗x) − yi) 2 (error on the testing set) 6. If both E_1 and E_2 are decreasing, go to 3. If E_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 P_0 of N feasible solutions. i ← 0 2. For all I ∈ P_i compute: cost(I) = m∑ i=1 (f_I (⃗x_i) − y_i)^2 + γE_{reg} (25) where f_I is the function represented by individual I.

3. If the lowest cost in the population is sufőcient STOP. 4. Create empty P_{i+1} and repeat until P_{i+1} is full:

Selection: select 2 individuals I_1, I_2 (lower cost ↔ higher probability). Crossover: I^′_1, I^′_2 ← crossover(I_1, I_2). Mutation: mutate(I^′_1), mutate(I^′_2). Add I^′_1, I^′_2 into P_{i+1}.

5. i ← i + 1, goto 2.

The regulatization member E_{reg} in the step 2 is either the Bishop’s one from the equation (18) or the one proposed by Tikhonov: E_{reg} = γ n∑ i=1 w^2_i (26)

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

PhD Conference ’03 65 ICS Prague

Petra KudovaÂ Learning of Generalized Regularization Networks

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.

3:579ś588, 1991.

[2] Tomaso Poggio Federico Girosi, Michael Jones. Regularization theory and Neural Networks architectures. Neural Computation, 7,No.2:219ś269, 1995.

[3] Simon Haykin. Neural Networks. Macmillan College Publishing Company, New York, 1994. [4] P. KudovaÂ. Learning methods for RBF networks. Technical Report V-846, Institute of Computer Science, AS CR, Prague., 2001. p. 19-24.

[5] P. KudovaÂ. Genetic and eugenic learning of RBF networks. Technical Report V-880, Institute of Computer Science, AS CR, Prague., 2002. p. 1-6.

[6] R. Neruda and P. KudovaÂ. Hybrid learning of RBF networks. In P.M.A. Sloot, C.J.K. Tan, J.J. Dongarra, and A.G. Hoekstra, editors, Computational Science, pages 594ś603. Berlin, Springer, 2002. Lecture Notes in Computer Science; 2331.

[7] Tomaso Poggio and Steve Smale. The mathematics of learning: Dealing with data. Notices of the AMS, 50, No.5:537ś544, 2003.

[8] A.N. Tikhonov and V.Y. Arsenin. Solutions of ill-posed problems. Technical report, 1997.

PhD Conference ’03 66 ICS Prague

Mgr. Ctirad Matonoha PouzÏitõÂ metody s lokaÂlneÏ omezenyÂm krokem pro podmõÂneÏnou minimalizaci

PouzÏitõÂ metody s lokaÂlneÏ omezenyÂm krokem pro podmõÂneÏnou minimalizaci

doktorand:

MGR. CTIRAD MATONOHA

sÏkolitel:

DOC. RNDR. JAN ZI^ÂTKO, CSC.

UÂ I AVCÏ R, Pod vodaÂrenskou veÏzÏõÂ 2, Praha 8 MFF UK, SokolovskaÂ 83, Praha 2

obor studia:

M6 - veÏdecko-technickeÂ vyÂpocÏty

Abstrakt

V tomto prÏõÂspeÏvku pojednaÂme o probleÂmu minimalizace nelineaÂrnõÂ funkce na mnozÏineÏ omezenõÂ obsahujõÂcõÂ rovnosti i nerovnosti. ZavedenõÂm logaritmickeÂho barieroveÂho cÏlenu prÏevedeme pÊuvodnõÂ probleÂm na ekvivalentnõÂ probleÂm, ve ktereÂm se vyskytujõÂ pouze omezenõÂ s rovnostmi a odvodõÂme soustavu lineaÂrnõÂch rovnic pro jeho rÏesÏenõÂ, ktereÂ je ekvivalentnõÂ uÂloze nalezenõÂ lokaÂlneÏ omezeneÂho kroku kvadratickeÂ funkce s lineaÂrnõÂm omezenõÂm. SestrojõÂme iteracÏnõÂ metodu, zalozÏenou na modiőkovaneÂ metodeÏ s lokaÂlneÏ omezenyÂm krokem, slouzÏõÂcõÂ k jejõÂmu rÏesÏenõÂ.

1. Metoda vnitrÏnõÂho bodu

Budeme se zabyÂvat obecnyÂm probleÂmem nalezenõÂ minima funkce f na mnozÏineÏ daneÂ omezenõÂmi ve tvaru rovnostõÂ a nerovnostõÂ f(x) → min, vzhledem k c_I (x) ≤ 0, c_E (x) = 0, (1) kde f : R^n → R, c_I : R^n → R^{mI} , c_E : R^n → R^{mE} jsou dvakraÂt spojiteÏ diferencovatelneÂ funkce (c_I ≤ 0 je mysÏleno po slozÏkaÂch), I = {1, ..., m_I }, E = {m_I + 1, ..., m_I + m_E = m} a prÏedpoklaÂdaÂme, zÏe m_E < n.

Tento probleÂm je obtõÂzÏneÏ rÏesÏitelnyÂ z dÊuvodu vyÂskytu nerovnostõÂ c_I (x) ≤ 0. Abychom tyto nerovnosti odstranili, zavedeme vektor pomocnyÂch promeÏnnyÂch s ≡ s_I = (s_1, ..., s_{mI} ) ∈ R^{mI}

PhD Conference ’03 67 ICS Prague

Mgr. Ctirad Matonoha PouzÏitõÂ metody s lokaÂlneÏ omezenyÂm krokem pro podmõÂneÏnou minimalizaci

a prÏevedeme probleÂm (1) na uÂlohu s rovnostmi a jednoduchyÂmi nerovnostmi f(x) → min, c_I (x) + s = 0, s ≥ 0, c_E (x) = 0. (2) Podstata metody vnitrÏnõÂho bodu spocÏõÂvaÂ v naÂhradeÏ omezenõÂ s ≥ 0 prÏidaÂnõÂm logaritmickeÂho barieroveÂho cÏlenu s konstantou μ > 0 k funkci f. TõÂm dostaneme uÂlohu F (x, s) = f(x) − μe^T ln(S_I )e → min, h(x, s)^{def}= [c_I (x) + s, c_E (x)] = 0, (3) kde e je vektor se samyÂmi jednicÏkami a S_I = diag(s_i, i ∈ I), kteraÂ maÂ pouze omezenõÂ ve tvaru rovnostõÂ. LogaritmickaÂ barierovaÂ funkce vyzÏaduje, aby platilo s_i > 0 ∀i ∈ I, cozÏ lze zajistit vhodnyÂm vyÂbeÏrem deÂlky kroku. Pro μ → 0 dostaneme rÏesÏenõÂ pÊuvodnõÂ uÂlohy (1). Budeme pouzÏõÂvat oznacÏenõÂ c(x) = [c_I (x), c_E (x)] = [c_1(x), ..., c_m(x)] ∈ R^m , h(x, s) = [h_I (x, s), h_E (x, s)] = [c_1(x) + s_1, ..., c_{mI} (x) + s_{mI} , c_{mI +1}(x), ..., c_m(x)]^T ∈ R^m , [A_I (x), A_E (x)] = [∇_xh_I (x, s), ∇_xh_E (x, s)] = [∇_xc_1(x), ..., ∇_xc_m(x)] ∈ R^{n×m} .

JestlizÏe maÂ Jacobiho matice [A_I (x), A_E (x)] lineaÂrneÏ nezaÂvisleÂ sloupce, pak rÏesÏenõÂ x_⋆, s_⋆ probleÂmu (3) splnÏuje naÂsledujõÂcõÂ Karush-Kuhn-Tuckerovy podmõÂnky (nutneÂ podmõÂnky pro extreÂm). Necht’ L(x, s, u) = F (x, s) + u^T h(x, s) = f(x) − μe^T ln(S_I )e + u^T h(x, s) je Lagrangeova funkce probleÂmu (3) s multiplikaÂtory u = [u^T_I , u^T_E ]^T ∈ R^m . OznacÏme g_x(x, s, u) = ∇_xL(x, s, u) = ∇_xf(x) + [A_I (x), A_E (x)] u g_s(x, s, u) = ∇_sL(x, s, u) = −μS^{−1}_I e + u_I = −μS^{−1}_I e + U_I e G_{xx}(x, s, u) = ∇^2_{xx}L(x, s, u) = ∇^2_{xx}f(x) + m∑ k=1 u_k∇^2_{xx}c_k(x) G_{ss}(x, s, u) = ∇^2_{ss}L(x, s, u) = μS^{−2}_I jejõÂ gradienty a Hessovy matice. Pak existuje vektor u_⋆ ∈ R^m , zÏe platõÂ ∇_xL(x_⋆, s_⋆, u_⋆) = 0, ∇_sL(x_⋆, s_⋆, u_⋆) = 0, ∇_uL(x_⋆, s_⋆, u_⋆) = 0.

HledaÂme tedy rÏesÏenõÂ x_⋆, s_⋆, u_⋆, ktereÂ splnÏuje g_x(x, s, u) = 0, g_s(x, s, u) = 0, h(x, s) = 0. (4) 2. OdvozenõÂ soustavy rovnic

ZaÂkladnõÂ metody pro rÏesÏenõÂ probleÂmu (3) jsou iteracÏnõÂ a jejich iteracÏnõÂ krok maÂ tvar x^+ = x + α_xd_x, s^+ = s + α_sd_s, u^+ = u + α_ud_u, kde d_x ∈ R^n , d_s ∈ R^{mI} , d_u ∈ R^m jsou smeÏroveÂ vektory a α_x, α_s, α_u > 0 jsou deÂlky kroku. Pro nalezenõÂ smeÏrovyÂch vektorÊu pouzÏijeme metodu odvozenou z Newtonovy metody aplikovanou na nelineaÂrnõÂ KKT systeÂm (4), kde α_x = α_s = α_u = 1.

Budeme uvazÏovat dva prÏõÂstupy. PrimaÂrnõÂ formulace vznikne pouzÏitõÂm Newtonovy metody na soustavu (4). JestlizÏe nejprve vynaÂsobõÂme druhou rovnici (4) maticõÂ S_I g_s = −μS^{−1}_I e + U_I e = 0 ⇒ S_I g_s = −μe + S_I U_I e = 0 a teprve na tuto vyÂslednou rovnici aplikujeme Newtonovu metodu, dostaneme tzv. primaÂrneÏ-duaÂlnõÂ formulaci. Ta je vyÂhodneÏjsÏõÂ, vede na efektivneÏjsÏõÂ algoritmy. Po aplikaci Newtonovy metody dostaneme tyto rovnice (vlevo primaÂrnõÂ, vpravo primaÂrneÏ-duaÂlnõÂ formulace a vynechaÂme promeÏnneÂ x, s, u) - lisÏõÂ se pouze druhaÂ

PhD Conference ’03 68 ICS Prague

Mgr. Ctirad Matonoha PouzÏitõÂ metody s lokaÂlneÏ omezenyÂm krokem pro podmõÂneÏnou minimalizaci

G_{xx}d_x + [A_I , A_E ] d_u = −g_x G_{xx}d_x + [A_I , A_E ] d_u = −g_x G_{ss}d_s + [I, 0] d_u = −g_s U_I d_s + S_I d_{uI} = −S_I g_s [A_I , A_E ]^T d_x + [d^T_s , 0]^T = −h [A_I , A_E ]^T d_x + [d^T_s , 0]^T = −h

PrÏedpoklaÂdejme, zÏe d_u = [ d^T_{uI} , d^T_{uE} ]_T a necht’ matice B_{xx} aproximuje Hessovu matici G_{xx}, nebot’ v praxi mõÂsto druhyÂch derivacõÂ pocÏõÂtaÂme jejich aproximace pomocõÂ diferencõÂ. Aby se vysÏkaÂloval vektor d_s, vynaÂsobõÂme obeÏ druheÂ rovnice diagonaÂlnõÂ maticõÂ D_I ∈ R^{mI} a abychom dostali symetrickou soustavu, nahradõÂme neznaÂmou d_s vyÂrazem D^{−1}_I d_s. Dostaneme tuto tzv. primaÂrnõÂ, resp. primaÂrneÏ-duaÂlnõÂ iteracÏnõÂ metodu se soustavou lineaÂrnõÂch rovnic pro neznaÂmeÂ d_x, d_s, d_{uI} , d_{uE} :

B_{xx} 0 A_I A_E 0 D̄ D_I 0 A^T_I D_I 0 0 A^T_E 0 0 0 · d_x D^{−1}_I d_s d_{uI} d_{uE} = − g_x D_I g_s h_I h_E kde D̄ = μD_I S^{−2}_I D_I , resp. D̄ = D_I S^{−1}_I U_I D_I .

JestlizÏe pro primaÂrnõÂ, resp. primaÂrneÏ-duaÂlnõÂ formulaci polozÏõÂme

D_I = 1 √ μ S_I , resp. D_I = (S_I U^{−1}_I )^{12}

(v praxi lze volit i jinaÂ vyjaÂdrÏenõÂ matice D_I ), platõÂ D̄ = I a vyÂslednyÂ systeÂm maÂ tento tvar ( B A A^T 0 ) · ( d d_u ) = − ( g h ) , (5) kde d ∈ R^{n+mI} , B ∈ R^{(n+mI )×(n+mI )}, g ∈ R^{n+mI} , A ∈ R^{(n+mI )×(mI +mE )}, h ∈ R^{mI +mE} , prÏicÏemzÏ d = ( d_x D^{−1}_I d_s ) , B = ( B_{xx} 0 0 I ) , g = ( g_x D_I g_s ) (6)

A = ( A_I A_E D_I 0 ) , h = ( h_I h_E ) (7)

SysteÂm (5) je dimenze n + 2m_I + m_E . Tuto velikost lze zmensÏit cÏaÂstecÏnou eliminacõÂ. Z druheÂ rovnice (4) plyne −μS^{−1}_I e + U_I e = 0 ⇒ S_I U_I e = μe

a jestlizÏe μ → 0, pak pro libovolnyÂ index i ∈ I platõÂ bud’ u_i → 0 nebo s_i → 0. MnozÏinu omezenõÂ s nerovnostmi rozdeÏlõÂme na aktivnõÂ a neaktivnõÂ podmnozÏinu.

• JestlizÏe platõÂ s_i ≤ ε_I u_i, i ∈ I, nazveme prÏõÂslusÏnaÂ omezenõÂ aktivnõÂ a oznacÏõÂme je symbolem ^. spolu s prÏõÂslusÏnyÂmi velicÏinami, tedy naprÏ. ĉ_I (x), ŝ_I , ĥ_I , û_I . Jsou to ta omezenõÂ, pro kteraÂ je c_i(x), i ∈ I, blõÂzko nuly, prÏicÏemzÏ ĉ_I ∈ R^{m̂I} .

• JestlizÏe platõÂ s_i > ε_I u_i, i ∈ I, nazveme prÏõÂslusÏnaÂ omezenõÂ neaktivnõÂ a oznacÏõÂme je symbolem ˇ.

spolu s prÏõÂslusÏnyÂmi velicÏinami, tedy naprÏ. č_I (x), š_I , ȟ_I , ǔ_I . Jsou to ta omezenõÂ, pro kteraÂ je u_i, i ∈ I, blõÂzko nuly, prÏicÏemzÏ ǔ_I ∈ R^{m̌I} , kde m̂_I + m̌_I = m_I .

PhD Conference ’03 69 ICS Prague

Mgr. Ctirad Matonoha PouzÏitõÂ metody s lokaÂlneÏ omezenyÂm krokem pro podmõÂneÏnou minimalizaci

Ze soustavy (5) vyloucÏõÂme neaktivnõÂ omezenõÂ. Nejprve vyeliminujeme ď_s = − (Ǎ^T_I d_x + ȟ_I ) (8)

a daÂle po dosazenõÂ a uÂpraveÏ dostaneme pro primaÂrnõÂ, resp. primaÂrneÏ-duaÂlnõÂ metodu

ď_{uI} = μŠ^{−2}_I (Ǎ^T_I d_x + č_I ) + 2μŠ^{−1}_I e − Ǔ_I e, resp. ď_{uI} = Š^{−1}_I Ǔ_I (Ǎ^T_I d_x + č_I ) + μŠ^{−1}_I e. (9)

Nakonec dosadõÂme do prvnõÂ rovnice za ď_{uI} . Po teÂto eliminaci obsahuje systeÂm (5) pouze aktivnõÂ omezenõÂ a maÂ tento tvar B̄_{xx} 0 Â_I A_E 0 I D̂_I 0 ÂT_I D̂_I 0 0 A^T_E 0 0 0 · d_x D̂^{−1}_I d̂_s d̂_{uI} d_{uE} = − ḡ_x D̂_Iĝ_s ĥ_I h_E (10)

kde pro primaÂrnõÂ metodu je B̄_{xx} = B_{xx} + μǍ_IŠ^{−2}_I Ǎ^T_I , ḡ_x = g_x + μǍ_I Š^{−2}_I č_I + 2μǍ_IŠ^{−1}_I e − Ǎ_I Ǔ_I e

a pro primaÂrneÏ-duaÂlnõÂ metodu B̄_{xx} = B_{xx} + Ǎ_I Š^{−1}_I Ǔ_IǍ^T_I , ḡ_x = g_x + Ǎ_IŠ^{−1}_I Ǔ_I č_I + μǍ_IŠ^{−1}_I e.

Matice B̄_{xx} a vektor ḡ_x jsou omezeneÂ (prÏedpoklaÂdaÂme, zÏe pÊuvodnõÂ matice B_{xx} a vektor g_x jsou omezeneÂ) a dimenze soustavy (10) je n + 2m̂_I + m_E .

3. VyÂpocÏet smeÏrovyÂch vektorÊu

SysteÂm (10) lze rÏesÏit bud’ prÏõÂmo uzÏitõÂm vhodneÂho rozkladu nebo iteracÏneÏ prÏedpodmõÂneÏnou metodou KrylovovyÂch podprostorÊu pro symetrickeÂ indeőnitnõÂ systeÂmy. My vsÏak zvolõÂme jinyÂ zpÊusob, prÏevedenõÂm na metodu s lokaÂlneÏ omezenyÂm krokem. Bez uÂjmy na obecnosti mÊuzÏeme prÏedpoklaÂdat, zÏe jsou vsÏechna omezenõÂ aktivnõÂ, tedy m̂_I = m_I . UvazÏujme probleÂm minimalizace kvadratickeÂ funkce vzhledem k lineaÂrnõÂmu omezenõÂ: Q(d) = 1 2 d^T Bd + g^T d → min, A^T d + h = 0, (11)

kde d, B, g, A, h majõÂ tvar (6) a (7). OznacÏõÂme-li d_u = [d^T_{uI} , d^T_{uE} ]^T ∈ R^{mI +mE} LagrangeÊuv multiplikaÂtor, lze ukaÂzat, zÏe probleÂm (11) a probleÂm nalezenõÂ smeÏrovyÂch vektorÊu pro probleÂm (3) jsou ekvivalentnõÂ, nebot’ vedou na stejnou soustavu rovnic, kteraÂ maÂ obecnyÂ tvar (5).

PÊuvodnõÂ probleÂm nalezenõÂ (aktivnõÂch) smeÏrovyÂch vektorÊu jsme tedy prÏevedli na probleÂm minimalizace kvadratickeÂ funkce, na kteryÂ aplikujeme metodu s lokaÂlneÏ omezenyÂm krokem. Po prÏidaÂnõÂ omezenõÂ ‖d‖ ≤ Δ (12) naÂm vznikne vedle lineaÂrnõÂho omezenõÂ A^T d + h = 0 jesÏteÏ dalsÏõÂ podmõÂnka. ObeÏ podmõÂnky vsÏak mohou byÂt nekompatibilnõÂ (norma rÏesÏenõÂ (11), kterou neznaÂme, mÊuzÏe byÂt veÏtsÏõÂ nezÏ Δ). Z tohoto dÊuvodu provedeme modiőkaci metody s lokaÂlneÏ omezenyÂm krokem zavedenõÂm tzv. vertikaÂlnõÂho a horizontaÂlnõÂho kroku. Budeme uvazÏovat rÏesÏenõÂ d_⋆ ve tvaru d_⋆ = d_V + d_H .

UvazÏujme nejprve tuto minimalizacÏnõÂ uÂlohu ‖A^T d + h‖ → min, ‖d‖ ≤ δΔ (13) pro 0 < δ < 1 (naprÏ. δ = 0.8). RÏ esÏenõÂ d_V teÂto uÂlohy lze spocÏõÂtat libovolnou metodou s lokaÂlneÏ omezenyÂm krokem, naprÏ. metodou psõÂ nohy.

NynõÂ prÏeformulujeme probleÂm (11)-(12) takto: Q(d) = 1 2 d^T Bd + g^T d → min, A^T d = A^T d_V , ‖d‖ ≤ Δ. (14)

PhD Conference ’03 70 ICS Prague

Mgr. Ctirad Matonoha PouzÏitõÂ metody s lokaÂlneÏ omezenyÂm krokem pro podmõÂneÏnou minimalizaci

Tato novaÂ formulace obsahuje kompatibilnõÂ omezenõÂ, nebot’volba d = d_V splnÏuje obeÏ podmõÂnky. RÏ esÏenõÂ tohoto probleÂmu oznacÏõÂme d_H a spocÏõÂtaÂme ho naprÏ. prÏedpodmõÂneÏnou metodou sdruzÏenyÂch gradientÊu. Na obraÂzku je videÏt zpÊusob vyÂpocÏtu smeÏroveÂho vektoru pomocõÂ vertikaÂlnõÂho a horizontaÂlnõÂho kroku.

4. Volba pokutoveÂ funkce

Metody s lokaÂlneÏ omezenyÂm krokem vedou na krok x^+ = x + α_xd_x, s^+ = s + α_sd_s, kde bud’α_x = 1 a α_s ∈ (0, 1⟩ je takoveÂ, zÏe s^+ > 0 (tzv. prÏijatelnyÂ krok) nebo α_x = α_s = 0 (tzv. nulovyÂ krok). Deőnujme

1_s = { 1, pokud s + d_s > 0;

min{α_s ∈ (0, 1)} takoveÂ, zÏe s + α_sd_s > 0, pokud s + d_s ≤ 0.

OznacÏme α = [α_x, α_s] a pro α = 1 deőnujme 1 = [1, 1_s]. UvazÏujme daÂle naÂsledujõÂcõÂ pokutovou funkci P (α) s koeőcientem σ > 0 :

P (α) = F (x + α_xd_x, s + α_sd_s) + (u + d_u)^T h(x + α_xd_x, s + α_sd_s) + σ 2 ‖h(x + α_xd_x, s + α_sd_s)‖^2 a spocÏõÂtejme skutecÏnyÂ a prÏedpoveÏdeÏnyÂ pokles teÂto funkce. SkutecÏnyÂ pokles je deőnovaÂn jako rozdõÂl P (1) − P (0). JestlizÏe Q_P (α) je kvadratickaÂ aproximace funkce P (α), pak je rozdõÂl

Q_P (1) − Q_P (0) ≈ P^′(0) + 1 2 d^T Bd prÏedpoveÏdeÏnyÂ pokles funkce P (α). Abychom rozhodli, zda je krok prÏijatelnyÂ cÏi nikoli, vytvorÏõÂme podõÂl skutecÏneÂho a prÏedpoveÏdeÏneÂho poklesu. JestlizÏe P (1) − P (0) Q_P (1) − Q_P (0) > 0, je krok prÏijatelnyÂ a polomeÏr Δ mÊuzÏeme zveÏtsÏit. V opacÏneÂm prÏõÂpadeÏ je krok neprÏijatelnyÂ (nulovyÂ) a polomeÏr Δ je trÏeba snõÂzÏit. Nutnou podmõÂnkou pro aplikaci metody s lokaÂlneÏ omezenyÂm krokem je vsÏak splneÏnõÂ nerovnosti Q_P (1) − Q_P (0) < 0. Ta je splneÏna, zvolõÂme-li σ > − 1 2 d^T Bd + d^T g + d^T Ad_u d^T Ah , kde d^T Ah < 0.

Parametr μ meÏnõÂme v kazÏdeÂ iteraci. VeÏtsÏina implementacõÂ metod vnitrÏnõÂho bodu volõÂ hodnotu μ tak, zÏe 0 < μ <^{sT uI}_{mI} , tedy μ =^{λsT uI}_{mI} pro λ ∈ (0, 1). V praxi se ukaÂzalo, zÏe algoritmus pracuje nejleÂpe tehdy, kdyzÏ jdou slozÏky s_iu_i stejnomeÏrneÏ k nule. K tomuto uÂcÏelu zavedeme velicÏinu ϱ = min_{i∈I} {s_iu_i} s^T u_I /m_I

PhD Conference ’03 71 ICS Prague

Mgr. Ctirad Matonoha PouzÏitõÂ metody s lokaÂlneÏ omezenyÂm krokem pro podmõÂneÏnou minimalizaci

ZrÏejmeÏ platõÂ 0 < ϱ ≤ 1 a ϱ = 1 praÂveÏ kdyzÏ je s_iu_i konstantnõÂ ∀i ∈ I. NynõÂ pouzÏijeme naÂsledujõÂcõÂ heuristiku pro volbu λ a tedy μ, kteraÂ se v praxi ukaÂzala jako velmi efektivnõÂ: μ = λ s^T u_I m_I , kde λ = 0.1 · min { 1 − ϱ 20ϱ , 2 }_3

PolomeÏr Δ meÏnõÂme v zaÂvislosti na hodnoteÏ podõÂlu^{P (1)−P (0)}_{QP (1)−QP (0)} . Je-li blõÂzko nuly, Δ zmensÏõÂme, je-li blõÂzko jednicÏky nebo veÏtsÏõÂ nezÏ jedna, Δ zveÏtsÏõÂme. Na zaÂveÏr uvedeme algoritmus popsaneÂ metody. Data: f : R^n → R, c = [c_I , c_E ] : R^n → R^m . ZvolõÂme: x ∈ R^n , s ∈ R^{mI} , u ∈ R^m , μ > 0, ε, ε_I ∈ (0, 1), 0 < β < 1 < γ, 0 < ω < ω < 1. 1. UrcÏõÂme A_I (x), A_E (x), g(x, s, u), h(x, s). Je-li μ < ε, ‖g‖ < ε, ‖h‖ < ε, pak STOP. 2. PomocõÂ diferencõÂ spocÏõÂtaÂme druheÂ derivace funkcõÂ f(x) a c(x), polozÏõÂme Δ = ‖g‖ a urcÏõÂme aktivnõÂ a neaktivnõÂ omezenõÂ (s_i ≤ ε_I u_i, resp. s_i > ε_I u_i).

3. Metodou s lokaÂlneÏ omezenyÂm krokem spocÏõÂtaÂme vektory d_x, d̂_s, d̂_{uI} , d_{uE} , ze vzorcÊu (8) a (9) vypocÏõÂtaÂme vektory ď_s, ď_{uI} , tõÂm zõÂskaÂme d_s, d_u a polozÏõÂme d = [d^T_x , d^T_s ]^T .

4. ZvolõÂme σ > 0 tak, aby σ > −^{12 dT Bd + dT g + dT Adu} d^T Ah . 5. SpocÏõÂtaÂme maximaÂlnõÂ deÂlku kroku α_s ∈ (0, 1⟩ takovou, aby platilo s + α_sd_s > 0. 6. VypocÏõÂtaÂme podõÂl ω =^{P (1) − P (0)}

Q_P (1) − Q_P (0) . Je-li ω ≤ 0, zvolõÂme Δ < ‖d‖ a naÂvrat na krok 3.

7. SpocÏõÂtaÂme maximaÂlnõÂ deÂlku kroku α_u ∈ (0, 1⟩ takovou, aby platilo u + α_ud_u > 0. 8. PolozÏõÂme x := x + d_x, s := s + α_sd_s, u := u + α_ud_u.

9. Pokud ω < ω, polozÏõÂme Δ := β‖d‖, pokud ω < ω, polozÏõÂme Δ := γΔ. DaÂle spocÏõÂtaÂme ϱ =^{mini∈I {si ui}} s^T u_I /m_I , λ = 0.1 · min {_{1−ϱ} 20ϱ , 2

}_3 , polozÏõÂme μ = λ^{sT uI}_{mI} a naÂvrat na krok 1.

5. NumerickeÂ experimenty

VyÂsÏe uvedenaÂ metoda byla testovaÂna v prostrÏedõÂ UFO na trÏech mnozÏinaÂch, kazÏdaÂ z nich obsahuje 17 testovacõÂch probleÂmÊu s 1000 promeÏnnyÂmi. VyÂsledky jsou uvedeny v tabulce, kde jednotliveÂ sloupce znamenajõÂ

• NIT - celkovyÂ pocÏet iteracõÂ • NFV - celkovyÂ pocÏet vycÏõÂslenõÂ funkcÏnõÂ hodnoty • NFG - celkovyÂ pocÏet vycÏõÂslenõÂ gradientu • NCG - celkovyÂ pocÏet iteracõÂ metody sdruzÏenyÂch gradientÊu • NRS - celkovyÂ pocÏet restartÊu • TIME - celkovyÂ cÏas v sekundaÂch • NFAIL - celkovyÂ pocÏet probleÂmÊu z daneÂ mnozÏiny, ktereÂ se nepodarÏilo vyrÏesÏit

PhD Conference ’03 72 ICS Prague

Mgr. Ctirad Matonoha PouzÏitõÂ metody s lokaÂlneÏ omezenyÂm krokem pro podmõÂneÏnou minimalizaci

MnozÏina 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 systeÂmu UFO a testovanyÂch prÏõÂkladech lze zõÂskat na adrese http://www.cs.cas.cz/Äluksan/test.html.

References

[1] R.H.Byrd, J.C.Gilbert, J.Nocedal: A Trust Region Method Based on Interior Point Techniques for Nonlinear Programming, 1996 [2] R.H.Byrd, M.E.Hribar, J.Nocedal: An Interior Point Algorithm for Large Scale Nonlinear Programming, 1997 [3] A.R.Conn, N.I.M.Gould, P.L.Toint: Trust-region methods, SIAM 2000 [4] J.E.Dennis, L.N.Vicente: On the convergence theory of trust-region-based algorithms for equalityconstrained optimization, SIAM J. Optimization, Vol.7, 1997, pp.927-950 [5] N.I.M.Gould, M.E.Hribar, J.Nocedal: On the Solution of Equality Constrained Quadratic Programming Problems Arising in Optimization, 2000 [6] L.LuksÏan: Metody s promeÏnnou metrikou, Academia Praha, 1990 [7] L.LuksÏan: NumerickeÂ optimalizacÏnõÂ metody pro uÂlohy bez omezujõÂcõÂch podmõÂnek, VyÂzkumnaÂ zpraÂva cÏ. V-640, 1995 [8] L.LuksÏan, C.Matonoha, J.VlcÏek: Interior point method for nonlinear nonconvex optimization, to appear in Numerical Linear Algebra with Applications [9] L.LuksÏan, J.VlcÏek: Numerical experience with iterative methods for equality constrained nonlinear programming problems, Optimization Methods and Software, Vol.16, 2001

PhD Conference ’03 73 ICS Prague

Mgr. MarkeÂta PavlõÂkovaÂ SoucÏasnyÂ stav dostupnyÂch softwareovyÂch systeÂmÊu pro genetickou statistiku

SoucÏasnyÂ stav dostupnyÂch softwareovyÂch systeÂmÊu pro genetickou statistiku

doktorand:

MGR. MARKE^Â TA PAVLI^ÂKOVA^{Â sÏkolitel:}JANA ZVA^Â ROVA^Â

EuroMISE Centrum, UÂ stav informatiky AV CÏ R, Pod VodaÂrenskou veÏzÏõÂ

2, Praha 8

EuroMISE Centrum, UÂ stav informatiky AV CÏ R, Pod VodaÂrenskou veÏzÏõÂ

2, Praha 8

pavlikova@euromise.cz zvarova@euromise.cz

obor studia:

PravdeÏpodobnost a matematickaÂ statistika

Abstrakt

CÏlaÂnek popisuje vyÂsledky analyÂzy charakteristik dostupnyÂch softwareovyÂch systeÂmÊu pro genetickou statistiku. Studie vznikla v raÂmci shromazÏd’ovaÂnõÂ informacõÂ o existujõÂcõÂm software prÏi prÏõÂpraveÏ vlastnõÂho otevrÏeneÂho modulaÂrnõÂho systeÂmu pro analyÂzu genetickyÂch dat v EuroMISE Centru ś Kardio.

1. UÂ vod

V soucÏasneÂ dobeÏ existujõÂ võÂce nezÏ dveÏ stovky nejrÊuzneÏjsÏõÂch softwareovyÂch systeÂmÊu vhodnyÂch pro analyÂzu genetickyÂch dat. Jejich tvÊurci pochaÂzejõÂ ze vsÏech koncÏin (internetoveÂho) sveÏta, a stejneÏ tak jsou po internetu roztrousÏeny straÂnky, kde je mozÏneÂ zõÂskat o software informace cÏi mozÏnost si ho staÂhnout. I prÏes existenci neÏkolika maÂlo seznamÊu, ktereÂ jsou võÂce cÏi meÂneÏ uÂplneÂ a võÂce cÏi meÂneÏ cÏasto aktualizovaneÂ, mÊuzÏe hledaÂnõÂ vhodneÂho software pro analyÂzu praÂveÏ nasÏich dat trvat i tyÂden a ani pak nemusõÂme byÂt uÂspeÏsÏnõÂ.

V minuleÂm roce vznikla v raÂmci EuroMISE Centra ś Kardio iniciativa za vznik vlastnõÂho otevrÏeneÂho systeÂmu, kteryÂ by nabõÂdl vyÂzkumnõÂkÊum (zejmeÂna leÂkarÏÊum a biologÊum) jednoduchou mozÏnost drobnyÂch analyÂz vlastnõÂch dat, anizÏ by museli vynaklaÂdat uÂsilõÂ na ucÏenõÂ se obecneÂho software. GenetickaÂ data majõÂ totizÏ svÊuj speciőckyÂ charakter a aplikovat na jejich analyÂzu obecnyÂ software cÏasto vyzÏaduje vhled odborneÂho statistika. PostupneÏ se idea rozvinula do prÏedstavy modulaÂrnõÂho systeÂmu, kteryÂ by byl intuitivnõÂ, otevrÏenyÂ a cÏasem mohl pokryÂt kromeÏ jednoduchyÂch aplikacõÂ takeÂ vyÂsledky vyÂzkumnyÂch aktivit Centra.

SoucÏaÂstõÂ prÏõÂpravy se takeÂ stal dÊukladnyÂ prÊuzkum staÂvajõÂcõÂho publikovaneÂho software a otevrÏenyÂch systeÂmÊu pro analyÂzu genetickyÂch dat. KromeÏ potvrzenõÂ, zÏe neÏco podobneÂho nasÏõÂ koncepci nenõÂ pro tuto chvõÂli zastoupeno, prÏinesla analyÂza rÏadu zajõÂmavyÂch faktÊu nejen o stavu, dostupnosti a slozÏitosti genetickeÂho software, ale takeÂ o rÊuznyÂch jazycõÂch a platformaÂch, pro ktereÂ je software vytvaÂrÏen.

PhD Conference ’03 74 ICS Prague

Mgr. MarkeÂta PavlõÂkovaÂ SoucÏasnyÂ stav dostupnyÂch softwareovyÂch systeÂmÊu pro genetickou statistiku

2. Metody

AnalyÂza byla zalozÏena na informacõÂch shromaÂzÏdeÏnyÂch v pravdeÏpodobneÏ nejkvalitneÏjsÏõÂm (nejuÂplneÏjsÏõÂm) seznamu genetickeÂho software na linkage.rockefeller.edu/soft [1]. Ze seznamu byly extrahovaÂny objektivnõÂinformace o jazyce, platformeÏ a obsahu; subjektivneÏ byla pak kazÏdaÂ polozÏka vyhodnocena podle dostupnyÂch informacõÂ co do velikosti a aktuaÂlnosti. Velikost software se pohybovala na stupnici malyÂ (jeden cÏi neÏkolik maÂlo spustitelnyÂch souborÊu, zabyÂvaÂ se jednõÂm teÂmatem/algoritmem), strÏednõÂ (neÏkolik metod/spustitelnyÂch souborÊu/teÂmat) a komplexnõÂ (nahlõÂzÏõÂ data z neÏkolika uÂhlÊu, aplikuje rÊuzneÂ metody a doplnÏky, staraÂ se o data od kontroly zaÂpisu po zobrazenõÂ). AktuaÂlnost byla hodnocena podle roku poslednõÂho update s hranicõÂ poslednõÂch peÏt let a prÏed rokem 1990 (kategorie novyÂ/vylepsÏovanyÂ; starsÏõÂ, ale udrzÏovanyÂ/pouzÏõÂvanyÂ; staryÂ, neudrzÏovanyÂ).

Obsah programu, tedy oblast genetickeÂ statistiky, kterou se zabyÂvaÂ, se urcÏoval obtõÂzÏneÏ. Nakonec se kategorie ustaÂlily na naÂsledujõÂcõÂch: A (asociacÏnõÂ studie, vcÏetneÏ TDT a case-control), L (parametrickaÂ i neparametrickaÂ vazebnaÂ analyÂza), G (hledaÂnõÂ umõÂsteÏnõÂ genu v genetickeÂ mapeÏ, analyÂza QTL), M (tvorÏenõÂ a praÂce s genetickyÂmi mapami), E (populacÏnõÂ charakteristiky), D (tvorba a spraÂva databaÂze), S (simulace), P (kreslenõÂ a spraÂva rodokmenÊu), R (kreslenõÂ map), X (urcÏovaÂnõÂ charakteristik rodokmenÊu vcÏetneÏ inference haplotypÊu), Y (vyÂpocÏty velikosti souborÊu a sõÂly testÊu), H (pomocneÂ programy na konverzi dat mezi programy, kontrolu chyb apod.).

3. VyÂsledky

V databaÂzi [1] bylo nalezeno celkem 240 rÊuznyÂch programÊu pro praÂci s genetickyÂmi daty. Ve dvanaÂcti prÏõÂpadech byl program jizÏ daÂvno zahrnut do neÏktereÂho ze systeÂmÊu a z analyÂzy byl vyrÏazen. Celkem tak do analyÂzy vstoupilo 228 polozÏek, 12 z nich (5%) se zcela chybeÏjõÂcõÂmi hodnotami (nebylo mozÏno zõÂskat zÏaÂdneÂ informace kromeÏ naÂzvu, vyÂjimecÏneÏ autora). Procenta jsou proto obvykle vztazÏena k pocÏtu 216 polozÏek s alesponÏ neÏjakyÂmi daty. PrÏipomenÏme, zÏe procenta v tabulkaÂch se ne vzÏdy scÏõÂtajõÂ do 100%, protozÏe neÏktereÂ polozÏky vykazujõÂ võÂce nezÏ jezÏ jeden aspekt jak zameÏrÏenõÂ, tak trÏeba uzÏiteÂho programovacõÂho jazyka nebo operacÏnõÂho systeÂmu.

3.1. ZameÏrÏenõÂ

ZameÏrÏenõÂ software v databaÂzi (tabulka 1) se zdaÂ odpovõÂdat rozlozÏenõÂ zaÂjmÊu ve veÏdeckeÂ obci. NejsilneÏjsÏõÂ pozici zaujõÂmaÂ software pro vazebnou analyÂzu (26%), cozÏ je v souladu s tõÂm, zÏe vazebnaÂ analyÂza je typicky nejcÏasteÏji a historicky nejdeÂle provaÂdeÏnyÂm typem analyÂz. NeprÏekvapuje ani druhaÂ pozice programÊu pro asociacÏnõÂ studie (17%), ktereÂ obvykle vazebnou analyÂzu doplnÏujõÂ a v poslednõÂ dobeÏ si, zejmeÂna dõÂky TDT a jeho variantaÂm, zõÂskaÂvajõÂ oblibu. PrÏekvapenõÂm bylo vcelku maleÂ mnozÏstvõÂ programÊu pro hledaÂnõÂ QTL (10%), ktereÂ je vysveÏtlitelneÂ existencõÂ neÏkolika maÂlo velmi dobryÂch a propracovanyÂch algoritmÊu. Na rozdõÂl od vazebneÂ analyÂzy, kteraÂ pouzÏõÂvaÂ velkeÂ mnozÏstvõÂ metod, a jejichzÏ velkou cÏaÂst nenõÂ slozÏiteÂ naprogramovat, hledaÂnõÂ QTL a umist’ovaÂnõÂ genÊu do mapy je pomeÏrneÏ obtõÂzÏneÂ a vedlo k rozvinutõÂ maÂla, ale dobryÂch a rozsÏõÂrÏeneÏ pouzÏõÂvanyÂch programÊu (Genehunter, MapMaker a jejich odvozeniny). PomeÏrneÏ silneÏ byl v databaÂzi zastoupenyÂ software pro vytvaÂrÏenõÂ a zobrazovaÂnõÂ genetickyÂch map (celkem 15%) rÊuzneÂ kvality a staÂrÏõÂ, pouzÏõÂvanyÂ obvykle pro data z experimentaÂlnõÂho zÏivocÏisÏneÂho a rostlinneÂho vyÂzkumu.

StanovovaÂnõÂm populacÏnõÂch charakteristik, ktereÂ kromeÏ alelickyÂch frekvencõÂ zahrnujõÂ i testovaÂnõÂ HWE a rÊuzneÂ mõÂry genetickeÂ vzdaÂlenosti a rozmanitosti, se zabyÂvaÂ jen maÂlo software (5%), a to navõÂc obvykle v raÂmci komplexnõÂho pohledu na genetickaÂ data. DÊukladneÏ a samostatneÏ se teÂto problematice veÏnuje pouze jeden nalezenyÂ program, sÏvyÂcarskyÂ Arlequin.

Samostatnou kapitolu tvorÏõÂ skupina pomocneÂho software, kteryÂ zahrnuje võÂce nezÏ trÏetinu software v databaÂzi (celkem 36%). PatrÏõÂ do neÏj jednak databaÂzoveÂ systeÂmy (8%), programy na vyÂpocÏet velikosti souborÊu a sõÂly testÊu (4%), simulacÏnõÂ software (5%), velmi uzÏitecÏnyÂ pro oveÏrÏovaÂnõÂstabilnosti hypoteÂz a statistik, a programy na kontrolu a konverzi dat (12%). ZajõÂmavostõÂ je, zÏe programy na konverzi datovyÂch formaÂtÊu vznikaly prÏedevsÏõÂm v drÏõÂveÏjsÏõÂch dobaÂch, nynõÂ jsou zpravidla, vzhledem k postupujõÂcõÂ standardizaci, automatickou soucÏaÂstõÂ veÏtsÏõÂch balõÂkÊu.

PhD Conference ’03 75 ICS Prague

Mgr. MarkeÂta PavlõÂkovaÂ SoucÏasnyÂ stav dostupnyÂch softwareovyÂch systeÂmÊu pro genetickou statistiku

koÂd obor pocÏet zastoupenyÂch procento zastoupenyÂch

A asociacÏnõÂ studie 37 17% L vazebnaÂ analyÂza 57 26% G umõÂsteÏnõÂ genu 22 10% M tvorÏenõÂ map 27 13% R kreslenõÂ map 6 3% E populacÏnõÂ charakteristiky 10 5% D databaÂze 18 8% S simulace 11 5% P tvorba rodokmenÊu 21 10% X charakteristiky rodokmenÊu 18 8% Y pomocneÂ vyÂpocÏty 8 4% H pomocneÂ programy 25 12%

Tabulka 1: ZastoupenõÂ jednotlivyÂch oborÊu (n=216)

PoslednõÂ velkou skupinu z teÏchto pomocnyÂch programÊu tvorÏõÂ software na kreslenõÂ rodokmenÊu (10%). V tomto prÏõÂpadeÏ se do databaÂze dostaly nejen programy doplnÏujõÂcõÂ analytickyÂ software, ale i komercÏnõÂ programy pro praÂci praktickyÂch leÂkarÏÊu a genetickyÂch poradcÊu a dokonce i komercÏnõÂ kreslicõÂ software pro kreslenõÂ rodinnyÂch rodokmenÊu soukromnõÂkÊu. NenõÂ bez zajõÂmavosti, zÏe tento je cÏasto prÏedrazÏenyÂ vzhledem k cenaÂm licencõÂ daleko schopneÏjsÏõÂho software, nehledeÏ k tomu, zÏe i mimo [1] lze k tomuto uÂcÏelu najõÂt rÏadu open source programÊu. TeÂmeÏrÏ polovina kreslicõÂho software v databaÂzi byla placenaÂ (10 z 21), na druhou stranu tvorÏil tento veÏtsÏinu (prÏes 60%) placeneÂho software (ktereÂho bylo celkem 7%). Zbytek placeneÂho software tvorÏily zejmeÂna databaÂze (cÏasto i s mozÏnostõÂ kreslenõÂ) a komplexnõÂ analytickeÂ celky (S.A.G.E., makra pro SAS, dvojice JoinMap a MapQTL apod.).

ZajõÂmavyÂ je rozdõÂl mezi software z oboru G (umist’ovaÂnõÂ genu) a L+A (vazebnaÂ analyÂza a asociacÏnõÂ studie) vzhledem k zpÊusobu rozvõÂjenõÂ a vytvaÂrÏenõÂ novyÂch systeÂmÊu. V oboru G se cÏasem vyproőlovaly dveÏ velkeÂ skupiny zalozÏeneÂ na zaÂkladnõÂch algoritmech, Genehunter a MapMaker. OstatnõÂ programy pak typicky zaÂkladnõÂ systeÂmy neÏjakyÂm zpÊusobem doplnÏujõÂ (rozsÏõÂrÏenõÂ pro rodokmeny s komplikovaneÏjsÏõÂ strukturou, pro dva bialelickeÂ lokusy, pro sourozence, kreslicõÂ doplneÏk) nebo zrychlujõÂ. Celkem tak software z teÏchto dvou skupin tvorÏõÂ prÏes polovinu programÊu ve sveÂm oboru. V oboru L+A je situace jinaÂ, software tvorÏõÂ rozmanitou smeÏs, z nõÂzÏ vystupujõÂ dveÏ vyÂrazneÏjsÏõÂ skupiny: Linkage s podobnou evolucõÂ jako Genehunter (zobecnÏovaÂnõÂ, doplnÏky, prÏõÂpadneÏ zrychlenõÂ ś Allegro), kteraÂ se soustrÏedõÂ pouze na vazebnou analyÂzu, a Pangaea, kteraÂ je spõÂsÏe volnyÂm, ale jednotneÏ spravovanyÂm uskupenõÂm devõÂti programÊu rÊuzneÂho zameÏrÏenõÂ od populacÏnõÂch charakteristik prÏes asociacÏnõÂ studie azÏ po vazebnou analyÂzu a kreslenõÂ rodokmenÊu. Tyto dveÏ rozdõÂlneÂ struktury dobrÏe odraÂzÏejõÂ kompaktnõÂ nebo naopak roztrÏõÂsÏteÏnyÂ charakter danyÂch oborÊu.

3.2. Rozsah a aktuaÂlnost

VeÏtsÏina programÊu byla zarÏazena do kategorie malyÂ (45%, viz tabulka 2). To vypovõÂdaÂ o tom, zÏe znacÏnaÂ cÏaÂst existujõÂcõÂho software jsou zcÏaÂsti maleÂ spustitelneÂ soubory, ktereÂ si vyÂzkumnõÂci põÂsÏõÂ, aby aplikovali praÂveÏ jednu zkoumanou metodu, a zcÏaÂsti pomocneÂ utilitky, ktereÂ se zabyÂvajõÂ uÂpravou dat, zobrazovaÂnõÂm a zkousÏenõÂm. PrÏiblizÏneÏ trÏetina software se zarÏadila do kategorie strÏednõÂ (36%) a 26 programÊu (12%) bylo oznacÏeno jako komplexnõÂ. V teÂto skupineÏ se pochopitelneÏ ocitly jednak uÂspeÏsÏneÂ celky typu Linkage, Genehunter a MapMaker, jednak volnaÂ seskupenõÂ drobnyÂch utilit a programÊu (Pangaea, MKGST, linkage utility programs), samostatneÂ propracovaneÂ jednotky jako Merlin, Arlequin, Madeline, Mendel, a takeÂ komercÏnõÂ software jako makra pro SAS, S.A.G.E, Progeny a GAP. Souvislost komercÏnõÂho software s velikostõÂ nenõÂ naÂhodnaÂ, placeneÂ programy tvorÏõÂ cÏtvrtinu mezi vsÏemi komplexnõÂmi. Na druhou stranu je velmi prÏõÂjemneÂ zjisÏteÏnõÂ, zÏe ve vsÏech oborech analyÂz existuje dobryÂ, rozvinutyÂ a volneÏ sÏirÏitelnyÂ software, kteryÂ si navõÂc dlouhodobyÂm pouzÏõÂvaÂnõÂm zõÂskal jmeÂno, jakeÂ se komercÏnõÂmu software ve sfeÂrÏe genetickeÂ statistiky bude zõÂskaÂvat velmi teÏzÏko.

PhD Conference ’03 76 ICS Prague

Mgr. MarkeÂta PavlõÂkovaÂ SoucÏasnyÂ stav dostupnyÂch softwareovyÂch systeÂmÊu pro genetickou statistiku

velikost software pocÏet procento

komplexnõÂ 26 12% strÏednõÂ 77 36% malyÂ 97 45% uÂdaj nelze stanovit 16 7%

celkem 216 100% staÂrÏõÂ software pocÏet procento

aktuaÂlnõÂ 111 51% starsÏõÂ, ale udrzÏovanyÂ 95 44% staryÂ 9 4% uÂdaj nelze stanovit 1 1%

celkem 216 100%

Tabulka 2: Rozsah a aktuaÂlnost jednotlivyÂch softwareovyÂch systeÂmÊu (n=216)

Z rozboru aktuaÂlnosti software v databaÂzi (tabulka 6) vyplynula poteÏsÏujõÂcõÂ informace, zÏe polovina programÊu je nedaÂvnaÂ nebo prÊubeÏzÏneÏ aktualizovanaÂ. UzÏivatel si tedy u velkeÂ cÏaÂsti mÊuzÏe byÂt jist, zÏe software bude fungovat dobrÏe (u aktualizovanyÂch) nebo zÏe na jeho prÏipomõÂnky k funkcÏnosti bude neÏkdo reagovat a program vylepsÏovat. Z tabulky vztahu staÂrÏõÂ a velikosti programu (tabulka 7) je pak patrnyÂ modernõÂ prÏõÂklon k veÏtsÏõÂm celkÊum, kteryÂ odpovõÂdaÂ postupneÂmu vylepsÏovaÂnõÂ, sdruzÏovaÂnõÂ a zobecnÏovaÂnõÂ genetickeÂho software.

komplexnõÂ strÏednõÂ malyÂ celkem

starsÏõÂ a staryÂ pocÏet 8 30 54 92 rÏaÂdkoveÂ % 9% 33% 59% 100% aktuaÂlnõÂ pocÏet 18 47 43 108 rÏaÂdkoveÂ % 17% 44% 40% 100% celkem pocÏet 26 77 97 200 rÏaÂdkoveÂ % 13% 39% 49% 100%

Tabulka 3: Vztah aktuaÂlnosti a rozsahu jednotlivyÂch softwareovyÂch systeÂmÊu (n=216), p-hodnota χ^2-testu 0, 0222

3.3. Jazyky a platformy

Informace o jazycõÂch a platformaÂch byly sice zjisÏt’ovaÂny objektivneÏ, ale soucÏasneÏ jsou nejmeÂneÏ spolehlivyÂm zaÂznamem v databaÂzi. Jednak velmi cÏasto informace o jazyku chybõÂ (u 39 polozÏek, a nejen u komercÏnõÂho software), jednak uÂdaj o operacÏnõÂch systeÂmech zastaraÂvaÂ, jak prÏibyÂvajõÂ noveÂ verze, rozsÏõÂrÏeneÂ pro dalsÏõÂ operacÏnõÂ systeÂmy. NeÏkde bylo mozÏno uÂdaj dohledat na straÂnkaÂch software, jinde se to nepodarÏilo. PrÏesto jsou vyÂsledky pomeÏrneÏ vypovõÂdajõÂcõÂ.

VeÏtsÏina software (59%, viz tabulka 4), zejmeÂna ten starsÏõÂ, byla psaÂna pro operacÏnõÂ systeÂmy typu UNIX. Dost velkaÂ cÏaÂst programÊu pracuje na PC na platformaÂch Windows (36%) a DOS (30%, spolecÏneÏ pak 58%). Teprve v poslednõÂ dobeÏ se objevujõÂ informace o verzõÂch pro Linux (16%), cozÏ mÊuzÏe byÂt zpÊusobeno jednak tõÂm, zÏe veÏtsÏina pracovisÏt’ je historicky vybavena stroji s neÏkteryÂm UNIXem, a jednak tõÂm, zÏe velkaÂ cÏaÂst programÊu pro jineÂ platformy bude fungovat i pod Linuxem. Novinkou poslednõÂ doby jsou aplikace v JaveÏ pouzÏitelneÂ na libovolneÂ platformeÏ (2%). Celkem 18% programÊu bylo psaÂno i pod jineÂ platformy (MacOS, VMS).

operacÏnõÂ systeÂm pocÏet zastoupenyÂch procento zastoupenyÂch

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

Tabulka 4: PrÏehled cõÂlovyÂch operacÏnõÂch systeÂmÊu (n=187)

PouzÏityÂm programovacõÂm jazykÊum veÂvodõÂ C (40%, viz tabulka 5), naÂsledovaneÂ vyrovnaneÏ C++, Pascalem

PhD Conference ’03 77 ICS Prague

Mgr. MarkeÂta PavlõÂkovaÂ SoucÏasnyÂ stav dostupnyÂch softwareovyÂch systeÂmÊu pro genetickou statistiku

a Fortranem (shodneÏ 19%). NeÏktereÂ programy pozÏõÂvajõÂ kombinace rÊuznyÂch jazykÊu, naprÏ. Fortranu a C. DatabaÂzovyÂ software pouzÏõÂvaÂ rÊuzneÂ databaÂzoveÂ jazyky (FoxPro, Paradox, dBase).

programovacõÂ jazyk pocÏet zastoupenyÂch procento zastoupenyÂch

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

Tabulka 5: PouzÏityÂch programovacõÂch jazykÊu (n=177)

4. ZaÂveÏr

AnalyÂza seznamu statistickeÂho software na linkage.rockefeller.edu/soft potvrdila rozsah a pestrost, jakozÏ i sÏõÂrÏi zaÂbeÏru systeÂmÊu pro analyÂzu genetickyÂch studiõÂ, a zaznamenala, zÏe dost velkaÂ cÏaÂst programÊu je staÂle spravovaÂna, doplnÏovaÂna a vylepsÏovaÂna. UkaÂzal se patrnyÂ trend k vytvaÂrÏenõÂ veÏtsÏõÂch funkcÏnõÂch celkÊu, ktereÂ budou provaÂdeÏt na jedneÏch datech vsÏechny operace potrÏebneÂ k analyÂze, a to bud’ v raÂmci jednoho systeÂmu, nebo v rÊuznyÂch programech, ale se stejnyÂm datovyÂm formaÂtem (standardem se naprÏõÂklad staÂvaÂ formaÂt Linkage).

SoucÏasneÏ s teÏmito zjisÏteÏnõÂmi se ukaÂzalo, zÏe prÏedstava a naÂplnÏ noveÂho otevrÏeneÂho systeÂmu pro genetickou statistiku, tak jak vznikla v EuroMISE Centru, nenõÂ dublovaÂna jizÏ existujõÂcõÂm software, a maÂ smysl pokracÏovat v jeho realizaci. ZaÂrovenÏ je trÏeba vyzdvihnout fakt, zÏe dõÂky teÂto studii vznikla databaÂze, ve ktereÂ se bude mozÏno orientovat o mnoho leÂpe nezÏ v textovyÂch straÂnkaÂch [1], a vyhledaÂnõÂ vhodneÂho systeÂmu pro uÂcÏely analyÂzy nebude muset byÂt tolik uÂmornou pracõÂ.

References

[1] webovaÂ straÂnka http://linkage.rockefeller.edu/soft [2] weboveÂ straÂnky jednotliveÂho software

PhD Conference ’03 78 ICS Prague

Petr RaÂlek Modelling of resonance characteristic of piezoelectric resonators

Modelling of resonance characteristic of piezoelectric resonators

doktorand:

PETR RA^Â LEK

sÏkolitel:

ZDENE^Ï K STRAKOS^Ï

Katedra modelovaÂnõÂ procesÊu , FM TU v Liberci, HaÂlkova 6, Liberec 1

OddeÏlenõÂ vyÂpocÏetnõÂch metod, UÂ I AV CÏ R, Pod vodaÂrenskou veÏzÏõÂ 2,

Praha 8

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

obor studia:

TechnickaÂ kybernetika

Abstract

In this paper, we describe the őnite 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 deőnes 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 őeld 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 őeld 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]

T_{ij} = c_{ijkl} · S_{kl} + d_{ijk} · E_k, i, j = 1, 2, 3. (1)

D_k = d_{kij} · S_{ij} + ε_{kj} · E_j, k = 1, 2, 3, (2)

PhD Conference ’03 79 ICS Prague

Petr RaÂlek Modelling of resonance characteristic of piezoelectric resonators

where, as in all similar terms troughout the article, we will use the Einstein’s additive rule (e.g. a_{ij} b_j = ∑_3

j=1 a_{ij} b_j ). The Hook’s law (1) describes the dependence between the stress tensor T, the strain tensor S and the vector of intensity of electric őeld E,

S_{ij} = 1 2 [ ∂ũ_i ∂x_j + ∂ũ_j ∂x_i ] , i, j = 1, 2, 3,

E_k = − ∂φ̃ ∂x_k , k = 1, 2, 3, where ũ = (ũ_1, ũ_2, ũ_3)^T is the displacement vector and φ̃ is the electric potential. The strain tensor S and the stress tensor T are symmetric [2]. The equation of the direct piezoelectric effect (2) describes the dependence between the vector of electric ŕux density D, the strain and the intensity of electric őeld. Quantities c_{ijkl} , d_{kij} and ε_{ij} represent symmetric material tensors, c_{ijkl} = c_{jikl} = c_{ijlk} = c_{klij} , d_{ijk} = d_{ikj} = d_{kij} , ε_{ij} = ε_{ji}. The state equations (1) and (2) represent a linear approximation of the thermodynamic state equations with tensors c_{ijkl}, d_{kij} and ε_{ij} playing role of the material constants. £From the conditions of the thermodynamic stability, tensors c_{ijkl} and ε_{ij} have to be symmetric and positive deőnite (see, e.g., [4]).

Let us have the piezolectric resonator characterized by proper material tensors. The density of the material is ϱ. We denote the volume of the resonator as Ω and its boundary as Γ. 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]) ϱ ∂^2ũ_i ∂t^2 = ∂T_{ij} ∂x_j i = 1, 2, 3, x ∈ Ω, t ∈ (0, T), (3)

−∇ · D = − ∂D_j ∂x_j = 0. (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 ϱ ∂^2ũ_i ∂t^2 = ∂ ∂x_j ( c_{ijkl} · 1 2 [ ∂ũ_k ∂x_l + ∂ũ_l ∂x_k ] −d_{ijk} · ∂φ̃ ∂x_k ) i = 1, 2, 3, (5)

0 = ∂ ∂x_k ( −d_{kij} · 1 2 [ ∂ũ_i ∂x_j + ∂ũ_j ∂x_i ] +ε_{kj} · ∂φ̃ ∂x_j ) . (6)

Initial conditions, Dirichlet boundary conditions (on the part of the boundary Γ_1 ⊂ Γ) and Neumann boundary conditions (on Γ_2 ⊂ Γ) are added:

ũ_i(., 0) = u_i, (7) ũ_i = 0 i = 1, 2, 3 on Γ_1 × (0, T), T_{ij}n_j = 0 i = 1, 2, 3 on Γ_2 × (0, T), φ̃(., 0) = φ, φ̃ = φ_D on Γ_1 × (0, T), D_kn_k = 0 on Γ_2 × (0, T).

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, φ̃ = φ(x, y, z) cos ωt, (8) where ω is the frequency of voltage and φ_0 is its amplitude. In (6), displacement ũ is determined by electric potential φ̃, which generates the oscillations. The changes of displacement delay to generating, but if we

PhD Conference ’03 80 ICS Prague

Petr RaÂlek Modelling of resonance characteristic of piezoelectric resonators

assume the steady undamped oscillation, we can expect, that the resonator will harmonic oscillate with the same initiating frequency ω, and separate time and space variables,

ũ = u(x, y, z) cos ωt, (9)

where u is the amplitude of oscillations. With respect to ϱ ∂^2ũ_i ∂t^2 = −ω^2ϱũ_i, substituting (9) and (8) into (5) and (6) gives the modiőed versions of elastic and electric equations, now for the unknown amplitudes u and φ,

−ω^2ϱ · u_i = ∂ ∂x_j ( c_{ijkl} · 1 2 [ ∂u_k ∂x_l + ∂u_l ∂x_k ] −d_{ijk} · ∂φ ∂x_k ) i = 1, 2, 3, (10)

0 = ∂ ∂x_k ( −d_{kij} · 1 2 [ ∂u_i ∂x_j + ∂u_j ∂x_i ] +ε_{kj} · ∂φ ∂x_j ) , (11)

with the boundary conditions

u_i = 0 i = 1, 2, 3 on Γ_1, (12) φ = φ_D on Γ_1, T_{ij}n_j = 0 i = 1, 2, 3 on Γ_2, D_kn_k = 0 on Γ_2.

1.2. Point of interest In (10)-(12), the problem of steady undamped harmonic oscillations is deőned. Now, our goal is to őnd the eigenfrequencies of the system (10)-(11) - such real number ω, for which exist functions u and φ, satisfying (10)-(11). Under the term resonance frequency we will mean these eigenfrequencies. If we deőne the operators A and B as

A(u, φ) = − 1 ϱ ∂ ∂x_j ( c_{ijkl} · 1 2 [ ∂u_k ∂x_l + ∂u_l ∂x_k ] −d_{ijk} · ∂φ ∂x_k )

B(u, φ) = ∂ ∂x_k ( d_{kij} · 1 2 [ ∂u_i ∂x_j + ∂u_j ∂x_i ] −ε_{kj} · ∂φ ∂x_j ) , then the resonance frequencies are the roots of the eigenvalues λ, λ = ω^2, from

A(u, φ) = λu, (13)

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

B(u, φ) = 0. (14)

The eigenvector u corresponding to the eigenvalue λ describes the mode of the oscillations. To identify the mode of oscillations, it is additional task needed for sufőcient description of the behavior of the piezoelectric resonator. We discretize the problem, using őnite element method (FEM). Discretization of the problem then leads to a large sparse linear algebraic system, which deőnes 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 őnite element method to get the linear system, we establish the weak formulation of the problem (10)-(12). Equations (10), resp. (11) represent eneregy,

PhD Conference ’03 81 ICS Prague

Petr RaÂlek Modelling of resonance characteristic of piezoelectric resonators

resp. electric ŕux conservation. These equations are elliptic partial differential equations and its exact solution must have continuous derivations to the 2nd order in Ω. 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) žbackž 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 fulől integral equations in certain functional sence.

We deal with the standard weak formulation, derived e.g. in [5]. We consider bounded domain Ω with Lipschitzian border Γ. Let L_2(Ω) be the Lebesgeue space of functions square integrable in Ω, ∫ Ω |f|^2 ≪ +∞, with scalar product (f, g)_Ω = ∫ Ω fgdΩ. Further, let C^{(∞)}(Ω) be functions, which, including derivatives of all orders, are continuous in Ω. C^{(∞)}_0 (Ω) ⊂ C^{(∞)}(Ω) contains the functions with compact support.

Further, let W^{(1)}_2 (Ω) be so-called Sobolev space, made of functions from L_2(Ω), which have so-called generalized derivatives square integrable in Ω - there exist some function u^i ∈ L_2(Ω) and the identity (15) is fulőlled, ∫ Ω u^iψdΩ = − ∫ Ω u ∂ψ ∂x_i dΩ ∀ψ ∈ C^{(∞)}_0 (Ω). (15)

For functions lying in C^{(∞)}(Ω), generalized derivatives are its classical derivatives. To express values of function u ∈ W^{(1)}_2 (Ω) on the border Γ, the trace of function u is established. If u ∈ C^{(∞)}(Ω), its values on the border, we denote them u(S), are uniqely determined. For function u(S) is the trace of the function u ∈ C^{(∞)}(Ω). For function u ∈ W^{(1)}_2 (Ω)\C^{(∞)}(Ω), there exist a function sequence (u_n) ⊂ W^{(1)}_2 (Ω) such that u = lim_{n→∞} u_n, and its trace can be deőned as the function u(S) ∈ L_2(Ω), which is a limit of the suqeuence of traces u(S) = lim_{n→∞} u_n(S) in L_2(Ω).

The traces can be deőned, in the same way, also for the derivatives of the functions from W^{(1)}_2 (Ω).

Now, we deőne, V (Ω) = {v|v ∈ W^{(1)}_2 (Ω), v|_{Γ1} = 0 in the sence of traces},

the subspace of W^{(1)}_2 (Ω), made of functions, which traces fulől 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 w_i ∈ V (Ω), summarize and integrate them over Ω. As well, we multiply the equation (6) with testing function ϕ ∈ V and integrate it over Ω. Using Green formula, we obtain the integral equalities (integrals over the borders are denoted with sharp brackets) ( c_{ijkl} · 1 2 [ ∂u_k ∂x_l + ∂u_l ∂x_k ] , ∂w_i ∂x_j ) Ω − ( ϱω^2u_i, w_i ) Ω (16) − ( d_{ijk} · ∂φ ∂x_j , ∂w_i ∂x_j ) Ω = ⟨ T_{ij} · n_j , w_i ⟩ Γ_2 ,

− ( d_{jik} · 1 2 [ ∂u_i ∂x_k + ∂u_k ∂x_i ] , ∂ϕ ∂x_j ) Ω + ( ε_{ji} · ∂φ ∂x_i , ∂ϕ ∂x_j ) Ω = ⟨ D_N , ϕ ⟩ Γ_2

. (17)

Due to the symmetry of material tensors, we can modify equations (16) and (17), ( c_{ijkl} · 1 2 [ ∂u_k ∂x_l + ∂u_l ∂x_k ] , 1 2 [ ∂w_i ∂x_j + ∂w_j ∂x_i ]) Ω − ( ϱω^2u_i, w_i ) Ω (18) − ( d_{ijk} · ∂φ ∂x_j , 1 2 [ ∂w_i ∂x_j + ∂w_j ∂x_i ]) Ω = ⟨ T_{ij} · n_j , w_i ⟩ Γ_2 ,

− ( d_{jik} · 1 2 [ ∂u_i ∂x_k + ∂u_k ∂x_i ] , ∂ϕ ∂x_j ) Ω + ( ε_{ji} · ∂φ ∂x_i , ∂ϕ ∂x_j ) Ω = ⟨ D_N , ϕ ⟩ Γ_2

. (19)

PhD Conference ’03 82 ICS Prague

Petr RaÂlek Modelling of resonance characteristic of piezoelectric resonators

Let us denote

S_{ij} = 1 2 [ ∂u_i ∂x_j + ∂u_j ∂x_i ] , R_{ij} = 1 2 [ ∂w_i ∂x_j + ∂w_j ∂x_i ] , i, j = 1, 2, 3. Substitution of boundary conditions (12) into equations (18) and (19) gives (integrals over the border are zeros) ( c_{ijkl} · S_{kl}, R_{ij} ) Ω − ( ϱω^2u_i, w_i ) Ω − ( d_{ijk} · ∂φ ∂x_j , R_{ij} ) Ω = 0, (20)

− ( d_{jik} · S_{ik}, ∂ϕ ∂x_j ) Ω + ( ε_{ji} · ∂φ ∂x_i , ∂ϕ ∂x_j ) Ω = 0. (21)

Weak solution: Let u_D = (u_1, u_2, u_3) ∈ [W^1_2 (Ω)]^3, φ_D ∈ W^1_2 (Ω) satisfy the Dirichlet boundary conditions (in the weak sence). Further, let u_0 = (u_1, u_2, u_3) ∈ [W^1_2 (Ω)]^3, φ_0 ∈ W^1_2 (Ω) be functions, for which equalities (20) and (21) are observed for all choices of testing functions w = (w_1, w_2, w_3) ∈ [V (Ω)]^3, ϕ ∈ V (Ω). Then we deőne the weak solution of the problem (10)-(12) as

u = u_D + u_0, φ = φ_D + φ_0.

2.2. Discretization

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 Ω into the set of őnite elements, where special base functions are established. Now, weak solution as the linear combination of these base functions is looked for. The part u_D , φ_D 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 Ω (which is the volume of the resonator), in two steps, to the őnite set E^h of disjoint tetrahedrons covering the volume (őrst part - shown in the őg. 1 left - is the division into the layers and prizmatic elements, second part - őg. 1 right- is the division of the prizmatic elements into the tethrahedrons),

Ω ∼ Ω^h = ⋃ e∈E^h e, ⋃ j∈J e_j = Ω.

For each element e ∈ E^h, we deőne the function space V^h(e) and its basis Φ^h(e) V^h(e) = {ϕ^h|supp(ϕ^h) ⊂ e, ϕ^h ∈ W^1_2 (e), ϕ^h|_{∂e} = 0}, Φ^h(e) = {ϕ^e_i (x, y, z)|i = 1, 2, 3, 4}.

PhD Conference ’03 83 ICS Prague

Petr RaÂlek Modelling of resonance characteristic of piezoelectric resonators

Base functions are deőned by its values at the nodes s^j of the element and have to satisfy

ϕ^e_i (s^j ) = δ_{ij} , i, j = 1, 2, 3, 4.

On each simplex, four linear base functions are established. The approximations of the electric potential and displacement in whole Ω^h are

u^h_i (x) = ∑ ϕ^h_j ∈Φ^h u^j_i ϕ^h_j (x), u^j_i ∈ R, x ∈ Ω, i = 1, 2, 3, (22)

φ^h(x) = ∑ ϕ^h_j ∈Φ^h φ^j ϕ^h_j (x), φ^j ∈ R, x ∈ Ω,

where Φ^h denotes the set of all base functions. These approximations are piecewise linear on each element. Coefőcients in the linear combination are the values of the functions u and φ in the nodes of division. Let the nodes of the division and proper base functions be numbered (ϕ^h_1 , ..., ϕ^h_r ). We substitute the approximations (22) into integral equalities (20) and (21). We require to them to be fulőlled for all base functions ϕ^h_s , s ∈ r̂, ( c_{ijkl} · S^h_{kl}, R^h_{ij} ) Ω − ( ϱω^2u^h_i , ϕ^h_s ) Ω − ( d_{ijk} · ∂φ^h ∂x_j , R^h_{ij} ) Ω = 0,

− ( d_{jik} · S^h_{ik}, ∂ϕ^h_s ∂x_j ) Ω + ( ε_{ji} · ∂φ^h ∂x_i , ∂ϕ^h_s ∂x_j ) Ω = 0.

To satisfy the above equations, the system of linear algebraic equations has to be fulőled. The system has a block shape

K_{11} .. K_{1r} M_{11} .. M_{1r} K_{21} .. K_{2r} M_{21} .. M_{2r} ... .. ... −ω^2 ... .. ... ... .. ... ... .. ... K_{r1} .. K_{rr} M_{r1} .. M_{rr} P_{11} ... P_{1r} P_{21} ... P_{2r} . . · · · . . P_{r1} ... P_{rr}

P^T_{11} ... P^T_{r1} P^T_{12} ... P^T_{r2} ... ... ... ... ... ... P^T_{1r} ... P^T_{rr} E_{11} ... E_{1r} E_{21} ... E_{2r} . . · · · . . E_{r1} ... E_{rr} u^1 u^1_2 u^1_3 ... u^r_1 u^r_2 u^r_3 φ^1 φ^2 ... φ^r

=

0 ... ... ... ... ... ... ... ... 0

, (23)

where K_{pq} , M_{pq} ∈ R^{3,3}, P_{pq} ∈ R^{1,3}, E_{pq} ∈ R. The process of derivation of the system matrix is in detail described in [6]. Let us write the system (23) as ( K − ω^2M −P^T −P E ) ( U V ) = ( 0 0 ) . (24)

The submatrix K ∈ R^{3r,3r} is the elastic matrix, M ∈ R^{3r,3r} is the massmatrix, P ∈ R^{r,3r} is the piezoelectric matrix and E ∈ R^{r,r} is the electric matrix. Due to the symmetry and positive deőniteness of material tensors, the matrices K , M , E are symmetric and positive deőnite. Further, the whole system matrix (24) is symmetric. U ∈ R^{3r}, resp. V ∈ R^r are values (of amplitudes) of displacement, resp. electric potential at the nodes of division. The matrices are sparse - the pq-th block of each submatrix is nonzero only if p-th and q-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 ω 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, ( K −P^T −P E ) ( U V ) = λ ( M 0 0 0 ) ( U V ) (25)

PhD Conference ’03 84 ICS Prague

Petr RaÂlek Modelling of resonance characteristic of piezoelectric resonators

and ω = √ λ is the resonance frequency, if there exist real number λ and real nonzero vectors U, V and (25) is fulőlled. The part U 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

K U − P^TV = λM U, (26) PU − EV = 0. (27)

The matrix E is positive deőnite and therefore it is invertible. From (27) we have

V = E^{−1} PU

and (26) can be written as [K − P^TE^{−1} P]U = λM U. (28)

So the generalized eigenproblem (25) is equivalent to the generalized symmetric deőnite eigenvalue problem (28). In practice, we are not interested in all eigenvalues. The basic modes of oscillation belong to the őrst 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 őg. 2. First is the case of homogenous boundary conditions for displacement u. Let there be in some nodes prescribed zero displacements (on the őg.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 differences. 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 deŕated matrix, ( K − ω^2M −P^T −P E ) ( U V ) = ( R_1 R_2 ) . (29)

The system matrix has the same properties as the matrix of the original system (24). In (29), at őrst the generalized eigenvalue problem, analogic to (25), has to be solved. Then, for given eigenvalue λ̂, the particular solution W = (W_1, W_2)^T of the system ( K − λ̂M −P^T −P E ) ( U V ) = ( R_1 R_2 )

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

W = PZ,

where P is the matrix, which columns are eigenvectors, Z is the real vector of the coefőcients 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

PhD Conference ’03 85 ICS Prague

Petr RaÂlek Modelling of resonance characteristic of piezoelectric resonators

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]), ( λI− A −B C D ) ( X V ) = ( 0 0 ) , where V is the input vector and X is the state vector of the system. The zeros are the generalized eigenvalues λ of the matrix pencil (30), ( λI− A −C B D ) . (30)

Equations (26)-(27) can be premultiplied by M^{−1} and eigenvalue problem (25) is equivalent to the problem ( λI− M^{−1} K M^{−1} P^T M^{−1} P M^{−1} E ) ( U V ) = ( 0 0 ) , 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 veriőed on the longitudinally vibrating narrow quartz XYt-j -cut rods (for j = 0^o − 5^o) with equivalent thickness. Both large sides of resonator are covered by silver electrodes. The resonator is őxed 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: φ = φ_{def} at the electrodes, u = 0 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 modiőcations: u = 0 in the plane normal to the length of resonator, or u = 0 in the nodal plane of longitudinal vibrations. The deőnition 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.

PhD Conference ’03 86 ICS Prague

Petr RaÂlek Modelling of resonance characteristic of piezoelectric resonators

3.1. Numerical realisation

The resonator was divided into prismatic elements (őg. 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 reőned 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) α computed values 67846 +123 −114 0^∘ 68, 55 · 10^3 68653 +67 −51 2^∘ 68, 82 · 10^3 70205 +60 −119 5^∘ 69, 05 · 10^3

In the őgure (4), the convergence of computed frequencies (to the value 68.82 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 68, 82 · 10^3 Hz

Figure 5: Demonstration of longitudinally vibrations

PhD Conference ’03 87 ICS Prague

Petr RaÂlek Modelling of resonance characteristic of piezoelectric resonators

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 őne meshes. Of course, it involves to solve the eigenvalue problems with very large matrices. Nowadays, the use of the more soősticated numerical algorithm (mentioned in the paragraph [2.6]) for solving the eigenvalue problem is proposed.

5. Acknowledgement

This project was supported by Ministry of Education of the Czech Republic, project code MSM 242200002.

References

[1] TichyÂ J., Zelenka J.: łPodeÂlneÏ a plosÏneÏ strÏizÏneÏ kmitajõÂcõÂ piezoelektrickeÂ rezonaÂtory ze synthetickeÂho krÏemenež, CÏs. CÏas. Fys., vol. 10, pp. 328 - 332, 1960.

[2] Zelenka J.: łPiezoelektrickeÂ rezonaÂtory a jejich pouzÏitõÂ v praxiž, Academia, Praha, 1981. [3] Milsom R. F., Elliot D. T., Terry Wood S., Redwood M.: łAnalysis and Design of Couple Mode Miniature Bar Resonator and Monolothic Filtersž, IEEE Trans Son. Ultrason., vol. 30, pp. 140- 155, 1983.

[4] SemencÏenko V.K.: łIzbrannye glavy teoreticÏeskoj őzikiž, Voennogo izdatelstvo Ministerstva oborony SSSR, Leningrad, 1960.

[5] Rektorys K.: łVariacÏnõÂ metodyž, Academia Praha, 1989.

[6] P. RaÂlek: łModelovaÂnõÂ piezoelektrickyÂch jevÊuž, Diploma thesis, FJFI CÏVUT, Praha, 2001. [7] Emami-Naeini A., Van Dooren P.: łComputation of Zeros of Linear Multivariable Systemsž, Automatica, vol. 18 no. 4, pp. 415-430, 1982.

[8] Macfarlane A. G. J., Karcanias N.: łPoles and zeros of linear multivariable systemsž, Int. J. Control, vol. 24 no. I, pp. 33-74, 1976.

PhD Conference ’03 88 ICS Prague

Jindra ReissigovaÂ Validation of the coronary heart disease prediction

Validation of the coronary heart disease prediction

doktorand:

JINDRA REISSIGOVA^Â

sÏkolitel:

JANA ZVAROVA^Â

Institute of Computer Science AS CR,

EuroMISE Centre ś Cardio, Prague

Institute of Computer Science AS CR,

EuroMISE Centre ś Cardio, Prague

reissigova@euromise.cz zvarova@euromise.cz

obor studia:

Biomedical Informatics

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 őt test. During 10 years from the entry into STULONG, 141 CHD were predicted and 116 observed among 1 125 men aged of 38ś53 years at the entry into STULONG in 1975-1979. No signiőcant difference was found between the expected and observed numbers. According to the ROC curve, the Framingham coronary heart disease risk classiőed 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].

PhD Conference ’03 89 ICS Prague

Jindra ReissigovaÂ Validation of the coronary heart disease prediction

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 1975ś1999. Originally, STULONG was a part of a national wide study łNational primary preventive multifactorial study of myocardial infarction and strokež in former Czechoslovakia (in the study more than 10 000 subjects should be included) [6].

In 1975 total 2370 men aged 38ś49 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 1975ś1979. 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 classiőed into one of three groups (normal, risk and pathological) differing in way of multiple risk factor intervention in the 20śyear follow-up, see Figure

Table 1: The risk factors of atherosclerosis at the entry into the study in1975ś1979

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] − 100) · 100 % 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 őnding on ECG curve at the entry into the study. NG was randomly divided into two groups: normal group regularly examined (NGE, n = 40) and normal group regularly unexamined (NGN, n = 236). 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 őlled 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

PhD Conference ’03 90 ICS Prague

Jindra ReissigovaÂ Validation of the coronary heart disease prediction

Figure 1: Design of the intervene prime preventive study of atherosclerosis (STULONG)

serious disease not enabling long term follow-up and without pathological őnding on ECG curve at the entry into the study. RG was randomised into two subgroups: risk intervention group (RIG, n = 427) and risk control group (RCG, n = 432). 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 őlled 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 őnding 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 ś average of two ofőce 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 ś left ventricular hypertrophy (ECG LVH) (1, deőnite; 0, otherwise)

PhD Conference ’03 91 ICS Prague

Jindra ReissigovaÂ Validation of the coronary heart disease prediction

was estimated to predict CHD developing within 4ś12 years. There are some differences in the equation calculation of CHD risk for men and women. For men, the predicted probability (p) of CHD within t years is

p = 1 − exp (−e^u), (1)

where

u = log(t) − μ σ , σ = exp (−0.3155 − 0.2784 · m),

μ = 4.41818 + m,

m = a − 1.4792 · log(age) − 0.1759 · diabetes ,

a = 11.1122−0.9119·log(SBP)−0.2767·smoking−0.7181·log(cholesterol/HDL)−0.5864·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 őt 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 (n = 1 125)

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 signiőcant 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 classiőed 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 ś 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 speciőcity 68 %.

PhD Conference ’03 92 ICS Prague

Jindra ReissigovaÂ Validation of the coronary heart disease prediction

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

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 speciőcity 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

PhD Conference ’03 93 ICS Prague

Jindra ReissigovaÂ Validation of the coronary heart disease prediction

Figure 3: Receiver Operating Characteristic (ROC) curve (FPF ś False Positive Fraction, TPF ś True Positive Fraction)

of 69 % was the proportion of men with CHD in 10śyear follow-up who test positive, i.e. the Framingham CHD risk >14 % at the entry into the study. The speciőcity of 68 % was the proportion of men without CHD in 10śyear 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 signiőcant 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.

References

[1] K. M. Anderson, P. W. Wilson, P. M. Odell, W. B. Kannel, łAn Updated Coronary Risk Proőle, A Statement for Health Professionalsž, Circulation, vol. 83, pp. 356ś362, 1991.

[2] G. Assmann, P. Cullen, H. Schulte, łSimple Scoring Scheme for Calculating the Risk of Acute Coronary Events Based on the 10-year Follow-up of the Prospective Cardiovascular Munster (PROCAM) Studyž, Circulation, vol. 105, pp. 310-315, 2002.

[3] R. B. D’Agostino, M. W. Russell, D. M. Huse, R. C. Ellison, H. Silbershatz, P. W. Wilson, S. C. Hartz, łPrimary and Subsequent Coronary Risk Appraisal: New Results from the Framingham Studyž, American Heart Journal, vol. 139, pp. 272ś281, 2000.

PhD Conference ’03 94 ICS Prague

Jindra ReissigovaÂ Validation of the coronary heart disease prediction

[4] R. B. D’Agostino, S. Grundy S, L. M. Sullivan, P. Wilson, łValidation of the Framingham Coronary Heart Disease Prediction Scores: Results of a Multiple Ethnic Groups Investigationž, Journal of the American Medical Association, vol. 11, pp. 180ś187, 2001.

[5] S. M. Grundy , R. B. D’Agostino, L. Mosca, G. L. Burke, P. W. Wilson, D. J. Rader, J. I. Cleeman, E. J. Roccella, J. A. Cutler, L. M. Friedman, łCardiovascular Risk Assessment Based on US Cohort Studies: Findings from a National Heart, Lung, and Blood Institute Workshopž,Circulation, vol. 104, pp. 491-496, 2001.

[6] Kolektiv rÏesÏitelÊu (prÏipravila: H. GeizerovaÂ), łNaÂrodnõÂ primaÂrneÏ preventivnõÂ multifaktoriaÂlnõÂ studie srdecÏnõÂch infarktÊu a akutnõÂch mozkovyÂch prÏõÂhod v CÏSSRž, PraktickyÂ leÂkarÏ, vol. 60, pp. 463ś467, 1980.

[7] S. J. Pocock, V. McCormack, F. Gueyfőer, F. Boutitie, R. H. Fagard, J. P. Boissel, łA Score for Predicting Risk of Death from Cardiovascular Disease in Adults with Raised Blood Pressure, Based on Individual Patient Data from Randomised Controlled Trialsž, British Medical Journal, vol. 323, pp. 75-81, 2001.

[8] J. ReissigovaÂ, M. TomecÏkovaÂ, łIntervence rizikovyÂch faktorÊu ateroskleroÂzy a kardiovaskulaÂrnõÂ uÂmrtnosti, 20letaÂ primaÂrneÏ preventivnõÂ studie z pohledu statistikaž, Cor et Vasa, vol. 45, pp. 249ś255, 2003.

[9] S. G. Thompson, S. D. Pyke, D. A. Wood, łUsing a Coronary Risk Score for Screening and Intervention in General Practice. British Family Heart Studyž, Journal of Cardiovascular, vol. 3, pp. 301ś306, 1996.

[10] T. F. Thomsen , M. Davidsen , H. I. T. Jorgensen , G. Jensen , K. Borch-Johnsen, łA New Method for CHD Prediction and Prevention Based on Regional Risk Scores and Randomized Clinical Trials; PRECARD and the Copenhagen Risk Scorež, Journal of Cardiovascular, vol. 8, pp. 291-297, 2001.

[11] H. Tunstall-Pedoe. łThe Dundee Coronary Risk-Disk for Management of Change in Risk Factorsž, British Medical Journal, vol. 303, pp. 744-747, 1991.

PhD Conference ’03 95 ICS Prague

Milan Rydvan Entropy-Based Target Functions for Multilayer Neural Networks

Entropy-Based Target Functions for Multilayer Neural Networks

doktorand:

MILAN RYDVAN

sÏkolitel:

LADISLAV ANDREJ

UÂ stav informatiky AV CÏ R Pod vodaÂrenskou veÏzÏi 2, 182 07 Praha 8

Czech Republic

UÂ stav informatiky AV CÏ R Pod vodaÂrenskou veÏzÏi 2, 182 07 Praha 8

Czech Republic

rydvan@cs.cas.cz andre@cs.cas.cz

obor studia:

I1 - TeoretickaÂ informatika

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 E = (y−d)^2. 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 deőnition can be found for example in [8]. Multi-layer neural networks employ supervised training, using a őnite training set T = {(⃗x_i, ⃗d_i)} of pairs of input vectors and desired output vectors. The aim of training is to őnd such parameters of the network (weights, thresholds) that minimise a target function E(d_{ij} , y_{ij} ), summed over all the output neurons and all the training patterns, where y_{ij} stands for the actual output of the network’s j-th output neuron for the i-th training input. Because we will work with networks with a single output neurons, we will, for simpliőcation, omit the indices in the following text and use d and y when speaking about scalars (the network’s output for a single training pattern) and ⃗d and ⃗y when discussing the vectors of the network’s output on the whole training set.

Rummelhart ([8]) proposed least square error function E = (y − d)^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 speciőc knowledge about the character of the problem.

PhD Conference ’03 96 ICS Prague

Milan Rydvan Entropy-Based Target Functions for Multilayer Neural Networks

The author’s previous works have studied alternative target functions based on effort to teach the network some speciőc 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 speciőc 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 speciőc target functions and teach the network the extra knowledge. The results have shown that this method is feasible. Networks trained using the mentioned speciőc 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 speciőc 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 őrst of the functions we propose is the cross-entropy function:^1

E_c = ( d ln d y + (1 − d) ln 1 − d 1 − y ) , d, y ∈ (0, 1). (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 y: ∂E_c ∂y = d · y d · −d y^2

+ (1 − d) · 1 − y 1 − d · 1 − d (1 − d)^2 = 1 − d 1 − y − d y . (2)

We can see that E_c = 0 if and only if d = y; the minimum of E is located in these points. For the graph of E_c, see Figure 1.

The other target function we will propose in this article is based on the Shannon entropy. We will deőne this measure using probability distribution (for more information, see for example [2]). Let us have an observable x with the probability density dμ/dx. Let us cover the space of the prospective values of X with B disjoint bins P_j of equal side length. Let

p_j = ∫ P_j dμ(x) (3)

be the probability that x falls into the j-th bin. The Shannon entropy of the observable x is then deőned as

H(x) = − ∑ j;p(j)≠0 p_j ln p_j . (4)

Similarly, we deőne joint Shannon entropy of two observables, x and y, with probability densities dμ_x/dx, dμ_y/dy. 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.

PhD Conference ’03 97 ICS Prague

Milan Rydvan Entropy-Based Target Functions for Multilayer Neural Networks

Figure 1: The cross-entropy target function

combination is examined. Let

p_{ij} = ∫ P_i P_j dμ(x)dμ(y) (5)

denote the probability that x falls into the i-th bin and y falls into the j-th bin. The joint Shannon entropy of observables x, y is then deőned as

H(x, y) = − ∑ ij;p_{ij} ≠0 p_{ij} ln p_{ij} . (6)

Note that:

y = d ⇒ H(x) = H(y) = H(x, y), (7) because only the diagonal bins (i = j) are non-empty in the joint Shannon entropy and p_{ii} deőned in the joint entropy equals p_i from the individual entropies for every i. In the opposite case, when both x and y represent uniform random distribution, i.e. they are completely independent on each other,

x, y ∈ U ⇒ H(x, y) = − B^2∑

1 1 B^2 ln 1 B^2 = 2lnB = −2 B∑ 1 1 B ln 1 B = 2H(x) = 2H(y). (8)

The target function we will use is the inverted value^2 of the normalised mutual information function, and it

2Because we will use the function as őtness function for genetic algorithms and therefore maximise it.

PhD Conference ’03 98 ICS Prague

Milan Rydvan Entropy-Based Target Functions for Multilayer Neural Networks

is deőned as follows.

E_S (⃗d, ⃗y) = H(⃗d) + H(⃗y) H(⃗d, ⃗y) . (9)

Equations (7) and (8) imply that E_S (⃗d, ⃗y) equals 2 for ⃗d = ⃗y and limits to 1 for independent ⃗d and ⃗y, represented by random noise with uniform distribution. Our aim therefore is to maximise E_S . We however cannot employ the Back-Propagation algorithm because from deőnitions (4), (6), (9), neither H(x) nor H(x, y) have derivative in y, and therefore E_S does not have it, either. We must thus employ an alternative teaching method; genetic training was chosen for its general character Ð 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 y, 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:

w^{new} = w^{old} − α ∂E ∂w^{old}

, (10)

where α 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: ∂E ∂w_i = ∂E ∂y · ∂y ∂w_i · y, (11)

The őrst 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, twobit or real values. Each chromosome is assigned a őtness, which measures how suitable the corresponding solution is. The GA maximises the őtness using genetic operators on a population of chromosomes. Selection ensures the overall improvement of őtness, crossover combines schemes in existing chromosomes in order to create new patterns in new chromosomes and mutation makes random modiőcations, 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 representing a single parameter of the network Ð a weight or a threshold. The őtness of such chromosome-network is the value of the target function E_S applied on the network and the training set.

Genetic training of neural networks usually has several drawbacks compared to gradient methods Ð 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 beneőt 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 beneőts from the use of this target function will balance (and hopefully outperform) the drawbacks of genetic training.

PhD Conference ’03 99 ICS Prague

Milan Rydvan Entropy-Based Target Functions for Multilayer Neural Networks

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 (őve) 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 (0, 1), because it is required by the target function (1). This was achieved by transformation using the sigmoidal function

ȳ = f(y) = 1 1 + e^{−y} . (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 leastsquare 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 lim_{y→0}^{∂EC}_{∂y} = −∞ and lim_{y→1}^{∂EC}_{∂y} = ∞ (see (2)). Values y = 0 and y = 1 after pre-processing of the data represent inőnite 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 α. 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 y is larger, α is low (2.5 · 10^{−4}). It is then doubled twice, after 100th and 200th iteration of the Back-Propagation, when it thus reaches 1 · 10^{−3}. 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 žpathologicž cases of diverging changes of the parameters, the networks tend to achieve very similar results when lower and higher values of learning rate α 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 realvalue chromosome with 166 genes. For sake of speed, population was limited by the maximum of 50 chromosomes. The computation of the target function E_S is rather slow, as it requires computation of histograms of size B for the individual Shannon entropy and of size B^2 for the joint Shannon entropy. Moreover, a feature of genetic neural network training generally is that in order to compute the őtness 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.

PhD Conference ’03 100 ICS Prague

Milan Rydvan Entropy-Based Target Functions for Multilayer Neural Networks

to its őtness. 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 (X, Y ):

X^′ = rX + (1 − r)Y (13)

Y^′ = (1 − r)X + rY, (14)

based on a random value r ∈ U(0, 1). Uniform mutation randomly selects one gene in one chromosome and assigns it a uniform random number from the permitted space of values (interval (−10, 10) was used as the permitted space for the gene values).^4 The probabilities of crossover and mutation were 0.15 and 0.5, 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 Proőt LSE Train 0.033 81.9% 0.478% Test 0.051 72.0% 0.165% (1) Train 0.041 76.4% 0.333% Test 0.048 72.1% 0.194% (9) Train 0.218 70.9% 0.092% Test 0.226 67.2% 0.079%

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 őrst 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 - summedsquare error, direction correctness (the percentage of correct prediction of price rise/decrease) and an average daily proőt 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 Ð the direction correctness, the summed square error itself(!) and, above all, the proőt 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 signiőcantly 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 deőnition of the mentioned genetic operators, see [1].

PhD Conference ’03 101 ICS Prague

Milan Rydvan Entropy-Based Target Functions for Multilayer Neural Networks

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 Ð the direction correctness is close to 70% and the average net (including transaction costs) daily proőt (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 žtrading advicesž (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 žmore courageousž predictions were awarded by higher proőt.

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 Ð 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 őeld 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 őeld for research, and as the results of the cross-entropy function suggest, the outcome may be worth the effort.

References

[1] Chris Houck, Jeff Joines, Mike Kay, łA Genetic Algorithm for Function Optimization: A Matlab Implementationž, NCSU-IE TR 95-09, 1995, see http://www.ie.ncsu.edu/mirage/#GAOT.

[2] H. Kantz, Thomas Schreiber, łNonlinear Time Series Analysisž, Cambridge University Press, 1997. [3] T. Masters, łAdvanced Algorithms for Neural Networksž, John Wiley & Sons, 1995. [4] M. Mitchell, łAn Introduction to Genetic Algorithmsž, MIT Press, 1997.

[5] M. Rydvan, łBiquadratic Error Functions for the BP-networksž, TR No 98/10, Charles University Prague, MFF.

[6] I. MraÂzovaÂ, M.Rydvan, łGeneralised Error Function for BP-Networkž, TR No 99/1, Charles University Prague, MFF.

[7] M.Rydvan, łGeneralised Target Functions for Multilayer Neural Networksž, DoktorandskyÂ den ’02, Institute of Computer Science, Czech Academy of Sciences.

[8] D. E. Rummelhart, G. E. Hilton,R. J. Williams, łLearning representations by backpropagating errorsž, Nature (323), (1986), pp. 533-536, MFF.

PhD Conference ’03 102 ICS Prague

Martin Saturka GUHA inspired methods for fuzzy data mining

GUHA inspired methods for fuzzy data mining

doktorand:

MARTIN SATURKA

sÏkolitel:

PETR HA^Â JEK

ICS CAS CZ ICS CAS CZ

kvutza@cs.cas.cz hajek@cs.cas.cz

obor studia:

Theoretical Computer Science

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 biological data that come from microarray experiments. We describe data representations which are suitable for logical transformations based on gene expression regulations. We deőne multitudinal quantiőcation on fuzzy data. Next to it, we make series of such quantiőers 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 ŕoating point numbers. The amount is frequently thousands of values. One such value indicates a level of expression of one speciőc gene (i.e. production level of its coded protein). Thus, data from one experiment describe how particular genes are expressed under speciőc experimental conditions. One set of experimental conditions can be a speciőc 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 proőle. 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 reŕect expression levels under investigated conditions. Second, the signals can reŕect ratios between expression levels under investigated and reference conditions. The őrst possibility suffers from the fact that absolute values of the light signals

PhD Conference ’03 103 ICS Prague

Martin Saturka GUHA inspired methods for fuzzy data mining

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 reŕects 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 proőle comparison. Clustering methods are used to őnd similarly regulated genes. Proőle comparisons are used for diagnosis (i.e. classiőcation) purposes.

2. Data representation

Interval [−1, 1] is chosen as a natural way to express negative regulation (i.e. interval [−1, 0)), basic value (i.e. 0 value), and positive regulation (i.e. interval (0, 1]). 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 a and gene b 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 a and b 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 [0, 1]. There has to be one more operation, say žoppositež, which has one argument. This operation exchanges the őrst 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 őrst 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 žopposite of (a and b)ž should be equivalent to ž(opposite of a) and (opposite of b)ž if we want to preserve natural meaning of the connectives. In other words: žinhibition of both genes a and bž means žinhibition of gene a and inhibition of gene bž. 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 a and b, with assigned 2-tuple {a_1, a_2}, {b_1, b_2}. The őrst values (i.e. a_1, b_1) mean activation levels of the genes a, b. The second values (i.e. a_2, b_2) mean inhibition levels of the genes a, b. Formula of žgene a is activatedž has assigned 2-tuple {a_1, a_2} and is evaluated as a_1. More complex formula is, for example, žboth genes a and b are activatedž. It has assigned 2-tuple {a_1 and b_1, a_2 and b_2} and its evaluation is a_1 and b_1. The 2-tuple {a_2, a_1} expresses regulation values which are opposite to that of gene a. It can be used in construction of formulas like žgene a is inhibited or gene b is activatedž. Its assigned 2-tuple is {a_2 or b_1, a_1 or b_2} and its evaluation is a_2 or b_1.

Taken it all together, correct formulas are basic ones and composite ones. Basic formulas are of form žobject o is activatedž, their assigned 2-tuples are {o_1, o_2} and their evaluations are o_1. Composite formulas are made from other formulas by the žouterž operation of opposite and žinnerž operations conjunction, disjunction and possibly other ones like implication, coimplication and negation. Formula created by the opposite from ϕ, ({ϕ_1, ϕ_2}, ϕ_1) is of form −ϕ, i.e. žopposite of ϕž. It has assigned 2-tuple {ϕ_2, ϕ_1} and an evaluation ϕ_2. Formula created by an inner binary (unary respectively) operation op from ϕ, ψ formulas,

PhD Conference ’03 104 ICS Prague

Martin Saturka GUHA inspired methods for fuzzy data mining

(ϕ formula respectively), is of form op(ϕ,ψ), (op(ϕ) respectively). Its assigned 2-tuple is of form {op(ϕ_1,ψ_1), op(ϕ_2,ψ_2)}, ({op(ϕ_1), op(ϕ_2)} 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 őt in interval [0, 1] from one value (label it by žvž) that őts in interval [−1, 1]. Lower (higher respectively) is the initial value, lesser (greater respectively) should be the őrst 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 z) 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(v,z), 0} in case of high (positive) values, {0, distance(v,z)} in case of low (negative) values, and {0, 0} in case of equality of v and z.

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 −(−ϕ)_i = ϕ_i, i ∈ {1, 2} for assigned 2-tuple values and ϕ formula, or without equality operation ϕ → −(−ϕ) and −(−ϕ) → ϕ for ϕ 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_α that are labeled by parameter α ∈ [0, 1]. Evaluation of each formula I_α is α, the second values of their assigned 2-tuples can be arbitrary, e.g. zero. Then we have two sets of formula pairs ϕ_i, ψ_i, which means: when we have proved ϕ_i, we can deduce ψ_i. Formulas in the őrst set are ϕ_i ≡ I_α → a and ψ_i ≡ −a → I_β where a is any basic formula or its n-times repeated opposite. Formulas in the second set are ϕ_i ≡ a → I_γ and ψ_i ≡ I_δ → −a where a is again any basic formula or its n-times repeated opposite. Distinct classes of models differ in values for α, β, γ, and δ which can be used for correct deduction pairs.

First, let us consider models which őt to situations A, B at Figure 1. Then the valid values are each β ∈ [0, 1] with each α ∈ (0, 1], β = 1 with α = 0, δ = 0 with each γ ∈ [0, 1]. Second, let us consider models which őt to situation C. Then the valid values are each β ∈ [0, 1] with each α ∈ [n0, 1], each β ∈ [p0, 1] with each α ∈ (0, n0), β = 1 with α = 0, each δ ∈ [p0, 1] with γ = 0, δ = 0 with each γ ∈ (0, 1]. We set p0 = n0 for the purpose of symmetry. Third, let us consider models which őt to situation D. Then the valid values are each β ∈ [0, 1] with α = 1, β = 1 with each α ∈ (0, 1], each δ ∈ [0, 1] with γ = 0, δ = 0 with each γ ∈ (0, 1]. 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 őt to situation E. Then the valid values are each β ∈ [p1, 1] with α = 1, β = 1 with each α ∈ [0, 1), each δ ∈ [0, 1] with each γ ∈ [0, n1], each δ ∈ [0, p1] with each γ ∈ (n1, 1), δ = 0 with γ = 1. We again set symmetry condition p1 = n1. Fifth, let us consider models which őt to situations F, G. Then the valid values are β = 1 with each α ∈ [0, 1], each δ = [0, 1] with each γ ∈ [0, 1), δ = 0 with γ = 1. It should be noted that the formula pairs are not valid for arbitrary composite formula in place of formula positions a. 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 (ϕ, ψ) is {conjunction (ϕ, ψ), disjunction (ϕ, ψ)} and reversely for disjunction. Assigned 2-tuple of a formula of implication (ϕ, ψ) is {implication (ϕ, ψ), coimplication (ϕ, ψ)} 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.{0, 1}, values with

PhD Conference ’03 105 ICS Prague

Martin Saturka GUHA inspired methods for fuzzy data mining

Figure 1: Resection of initial [−1, 1] valuation interval into two [0, 1] intervals. Positive regulation ranges from p0 to p1, negative regulation ranges from n0 to n1. Arrow points to greater expression values.

classical negations for assigned 2-tuples of basic formulas. For example, žouter negation (disjunction (outer negation (ϕ), outer negation (ψ)))ž is equivalent to žconjunction (ϕ, ψ)ž. In the next, we use symbol of x for evaluation value of ϕ, symbol of y for evaluation value of ψ.

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 min{1, log_r(r^x + r^y − 1)}, r > 1 (label it s_r), where r is the base used for logarithm in data normalization. Such operation is archimedean nilpotent t-conorm with s_r(0.5, 0.5) < 1. It moves its input values back to the original interval (before logarithming), carries out Lukasiewicz conorm and then it brings result back. Limits of s_r conorms with r_+ → 1, r → ∞ respectively, are Lukasiewicz, maximum respectively, conorms. The s_r conorms can be deőned for r ∈ (0, 1) too. Note that the latter s_r cases need to have set a convention of log_r t = ∞ for r ∈ (0, 1) and t ≤ 0. Such s_r conorms are again nilpotent archimedean ones. Limits of the s_r conorms with r_− → 1, r_+ → 0 respectively, are Lukasiewicz, drastic respectively, conorms. There is standard way to make t-norms (i.e. žandž connectives) from conorms (i.e. žorž connectives) and vice versa. It uses standard negation N = 1 − x; in fact, it can use any strong negation. It is T (x, y) = N(S(N(x), N(y))) where T is t-norm, S is conorm and N is the standard negation. Label the result t-norm with t_r. Unfortunately, t_r and s_r 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 x is given as output value of žextended operation (x, 0)ž. 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 0 + y − x is gained from original min{1, 1 + y − x). More direct way is the usage of coimplication which belongs to Lukasiewicz conorm. Then we just omit maximization, i.e. we have y − x from original max{0, y − x}. 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 deőnition) from means, i.e. operations which makes averages. In such a case, we can use arithmetic mean as the mean operation. Original mean-implication min{0, max{1, 2y − x} is extended to 2y − x.

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 őgure 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 [−1, 1]. 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.

PhD Conference ’03 106 ICS Prague

Martin Saturka GUHA inspired methods for fuzzy data mining

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 difőcult 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 0 and 1, 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 [0, 1] interval if the used mean-implication is continuous. For example, it holds in the case of arithmetic mean, i.e. (x + y)/2 and its mean-implication, i.e. min{0, max{1, 2y − x}. One example of a formula where both mean operation (label it mo) and its mean-implication (label it mi) are used: mi (x, mo(x, 1)). Its evaluation is 1 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 quantiőers. 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 quantiőers. We usually want to express that most of data objects contains some property. Classical quantiőers express situations when every objects contains or one object contains the property. It is not sufőcient in the őeld of data mining. Thus, generalized quantiőers 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) quantiőers are over pairs of formulas. The former case can be gained from the latter one by usage of one property and one constant as quantiőer inputs. There are two main classes of binary generalized quantiőers: 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 quantiőers on input (fuzzy) data. There is amount of such technics. Note that we take interest in fuzzy quantiőers [4], i.e. quantiőers with fuzzy output.

Multitudinal quantiőers 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 őt curves but we search for őtting 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 sufőcient 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 a, b, c, and d. Value of a is count of cases where both antecedent and succedent occur, value of b 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 žaž value nor with decrease of žbž value. There are developed multitudinal quantiőers over formulas on crisp data, e.g. a/(a + b), but there is a desert őeld in the case of formulas on fuzzy data. We try to cultivate the őeld.

Label general antecedent formula with ϕ, its evaluation fuzzy value with x, and general succedent formula with ψ, its evaluation fuzzy value with y. 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 0 to 1. In fact, they can be from another nonempty interval. Then the symbol of 1 is used for maximum and the symbol of 0 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 a (b respectively) in classical fourfold table can be gained as satisfaction

PhD Conference ’03 107 ICS Prague

Martin Saturka GUHA inspired methods for fuzzy data mining

(nonsatisfaction respectively) of ϕ → ψ under condition of ϕ, ψ under condition of ϕ, ϕ&ψ under condition of ϕ, and many other different ones. In all the cases, there is no relevance of values which are under condition where ϕ does not hold. Models under situation when we have fuzzy data, can be more easily understood with 3-dimensional valuation diagrams inside [0, 1]^3 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 reŕects situation where wrong cases are those with reached level of ϕ not accompanied with the level of ψ. The situation respects implication ϕ → ψ. The model B reŕects situation where ψ does not depend on ϕ. The situation respects gation of ψ. The model C reŕects situation where we need both ϕ and ψ. The situation respects conjunction ϕ&ψ. 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 ψs which do not depend on ϕs. Model C requires high levels of ψs even under low levels of ϕs. It has no support in initial requirements. Thus model A őlls 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.

Figure 2: Model (evaluation) squares for formula pairs. The shown cases are representants of three general classes of models.

Quantiőers 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 ϕ have evaluation 1, should have the greatest importance (i.e. weight). Let us scale the maximum onto value 1. Cases where ϕ has evaluation 0, should have zero level weight, i.e. should be neglected. Weight of any case should not be involved by evaluation of ψ. 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. x - the evaluation of ϕ, and one output, the weight. The function is from [0, 1] into [0, 1]. Label the function with F (for force). Then F (0) = 0, F (1) = 1, and F 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 ϕ levels (below {0, 0} − {1, 1} diagonal) and greater than linearily proportional stress on lower ϕ levels (above {0, 0} − {1, 1} diagonal). They can be such as F (x) = x^2, F (x) = 1 − √ (1 − x^2) for the lowers, F (x) = √ x, F (x) = √ (1 − (1 − x)^2) for the uppers. The model B shows linear (in parts) weights, for example, the most simple one F (x) = x. The model C shows cases where lower ϕ levels tend to be neglected and higher ϕ levels tend to be taken nearly the same as maximal ones. It can be F (x) = 3x^2 − 2x^3.

Now, we can put down general deőnitions of two kinds of fuzzy multitudinal quantiőers on fuzzy data. We can have weak and strong multitudinal quantiőers. Weak fuzzy multitudinal quantiőers on fuzzy data are such mappings from ⋃_∞ n=1[0, 1]^{n×2} into [0, 1] that their restrictions on crisp data are multitudinal quantiőer with respect to the standard deőnition on fourfold tables. Strong fuzzy multitudinal quantiőers on fuzzy data are mappings from ⋃_∞ n=1[0, 1]^{n×2} into [0, 1] which satisfy several conditions. First, the quantiőers 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 {1, 0}, into a pair with any other values does not

PhD Conference ’03 108 ICS Prague

Martin Saturka GUHA inspired methods for fuzzy data mining

Figure 3: Several examples of weight F functions.

decrease quantiőer output. Third, change of any pair (inside n-tuple input) into a pair with its values {1, 1} does not decrease quantiőer output. Fourth, the quantiőers are invariant to addition and removal of any pair which has zero value in its őrst position, to/from any input n-tuple whenever n ≠ 0. Fifth, the quantiőers are invariant to permutations of pairs inside input n-tuples.

Such deőnitions are somewhat weak because they allow, for example, mappings with constant output. It holds in the case of multitudinal quantiőers on crisp data too. We should realize that usage of shown squares for direct output computations is just one possibility. Quantiőers which fulőll 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 őnd multitudinal quantiőers which do not have unwanted features. The deőnitions have some rational properties too, e.g. each strong multitudinal quantiőer is weak multitudinal quantiőer. It can be viewed from changes of {1, 0}, {1, 1} pairs and additions and removals of {0, y} pairs. While general deőnitions allow usage of all the three models introduced above (see Figure 2), we conőne 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.

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 {0, 0} point, Goedel implication is not continuous at {x, x} points. Continuity is important in case of search for natural relations because nature generally behaves continuously. Since the implication evaluations are just parts of quantiőer 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 F 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 quantiőers below.

Weighted (by F functions) arithmetical means of implication evaluations are multitudinal quantiőers. The weights are gained by forces described above. Label implication evaluation with i(x, y), the quantiőers with

PhD Conference ’03 109 ICS Prague

Martin Saturka GUHA inspired methods for fuzzy data mining

Q_{wm,i,F} , (wm for weighted mean, F for the used force (weighting) function). Then we have Q_{wm.i,F} (ϕ, ψ) = ∑ [F (x) ∗ i(x, y)] ∑ F (x) where ∗ is multiplication. Recall that x is evaluation of ϕ, and y is evaluation of ψ. 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

s^2_w =^{∑ F (x)} ( ∑ F (x))^2−( ∑ F (x)^2) ∗ ∑ [F (x) ∗ (i(x, y) − Q_{wm,i,F} )^2] s^2_c =^1_(^∑_{F (x))−1} ∗ ∑ [F (x) ∗ (i(x, y) − Q_{wm,i,F} )^2] where s^2_w is for F (x) values taken as weights, s^2_c is for F (x) values interpreted as counts of occurrences. Q_{wm,i,F} quantiőers are both weak and strong fuzzy multitudinal quantiőers on fuzzy data. Weak multitudinality is easy to see, Q_{wm,i,F} used on crisp data is just a/(a + b) for any F (x) and i(x, y). Strong multitudinality can be proved taking the conditions one by one. We explore several cases of these quantiőers. Continuous weighting functions which are zero valued at point {0, 0}, combined with Lukasiewicz and product implications lead to continuous quantiőers. It is not so in the case of Goedel implication. Let us take F (x) = x, the identity (label it I(x)). Then, we have L ... Lukasiewicz Q_{wm,L,I} (ϕ, ψ) = ∑ [x∗min{1,1+y−x}] ∑ x P ... Product Q_{wm,P,I} (ϕ, ψ) = ∑ min{x,y} ∑ x where the summation is over all the data objects, as usually. Usage of Q_{wm,P,I} leads to the fastest nontrivial computation if we consider Q_{wm,i,F} quantiőers with F weightings which are 0 (1 respectively) valued in 0 (1 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 [0, 1] 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 Q_{wm,i,F} operators if weighting functions are identity in both models. There are problems with deőning the IOWA operators if their weighting functions are not to be linear and there are data objects with formula evaluations {x_1, y_1}, {x_2, y_2} where x_1 = x_2 and y_1 ≠ y_2. 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 a/(a + b) multitudinal quantiőer computation. The value of a should be set to ∑ [F (x)∗i(x, y)], value of b to ∑ [F (x)∗(1−i(x, y))]. It is something like the a value is conjunction evaluation summation of ϕ and of implication ϕ → ψ. The value of b is computed in a similar way, but the implication ϕ → ψ is replaced by its negation. Another notable feature comes from Q_{wm,P,I} term. It is ∑ T_{Goedel}(x, y)/ ∑ x, i.e. it uses t-norm evaluation. We can use other t-norms and őnd their initial (pseudo)implication functions (say i-functions). Usage of product t-norm leads to constant initial i-function. It is the case B in the model squares overview (see Figure 2). Usage of Lukasiewicz t-norm leads to an i-function which falls to class of models represented by the case C, Figure 2. There is one difference, all the contour lines lead to {0, 1} point of the evaluation square.

Important properties of quantiőers are changes of their evaluations with respect to formula alterations. Let us suppose that a chosen multitudinal quantiőer has its output high enough on ϕ, ψ pair, say 0.9 or higher. Can it be on −ϕ, ψ or ϕ, −ψ too? Generally said, it can be so. Nevertheless, there are conditions which prevent the latter case (i.e. ϕ, −ψ). Assume that the initial data separation (from [−1, 1] interval into two [0, 1] intervals) is done according to the default model at Figure 1 (i.e. case B, without interval overlap). If Q_{wm,P,I} (ϕ, ψ) is used and if its result is greater than 0.5, then the result of Q_{wm,P,I} (ϕ, −ψ) is lower than 0.5. It means that if ϕ multitudinates ψ by Q_{wm,P,I} , then ϕ does not multitudinate −ψ (by the Q_{wm,P,I} ). Somewhat weaker rule holds for Q_{ws,L,F} , it needs its F to be zero valued on some [0, c] interval. Situation is less satisfactory when we use overlap models. It is necessary to use weighting functions with zero valuations on intervals greater than [0, c_{overlap}]. It practically turns such models into the model without overlapping.

PhD Conference ’03 110 ICS Prague

Martin Saturka GUHA inspired methods for fuzzy data mining

Multitudinal quantiőers 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. i(x, y), 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 F (x)). Concatenation of the rods results in a őnal staff. Requested quantile interval can be gained by multiplying the őnal length with the quantile and measuring out it from the end of the lowest i(x, y) values. It does not depend on choice of particular sorting ranks of objects with equal i(x, y) values. These quantiőers, label them Q_{sq,i,F} (sq for sample quantile), reduce to classical sample quantiles if the used weighting function is replaced with constant function which has its output equal to 1. Quantiőers Q_{sq,i,F} are strong fuzzy multitudinal quantiőers on fuzzy data. Weak multitudinality is evident, zero value weighted objects disappear from the őnal 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 0 and 1. In such a case we utilize the fact that any continuous distribution function taken as random variable has uniform distribution on [0, 1] interval. Quantile estimation reduces to testing on binomial distribution. It is given by k−1∑ i=0 ( n i ) ∗ (1 − p) n−i ∗ p^i ≤ α where 1 − α is conődence interval for stating that 100 ∗ (1 − p) percents of objects have their i(x, y) values greater than i(x, y) of the k-th least object (from totally n objects). Label these quantiőers with Q_{qe,p,α,F 2} (qe for quantile estimator). It is known that such quantiőers applied on crisp data are multitudinal. Hence, these quantiőers applied on fuzzy data are multitudinal too, since they neglect objects with 0 weight. It should be noted that we use special kind (i.e. two valued) of weighting functions herein.

Extension of Q_{qe,p,α,F 2} onto estimations with general F weighting functions directly uses the process of quantile estimation, i.e. before it is summed into classical terms with binomial coefőcients. Assume we estimate p-quantile (for 100 ∗ (1 − p) percents of objects with high i(x, y) values) and we have n objects. First, give each data object a rod which has its length set to F (x) weight of the object. After it, data objects are sorted (as usually) according to their i(x, y) evaluation levels and the staff is made from object rods. Rank the sorted objects, the őrst (with the lowest i(x, y) value) has rank of 1, the last has rank of n. Put probabilities on each of the objects: p probability that it is below the p-quantile, (i.e. outside the searched interval), and q = (1 − p) probability that it is above the p-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.

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 [0, 0]. 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

PhD Conference ’03 111 ICS Prague

Martin Saturka GUHA inspired methods for fuzzy data mining

lowest values. Add up group assigned values until the summation strictly greater than α, the conődence value. Stop by the rod which is the őrst with the greater summation. Take its i(x, y) value, label it i_k. The interval for p-quantile (of weighted occurrences) is [i_k, 1] on (1 − α) conődence level. It means, the probability that p-quantile (of weighted occurrences) lies outside [i_k, 1] is less than or equal to α. We assume that x values of the sample are representative enough with respect to x-dependent changes of i(x_{f ixed}, y) distributions. Weighting functions which have zero outputs on some [0, c] interval, are a bypass if there is a problem with that assumption on i(x, y) for small x values.

Label the newly gained quantiőers with Q_{qe,p,α,F G} (F G for general F weighting functions). Usage of two (i.e. {0, 1}) valued weighting functions reduces Q_{qe,p,α,F G} quantiőers into Q_{qe,p,α,F 2} quantiőers. We can prove that Q_{qe,p,α,F G} are strong fuzzy multitudinal quantiőers on fuzzy data, by using the evaluation process that is exposed above. It directly implies, őrst, that Q_{qe,p,α,F 2} are strong multitudinal quantiőers too, and second, that both Q_{qe,p,α,F G} and Q_{qe,p,α,F 2} are weak multitudinal quantiőers as well. The presented quantiőers take F (x) values as weights. It is possible to take F (x) outputs as counts of occurrences. It leads into different quantiőers, label them Q_{qI,p,v,F G} (v for border value, I explained in next). Such quantiőers are yielded by the usage of regularized beta function I_p(r, s) = B(p, r, s)/B(r, s), where B(r, s) is the beta function and B(p, r, s) is the incomplete beta function. Incomplete Beta function is deőned by integral: B(p, r, s) ≡ ∫_p 0 t^{r−1}(1 − t)^{s−1}dt and B(r, s) = B(1, r, s). Cumulative probabilities for a binomial distribution can be computed by I_p(r, s) with r, s integers. We just extend the deőnition onto arbitrary nonnegative real values, there is no other change. Set f = ∑_n 1 F (x) and g = ∑_k 1 F (x), where n is number of data objects and k is number of objects which have their i(x, y) strictly lower than a chosen value v. Then we have Q_{qI,p,v,F G} = 1 − I_{(1−p)}(f − g, g + 1) where p is for the p-quantile, and Q_{qI,p,α,F G} expresses conődence interval for the p-quantile being in [i_{k+1}(x, y), 1]. It is straightforward to prove that Q_{qI,p,v,F G} are strong fuzzy multitudinal quantiőers on fuzzy data.

Now, let us intrigue on residual implication of Goedel t-norm. That implication is somewhat special because it depends on x 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 quantiőers. We use conception that x represents observation time (before censoring takes place) and y represents survival time for each data object. Each object is taken at time of min(x, y). No object is considered again after its censoring time (if it was censored). An object is taken as failed one if y is sharply less than x. An object is taken as censored if y is greater than or equal to x. It changes the notion of our version of survival analysis from žto live overž (to survive) into žto live up tož (to reach). The function, say p(t), which is searched, is probability p of reaching an age t. We alternate classical Kaplan-Meier estimator to őt 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 t_i when an event occurs. Count all objects which reached the time t_i (including those which fail at that time). It is the amount of objects with min(x, y) greater than or equal to that time t_i. Label this value with a_i. Count number of objects which failed at time t_{i−1} of previous event, label this value with b_i. The multiplier term is a_i/(a_i + b_i), label it with r_i. Reaching probability at the time t_i is ∏ j≤i r_j , set p(t_i) to this value. The value of p(t_i) is sample estimation of reaching for interval (t_{i−1}, t_i]. Estimation of p(0) is set to 1, and of p(t) is set to 0 for t ∈ (t_n, 1] if t_n is the last time of an event occurrence and t_n < 1. Estimated mean of reaching time is gained by integrating the p function from 0 to 1. Label this estimator by Q_{r1,C} . We have considered all the objects with the same stress. It corresponds to setting the weighting function to constant of 1. Label generalized estimators which use weighting functions F , with Q_{r1,F} . Both Q_{r1,C} and Q_{r1,F} are classes of fuzzy quantiőers which are weak multitudinal. Neither of them is strong multitudinal quantiőer. The cases of r1 quantiőers belong to model A at Figure 6.

It is possible to alter Q_{r1,F} so that they can hold strong multitudinality. One solution is in two changes. First, b_i is count of all the objects which failed before time t_i. Second, p(t_i) is computed directly as a_i/(a_i + b_i). Then, it is used as value for interval (t_{i−1}, t_i]. In fact, p(t) can be computed as a/(a + b) for every time. End of the modiőed algorithm is the same as in the case of Q_{r1,F} . We have new quantiőers, label them

PhD Conference ’03 112 ICS Prague

Martin Saturka GUHA inspired methods for fuzzy data mining

Figure 6: Model squares for reaching time quantiőers

with Q_{r2,F} and their version with constant weighting function as Q_{r2,C}. The newly gained quantiőers Q_{r2,F} and Q_{r2,C} are strong fuzzy multitudinal quantiőers on fuzzy data. The cases of r2 quantiőers belong to model B at Figure 6. It is notable that p(t) remains reach estimator and it has a natural property, it is nonincreasing function of time. Thus, we have developed both strong multitudinal quantiőers and weak multitudinal quantiőers which are not strong.

We have several classes and concrete examples of multitudinal quantiőers on fuzzy data. In addition, we need formulas to take advantage of the quantiőers. 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 0 and 1. Multitudinal quantiőers on formulas ϕ, ψ can resemble implication ϕ → ψ. We look for formula pairs which lead into high results by the multitudinal quantiőers 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 quantiőers are satisőed high enough on them. The starting pair{ϕ, ψ} is {1, 0}. We weaken the őrst 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 őrst (the second respectively) formulas of the formula pairs.

Let us restrict onto crisp data. It is known that a pair {conjunction (ϕ, χ), ψ} which leads into high quantiőer output, can be used for creation of a pair {ϕ, disjunction (negation(χ), ψ)} and the new pair leads into high quantiőer 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 őeld 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 speciőc 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 quantiőer usage on the microarray data can be further used in several ways. They are among others: őrst, exploiting gene regulations, second, illnesses classiőcation, third, gene expression prediction. Consider the őrst case. Formula pairs of form {ϕ_1&ϕ_2& ... &ϕ_k, ψ_1}, {ϕ_1&ϕ_2& ... &ϕ_k, ψ_2}, ..., {ϕ_1&ϕ_2& ... &ϕ_k, ψ_l} can help in search for upstream regulatory sequences of ψ_1, ψ_2, ..., ψ_l. Consider the second case. Formula pairs which have conditional őtting, are to be searched if there are several classes of data objects. General formula pairs which őt in some classes but not in some others, are important cases. Object classiőcation 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).

PhD Conference ’03 113 ICS Prague

Martin Saturka GUHA inspired methods for fuzzy data mining

Consider the third case. Formula pairs of form {ϕ_{11}&ϕ_{12}& ... &ϕ_{1k1} , ψ}, {ϕ_{21}&ϕ_{22}& ... &ϕ_{2k2} , ψ}, ..., {ϕ_{l1}&ϕ_{l2}& ... &ϕ_{lkl} , ψ} can be used for prediction of expression of genes in position of ψ 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.

References

[1] B. De Baets, J. Fodor, žResidual operators of uninormsž, Soft Computing, vol. 3, pp. 89-100, 1999 [2] T. R. Golub et al., žMulticlass cancer diagnosis using tumor gene expression signaturesž, PNAS, vol.

98, pp. 15149-15154, 2001 [3] P. HaÂjek, T. HavraÂnek, žMechanizing hypothesis formation (mathematical foundations for a general theory)ž, Springer-Verlag Berlin-Heidelberg-New York, 1978 [4] M. HolenÏa, žFuzzy hypotheses for GUHA implicationsž, Fuzzy Sets and Systems, vol. 98, pp. 101-125, 1998 [5] J. Quackenbush, žMicroarray data normalization and transformationž, Nature Genetics, vol. 32, pp.

496-501, 2002 [6] R. R. Yager, D. P. Filev, žInduced ordered weighted averaging operatorsž, IEEE Transactions on Systems, Man, and Cybernetics (Part B), vol. 29, pp. 141-150, 1999

PhD Conference ’03 114 ICS Prague

Terezie SÏidlofovaÂ Neural Network Approximation and Regularization Theory

Neural Network Approximation and Regularization Theory

doktorand:

TEREZIE SÏ IDLOFOVA^{Â sÏkolitel:}VE^Ï RA K ÊURKOVA^Â

Institute of Computer Science, Academy of Sciences of the Czech Republic

Pod vodaÂrenskou veÏzÏõÂ 2, P.0. Box 5, 182 07 Prague 8, Czech Republic

Institute of Computer Science, Academy of Sciences of the Czech Republic

Pod vodaÂrenskou veÏzÏõÂ 2, P.0. Box 5, 182 07 Prague 8, Czech Republic

terka@cs.cas.cz vera@cs.cas.cz

obor studia:

TeoretickaÂ Informatika

Abstract

We express the problem of approximating a data set z = {(xi, yi)}^N_{i=1} ⊆ R^d × R 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 őt a function to a set of data z = {(x_i, y_i)}^N_{i=1} ⊆ R^d × R. Typically it is not necessary that the function approximates the data exactly, we need some generalisation. There are inőnitely many functions that fulőll 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 functions 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 (X, ‖.‖) is a vector space over real or complex numbers which is complete in the topology generated by the norm ‖.‖, deőned on X. A Hilbert space is a Banach space in which

PhD Conference ’03 115 ICS Prague

Terezie SÏidlofovaÂ Neural Network Approximation and Regularization Theory

the norm is given by an inner product ⟨., .⟩, that is ‖x‖ = ⟨x, x⟩^{1/2}. Sequences of elements of spaces are denoted by {x_n} meaning n ∈ N_+ , where N_+ is the set of positive integers.

The Banach space X^∗of bounded (real-valued) linear functionals on X is called the dual or adjoint space. It deőnes weak convergence on X. A sequence {x_n} ∈ X converges weakly to x (x_n ⇀ x) if and only if lim_{n→∞} |f(x_n) − f(x)| = 0 for each őxed f ∈ X^∗.

R denotes the set of real numbers. For a positive integer d, Ω ⊆ R^d we denote by (C(Ω), ‖.‖_C ) the space of continuous functions on Ω with the maximum norm and by (L_p(Ω), ‖.‖_p) the space of p-times integrable functions on Ω, where ‖f‖_p = ∫ Ω |f(x)|^pdx. A functional F : X → (−∞, +∞] is called proper if it is not identically equal to +∞. The set dom F = {f ∈ X : F(f) < +∞} is called the domain of F.

F is continuous at f ∈ dom F if for all ϵ > 0 there exists δ > 0 such that for every g ∈ dom F, ‖f − g‖ < δ implies |F(f) − F(g)| < ϵ. The modulus of continuity of F at f is the function α_f : R_+ → R_+ deőned as α_f (t) = sup{|F(f) − F(g)| : f, g ∈ dom F, ‖f − g‖ ≤ t}. A functional F is lower semicontinuous in a topology if and only if {f; F(f) > a} is open for each real a. A functional is sequentially lower semicontinuous if and only if the convergence of {f_n} to f implies F(f) ≤ lim inf_{n→∞} F(f_n). Thus a functional F is weakly sequentially lower semicontinuous if and only if f_n ⇀ f implies F(f) ≤ lim inf_{n→∞} F(f_n).

A functional F is convex on a convex set C ⊆ dom F if for all f, g ∈ E and all λ ∈ [0, 1], F(λf +(1−λ)g) ≤ λF(f) + (1 − λ)F(g). F is uniformly convex on a convex set C ⊆ dom F if there exists a non-negative function η : R_+ → R_+ , such that η(0) = 0, η(t_0) > 0 for some t_0 > 0 and for all f, g ∈ E and all λ ∈ [0, 1], F(λf + (1 − λ)g) ≤ λF(f) + (1 − λ)F(g) − λ(1 − λ)η(‖f − g‖). Any such function η is called a modulus of convexity of F. The functional F is called strictly uniformly convex on C if η(t) > 0 for all t ∈ R_+ . Functional F is (strongly) quasi-convex if for all f, g ∈ E it holds: F

(_1 2 f +^1_2 g ) (<) ≤ max{F(f), F(g)}.

Let X, Y be Banach spaces and F : X → Y be a mapping from X to Y . We deőne the Gateaux derivative of F in f in direction h as D_f F(h) = lim_{t→0}^{F(f +th)−F(f )}_t . If the limit is uniform in h, we call the derivative the Frechet derivative (which will be our case). We can analogously deőne the second and so on derivatives.

3. Approximating a Data Set Formulated as a Minimization Problem

The task to őnd an optimal solution to the setting of approximating a data set z = {(x_i, y_i)}^N_{i=1} ⊆ R^d × R by a function from a general function space X 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 f_0 has to minimize a functional F : E → R that is composed of the error part and the łsmoothnessž part:

F(f) = E_z (f) + γΦ(f),

where E_z is the error functional depending on the data z = {(x_i, y_i)}^N_{i=1} ⊆ R^d × R, Φ is the regularization part Ð the so called stabilizer and γ 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:

E_z (f) = N∑ i=1 V (f(x_i), y_i) A typical example of the empirical error functional is the classical mean square error:

E_z (f) = 1 N N∑ i=1 (f(x_i) − y_i)^2.

PhD Conference ’03 116 ICS Prague

Terezie SÏidlofovaÂ Neural Network Approximation and Regularization Theory

In [3] a special stabilizer based on the Fourier Transform was proposed:

Φ_G(f) = ∫ R^d |f̂(s)|^2 Ĝ(s) ds, where the hat indicates the Fourier Transform (f̂(s) = −(^1_{2π} )^{d2} ∫ R^d f(x)e −ixsdx, further we omit the

constants) and Ĝ is some positive function tending to zero as ‖s‖ → ∞. That means 1/Ĝ is a high-pass őlter.

Now we can deőne the functional F_G that is to be minimized:

F_G(f) = E_z (f) + Φ_G(f) = 1 N N∑ i=1 (f(x_i) − y_i)^2 + ∫ R^d |f̂(s)|^2 Ĝ(s) ds.

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 G can achieve its minimum over a convex set C at no more than one point.

Proof: If G(f_1) = G(f_2) = inf_{f ∈C} f(x), then 1/2f_1 + 1/2f_2 ∈ C, but G(1/2f_1 + 1/2f_2) < max{G(f_1), G(f_2)} = inf_{f ∈C} G(f), which is a contradiction. □ We prove that under a natural assumption functional F_G is even strictly uniformly convex. This clearly implies strong quasi-convexity and using the previous theorem, we conclude, that the minimum of F_G (if it exists) is unique.

Theorem 4 Suppose sup_{s∈R}d Ĝ(s) ≤ M < ∞. With the notation from section 3, functional E_z is convex, the functional Φ_G is strictly uniformly convex with modulus η(t) = t^2/M (in L_2). Hence, also F_G is strictly uniformly convex with modulus δ(t) =^γ_M t^2.

Proof: For the őrst part, E_z (f) is sum of N elements, each of which is a convex functional, as (real) function z →^1_N (z − y_i)^2 is convex.

To deal with the other functional, choose λ ∈ [0, 1]. We have to prove Φ_G(λf + (1 − λ)g) ≤ λΦ_G(f) + (1 − λ)Φ_G(g) − λ(1 − λ)η(‖f − g‖) , after rewriting λΦ_G(f) + (1 − λ)Φ_G(g) − Φ_G(λf + (1 − λ)g) ≥ λ(1 − λ)(‖f − g‖)^2/M .

It is straightforward to check that the left-hand side of this inequality is equal to λ(1 − λ)Φ_G(f − g) .

PhD Conference ’03 117 ICS Prague

Terezie SÏidlofovaÂ Neural Network Approximation and Regularization Theory

Denote h = f − g. As Ĝ(s) ≤ M, we have

Φ_G(h) = ∫ R^d |ĥ(s)|^2 Ĝ(s) ds ≥ 1 M ∫ R^d |ĥ(s)|^2ds = 1 M ‖ĥ‖^2 .

Since Fourier transform is an isometry on L_2, the last quantity is equal to^1_M ‖h‖^2, hence Φ_G is uniformly convex.

This means that γΦ_G is uniformly convex with γ-times larger modulus, i.e. with modulus δ, and so is F_G = E_z + γΦ_G, 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 F deőned on a weakly sequentially compact set C has an inőmum f_0 such that F(f_0) = inf_{f ∈C} F(f) = min_{f ∈C} F(f).

Weak lower sequential semicontinuity of a functional can be secured by several means, as for example by:

Theorem 6 A convex functional F that has őrst and second derivatives at all points of an open convex set C (subset of E) is weakly sequentially lower semicontinuous in C.

To apply Theorem 6 we have to prove the derivatives of F_G to exist.

Theorem 7 Let C be an open convex subset of dom F_G. Functional F_G is weakly sequentially lower semicontinuous on C.

Proof: Let us have a look at the regularization part. We compute the őrst derivative:

D_f Φ_G(h) = lim_{t→0} ∫ R^d (∫ R^d[f(x) + th(x)]e −ixsdx) (∫ R^d f(x̌) + th(x̌)e −ix̌sdx̌) tĜ(s) − (∫ R^d f(x)e −ixsdx) (∫ R^d f(x̌)e −ix̌sdx̌) tĜ(s) ds

= ∫ R^d ∫ R^d ∫ R^d ( f(x)h(x̌) + h(x)f(x̌) ) e^{−ixs}e^{ix̌s}dxdx̌ Ĝ(s) ds = ∫ R^d 2Re ⟨ ^f, ^h ⟩ Ĝ(s) ds where D_f Φ_G(h)) means the őrst derivative of Φ_G in f in direction h.

Now we compute the second derivative:

DD_f Φ_G(h, k) = lim_{t→0} ∫ R^d 2Re ⟨ ^ f + tk, ^h ⟩ tĜ(s) ds − 2Re ⟨ ^f, ^h ⟩ tĜ(s) ds = ∫ R^d 2Re ⟨ ^k, ^h ⟩ Ĝ(s)

where DD_f Φ_G(h, k) is the second derivative of Φ_G in f in directions h, k.

PhD Conference ’03 118 ICS Prague

Terezie SÏidlofovaÂ Neural Network Approximation and Regularization Theory

Now we will need also the error part derivative (recall the error part is of the form (E_z(f) =^1_N ∑_N i=1(f(x_i)− y_i)^2):

D_f E_z (h) = 1 N lim_{t→0} ∑_N i=1(f(x_i) + th(x_i) − y_i)^2 − ∑_N i=1(f(x_i) − y_i)^2 t = = 1 N N∑ i=1 (2f(x_i)h(x_i) − 2h(x_i)y_i)

The second derivative is:

DD_f E_z (h, k) = 1 N lim_{t→0} ∑_N i=1(2(f + tk)(x_i)h(x_i) − 2h(x_i)y_i) − ∑_N i=1(2f(x_i)h(x_i) − 2h(x_i)y_i) t =

= 1 N N∑ i=1 2k(x_i)h(x_i)

By Theorem 6 F_G 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 F deőned on a set E in a Banach space X be minimized at a point f_0 ∈ E, with f_0 an interior point in the norm topology. If F has a derivative DF_{f0} at f_0, then DF_{f0} = 0.

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 F_G deőned on real functions and for Ĝ symmetric we have a unique minimizing function f_0 of the form

f_0(x) = N∑ i=1 c_iG(x − x_i) + M∑ k=1 d_kψ_k(x), where x_i are the data points and {ψ_k}^M_{k=1} is the bias of the null space of functional Φ_G.

Proof: The existence and uniqueness of the solution has been proven in section 4. Now we will rewrite the functional F_G in terms of Fourier transform of f, g = f̂:

F_G(g) = 1 N N∑ i=1 ( ∫ R^d g(s)e^{ixi s}ds − y_i)^2 + γ ∫ R^d |g(s)|^2 Ĝ(s) ds. Let us observe, that |g(s)|^2 = g(s)g(s) = g(s)g(−s) because for f real it holds ^f(x) = ^f(−x). Now we will compute the derivative of F_G in g in direction h:

DF_{Gg} (h) = 2 1 N N∑ i=1 ( ∫ R^d g(s)e^{ixis}ds ∫ R^d h(s)e^{ixi s}ds − y_i ∫ R^d h(s)e^{ixis}ds)+

+γ ∫ R^d g(s)h(−s) + g(−s)h(s) Ĝ(s) ds.

PhD Conference ’03 119 ICS Prague

Terezie SÏidlofovaÂ Neural Network Approximation and Regularization Theory

Now we put DF_{Gg0} (h) = 0 (g_0 is the minimizing function). This has to hold for all h. Let us take h(s) = δ_t(s), where δ_t means the delta-function in t. We obtain:

DF_{Gg0} (h) = 2 1 N N∑ i=1 ( ∫ R^d g_0(s)e^{ixi s}ds e^{ixit} − y_ie^{ixi t}) + γ g_0(−t) Ĝ(−t) + γ g_0(−t) Ĝ(t) =

= 2 1 N N∑ i=1 (f_0(x_i) − y_i)e^{ixi t} + 2γ g_0(−t) Ĝ(−t) = 0, as for Ĝ is symmetric. Now we multiply by e^{−ixt} and integrate over R^d : 2 1 N N∑ i=1 (f_0(x_i) − y_i) ∫ R^d e^{i(xi−x)t}Ĝ(−t)dt = −2γ ∫ R^d g_0(−t)e^{−ixt}dt Thus we obtain_N ∑ i=1 1 N (f_0(x_i) − y_i)G(x − x_i) = γf_0(x)

and we see that the solution must be in the form

f_0(x) = N∑ i=1 c_iG(x − x_i) + M∑ k=1 d_kψ_k(x), where ψ_k are functions invisible to Φ_G. □

The solution derived is very nice, since it resembles a neural network with G as the activation functions shifted to the data points x_i. 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 őnding 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].

References

[1] Cucker F., Smale S., On the Mathematical Foundations of Learning, Bulletin of the American Mathematical Society 39, 1-49, 2001.

[2] Daniel J. W., The Approximate Minimization of Functionals, Prentice-Hall, Inc., 1971. [3] Girossi F., Jones M., Poggio T., Regularization Theory and Neural Networks Architectures, Neural Computation, 7, 219-269, 1995.

[4] KÊurkovaÂ V., High-dimensional Approximation by Neural Networks, In Advances in Learning Theory: Methods, Models and Applications, Stuykens J. et. al. Ed., 69-88, Amsterdam, IOS Press, 2003.

PhD Conference ’03 120 ICS Prague

Terezie SÏidlofovaÂ Neural Network Approximation and Regularization Theory

[5] KÊurkovaÂ V., Sanguinetti M., Error Estimates for Approximate Optimization by the Extended Ritz Method, Research Report ICS-2002-882, Institute of Computer Science, Prague, 2002, submitted to SIAM Journal on Optimization.

[6] LukesÏ J., ZaÂpisky z funkcionaÂlnõÂ analyÂzy, Karolinum, UK Praha, 2002. [7] LukesÏ J., MalyÂ J., Measure and Integral, Matfyzpress, Praha, 1995. [8] Rudin W. Functional Analysis, McGraw-Hill, USA, 1973.

[9] Wahba G., Spline Models for Observational Data, Series in Applied Mathematics, Vol. 59, SIAM, Philadelphia, 1990.

[10] Zoppoli R., Sanguinetti M., Parisini T., Approximating Networks asn Extended Rutz Method for the Solution of Functional Optimization Problems, J. of Optimization Theory and Applications, 112, 403-440, 2002.

PhD Conference ’03 121 ICS Prague

Ing. Milan SÏimuÊnek Projekt LISp-Miner

Projekt LISp-Miner

doktorand:

ING. MILAN SÏ IMU^Ê NEK

sÏkolitel:

DOC. RNDR. PAVEL DRBAL, CSC.

KIT,VSÏ E Praha KIT, VSÏ E Praha

simunek@cs.cas.cz drbal@vse.cz

obor studia:

Informatika

Abstrakt

V naÂsledujõÂcõÂm textu je prÏedstaven akademickyÂ projekt zameÏrÏenyÂ na vyÂvoj modulaÂrnõÂho systeÂmu LISp-Miner pro data-mining. Tento systeÂm je otevrÏenyÂ a volneÏ dostupnyÂ a je vhodnyÂ pro vyÂuku a vyÂzkum v oblasti dobyÂvaÂnõÂ znalostõÂ z databaÂzõÂ. ProjektovyÂ tyÂm se sklaÂdaÂ z ucÏiteluÊ i studentuÊ z võÂce vysokyÂch sÏkol. LISp-Miner muÊzÏe byÂt snadno rozsÏirÏovaÂn pomocõÂ dalsÏõÂch moduluÊ zameÏrÏenyÂch na speciőckyÂ zpuÊsob zpracovaÂnõÂ analyzovanyÂch dat. PrÏi tvorbeÏ novyÂch moduluÊ jsou k dispozici rozsaÂhleÂ prostrÏedky vytvorÏeneÂ prÏi implementaci existujõÂcõÂch moduluÊ. Je mozÏneÂ vytvaÂrÏet i specializovanaÂ webovaÂ rozhranõÂ uzpuÊsobenaÂ potrÏebaÂm konkreÂtnõÂ analyÂzy. PrÏizpuÊsobenõÂ se muÊzÏe tyÂkat jak rozsahu funkcÏnosti, tak pouzÏiteÂ terminologie. V cÏlaÂnku jsou popsaÂny neÏktereÂ existujõÂcõÂ moduly a zaÂrovenÏ jsou zmõÂneÏny i soucÏasneÂ smeÏry rozvoje systeÂmu.

1. UÂ vod

AutomatizovaneÂ zpracovaÂnõÂ provoznõÂch dat se v soucÏasneÂ dobeÏ stalo nezbytnostõÂ teÂmeÏrÏ ve vsÏech oblastech podnikatelskeÂ cÏinnosti i verÏejneÂ spraÂvy. VznikajõÂ tak rozsaÂhleÂ a slozÏiteÏ strukturovaneÂ databaÂze zaznamenaÂvajõÂcõÂ neÏkdy i desõÂtky let dlouhou historii cÏinnosti organizacõÂ jako jsou banky, pojisÏt’ovny, vyÂrobnõÂ podniky, obchodnõÂ rÏeteÏzce ale i nemocnice, sÏkoly atd. Ve veÏtsÏineÏ prÏõÂpaduÊ lze z teÏchto databaÂzõÂ zõÂskat podstatneÏ võÂce informacõÂ a znalostõÂ nezÏ bylo puÊvodneÏ prÏedpoklaÂdaÂno.

Proces, jehozÏ cõÂlem je zõÂskaÂnõÂ takovyÂchto novyÂch znalostõÂ se v anglicÏtineÏ nazyÂvaÂ Knowledge discovery in databases, cÏasto se pouzÏõÂvaÂ i termõÂn data mining. Podle [5] je data mining analyÂza (cÏasto rozsaÂhlyÂch) observacÏnõÂch dat s cõÂlem naleÂzt netusÏeneÂ vztahy a sumarizovat data novyÂmi zpuÊsoby tak, zÏe jsou srozumitelnaÂ a uzÏitecÏnaÂ pro jejich majitele. Pro tento proces budeme pouzÏõÂvat termõÂn dobyÂvaÂnõÂ znalostõÂ z databaÂzõÂ (zkraÂceneÏ DZD). Slovo ždobyÂvaÂnõÂž vyjadrÏuje fakt, zÏe zõÂskaÂnõÂ novyÂch znalostõÂ vyzÏaduje vynalozÏenõÂ rozsaÂhleÂho a nelehkeÂho uÂsilõÂ.

DobyÂvaÂnõÂ znalostõÂ z databaÂzõÂ je prÏedmeÏtem jak rozsaÂhleÂho vyÂzkumu a vyÂvoje, tak i mnoha obchodnõÂch aktivit. Je k dispozici rÏada softwarovyÂch produktuÊ a metodik pro DZD. CharakteristickeÂ je, zÏe komercÏnõÂ

PhD Conference ’03 122 ICS Prague

Ing. Milan SÏimuÊnek Projekt LISp-Miner

systeÂmy jsou znacÏneÏ draheÂ a teÏzÏko dostupneÂ pro vyÂuku. DaÂle je nutneÂ poznamenat, zÏe vyÂzkum a vyÂvoj v oblasti DZD je staÂle spõÂsÏe na pocÏaÂtku.

CõÂlem cÏlaÂnku je prÏedstavit Projekt LISp-Miner. Projekt je zameÏrÏenyÂ nejen na tvorbu samotneÂho systeÂmu pro data-mining, ale i na vytvorÏenõÂ metodik celeÂho procesu DZD a v neposlednõÂ rÏadeÏ i na vysveÏtlenõÂ zaÂkladnõÂch principuÊ data-minigu ve vyÂuce.

SysteÂm LISp-Miner je vyvõÂjen na FakulteÏ informatiky a statistiky VSÏE od roku 1996. HlavnõÂm cõÂlem je prÏiblõÂzÏit studentuÊm celyÂ proces DZD, umozÏnit jim praÂci na vlastnõÂch analyÂzaÂch a poskytnout i detailneÏjsÏõÂ pohled na algoritmy a techniky pouzÏiteÂ prÏi implementaci takoveÂho systeÂmu. ZaÂrovenÏ systeÂm slouzÏõÂ jako platforma pro dalsÏõÂ vyÂzkum v oblasti DZD a to jak na teoretickeÂ rovineÏ, tak i v praktickeÂ prostrÏednictvõÂm novyÂch moduluÊ vyvõÂjenyÂch zejmeÂna v raÂmci diplomovyÂch a disertacÏnõÂch pracõÂ. NezanedbatelnyÂm prÏõÂnosem je i mozÏnost vyuzÏõÂt systeÂm LISp-Miner pro DZD v oblastech, ve kteryÂch nejsou őnancÏneÏ dostupneÂ komercÏnõÂ systeÂmy (naprÏ. prÏi zpracovaÂnõÂ medicõÂnskyÂch dat). LISp-Miner je volneÏ ke stazÏenõÂ na adrese http://lispminer.vse.cz.

SysteÂm LISp-Miner je vyÂsledkem praÂce celeÂ skupiny autoruÊ, kterÏõÂ se podõÂleli na jeho vyÂvoji. PrÏi jeho tvorbeÏ byly pouzÏity dlouhodobeÂ zkusÏenosti v oblasti data-miningu. TeoretickeÂ podklady byly publikovaÂny v cÏlaÂncõÂch a knihaÂch jizÏ od roku 1960 (viz naprÏ. [2], [6], [4], [7], [3], [1], [14]). StarsÏõÂ verze neÏkteryÂch moduluÊ byly nejprve implementovaneÂ jako samostatneÂ aplikace jejich puÊvodnõÂmi autory. V systeÂmu LISp-Miner je podstatnyÂm zpuÊsobem vylepsÏena funkcÏnost drÏõÂve existujõÂcõÂch procedur, jsou prÏidaÂny noveÂ procedury a celyÂ systeÂm tvorÏõÂ konzistentnõÂ celek teÏzÏõÂcõÂ z propojenõÂch jednotlivyÂch dõÂlcÏõÂch moduluÊ.

HlavnõÂ rysy systeÂmu jsou spolu s prÏehledem jeho hlavnõÂch cÏaÂstõÂ popsaÂny v kapitole 2. DalsÏõÂ smeÏry vyÂvoje jsou naznacÏeny v kapitole 3.

2. SysteÂm LISp-Miner

LISp-Miner je modulaÂrnõÂ systeÂm. PrÏehled soucÏasnyÂch moduluÊ je na obraÂzku 1.

Moduly rozdeÏlujeme do trÏech zaÂkladnõÂch skupin:

• SeznaÂmenõÂ s daty a jejich transformace

• ZpracovaÂnõÂ analyÂz

• Interpretace vyÂsledkuÊ

Toto rozdeÏlenõÂ umozÏnÏuje udrzÏet slozÏitost kazÏdeÂho modulu na uÂrovni prÏijatelneÂ pro uzÏivatele a zaÂrovenÏ pomaÂhaÂ dodrzÏet metodikami doporucÏovanyÂ postup DZD (prÏõÂkladem je metodika CRISP-DM).

Pro rychleÂ seznaÂmenõÂ s daty slouzÏõÂ modul LM DataSource, mezi jehozÏ funkce patrÏõÂ frekvencÏnõÂ analyÂza a sÏirokaÂ sÏkaÂla transformacõÂ dat, podrobnosti jsou v odstavci 2.1. Do skupiny seznaÂmenõÂ s daty a jejich transformace patrÏõÂ i modul LM TimeTransf [13]. Ten se zameÏrÏuje na vyÂpocÏet ruÊznyÂch charakteristik cÏasovyÂch rÏad tak, aby vypocÏõÂtaneÂ charakteristiky mohly byÂt snadno vyuzÏity v dalsÏõÂch cÏaÂstech systeÂmu LISp-Miner.

Jako prÏõÂklad analytickeÂ procedury uvaÂdõÂme proceduru 4ft-Miner, kteraÂ je v hrubyÂch rysech popsanaÂ v odstavci 2.2. JednaÂ se o novou, oproti drÏõÂveÏjsÏõÂm znacÏneÏ rozsÏõÂrÏenou, implementaci GUHA procedury ASSOC [3]. PrÏi implementaci procedury 4ft-Miner byly vyuzÏity drÏõÂveÏjsÏõÂ zkusÏenosti [6], [7]. SoucÏasnaÂ implementace obsahuje dalsÏõÂ cÏetnaÂ rozsÏõÂrÏenõÂ a je integrovanou soucÏaÂstõÂ celeÂho systeÂmu LISp-Miner. KromeÏ procedury 4ft-Miner je soucÏaÂstõÂ systeÂmu i procedura KEX [1] pro strojoveÂ ucÏenõÂ, jejõÂzÏ hrubyÂ popis je v odstavci 2.3.

ProstrÏedky vyvinuteÂ beÏhem tvorby soucÏasneÂ verze systeÂmu mohou byÂt vyuzÏity i v budoucnu a vyÂznamnyÂm zpuÊsobem usnadnõÂ implementaci dalsÏõÂch analytickyÂch procedur.

DuÊlezÏitou soucÏaÂstõÂ systeÂmu je metabaÂze. JednaÂ se o centralizovaneÂ uÂlozÏisÏteÏ dat ze vsÏech moduluÊ systeÂmu LISp-Miner. V metabaÂzi se uchovaÂvajõÂ nezbytneÂ informace o analyzovanyÂch datech (naprÏ. seznam relacÏnõÂch

PhD Conference ’03 123 ICS Prague

Ing. Milan SÏimuÊnek Projekt LISp-Miner

ObraÂzek 1: PrÏehled soucÏasnyÂch moduluÊ systeÂmu LISp-Miner.

tabulek, naÂzvy a datoveÂ typy sloupcuÊ), deőnice transformacõÂ dat provaÂdeÏnyÂch moduly LM DataSource a LM TimeTransf, zadaÂnõÂ uÂloh jednotlivyÂch procedur a v neposlednõÂ rÏadeÏ i samotneÂ vyÂsledky analyÂz. KazÏdyÂ modul nacÏõÂtaÂ vesÏkereÂ sveÂ vstupy z metabaÂze a uklaÂdaÂ do nõÂ i vesÏkereÂ sveÂ vyÂstupy. OmezenaÂ skupina moduluÊ pracuje i prÏõÂmo s analyzovanyÂmi daty, viz obraÂzek 2.

UvedenaÂ architektura umozÏnÏuje snadno prÏidaÂvat dalsÏõÂ moduly. Ty mohou vyuzÏõÂvat vyÂstupy ostatnõÂch moduluÊ jako sveÂ vstupy a sveÂ vyÂstupy naopak zprÏõÂstupnÏovat jinyÂm moduluÊm pro dalsÏõÂ zpracovaÂnõÂ. NovyÂ modul muÊzÏe byÂt jak samostatnou aplikacõÂ, tak i webovyÂm rozhranõÂm, ktereÂ spousÏtõÂ vybraneÂ moduly v daÂvkoveÂm rezÏimu. Tak je mozÏneÂ velmi rychle vytvorÏit rozhranõÂ specializovanaÂ pro urcÏitou oblast a konkreÂtnõÂ analyÂzu. V nich mohou byÂt pouzÏity odborneÂ termõÂny z analyzovaneÂ oblasti a ovlaÂdaÂnõÂ muÊzÏe byÂt zjednodusÏeneÂ, aby s nõÂm mohl snadno pracovat i samotnyÂ odbornõÂk na danou oblast. Takto lze rozsÏõÂrÏit okruh lidõÂ schopnyÂch provaÂdeÏt kvaliőkovaneÂ a hlubokeÂ analyÂzy dat, zejmeÂna pokud se jednaÂ o opakovaneÂ analyÂzy nad staÂle aktualizovanou databaÂzõÂ. RozhranõÂ muÊzÏe byÂt realizovaÂno prostrÏednictvõÂm WWW technologiõÂ. Jedna z takovyÂch implementacõÂ je zmõÂneÏna v [12].

2.1. LM DataSource

Modul LM DataSource slouzÏõÂ pro seznaÂmenõÂ se s daty a zejmeÂna pro jejich prÏõÂpravu pro dalsÏõÂ zpracovaÂnõÂ. V raÂmci seznaÂmenõÂ je mozÏneÂ prochaÂzet seznam tabulek v analyzovanyÂch datech, seznam sloupcuÊ v kazÏdeÂ z nich a takeÂ data, kteraÂ obsahujõÂ.

V raÂmci prÏõÂpravy dat je mozÏneÂ deőnovat odvozeneÂ hodnoty z existujõÂcõÂch sloupcuÊ tabulek. PomocõÂ databaÂzovyÂch funkcõÂ je mozÏneÂ dopocÏõÂtat veÏk pacienta z data narozenõÂ, celkovou vyÂsÏi platu jako soucÏet zaÂkladu a preÂmiõÂ nebo zjistit den v tyÂdnu podle datumu uskutecÏneÏnõÂ telefonnõÂho hovoru. PrÏestozÏe se jednaÂ o odvozeneÂ informace, jejich pouzÏitõÂ muÊzÏe vyÂrazneÏ zlepsÏit vyÂsledky analyÂzy.

BeÏhem prÏõÂpravy dat je vsÏak klõÂcÏovou faÂzõÂ vhodnaÂ kategorizace hodnot. MuÊzÏe se jednat o vytvorÏenõÂ intervaluÊ

PhD Conference ’03 124 ICS Prague

Ing. Milan SÏimuÊnek Projekt LISp-Miner

ObraÂzek 2: GlobaÂlnõÂ architektura systeÂmu LISp-Miner.

ze spojiteÂ velicÏiny, o seskupenõÂ okrajovyÂch hodnot do jedneÂ kategorie, sloucÏenõÂ geograőcky blõÂzkyÂch okresuÊ do vysÏsÏõÂch celkuÊ atd. Na obraÂzku 3 je ukaÂzka dialogoveÂho okna, kteryÂm se zahajuje automatickaÂ kategorizace sloupce VeÏk.

V soucÏasneÂ dobeÏ jsou k dispozici tyto volby pro automatickou tvorbu kategoriõÂ:

• Enumerace ... kazÏdaÂ hodnota v analyzovaneÂ relacÏnõÂ tabulce je samostatnou kategoriõÂ,

• EkvidistantnõÂ intervaly ... systeÂm automaticky vytvorÏõÂ intervaly o stejneÂ deÂlce s danyÂm pocÏaÂtkem a s danyÂm zpuÊsobem uzavrÏenõÂ (zleva, zprava),

• EkvifrekvencÏnõÂ intervaly ... systeÂm automaticky vytvorÏõÂ zadanyÂ pocÏet intervaluÊ tak, zÏe do kazÏdeÂho intervalu spadaÂ pokud mozÏno stejnyÂ pocÏet zaÂznamuÊ z analyzovaneÂ tabulky.

V obraÂzku 3 je pozÏadovaÂno vytvorÏenõÂ intervaluÊ o deÂlce 10 uzavrÏenyÂch zprava. UkaÂzka vyÂsledku je na obraÂzku 4.

DuÊlezÏitou funkcõÂ modulu LM DataSource je i frekvencÏnõÂ analyÂza, kteraÂ napomaÂhaÂ vhodneÂ kategorizaci hodnot. UkaÂzka frekvencÏnõÂ analyÂzy je na obraÂzku 5. Kategorie v seznamu i v grafu je mozÏneÂ rÏadit vzestupneÏ/sestupneÏ podle frekvence. Seznam je mozÏneÂ exportovat do schraÂnky systeÂmu Windows a pouzÏõÂt v dalsÏõÂch aplikacõÂch. Analyzujeme-li najednou võÂce atributuÊ, jsou v seznamu i grafu uvedeny vsÏechny mozÏneÂ kombinace kategoriõÂ ze vsÏech analyzovanyÂch atributuÊ.

2.2. Procedura 4ft-Miner

Procedura 4ft-Miner je nejstarsÏõÂ z procedur celeÂho systeÂmu. Pro jejõÂ implementaci existujõÂ sÏirokeÂ teoretickeÂ podklady, ktereÂ byly poprveÂ implementovaÂny v souvislosti s metodou GUHA - [2], [6], [7]. PrÏedchozõÂ verze procedury 4ft-Miner je popsaÂna naprÏ. v [10].

2.2.1 AsociacÏnõÂ pravidla: Procedura 4ft-Miner nepouzÏõÂvaÂ klasickyÂ A-priori algoritmus. NamõÂsto toho vyhledaÂvaÂ platnaÂ asociacÏnõÂ pravidla tvaru φ ≈ ψ nebo podmõÂneÏnaÂ asociacÏnõÂ pravidla tvaru φ ≈ ψ/χ. Kde φ, ψ a χ jsou konjunkce booleovskyÂch atributuÊ automaticky vytvorÏenyÂch z võÂce-hodnotovyÂch atributuÊ pomocõÂ ruÊznyÂch metod (viz daÂle).

Symbol ≈ se nazyÂvaÂ 4ft-kvantiőkaÂtor. AsociacÏnõÂ pravidlo φ ≈ ψ rÏõÂkaÂ, zÏe booleovskeÂ atributy φ a ψ jsou v

PhD Conference ’03 125 ICS Prague

Ing. Milan SÏimuÊnek Projekt LISp-Miner

ObraÂzek 3: UkaÂzka okna pro kategorizaci.

ObraÂzek 4: UkaÂzka intervaluÊ vytvorÏenyÂch dle zadaÂnõÂ z obraÂzku 3.

urcÏiteÂ zaÂvislosti deőnovaneÂ praÂveÏ 4ft-kvantiőkaÂtorem ≈. PodmõÂneÏneÂ asociacÏnõÂ pravidlo φ ≈ ψ/χ rÏõÂkaÂ, zÏe φ a ψ jsou v zaÂvislosti (ve smyslu ≈), jestlizÏe je podmõÂnka χ splneÏna.

Pro zadaÂvaÂnõÂ uÂloh je k dispozici jednoducheÂ a uzÏivatelsky prÏõÂveÏtiveÂ uzÏivatelskeÂ rozhranõÂ - viz obraÂzek 6.

2.2.2 SyntaktickaÂ bohatost: HlavnõÂ rozdõÂl oproti A-priori algoritmu je schopnost 4ft-Mineru vytvaÂrÏet a testovat syntakticky slozÏiteÏjsÏõÂ asociacÏnõÂ pravidla:

• Je mozÏneÂ pouzÏõÂvat podmõÂneÏnaÂ asociacÏnõÂ pravidla ve tvaru A ≈ B/C. To pomaÂhaÂ hledat vztahy, kdy A je maÂlo cÏetnaÂ kombinace.

• Pravidla mohou obsahovat konjunkce atributuÊ v libovolneÂ sveÂ cÏaÂsti - A_1 ∧ A_2 ∧ ...A_n ≈ B_1 ∧ B_2 ∧ ...B_n/C_1 ∧ C_2 ∧ ...C_n. • KazÏdyÂ atribut muÊzÏe obsahovat võÂce nezÏ jednu hodnotu - naprÏ. A (Praha, Brno) znamenaÂ, zÏe A muÊzÏe byÂt bud’žPrahaž nebo žBrnož.

• K dispozici je võÂc typuÊ zaÂvislosti nezÏ pouhaÂ implikace A ⇒ B/C. Celkem je v soucÏasneÂ dobeÏ k dispozici 17 4ft-kvantiőkaÂtoruÊ, pomocõÂ kteryÂch lze vyjaÂdrÏit hledanyÂ vztah mezi A a B, viz naprÏ. [8].

PhD Conference ’03 126 ICS Prague

Ing. Milan SÏimuÊnek Projekt LISp-Miner

ObraÂzek 5: UkaÂzka frekvencÏnõÂ analyÂzy pomocõÂ modulu LM DataSource.

• Atributy v libovolneÂ cÏaÂsti asociacÏnõÂho pravidla mohou byÂt seskupeny do celkuÊ a s teÏmi muÊzÏe byÂt zachaÂzeno najednou (nastavovaÂnõÂ parametruÊ, kopõÂrovaÂnõÂ / prÏesouvaÂnõÂ atd.).

• BeÏhem hledaÂnõÂ platnyÂch asociacÏnõÂch pravidel jsou pouzÏõÂvaÂny techniky pro redukci mnozÏstvõÂ pravidel ve vyÂsledku. Logicky odvoditelnaÂ pravidla mohou byÂt automaticky vynechaÂna, viz naprÏ. [8].

DetailneÏjsÏõÂ rozbor procedury 4ft-Miner je uveden v [11].

Bohatost mozÏnostõÂ prÏi zadaÂvaÂnõÂ uÂlohy vede k obrovskeÂmu mnozÏstvõÂ pravidel, ktereÂ je nutneÂ vygenerovat a otestovat. PouzÏiteÂ algoritmy jsou zalozÏeny na vhodneÂ reprezentaci dat pomocõÂ bitovyÂch rÏeteÏzcuÊ a na velmi rychlyÂch operacõÂch nad teÏmito rÏeteÏzci, viz naprÏ. [6], [11]. VyÂsledkem je velmi kraÂtkaÂ doba nutnaÂ pro zõÂskaÂnõÂ vyÂsledkuÊ a pouzÏõÂvaÂnõÂ procedury 4ft-Miner je interaktivnõÂ pro uÂlohy azÏ do velikosti 10^7 generovanyÂch asociacÏnõÂch pravidel.

2.3. ExpertnõÂ systeÂm KEX

KEX je procedura strojoveÂho ucÏenõÂ zalozÏenaÂ na asociacÏnõÂch pravidlech [1]. Verze implementovanaÂ v systeÂmu LISp-Miner rozsÏirÏuje schopnosti prÏedchozõÂch verzõÂ zejmeÂna ve schopnosti sdõÂlet vstupnõÂ i vyÂstupnõÂ data s ostatnõÂmi moduly zejmeÂna ve schopnosti pouzÏõÂvat vyÂsledky faÂze prÏõÂpravy dat (z modulu LM DataSource).

2.3.1 Tvorba baÂze znalostõÂ: KlõÂcÏovou funkcõÂ expertnõÂho systeÂmu je tvorba baÂze znalostõÂ. CõÂlem je vybrat takovou skupinu pravidel, kteraÂ bude umozÏnÏovat co nejprÏesneÏjsÏõÂ klasiőkaci novyÂch prÏõÂpaduÊ. K tomu se pouzÏõÂvaÂ treÂnovacõÂ sada prÏõÂpaduÊ, na ktereÂ se muÊzÏe systeÂm naucÏit. OddeÏlenaÂ testovacõÂ sada potom umozÏnÏuje otestovat kvalitu vytvorÏeneÂ baÂze znalostõÂ.

GenerovanaÂ pravidla majõÂ tvar Ant ⇒ C, kde:

• Ant je prÏedpoklad (antecedent) ve tvaru A(a) ∧ B(b) ∧ ... ∧ X(x)

ś A, B, X jsou atributy ś a, b, x jsou jejich kategorie (na rozdõÂl od procedury 4ft-Miner jsou povoleny pouze jednocÏlenneÂ koeőcienty)

PhD Conference ’03 127 ICS Prague

Ing. Milan SÏimuÊnek Projekt LISp-Miner

ObraÂzek 6: Deőnice uÂlohy pro proceduru 4ft-Miner.

• C je zaÂveÏr tvorÏenyÂ jednõÂm atributem, podle ktereÂho chceme prÏõÂpady klasiőkovat

PrÏi generovaÂnõÂ pravidel se postupuje od nejkratsÏõÂch k nejdelsÏõÂm (generovaÂnõÂ do sÏõÂrÏky). Pro kazÏdeÂ pravidlo se testuje, zda se jeho platnost vyÂznamneÏ odlisÏuje od zaÂveÏru, kteryÂch bychom zõÂskali slozÏenõÂm vhodnyÂch pravidel jizÏ drÏõÂve vlozÏenyÂch do baÂze znalostõÂ. Pouze pravidla, kteraÂ prÏinesou novou znalost, jsou vlozÏena do baÂze.

Chceme naprÏõÂklad rozhodnout o vlozÏenõÂ cÏi nevlozÏenõÂ pravidla

Salary (High) ∧ Age (30ies) ⇒ District (Praha)

do baÂze znalostõÂ. V tomto okamzÏiku jsme jizÏ (dõÂky pouzÏiteÂmu algoritmu) rozhodli o teÏchto pravidlech:

• ⟨no antecedent⟩ ⇒ District (Praha)

• Salary (High) ⇒ District (Praha)

• Age (30ies) ⇒ District (Praha)

Z teÏchto pravidel vypocÏteme pomocõÂ tzv. kombinacÏnõÂ funkce (viz [1]) tzv. nasklaÂdanou vaÂhu, kterou porovnaÂme s platnostõÂ aktuaÂlneÏ zkoumaneÂho pravidla. JestlizÏe se od sebe vyÂznamneÏ lisÏõÂ (ve smyslu χ^2 testu na zadaneÂ uÂrovni α), je noveÂ pravidlo vlozÏeno do baÂze znalostõÂ.

V okamzÏiku, kdy otestujeme vsÏechna mozÏnaÂ pravidla, bude baÂze znalosti tvorÏena mnozÏinou pravidel, kteraÂ je schopna klasiőkovat noveÂ prÏõÂpady s pozÏadovanou prÏesnostõÂ a neobsahuje prÏitom redundantnõÂ pravidla.

DuÊlezÏitou soucÏaÂstõÂ tvorby baÂze znalostõÂ je otestovaÂnõÂ jejõÂ kvality. Podle teorie bylo implementovaÂno neÏkolik mozÏnyÂch zpuÊsobuÊ testovaÂnõÂ, z nichzÏ si uzÏivatel muÊzÏe vybrat pro danou situaci nejvhodneÏjsÏõÂ:

PhD Conference ’03 128 ICS Prague

Ing. Milan SÏimuÊnek Projekt LISp-Miner

ObraÂzek 7: VyÂbeÏr metody testovaÂnõÂ baÂze znalostõÂ.

• oddeÏlenaÂ testovacõÂ data, kteraÂ nejsou pouzÏita prÏi treÂnovaÂnõÂ;

• cross-validace ... rozdeÏlenõÂ dat na pevnyÂ pocÏet cÏaÂstõÂ a postupneÂ vytvaÂrÏenõÂ baÂze za pouzÏitõÂ pouze (n - 1) cÏaÂstõÂ a otestovaÂnõÂ na zbyÂvajõÂcõÂ;

• naÂhodneÂ rozdeÏlenõÂ ... automatickeÂ rozdeÏlenõÂ dat na treÂnovacõÂ a testovacõÂ;

• testovaÂnõÂ v treÂnovacõÂch datech ... testovaÂnõÂ ne stejnyÂch datech jako probõÂhalo treÂnovaÂnõÂ (nejmeÂneÏ spolehlivaÂ metoda testovaÂnõÂ).

VyÂsledkem testovaÂnõÂ je tabulka obsahujõÂcõÂ vsÏechny provedeneÂ i neprovedeneÂ klasiőkace spolu s absolutnõÂm i relativnõÂm pocÏtem spraÂvnyÂch a chybnyÂch klasiőkacõÂ.

2.3.2 Konzultace: Po vytvorÏenõÂ baÂze znalostõÂ je mozÏneÂ klasiőkovat noveÂ prÏõÂpady na zaÂkladeÏ znaÂmyÂch hodnot atributuÊ z antecedentu. PrÏitom nenõÂ nutneÂ znaÂt hodnoty pro vsÏechny atributy.

KazÏdaÂ klasiőkace je doplneÏna mõÂrou nejistoty se kterou byla udeÏlaÂna. Podle nasklaÂdaneÂ vaÂhy z pouzÏityÂch pravidel jsou tyto mozÏnosti: jisteÏ, teÂmeÏrÏ jisteÏ, pravdeÏpodobneÏ, mozÏnaÂ. JestlizÏe znaÂmeÂ hodnoty atributuÊ nedovolujõÂ klasiőkaci uskutecÏnit, muÊzÏe byÂt odpoveÏdõÂ i odmõÂtnutõÂ klasiőkace.

PrÏi daÂvkoveÂ konzultaci urcÏõÂme soubor, kteryÂ obsahuje prÏõÂpady pro klasiőkaci. Je-li soucÏaÂstõÂ souboru i klasiőkovanyÂ znak, je na zaÂveÏr konzultace uvedena tabulka shodnaÂ s tabulkou pouzÏõÂvanou pro testovaÂnõÂ baÂze znalostõÂ. TõÂmto zpuÊsobem se je mozÏneÂ testovat baÂzi znalostõÂ na vlastnõÂch testovacõÂch datech.

3. DalsÏõÂ vyÂvoj

V soucÏasneÂ dobeÏ je prÏipravovaÂna nebo jizÏ probõÂhaÂ implementace neÏkolika dalsÏõÂch procedur. Ty budou vyuzÏõÂvat vyÂstupuÊ existujõÂcõÂch moduluÊ a prÏi jejich implementaci budou pouzÏity algoritmy, datoveÂ struktury a knihovnõÂ funkce vyvinuteÂ v raÂmci systeÂmu LISp-Miner.

PhD Conference ’03 129 ICS Prague

Ing. Milan SÏimuÊnek Projekt LISp-Miner

ObraÂzek 8: IndividuaÂlnõÂ konzultace.

DõÂky pouzÏiteÂ modulaÂrnõÂ architekturÏe je prÏidaÂnõÂ noveÂho modulu relativneÏ snadneÂ a je popsaÂno v jednotlivyÂch cÏaÂstech projektoveÂ dokumentace. NoveÂmu modulu je umozÏneÏno sdõÂlet data s ostatnõÂmi moduly prostrÏednictvõÂm metabaÂze.

3.1. NoveÂ procedury

Jednou z procedur s nejveÏtsÏõÂm potenciaÂlem je multi-relacÏnõÂ data-mining. Ten je zalozÏen na prÏedpokladu, zÏe velkeÂ mnozÏstvõÂ potenciaÂlneÏ zajõÂmavyÂch informacõÂ nenõÂ skryto pouze v jedneÂ databaÂzoveÂ tabulce, ale ve vazbeÏ mezi võÂce tabulkami. Ty nejzajõÂmaveÏjsÏõÂ informace nezõÂskaÂme pouze z tabulky uskutecÏneÏnyÂch naÂkupuÊ jednotlivyÂch druhuÊ zbozÏõÂ. Ani je nezõÂskaÂme pouze z tabulky popisujõÂcõÂ detailnõÂ jednotliveÂ druhy zbozÏõÂ. MusõÂme praÂveÏ tyto dveÏ tabulky nejprve spojit pomocõÂ existujõÂcõÂho vztahu 1:n. Potom zõÂskaÂme z tabulky prodejuÊ mnoho agregovanyÂch charakteristik (naprÏ. pruÊmeÏrnyÂ pocÏet polozÏek zakoupenyÂ pro jednotliveÂ druhy zbozÏõÂ, minimaÂlnõÂ meÏsõÂcÏnõÂ trzÏby za jednotliveÂ obchody atd.). Tyto charakteristiky budou tvorÏit dodatecÏneÂ atributy v tabulce popisujõÂcõÂ druhy zbozÏõÂ a umozÏnõÂ naÂm zõÂskat noveÂ znalosti. K zõÂskaÂnõÂ teÏchto charakteristik budou pouzÏity drÏõÂve implementovaneÂ techniky bitovyÂch rÏeteÏzcuÊ, ktereÂ zarucÏõÂ velmi rychlyÂ vyÂpocÏet.

DalsÏõÂm smeÏrem vyÂvoje je hledaÂnõÂ zajõÂmavyÂch zaÂvislostõÂ mezi dveÏma võÂce-hodnotovyÂmi atributy. To vede k nutnosti rychleÂ praÂce s kontingencÏnõÂmi tabulkami o rozmeÏru K × L. PouzÏitõÂ bitovyÂch rÏeteÏzcuÊ vede opeÏt k velmi efektivnõÂmi zpuÊsobu vyÂpocÏtu frekvencõÂ v teÏchto slozÏityÂch kontingencÏnõÂch tabulkaÂch.

3.2. Vizualizace vyÂsledkuÊ

VyÂsledky libovolneÂ data-miningoveÂ procedury musõÂ byÂt jednodusÏe interpretovatelneÂ, aby pouzÏitõÂ teÂto procedury meÏlo praktickyÂ smysl. Z praxe se ukazuje, zÏe je vzÏdy obtõÂzÏneÂ prÏelozÏit vyÂsledky z formy pouzÏõÂvaneÂ pro pocÏõÂtacÏoveÂ zpracovaÂnõÂ zpeÏt do pojmuÊ a obratuÊ oblasti, ze ktereÂ pochaÂzõÂ data. Z teÏchto duÊvoduÊ je vhodneÂ se zameÏrÏit na vyÂvoj co nejintuitivneÏjsÏõÂch zpuÊsobuÊ zobrazenõÂ vyÂsledkuÊ, kteryÂm by rozumeÏl i pocÏõÂtacÏovyÂ laik. MõÂsto seznamu hypoteÂz nebo kontingencÏnõÂch tabulek a ruÊznyÂch kvantiőkaÂtoruÊ, muÊzÏe byÂt pro uplatneÏnõÂ

PhD Conference ’03 130 ICS Prague

Ing. Milan SÏimuÊnek Projekt LISp-Miner

ObraÂzek 9: DaÂvkovaÂ konzultace.

vyÂsledkuÊ võÂce inspirujõÂcõÂ zobrazovat vyÂsledky ve formeÏ dvou- nebo dokonce trÏõÂ-rozmeÏrneÂho grafu.

Na obraÂzku 10 je ukaÂzaÂn jeden z mozÏnyÂch zpuÊsobuÊ takoveÂho zobrazenõÂ. Je znaÂzorneÏna skupina objektuÊ rozdeÏlenyÂch do trÏech trÏõÂd - A, B a C a zobrazenyÂch v dvourozmeÏrneÂm grafu podle dvou atributuÊ - Salary na ose X a Age na ose Y. ZatõÂmco trÏõÂda C je jasneÏ samostatnaÂ, trÏõÂdy A a B se prÏekryÂvajõÂ. To znamenaÂ, zÏe atributy Salary a Age jsou dostatecÏneÂ pro rozlisÏenõÂ objektuÊ trÏõÂdy C od objektuÊ trÏõÂd A a B, zatõÂmco nejsou dostatecÏneÂ pro rozlisÏenõÂ mezi trÏõÂdami A a B navzaÂjem.

NasÏõÂm cõÂlem je vyvinout takoveÂ zpuÊsoby zobrazovaÂnõÂ vyÂsledkuÊ, kteryÂ budou snadno intuitivneÏ interpretovatelneÂ pro uzÏivatele a zejmeÂna prÏõÂmo pro odbornõÂky ve zkoumaneÂ oblasti.

PhD Conference ’03 131 ICS Prague

Ing. Milan SÏimuÊnek Projekt LISp-Miner

ObraÂzek 10: Vizualizace vyÂsledkuÊ.

References

[1] Berka, P., IvaÂnek, J.: Automated knowledge acquisition for PROSPECTOR-like expert systems, In (Bergadano, de Raedt eds.) Proc. ECML’94, Springer 1994, pp. 339-342.

[2] HaÂjek, P., HavraÂnek, T.: Mechanising Hypothesis Formation - Mathematical Foundations for a General Theory, Springer-Verlag, 1978, pp. 396.

[3] HaÂjek, P., HavraÂnek, T., Chytil, M.: Metoda GUHA, Praha, Academia, 1983, pp. 314. [4] HavraÂnek, T.: The present state of the GUHA software, International Journal of Man-Machine Studies, 15, 1981, pp. 253-264.

[5] Hand, D., Manilla, H., Smyth, P.: Principles of Data Mining, MIT 2001.

[6] Rauch, J.: Some Remarks on Computer Realisations of GUHA Procedures. International Journal of Man-Machine Studies, 10, 1978, pp. 23-28.

[7] Rauch J.: Main Problems and Further Possibilities of the Computer Realizations of GUHA Procedures, International Journal of Man-Machine Studies, 15, 1981, pp. 283-287.

[8] [8] Rauch, J.: Interesting Association Rules and Multi-relational Association Rules, In Communications of Institute of Information and Computing Machinery, Taiwan. Vol. 5., No. 2, May 2002, pp. 77-82.

[9] Rauch, J., SÏimuÊnek, M.: Mining for 4ft Association Rules, In Discovery Science 2000. Red. Arikawa, S. - Morishita S. Springer Verlag 2000, pp. 268-272.

[10] Rauch, J., SÏimuÊnek, M.: Mining for 4ft Association Rules by 4ft-Miner, In INAP 2001, The Proceeding of the International Conference On Applications of Prolog. Prolog Association of Japan, Tokyo October 2001, pp. 285-294.

[11] Rauch, J., SÏimuÊnek, M.: Alternative Approach to Mining Association Rules, In FDM02, The IEEE ICDM02 Workshop Proceedings (eds. T.Y. Lin, S. Ohsuga), IEEE, Maebashi December 2002, pp. 157-162.

[12] CÏernyÂ, Z., DolejsÏõÂ, P., Rauch, J., SÏebek, M.: DobyÂvaÂnõÂ znalostõÂ v medicõÂnskyÂch datech - prÏõÂpadovaÂ studie, PrÏijato k prezentaci na konferenci Znalosti 2003.

[13] SÏlesinger, J: PrÏedzpracovaÂnõÂ cÏasovyÂch dat pro systeÂm Lisp-Miner, PrÏijato k prezentaci na konferenci Znalosti 2003.

[14] Zembowicz, R., Zytkow, J.: From Contingency Tables to Various Forms of Knowledge in Databases, Advances in Knowledge Discovery and Data Mining (eds. Fayyad, U. M. et al.), AAAI Press/ The MIT Press, 1996, pp. 329-349.

PhD Conference ’03 132 ICS Prague

Mgr. Josef SÏpidlen ElektronickyÂ zdravotnõÂ zaÂznam a telemedicõÂna

ElektronickyÂ zdravotnõÂ zaÂznam a telemedicõÂna

doktorand:

MGR. JOSEF SÏ PIDLEN

sÏkolitel:

RNDR. ANTONI^ÂN RÏ I^ÂHA, CSC.

UÂ stav Informatiky AV CÏ R, EuroMISE Centrum, Pod VodaÂrenskou veÏzÏõÂ

2, 182 07 Praha 8

UÂ stav Informatiky AV CÏ R, EuroMISE Centrum, Pod VodaÂrenskou veÏzÏõÂ

2, 182 07 Praha 8

spidlen@euromise.cz riha@euromise.cz

obor studia:

BiomedicõÂnskaÂ informatika

Abstrakt

DizertacÏnõÂ praÂce zkoumaÂ mozÏnosti modelovaÂnõÂ a reprezentace medicõÂnskeÂ informace a tzv. elektronickeÂho zdravotnõÂho zaÂznamu. Vzhledem ke klõÂcÏoveÂmu pozÏadavku univerzaÂlnosti a dynamickeÂ modiőkovatelnosti mnozÏiny sbõÂranyÂch typÊu je pro uchovaÂnõÂ informacõÂ navrzÏena a matematicky popsaÂna grafovaÂ struktura zahrnujõÂcõÂ tzv. znalostnõÂ baÂzi a datoveÂ slozÏky. KromeÏ zpÊusobu uklaÂdaÂnõÂ informacõÂ text popisuje trÏõÂvrstvou architekturu systeÂmu a zpÊusob zõÂskaÂvaÂnõÂ ulozÏeneÂ informace pomocõÂ deőnovaneÂho aplikacÏnõÂho rozhranõÂ. Na zaÂveÏr jsou zmõÂneÏny mozÏnosti mobilnõÂho prÏõÂstupu k zaÂznamu, vyuzÏitõÂ v telemedicõÂnskyÂch aplikacõÂch a zaÂveÏry plynoucõÂ z prvnõÂch testovaÂnõÂ.

1. UÂ vod

1.1. CõÂle dizertacÏnõÂho projektu

ElektronickyÂ zdravotnõÂ zaÂznam maÂ potenciaÂl uzavrÏõÂt cyklus mezi klinickou praxõÂ, vyÂzkumem a vyÂukou. Vzhledem k naÂrocÏnosti jeho obsahu i pouzÏitõÂ musõÂ byÂt zalozÏen na nejlepsÏõÂch vyÂsledcõÂch informatiky i pocÏõÂtacÏovyÂch technologiõÂ. Na druheÂ straneÏ, protozÏe nelze snadno opustit ani prÏepracovat dosavadnõÂ systeÂmy natozÏ cÏekat s tvorbou novyÂch na dobu, kdy technologie i informatika pokrocÏõÂ natolik, aby bylo mozÏno splnit vsÏechny pozÏadavky na takovyÂ zaÂznam kladeneÂ, otevrÏenost a modulaÂrnost pouzÏityÂch systeÂmÊu umozÏnÏujõÂcõÂ integraci nehomogennõÂch komponent a jednoduchou modiőkovatelnost mnozÏiny uchovaÂvanyÂch dat zde nabyÂvaÂ nezastupitelneÂho vyÂznamu.

V projektu łElektronickyÂ zdravotnõÂ zaÂznam a telemedicõÂnaž se snazÏõÂme o zvlaÂdnutõÂ soucÏasneÂho stavu problematiky elektronickeÂho zdravotnõÂho zaÂznamu i souvisejõÂcõÂch oblastõÂ a prostrÏedkÊu, ktereÂ poskytujõÂ soucÏasneÂ softwaroveÂ ś zejmeÂna databaÂzoveÂ ś technologie a vyÂsledky medicõÂnskeÂ informatiky, a o jejich rozpracovaÂnõÂ ve smeÏru dokonalejsÏõÂho naplneÏnõÂ kladenyÂch pozÏadavkÊu.

Vzhledem k aplikovaneÂ povaze tohoto vyÂzkumu je cõÂl projektu smeÏrÏovaÂn k vytvorÏenõÂ a otestovaÂnõÂ funkcÏnõÂ distribuovaneÂ prototypoveÂ aplikace. TeÏzÏisÏteÏ praÂce je v prozkoumaÂnõÂ vhodnosti vyuzÏitõÂ rÊuznyÂch technik

PhD Conference ’03 133 ICS Prague

Mgr. Josef SÏpidlen ElektronickyÂ zdravotnõÂ zaÂznam a telemedicõÂna

ulozÏenõÂ dat, otestovaÂnõÂ soudobyÂch XML komunikacÏnõÂch trendÊu, zvolenõÂ vhodnyÂch metod pro zacÏleneÏnõÂ multimediaÂlnõÂch atributÊu do elektronickeÂho zdravotnõÂho zaÂznamu a zvaÂzÏenõÂ mozÏnostõÂ rÊuzneÂho zpÊusobu integrace formalizovanyÂch leÂkarÏskyÂch doporucÏenõÂ. CelaÂ praÂce je vytvaÂrÏena s dÊurazem kladenyÂm na podporu v telemedicõÂnskeÂ oblasti, prÏevaÂzÏneÏ je pocÏõÂtaÂno s mozÏnostmi vzdaÂleneÂho prÏõÂstupu ke zdravotnõÂmu zaÂznamu pomocõÂ Internetu a rÊuznyÂch mobilnõÂch zarÏõÂzenõÂ. Prototypovou platformou pro vyÂvoj je Pocket PC 2002 a testovacõÂm zarÏõÂzenõÂm T-Mobile Mobile Digital Assistant.

1.2. Inspirace

JednõÂm z vyÂzkumnyÂch smeÏrÊu EvropskeÂho centra pro medicõÂnskou informatiku, statistiku a epidemiologii ś Kardio (EuroMISE Centra ś Kardio) je aplikovanyÂ interdisciplinaÂrnõÂ vyÂzkum v rÊuznyÂch oblastech medicõÂnskeÂ informatiky. SoucÏaÂstõÂ tohoto vyÂzkumu jsou otaÂzky reprezentace medicõÂnskyÂch znalostõÂ. PrototypovaÂ aplikace, na ktereÂ pracujeme, je inspirovaÂna neÏkteryÂmi evropskyÂmi projekty z oblasti elektronickeÂho zdravotnõÂho zaÂznamu (EHR), zejmeÂna projektem I4C/TripleC, na ktereÂm EuroMISE centrum spolupracovalo a ve ktereÂm vznikla dvouvrstvaÂ pilotnõÂ aplikace EHR ORCA (Open Record for Care) [1]. VyvõÂjenaÂ aplikace rozvõÂjõÂ elektronickyÂ zdravotnõÂ zaÂznam, kteryÂ jsem implementoval v raÂmci sveÂ diplomoveÂ praÂce a je inspirovaÂna konzultacemi s leÂkarÏi ś prÏevaÂzÏneÏ kardiology ś a cÏeskyÂmi, evropskyÂmi a mezinaÂrodnõÂmi standardy jako HL7, DASTA a komunikacÏnõÂmi standardy ISO TC 215 a CEN TC 251 [2].

2. Architektura vyvõÂjeneÂho EHR

2.1. Architektura MUDR

V raÂmci diplomoveÂ praÂce jsem pracoval na vyÂvoji EHR MUDR (MUltimedia Distributed Record) [3], kteryÂ je nynõÂ modiőkovaÂn a daÂle rozvõÂjen. ElektronickyÂ zdravotnõÂ zaÂznam MUDR je zalozÏen na trÏõÂvrstveÂ architekturÏe s datovou, aplikacÏnõÂ a klientskou vrstvou. Tato dekompozice umozÏnÏuje oddeÏlit jednotliveÂ funkcÏnõÂ cÏaÂsti systeÂmu a umozÏnÏuje uzÏivatelskyÂm rozhranõÂm pracovat na rÊuznyÂch platformaÂch. Funkce datoveÂ vrstvy spocÏõÂvaÂ v uklaÂdaÂnõÂ informacõÂ a kontrole zaÂkladnõÂ referencÏnõÂ integrity dat. AplikacÏnõÂ (funkcÏnõÂ) vrstva zajisÏt’uje zjednodusÏenyÂ pohled na databaÂzi a zprÏõÂstupnÏuje data uzÏivatelskyÂm rozhranõÂm a rÊuznyÂm klientskyÂm aplikacõÂm. Tito klienti komunikujõÂ s aplikacÏnõÂ vrstvou pomocõÂ MUDR API deőnovaneÂho ve formeÏ platnyÂch XML dokumentÊu odpovõÂdajõÂcõÂch prÏõÂslusÏneÂmu XML scheÂmatu. K prÏenosu tohoto XML je vyuzÏito HTTP serveru na aplikacÏnõÂ vrstveÏ. XML je na straneÏ klienta zabaleno do HTTP POST zÏaÂdosti a tõÂm je prÏeneseno na vstup Gateway Interface (CGI) skriptu, kteryÂ jej daÂle prÏedaÂvaÂ aplikacÏnõÂ vrstveÏ.

Ve formeÏ dynamickyÂch knihoven jsou ke sluzÏbeÏ aplikacÏnõÂ vrstvy prÏipojovaÂna leÂkarÏskaÂ doporucÏenõÂ. Jejich komunikace probõÂhaÂ na uÂrovni win32 prostrÏednictvõÂm exportovanyÂch funkcõÂ a sdõÂleneÂ pameÏti. TeÏmto funkcõÂm je prÏedaÂvaÂno XML odpovõÂdajõÂcõÂ MUDR API. V tomto ohledu zõÂskaÂvajõÂ knihovny informace ze zdravotnõÂho zaÂznamu pacienta stejnyÂm zpÊusobem jako MUDR klienti. Architektura je zobrazena na obraÂzku cÏõÂslo 1.

2.2. Architektura MUDR^2

Architektura EHR MUDR^2 vychaÂzõÂ ze zaÂkladnõÂ koncepce trÏõÂvrstveÂ architektury MUDR, kterou daÂle dekomponuje zpÊusobem zobrazenyÂm na obraÂzku cÏõÂslo 2. DatovaÂ vrstva MUDR^2 jizÏ nemusõÂ byÂt nutneÏ implementovaÂna na databaÂzoveÂm stroji Oracle. Komunikace obecneÂho MUDR DB Serveru s aplikacÏnõÂ vrstvou je zajisÏteÏna pomocõÂ adaptacÏnõÂch modulÊu ś łMUDR DB Connection Modulež. SluzÏba aplikacÏnõÂ vrstvy ś łMUDR Application Layer Servicež ś zvolõÂ prÏõÂslusÏnyÂ modul ve formeÏ dynamicky prÏipojitelneÂ knihovny dle konkreÂtnõÂho databaÂzoveÂho stroje. S vyuzÏitõÂm tohoto modulu jizÏ sluzÏba aplikacÏnõÂ vrstvy komunikuje s datovou vrstvou plneÏ transparentneÏ.

DaÂle sluzÏba aplikacÏnõÂ vrstvy MUDR^2 plnõÂ logicky obdobneÂ funkce jako sluzÏba aplikacÏnõÂ vrstvy MUDR; zajisÏt’uje funkcÏnõÂ logiku aplikace, prÏipojuje knihovny leÂkarÏskyÂch doporucÏenõÂ (LD) apod. RozdõÂl patrnyÂ na prvnõÂ pohled je ve zprÏõÂstupneÏnõÂ svyÂch sluzÏeb. Pro komunikaci smeÏrem ke klientÊum integruje sluzÏba aplikacÏnõÂ vrstvy tzv. komunikacÏnõÂ moduly. V prvnõÂ verzi probõÂhaÂ implementace komunikacÏnõÂho modulu MUDR WS. Tento modul obsahuje a zprÏõÂstupnÏuje objekty implementujõÂcõÂ rozhranõÂ łMUDR .NET Remoting APIž (MUDRNRAPI). PomocõÂ RPC technologie zalozÏeneÂ na .NET Remotingu [4] je mozÏno vzdaÂleneÏ volat metody teÏchto objektÊu. Toto vyuzÏõÂvaÂ dalsÏõÂ komponenta aplikacÏnõÂ vrstvy ś MUDR Web Service.

PhD Conference ’03 134 ICS Prague

Mgr. Josef SÏpidlen ElektronickyÂ zdravotnõÂ zaÂznam a telemedicõÂna

ObraÂzek 1: ScheÂma distribuovaneÂ architektury EHR MUDR.

Tato webovaÂ sluzÏba zprÏõÂstupnÏuje klientÊum aplikacÏnõÂ rozhranõÂ łMUDR Web Service Application Interfacež (MUDRWSAPI). TypickyÂ leÂkarÏ tedy pracuje s k EHR MUDR ze sveÂ pracovnõÂ stanice, vyuzÏõÂvaÂ aplikacÏnõÂho HTTP serveru pro komunikaci a SOAP protokolu pro koÂdovaÂnõÂ prÏõÂkazÊu a parametrÊu a prÏistupuje takto ke sluzÏbeÏ MUDR Web Service [5].

Pro prÏõÂpadneÂ vyuzÏitõÂ EHR MUDR tenkyÂmi klienty ve formeÏ HTML cÏi WAP klientÊu na jednoduchyÂch zarÏõÂzenõÂch je daÂle pocÏõÂtaÂno s vytvorÏenõÂm tzv. MUDR WS Proxy Service. Tato komponenta ve formeÏ CGI by meÏla vystupovat na jedneÂ straneÏ jako klient MUDR Web Service a na straneÏ druheÂ by meÏla zprÏõÂstupnit EHR MUDR ve formeÏ HTML cÏi WAP straÂnek.

3. Reprezentace dat

Z dÊuvodÊu nezaÂvislosti zaÂznamu na pouzÏiteÂm databaÂzoveÂm stroji nepopisuje praÂce fyzickeÂ scheÂma databaÂze. MõÂsto toho je poskytnuto matematizovaneÂ zobecneÏnõÂ, ktereÂ je mozÏno fyzicky implementovat pomocõÂ rÊuznyÂch databaÂzovyÂch strojÊu rÊuznyÂm zpÊusobem. NeÏktereÂ databaÂzoveÂ systeÂmy umozÏnÏujõÂ vyuzÏõÂt hnõÂzdeÏnyÂch tabulek cÏi objektoveÏ relacÏnõÂch technologiõÂ, v jinyÂch systeÂmech je trÏeba si vystacÏit s relacÏnõÂmi tabulkami. PrÏõÂslusÏnou transparentnost prÏõÂstupu zajisÏt’uje MUDR DB Connection Module.

Vzhledem k pozÏadavku na dynamicky se meÏnõÂcõÂ mnozÏinu sbõÂranyÂch druhÊu uÂdajÊu nenõÂ mozÏneÂ vyuzÏõÂt jako zaÂklad pro zaznamenaÂnõÂ hodnot klasickou relacÏnõÂ tabulku se sloupecÏky odpovõÂdajõÂcõÂmi jednotlivyÂm uklaÂdanyÂm velicÏinaÂm. MõÂsto toho jsou k uklaÂdaÂnõÂ dat pouzÏity daÂle popsaneÂ struktury teorie grafÊu, tzv. znalostnõÂ baÂze v kombinaci s datovyÂmi slozÏkami.

3.1. ZnalostnõÂ baÂze

HlavnõÂm uÂkolem znalostnõÂ baÂze je zachycovat druhy sbõÂranyÂch uÂdajÊu a vztahy mezi nimi. FormaÂlneÏ znalostnõÂ baÂzi MUDR KB deőnujeme jako orientovanyÂ graf:

MUDR KB = (V_{kb}, E_{kb}). (1)

PhD Conference ’03 135 ICS Prague

Mgr. Josef SÏpidlen ElektronickyÂ zdravotnõÂ zaÂznam a telemedicõÂna

ObraÂzek 2: ScheÂma architektury MUDR^2.

Vrcholy grafu, prvky n ∈ V_{kb}, oznacÏujeme jako uzly znalostnõÂ baÂze. KazÏdyÂ uzel znalostnõÂ baÂze je cÏtverÏice:

n = (γ, φ, ω, ϵ_{nd}), (2) kde γ je jednoznacÏnyÂ identiőkaÂtor v raÂmci vsÏech uzlÊu, φ je mnemotechnickyÂ, maximaÂlneÏ desetiznakovyÂ, rÏeteÏzcovyÂ identiőkaÂtor, ω je datovyÂ typ a ϵ_{nd} obsahuje zaÂkladnõÂ administrativnõÂ uÂdaje naprÏõÂklad o tom, kdo a kdy vlozÏil uzel do znalostnõÂ baÂze.^1 Hrany grafu e ∈ E_{kb} jsou takeÂ cÏtverÏice:

e = (α, β, τ, ϵ_{ed}), (3) kde α, β ∈ V_{kb} oznacÏujõÂ odkud kam hrana vede, τ je typem hrany urcÏujõÂcõÂm druh vztahu mezi koncovyÂmi uzly a ϵ_{ed} uchovaÂvaÂ administrativnõÂ uÂdaje, tentokraÂt tyÂkajõÂcõÂ se prÏõÂslusÏneÂ hrany.

Mezi typy hran existuje jeden dominantnõÂ typ ś tzv. inferior ś vedoucõÂ od rodicÏe k potomkovi a urcÏujõÂcõÂ tõÂmto hierarchickyÂ vztah mezi uzly znalostnõÂ baÂze. Vyjmeme-li ze znalostnõÂ baÂze hrany vsÏech ostatnõÂch typÊu, pozÏadujeme, aby vznikl orientovanyÂ les s neÏkolika maÂlo stromy. Tyto stromy oznacÏujeme jako domeÂny znalostnõÂ baÂze. KazÏdaÂ domeÂna sdruzÏuje uzly slouzÏõÂcõÂ ke stejneÂmu uÂcÏelu. Typicky praÂveÏ jedna domeÂna slouzÏõÂ pro uchovaÂnõÂ mnozÏiny vsÏech sbõÂranyÂch uÂdajÊu o pacientovi. Uzly teÂto domeÂny nazyÂvaÂme seÂmantickeÂ typy.

1 DaÂle si z oblasti programovaÂnõÂ vypÊujcÏõÂme indexoveÂ znacÏenõÂ, naprÏõÂklad zaÂpisem n[ω] budeme myslet trÏetõÂ slozÏku, tj. datovyÂ typ uzlu n.

PhD Conference ’03 136 ICS Prague

Mgr. Josef SÏpidlen ElektronickyÂ zdravotnõÂ zaÂznam a telemedicõÂna

MnozÏinu seÂmantickyÂch typÊu znacÏõÂme V_s; prÏirozeneÏ platõÂ V_s ⊆ V_{kb}. JineÂ domeÂny uchovaÂvajõÂ naprÏõÂklad hierarchicky strukturovanou mezinaÂrodnõÂ klasiőkaci nemocõÂ MKN10, anatomicko-terapeuticko-chemickou klasiőkaci chemickyÂch naÂzvÊu ATC cÏi klasiőkaci meÏrnyÂch jednotek SI nebo seznam leÂkÊu dostupnyÂch na cÏeskeÂm trhu. Hrany dalsÏõÂch typÊu umozÏnÏujõÂvlozÏit medicõÂnskou znalost do teÂto struktury. PrÏedstavit si mÊuzÏeme typy hran, ktereÂ oznacÏujõÂ ekvivalenci dvou seÂmantickyÂch typÊu nebo naprÏõÂklad indikace a kontraindikace neÏktereÂho leÂku.

Uzly se stejnyÂm otcem nazyÂvaÂme bratry a znacÏõÂme n_1 ♦ n_2. FormaÂlneÏ je-li n_1, n_2 ∈ V_{kb}, pak:

n_1 ♦ n_2^{def}⇐⇒ ∃ e_1, e_2 ∈ E_{kb}, e_1[α] = e_2[α], e_1[β] = n_1, e_2[β] = n_2, e_1[τ] = e_2[τ] = ”inferior”. (4)

TriviaÂlneÏ vidõÂme, zÏe bratrstvõÂ je relacõÂ ekvivalence. Logicky, bratrÏi slouzÏõÂ k podobnyÂm uÂcÏelÊum, naprÏ. zaznamenaÂnõÂ ulice a meÏsta v kontaktnõÂ adrese pacienta.

Uzly nemajõÂcõÂ otce nazyÂvaÂme korÏeny domeÂn a pro n ∈ V_{kb} põÂsÏeme:

n ∈ R_{kb}^{def}⇐⇒ (∀e ∈ E_{kb}, e[τ] = ”inferior” =⇒ e[β] ≠ n). (5) PozÏadujeme, aby jmeÂno φ bylo mezi bratry vzÏdy jednoznacÏneÂ. Stejnou jednoznacÏnost vyzÏadujeme mezi korÏeny domeÂn, tedy:

(n_1 ♦ n_2) ∨ (n_1, n_2 ∈ R_{kb}) =⇒ (n_1 = n_2) ∨ (n_1[φ] ≠ n_2[φ]). (6)

DatovyÂ typ uzlu je vyÂznamnyÂ prÏedevsÏõÂm pro seÂmantickeÂ typy. RozlisÏujeme zaÂkladnõÂ datoveÂ typy jako cÏõÂslo, boolean cÏi text, multimediaÂlnõÂ datoveÂ typy: obraz, audio, video a binaÂrnõÂ soubor a speciaÂlnõÂ, tzv. referencÏnõÂ datoveÂ typy. DaÂle existuje pomocnyÂ datovyÂ typ adresaÂrÏ. DatoveÂ slozÏky (viz def. 8 na str. 137) majõÂcõÂ datovyÂ typ adresaÂrÏ majõÂ praÂzdnou hodnotu a slouzÏõÂ naprÏõÂklad k seskupovaÂnõÂ svyÂch podslozÏek. V nejnoveÏjsÏõÂ verzi MUDR^2 je na multimediaÂlnõÂ data uplatnÏovaÂn jednotnyÂ pohled a rozlisÏovaÂnõÂ je provaÂdeÏno podle łMultipurpose Internet Mail Extensions Typež (mime-type, viz RFC 2048) atributu. V teÂto verzi byl takeÂ prÏidaÂn vyÂcÏtovyÂ datovyÂ typ łenumž.

3.2. DatoveÂ slozÏky

KonkreÂtnõÂ zadanaÂ data tvorÏõÂ orientovanyÂ les MUDR DF , formaÂlneÏ:

MUDR DF = (D_{df} , E_{df} ). (7) ZaÂznamy jednoho pacienta odpovõÂdajõÂ vzÏdy jednomu stromu v tomto lese. Vrcholy d ∈ D_{df} nazyÂvaÂme datoveÂ slozÏky a deőnujeme jako cÏtverÏice:

d = (δ, σ, λ, ϵ_{df} ). (8) Zde δ je jednoznacÏnyÂ identiőkaÂtor v raÂmci vsÏech datovyÂch slozÏek, σ je seÂmantickyÂ typ ve znalostnõÂ baÂzi (σ ∈ V_s)^2 a λ je tzv. hodnotou datoveÂ slozÏky. DomeÂna teÂto hodnoty je urcÏena datovyÂm typem datoveÂ slozÏky, kteryÂ implicitneÏ vyplyÂvaÂ z seÂmantickeÂho typu σ. Pod polozÏkou ϵ_{df} se skryÂvaÂ mnozÏstvõÂ administrativnõÂch informacõÂ urcÏujõÂcõÂch kdo a kdy, zadal, smazal cÏi potvrdil prÏõÂslusÏnou datovou slozÏku, jakeÂ je obdobõÂ platnosti hodnoty, spolehlivost zadaneÂho uÂdaje apod.

2 Implementace samotnaÂ je typicky provaÂdeÏna formou odkazu na seÂmantickyÂ typ ve znalostnõÂ baÂzi.

PhD Conference ’03 137 ICS Prague

Mgr. Josef SÏpidlen ElektronickyÂ zdravotnõÂ zaÂznam a telemedicõÂna

Hrany e ∈ E_{df} jsou tentokraÂt netypovaneÂ, vytvaÂrÏejõÂ pouze hierarchickyÂ vztah łotec - synž, tedy E_{df} ⊆ D_{df} × D_{df} . NavõÂc pro MUDR DF musõÂ platit:

1. ∀d ∈ D_{df} (∃d^′ ∈ D_{df} , (d^′, d) ∈ E_{df} ∨ d[σ] ∈ R_{kb}) 2. d, d^′ ∈ D_{df} , (d^′, d) ∈ E_{df} =⇒ ∃e ∈ E_{kb} e[α] = d[σ], e[β] = d^′[σ], e[τ] = ”inferior” SlovneÏ popsaÂno prvnõÂ podmõÂnka vyjadrÏuje, zÏe kazÏdaÂ datovaÂ slozÏka maÂ otce nebo jejõÂ seÂmantickyÂ typ je korÏenem domeÂny. DruhaÂ podmõÂnka tvrdõÂ, maÂ-li datovaÂ slozÏka d otce d^′, pak seÂmantickyÂ typ d je syn seÂmantickeÂho typu d^′. ZjednodusÏeneÏ rÏecÏeno, podmõÂnky zarucÏujõÂ, zÏe datovaÂ cÏaÂst odpovõÂdaÂ znalostnõÂ baÂzi a zÏe v nõÂ łneplavouž volneÂ uzly. MalyÂ prÏõÂklad neÏkolika ulozÏenyÂch dat a cÏaÂsti znalostnõÂ baÂze je znaÂzorneÏn na obraÂzku cÏõÂslo 3.

ObraÂzek 3: PrÏõÂklad reprezentace dat v EHR MUDR^2.

4. ZõÂskaÂvaÂnõÂ informacõÂ z MUDR

4.1. RozhranõÂ pro prÏõÂstup k datÊum

Pro uÂcÏely komunikace s aplikacÏnõÂ vrstvou EHR MUDR bylo deőnovaÂno aplikacÏnõÂ rozhranõÂ MUDR API. Toto rozhranõÂ maÂ formu platnyÂch XML dokumentÊu odpovõÂdajõÂcõÂch XML ScheÂmatu MUDRAPI.xsd [6]. ExistujõÂ 2 druhy platnyÂch XML dokumentÊu: smeÏrem k aplikacÏnõÂ vrstveÏ je pouzÏõÂvaÂn dokument sestaÂvajõÂcõÂ z identiőkace uzÏivatele a posloupnosti prÏõÂkazÊu, smeÏrem od aplikacÏnõÂ vrstvy je pouzÏõÂvaÂn dokument slozÏenyÂ z posloupnosti odpoveÏdõÂ. KazÏdeÂmu prÏõÂkazu je prÏirÏazen jednoznacÏnyÂ identiőkaÂtor v raÂmci XML dokumentu. Tento identiőkaÂtor kopõÂruje aplikacÏnõÂ vrstva do odpoveÏdõÂ, aby klient spraÂvneÏ a jednodusÏe rozpoznal, k jakeÂmu prÏõÂkazu se prÏõÂslusÏnaÂ odpoveÏd’ vaÂzÏe. Ke kazÏdeÂmu prÏõÂkazu jsou deőnovaÂny mozÏneÂ odpoveÏdi.

AplikacÏnõÂ rozhranõÂ MUDR API bylo navrzÏeno tak, aby obsahovalo relativneÏ malou mnozÏinu prÏõÂkazÊu a prÏitom umozÏnÏovalo plnohodnotneÏ pracovat s elektronickyÂm zaÂznamem vcÏetneÏ uÂprav znalostnõÂ baÂze, spraÂvy uzÏivatelÊu a jejich pravomocõÂ, praÂce s vyÂrazy v rÊuznyÂch sveÏtovyÂch jazycõÂch apod.

4.2. TypickeÂ pouzÏitõÂ aplikacÏnõÂho rozhranõÂ

Jak je patrno z obraÂzku cÏõÂslo 2 aplikacÏnõÂ rozhranõÂ pro EHR MUDR^2 je rÏesÏeno odlisÏneÏ po technickeÂ straÂnce. Komponenta MUDR Web Service zprÏõÂstupnÏuje tzv. MUDRWSAPI. Toto aplikacÏnõÂ rozhranõÂ sestaÂvaÂ z mnozÏiny funkcõÂ, ktereÂ je mozÏno volat vzdaÂleneÏ pomocõÂ technologie webovyÂch sluzÏeb. Pro prÏõÂkazy

PhD Conference ’03 138 ICS Prague

Mgr. Josef SÏpidlen ElektronickyÂ zdravotnõÂ zaÂznam a telemedicõÂna

pÊuvodnõÂho MUDR API nalezneme v MUDRWSAPI funkce provaÂdeÏjõÂcõÂ obdobnou sluzÏbu v kontextu noveÂho EHR. OpacÏneÏ toto pravda nenõÂ. V pÊuvodnõÂm EHR bylo analyzovaÂno chovaÂnõÂ klientÊu a na zaÂkladeÏ zõÂskanyÂch poznatkÊu bylo API rozsÏõÂrÏeno. Klienti nynõÂ mohou pozÏaÂdat naprÏõÂklad o celyÂ strom T ⊆ MUDR DF odpovõÂdajõÂcõÂ urcÏiteÂmu pacientovi nebo zõÂskat urcÏityÂ fragment znalostnõÂ baÂze K ⊆ MUDR KB. V pÊuvodnõÂ implementaci zõÂskaÂvali klienti postupneÏ (maximaÂlneÏ łpo patrechž) jednotliveÂ datoveÂ slozÏky d ∈ D_{df} cÏi uzly znalostnõÂ baÂze n ∈ V_{kb} s prÏidanou informacõÂ o neÏkteryÂch hranaÂch v prÏõÂslusÏneÂ strukturÏe. Klienti implementujõÂ rÊuzneÂ modiőkace a kombinace klasickyÂch łDepth First Searchž (DFS) a łBreadth First Searchž algoritmÊu k prohledaÂvaÂnõÂ zõÂskanyÂch grafovyÂch struktur. Celkem existuje 21 zaÂkladnõÂch prÏõÂkazÊu, z nichzÏ pro potrÏeby prohledaÂnõÂ informacõÂ ze zaÂznamu pacienta jsou relevantnõÂ 4 prÏõÂkazy uvedeneÂ v tabulce cÏõÂslo 1.

PrÏõÂkaz Popis prÏõÂkazu get knowledge domains VypõÂsÏe korÏenoveÂ uzly znalostnõÂch domeÂn. get knowledge node VypõÂsÏe detailnõÂ informace o uzlu znalostnõÂ baÂze. get node neighbours VypõÂsÏe seznam okolnõÂch uzlÊu k uzlu znalostnõÂ baÂze. get data őles VraÂtõÂ urcÏitou(-eÂ) datovou(-eÂ) slozÏku(-y).

Tabulka 1: VybraneÂ prÏõÂkazy aplikacÏnõÂho rozhranõÂ MUDR API.

Na prÏõÂkladeÏ v jazyce C++ si ukaÂzÏeme algoritmus nacÏtenõÂ podstromu znalostnõÂ baÂze. KazÏdeÂ volaÂnõÂ metody

AppendChildren nacÏte dalsÏõÂ patro stromu znalostnõÂ baÂze. VneÏjsÏõÂ cyklus prÏes pN2 prochaÂzõÂ uzly z patra,

ktereÂ praÂveÏ zkoumaÂme. VnitrÏnõÂ cyklus prÏes pN1 prÏidaÂvaÂ postupneÏ do xmlNextLayer pozÏadavky na prozkoumaÂnõÂ vsÏech synÊu. Je-li alesponÏ jeden takovyÂto pozÏadavek prÏidaÂn, je prÏed koncem metody volaÂno zpracovaÂnõÂ xmlNextLayer.ProcessCmnds() a metoda AppendChildren je rekurzivneÏ volaÂna na vyÂsledek. Objekty trÏõÂdy CMUDRXMLDoc sdruzÏujõÂ dva XML dokumenty, jeden shromazÏd’uje prÏõÂkazy a do druheÂho (m pXMLResp) je ulozÏena odpoveÏd’ 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);

PhD Conference ’03 139 ICS Prague

Mgr. Josef SÏpidlen ElektronickyÂ zdravotnõÂ zaÂznam a telemedicõÂna

else return false;

}

return true;

} PrÏõÂkaz get data őles lze pouzÏõÂt trÏemi zaÂkladnõÂmi zpÊusoby:

1. Dotaz na datovou slozÏku d ∈ D_{df} pomocõÂ jejõÂho identiőkaÂtoru d[δ]. VraÂcena je kompletnõÂ informace o datoveÂ slozÏce. V prÏõÂpadeÏ multimediaÂlnõÂch dat lze dokonce speciőkovat neÏktereÂ vlastnosti hodnoty datoveÂ slozÏky d[λ] a systeÂm provede prÏõÂslusÏneÂ transformace jako naprÏõÂklad prÏevod do urcÏiteÂho formaÂtu cÏi nastavenõÂ uÂrovneÏ komprese.

2. Dotaz na datoveÂ slozÏky pomocõÂ jejich spolecÏneÂho otce. VraÂceny jsou vsÏechny datoveÂ slozÏky d ∈ D_{df} , ktereÂ majõÂ otce d^′ ∈ D_{df} speciőkovaneÂho dotazem, tj. pro vraÂceneÂ datoveÂ slozÏky d platõÂ (d^′, d) ∈ E_{df} .

3. VyhledaÂvaÂnõÂ datovyÂch slozÏek d ∈ D_{df} pomocõÂ zadaneÂ klõÂcÏoveÂ hodnoty λ^′, seÂmantickeÂho typu d[σ] a uprÏesnÏujõÂcõÂch parametrÊu vyjadrÏujõÂcõÂch vztah mezi d[λ] a λ^′. Tento zpÊusob je hodneÏ ŕexibilnõÂ a lze jõÂm vyhledat naprÏõÂklad datoveÂ slozÏky systolickeÂho krevnõÂho tlaku veÏtsÏõÂho nezÏ 180 mmHg nebo prÏõÂjmenõÂ pacientÊu zacÏõÂnajõÂcõÂ rÏeteÏzcem łNovž.

PrÏi prohledaÂvaÂnõÂ datovyÂch slozÏek i znalostnõÂ baÂze vyvstaÂvaÂ potrÏeba odkazovaÂnõÂ se na urcÏityÂ seÂmantickyÂ typ cÏi libovolnyÂ jinyÂ uzel znalostnõÂ baÂze. Jednou mozÏnostõÂ, jak se odkaÂzat na uzel n ∈ V_{kb} je vyuzÏõÂt identiőkaÂtor n[γ]. Pro prÏõÂpad, zÏe klient tõÂmto uÂdajem nedisponuje, lze vyuzÏõÂt tzv. uÂplneÂ jmeÂno uzlu. UÂ plneÂ jmeÂno uzlu n deőnujeme jako posloupnost φ_0, φ_1, ..., φ_k, jestlizÏe existujõÂ uzly n_0, n_1, ..., n_k ∈ V_{kb}, kde ∀i ∈ 0..k n_i[φ] = φ_i, n_0 ∈ R_{kb}, n_k = n a ∀i ∈ 1..k ∃e_i ∈ E_{kb}, e_i[α] = n_{i−1}, e_i[β] = n_i, e_i[τ] = ”inferior”. UÂ plneÂ jmeÂno uzlu zapisujeme tecÏkovou notacõÂ ”φ_0.φ_1.φ_2. ... .φ_k”, tedy naprÏõÂklad žPA- TIENT.PHYS EXAM.BP.SYSTOLICž.

UÂ plneÂ jmeÂno uzlu jednoznacÏneÏ identiőkuje uzel znalostnõÂ baÂze. DÊukaz provedeme indukcõÂ. Pro n_0 prÏedpoklaÂdaÂme n_0 ∈ R_{kb}. Dle (6) tedy ∀n^′ ∈ R_{kb}, n^′ ≠ n ⇒ n^′[φ] ≠ n_0[φ] = φ_0, tedy ”φ_0” jednoznacÏneÏ identiőkuje neÏjakyÂ korÏen znalostnõÂ domeÂny. PrÏedpoklaÂdejme nynõÂ, zÏe rÏeteÏzec ”φ_0.φ_1.φ_2. ... .φ_i” jednoznacÏneÏ identiőkuje uzel n_i. Postupujme sporem, necht’ rÏeteÏzec ”φ_0.φ_1.φ_2. ... .φ_i.φ_{i+1}” odpovõÂdaÂ dveÏma uzlÊum n_j , n_k ∈ V_{kb}, n_j ≠ n_k. Uzel n_i je ale jednoznacÏneÏ urcÏen posloupnostõÂ ”φ_0.φ_1.φ_2. ... .φ_i”, tedy ∃e ∈ E_{kb}, e[α] = n_i, e[β] = n_j , e[τ] = ”inferior”. StejneÏ tak pro n_k maÂme ∃e^′ ∈ E_{kb}, e^′[α] = n_i, e^′[β] = n_k, e^′[τ] = ”inferior”. Tedy z (4) plyne, zÏe n_j ♦ n_k, pak ale dle (6) musõÂ byÂt φ_{i+1} = n_j [φ] ≠ n_k[φ] = φ_{i+1}, cozÏ je spor.

5. MobilnõÂ prÏõÂstup k zaÂznamu

5.1. VyuzÏitõÂ tenkyÂch klientÊu

Ze scheÂmatu architektury na obraÂzku 1 je patrno, zÏe pro typickou komunikaci mezi klienty a aplikacÏnõÂ vrstvou je vyuzÏõÂvaÂno XML deőnovaneÂ v [6]. KvÊuli prÏõÂkazoveÏ orientovaneÂmu charakteru tohoto XML je nutneÂ, aby standardnõÂ klientskeÂ aplikace disponovaly nezanedbatelnou vyÂpocÏetnõÂ silou.

Pro prÏõÂstup k zaÂznamu z tenkyÂch klientÊu je vyuzÏõÂvaÂna mnozÏina sluzÏeb na straneÏ aplikacÏnõÂ vrstvy, kteraÂ transformuje prÏõÂkazoveÏ orientovaneÂ XML do HTML cÏi WML jazyka. Tyto utility jsou implementovaÂny jako speciaÂlnõÂ preprocesory ve formeÏ CGI programÊu cÏi HTTP Server modulÊu. TõÂmto zpÊusobem mÊuzÏe byÂt vesÏkeraÂ slozÏitost a aplikacÏnõÂ logika prÏesunuta na prostrÏednõÂ vrstvu MUDR zaÂznamu, cozÏ zjednodusÏõÂ vyÂpocÏetnõÂ naÂroky na uzÏivatelskeÂ rozhranõÂ a umozÏnõÂ vyuzÏõÂt klienty ve formeÏ WWW prohlõÂzÏecÏ Êu, Pocket, Handheld cÏi Tablet PC, PDA nebo mobilnõÂch telefonÊu. JednõÂm z prvnõÂch testovacõÂch modulÊu byl modul pro Nokia 9110i Communicator. U tohoto zarÏõÂzenõÂ bylo nutneÂ pamatovat na to, zÏe WWW prohlõÂzÏecÏ nepodporuje ani tabulky ani raÂmce. ObecneÏ je velmi dÊulezÏiteÂ prÏizpÊusobit vyÂstup podmõÂnkaÂm maleÂho prÏenosneÂho

PhD Conference ’03 140 ICS Prague

Mgr. Josef SÏpidlen ElektronickyÂ zdravotnõÂ zaÂznam a telemedicõÂna

zarÏõÂzenõÂ. V porovnaÂnõÂ z osobnõÂmi pocÏõÂtacÏi je trÏeba pocÏõÂtat s malyÂm a cÏasto monochromatickyÂm displejem, omezenyÂmi mozÏnostmi ovlaÂdaÂnõÂ, mensÏõÂ pameÏtõÂ a vyÂpocÏetnõÂ sõÂlou, pomalejsÏõÂm datovyÂm prÏenosem atd. S prÏihleÂdnutõÂm k teÏmto omezenõÂm zvazÏujeme rÏesÏenõÂ, ktereÂ by umozÏnÏovalo prÏedtrÏõÂdit data dle speciőkace leÂkarÏe a znalosti informacõÂ o pacientovi tak, aby pouze relevantnõÂ data byla prÏenaÂsÏena k leÂkarÏi a zobrazovaÂna na mobilnõÂm zarÏõÂzenõÂ. OstatnõÂ data by byla prÏõÂstupnaÂ azÏ na speciaÂlnõÂ vyzÏaÂdaÂnõÂ. TõÂmto by dosÏlo ke zmensÏenõÂ objemu prÏenaÂsÏenyÂch dat a snõÂzÏenõÂ potrÏebneÂ prÏenosoveÂ kapacity. BohuzÏel, tento zpÊusob staÂle naraÂzÏõÂ na obavy z mozÏnyÂch naÂsledkÊu chybneÂho rozhodnutõÂ na zaÂkladeÏ neuÂplneÂ informace.

Jak je videÏt ze scheÂmatu na obraÂzku 2, v noveÂ verzi je pouzÏitõÂ tenkyÂch klientÊu prÏesunuto azÏ za tzv. łMUDR WS Proxyž sluzÏbu. Je tomu tak proto, zÏe vyuzÏitõÂ tenkyÂch klientÊu je cÏõÂm daÂl võÂce potlacÏovaÂno. DÊuvody k tomuto jsou dva. PrÏõÂlisÏ jednoducheÂ zarÏõÂzenõÂ nedokaÂzÏe dostatecÏneÏ prÏehledneÏ zobrazit potrÏebneÂ informace tak, aby leÂkarÏi byli ochotni s teÏmito informacemi pracovat. KromeÏ toho s vyÂvojem v oblasti mobilnõÂch komunikacõÂ prÏichaÂzõÂ na trh mnoho mobilnõÂch zarÏõÂzenõÂ, kteraÂ umozÏnÏujõÂ implementace tzv. tlustyÂch mobilnõÂch klientÊu, kteryÂm se ve sveÂ praÂci snazÏõÂm veÏnovat võÂce.

5.2. TlustõÂ, ale mobilnõÂ klienti

NejnoveÏjsÏõÂ trend vyÂzkumu mobilnõÂho prÏõÂstupu k EHR MUDR spocÏõÂvaÂ v tvorbeÏ tzv. ł.NET Compact Klientaž. K vyÂvoji je pouzÏõÂvaÂn ł.NET Compact Frameworkž [7], kteryÂ je prÏirozeneÏ podporovaÂn ve vyÂvojoveÂm naÂstroji łMS Visual Studio .NET 2003ž [8, 9]. Tento naÂstroj v kombinaci s programovacõÂm jazykem C# prÏispõÂvaÂ ke vzniku MUDR mobilnõÂho klienta na platformaÂch łPocket PCž a łSmart Phone 2002ž. PomocõÂ .NET Studia rozsÏõÂrÏeneÂho o tzv. łSmart Device Extensionsž, prÏõÂpadneÏ v kombinaci s łMicrosoft Mobile Internet Toolkitž, lze v soucÏasneÂ dobeÏ jednodusÏe vyvõÂjet pro võÂce nezÏ 200 rÊuznyÂch zarÏõÂzenõÂ, prÏicÏemzÏ tento pocÏet velmi rychle vzrÊustaÂ. DõÂky tomu, zÏe staÂle võÂce zarÏõÂzenõÂ pouzÏõÂvaÂ Windows XP Embedded and Windows CE .NET [10] operacÏnõÂ systeÂmy, je vyÂvoj do jisteÂ mõÂry transparentnõÂ zaÂlezÏitostõÂ.

V soucÏasneÂ dobeÏ jako testovacõÂ a vyvõÂjecõÂ platformu pro mobilnõÂho MUDR Klienta vyuzÏõÂvaÂme zarÏõÂzenõÂ T-Mobile MDA. Tento mobilnõÂ digitaÂlnõÂ asistent kombinuje vyÂhody mobilnõÂho telefonu podporujõÂcõÂho GPRS s osobnõÂm digitaÂlnõÂm asistentem (PDA) na platformeÏ Pocket PC 2002 Phone Edition (WinCE 3.0). KombinacõÂ vyÂkonu procesoru Intel Arm SA-1110 206MHz, barevneÂho TFT 240 x 320 pix. dotykoveÂho displeje a 32 MB RAM rozsÏirÏitelneÂ pomocõÂ MMC karet je poskytovaÂna dostatecÏnaÂ funkcÏnost pro pouzÏitõÂ v medicõÂnskeÂm prostrÏedõÂ.

DalsÏõÂ vyÂvoj smeÏrÏujeme k pouzÏitõÂ tzv. ultra osobnõÂch pocÏõÂtacÏ Êu, ktereÂ prÏedstavila őrma Microsoft na łWindows Hardware Conference 2002ž (WinHEC 2002). Tyto pocÏõÂtacÏe slibujõÂ posunout eÂru osobnõÂch pocÏõÂtacÏ Êu kuprÏedu srovnatelnyÂm zpÊusobem jako posunul prÏõÂchod mobilnõÂch telefonÊu sveÏt telekomunikacõÂ. PrvnõÂ produkt teÂto rÏady by meÏl byÂt k dispozici koncem roku 2003. Jde o plneÏ funkcÏnõÂ vsÏestrannyÂ wireless handheld pocÏõÂtacÏ, kteryÂ jednodusÏe poslouzÏõÂ i jako notebook. PocÏõÂtacÏ meÏrÏõÂcõÂ cca. 10,5 cm x 7,4 cm x 2,3 cm a vaÂzÏõÂcõÂ ne võÂce nezÏ 250 gramÊu vyuzÏõÂvaÂ operacÏnõÂ systeÂm Microsoft Windows XP Professional, zahrnuje 1GHz Crusoe TM5800 processor od őrmy Transmeta Corporation, 4 palcovyÂ barevnyÂ VGA LCD displej s dotykovou obrazovkou, USB, zvukovyÂ vyÂstup a podporu pro bezdraÂtoveÂ sõÂteÏ 802.11b and Bluetooth.

5.3. Komunikace mezi mobilnõÂmi klienty a MUDR zaÂznamem

Jak jizÏ bylo rÏecÏeno, tlustyÂ mobilnõÂ klient vyuzÏõÂvaÂ MUDRWSAPI ke komunikaci s elektronickyÂm zdravotnõÂm zaÂznamem MUDR. V praxi to znamenaÂ, zÏe na straneÏ klienta je trÏeba vytvorÏit tzv. łproxy objektž weboveÂ sluzÏby MUDR Web Service. Tento proxy objekt nazveme naprÏ. MUDRWSProxy a podeÏdõÂme od trÏõÂdy System.Web.Services.Protocols.SoapHttpClientProtocol. Pro kazÏdou metodu rozhranõÂ MUDRWSAPI jsou vytvorÏeny 3 metody proxy trÏõÂdy, jedna stejneÂho naÂzvu jakyÂ maÂ verÏejnaÂ funkce rozhranõÂ, jedna s preőxem Begin a jedna s preőxem End. PrvnõÂ metoda slouzÏõÂ pro normaÂlnõÂ synchronnõÂ vyvolaÂnõÂ urcÏiteÂ funkce MUDRWSAPI, dalsÏõÂ dveÏ jsou urcÏeny pro asynchronnõÂ komunikaci. Ve vyÂvojoveÂm prostrÏedõÂ MS .NET Studia je tvorba proxy trÏõÂdy automatizovaÂna na zaÂkladeÏ WSDL dokumentu generovaneÂho webovou sluzÏbou [5]. MaÂme-li k dispozici proxy trÏõÂdu, lze jednoduchyÂm koÂdem vzdaÂleneÏ volat rozhranõÂ MUDRWSAPI:

try

PhD Conference ’03 141 ICS Prague

Mgr. Josef SÏpidlen ElektronickyÂ zdravotnõÂ zaÂznam a telemedicõÂna

{

cz.euromise.unix.MUDRWSProxy mws = new cz.euromise.unix.MUDRWSProxy();
mws.Url = žhttp://unix.euromise.cz:6004/MUDRWebServices/MUDRWS1.asmxž;
KnowledgeNode nd = mws.get knowledge node(žPATIENT.PHYS EXAM.BP.SYSTOLICž);

}

catch (Exception ex)

{ Msg.Text = žChyba prÏi volaÂnõÂ sluzÏby: ž + ex.Message; }

6. ZaÂveÏr

VyuzÏitõÂ a mozÏnosti mobilnõÂho prÏõÂstupu k elektronickeÂmu zdravotnõÂmu zaÂznamu zaÂvisõÂ podstatnou mõÂrou na vyÂvoji v oblasti mobilnõÂch komunikacõÂa na vyÂzkumu a rychleÂm vyÂvoji podpÊurnyÂch naÂstrojÊu pro leÂkarÏe. PraktickeÂ testovaÂnõÂ ukaÂzalo, zÏe na prÏõÂlisÏ malyÂch a jednoduchyÂch zarÏõÂzenõÂch nenõÂ mozÏneÂ strukturovat medicõÂnskeÂ informace tak, aby leÂkarÏi byli ochotni s elektronickyÂm zdravotnõÂm zaÂznamem tõÂmto zpÊusobem pracovat. NicmeÂneÏ cÏaÂstecÏneÂ vyuzÏitõÂ se nachaÂzõÂ i zde naprÏõÂklad v rychleÂm zobrazenõÂ prÏehledu stavu pacienta s mozÏnostõÂ online vklaÂdaÂnõÂ jednoduchyÂch poznaÂmek do zdravotnõÂho zaÂznamu.

Na druhou stranu se v dnesÏnõÂ dobeÏ objevuje na trhu spousta malyÂch zarÏõÂzenõÂ s relativneÏ velkyÂm displejem a dostatecÏnou silou na to, aby bylo mozÏneÂ implementovat plnohodnotneÂ mobilnõÂ klienty elektronickeÂho zdravotnõÂho zaÂznamu. Ve sveÂ praÂci se snazÏõÂme toto respektovat prÏi vyÂvoji MUDR mobilnõÂch modulÊu i prÏi dalsÏõÂm vyÂzkumu v oblasti telemedicõÂny. V oblasti mobilnõÂho prÏõÂstupu k datÊum vyuzÏõÂvaÂme noveÂ technologie a nejvõÂce podporovaneÂ a rozsÏõÂrÏeneÂ naÂstroje.

BohuzÏel tomu, aby mobilnõÂ prÏõÂstup k elektronickeÂmu zdravotnõÂmu zaÂznamu prÏesÏel z testovacõÂch laboratornõÂch podmõÂnek do beÏzÏneÂ praxe kazÏdeÂho leÂkarÏe, braÂnõÂ zatõÂm dva zaÂsadnõÂ probleÂmy. JednõÂm je staÂle pomeÏrneÏ vysokaÂ cena za prÏenesenaÂ data a druhyÂm pomeÏrneÏ malaÂ uÂspeÏsÏnost teÏchto zarÏõÂzenõÂ prÏi rozpoznaÂvaÂnõÂ rukopisu, zvlaÂsÏteÏ pak jde-li o cÏeskyÂ jazyk. PrvnõÂ probleÂm by bylo mozÏneÂ rÏesÏit łcacheing technikamiž v kombinaci s cÏaÂstecÏnou synchronizacõÂ dat obcÏasnyÂm prÏõÂmyÂm propojovaÂnõÂm s pevnou pracovnõÂ stanicõÂ, na rÏesÏenõÂ druheÂho probleÂmu pracujõÂ vyÂvojaÂrÏi komercÏnõÂch őrem.

PodeÏkovaÂnõÂ

PraÂce je cÏaÂstecÏneÏ podporovaÂna projektem LN00B107 Ministerstva sÏkolstvõÂ, mlaÂdezÏe a teÏlovyÂchovy CÏeskeÂ Republiky.

Literatura

[1] ZvaÂrovaÂ J., HanzlõÂcÏek P., PrÏibõÂk V.: łApplication of ORCA multimedia EPR in Czech hospitalsž, Proceedings of 3^{rd}European Conference on Electronic Healthcare Records, Sevilla 1999, ss. 160ś 165.

[2] CEN/TC251, ENV 13606, cÏaÂsti 1 ś 4.

[3] SÏpidlen J.: łDatabaÂzovaÂ reprezentace medicõÂnskyÂch informacõÂ a leÂkarÏskyÂch doporucÏenõÂž, DiplomovaÂ praÂce, UK MFF, Katedra softwaroveÂho inzÏenyÂrstvõÂ, 2002.

[4] McLean S., Naftel J., Williams K.: łMicrosoft .NET Remotingž, Microsoft Press, 2002, ISBN 0-7356-1778-3.

[5] Shortm S.: łBuilding XML Web Services for the Microsoft .NET Platformž, Microsoft Press, 2002, ISBN 0-7356-1406-7.

[6] SÏpidlen J., EuroMISE Centrum - Kardio: łDeőnice aplikacÏnõÂho rozhranõÂ MUDR APIž, http://www.euromise.cz/MUDRAPI.xsd, 2002.

[7] Wigley A., Wheelwright S., Burbidge R., MacLeod R., Sutton M.: łMicrosoft .NET Compact Framework (Core Reference)ž, Microsoft Press, 2003, ISBN 0-7356-1725-2.

PhD Conference ’03 142 ICS Prague

Mgr. Josef SÏpidlen ElektronickyÂ zdravotnõÂ zaÂznam a telemedicõÂna

[8] KacÏmaÂrÏ D.: łProgramujeme .NET aplikace ve Visual Studiu .NETž, Computer Press, 2001, ISBN 8072265695.

[9] Prosise J.: łProgramming Microsoft .NETž, Microsoft Press, 2002, ISBN 0-7356-1376-1. [10] Boling D.: łProgramming Microsoft Windows CE .NET, Third Editionž, Microsoft Press, 2003, ISBN 0-7356-1884-4.

PhD Conference ’03 143 ICS Prague

Mgr. Inka VyoraÂlkovaÂ Klasiőkace satelitnõÂch snõÂmkuÊ neuronovyÂmi sõÂteÏmi

Klasiőkace satelitnõÂch snõÂmkuÊ neuronovyÂmi sõÂteÏmi

doktorand:

MGR. INKA VYORA^Â LKOVA^Â

sÏkolitel:

DOC. ING. EMIL PELIKA^Â N, CSC.

UÂ stav informatiky Akademie veÏd cÏeskeÂ republiky,

Pod VodaÂrenskou veÏzÏõÂ 2, Praha 8

UÂ stav informatiky Akademie veÏd cÏeskeÂ republiky,

Pod VodaÂrenskou veÏzÏõÂ 2, Praha 8

incav@cs.cas.cz emil@cs.cas.cz

obor studia:

Kartograőe a geoinformatika

Abstrakt

PraÂce je zameÏrÏena na klasiőkaci multispektraÂlnõÂch satelitnõÂch snõÂmkuÊ metodou umeÏlyÂch neuronovyÂch sõÂtõÂ, jejõÂzÏ vyÂvoj a vyuzÏõÂvaÂnõÂ je zatõÂm v pocÏaÂtcõÂch. PraÂce se soustrÏed’uje prÏedevsÏõÂm na konkreÂtnõÂ zpracovaÂnõÂ snõÂmku touto metodou, prÏicÏemzÏ duÊlezÏityÂm bodem je navrzÏenõÂ postupu zpracovaÂnõÂ v dostupnyÂch programech. ZaÂkladem je rÏõÂzenaÂ klasiőkace neuronovyÂmi sõÂteÏmi do neÏkolika trÏõÂd land use/land cover v programu Statistica Neural Networks se soucÏasnyÂm vyuzÏitõÂm programu Idrisi. CõÂlem praÂce bylo nejen vyzkousÏet klasiőkace ruÊznyÂmi neuronovyÂmi sõÂteÏmi, ale takeÂ porovnat vyÂsledky z takto vytvorÏenyÂch klasiőkacõÂ s obvykle pouzÏõÂvanou metodou maximum likelihood a s klasiőkacemi neuronovyÂch sõÂtõÂ v programu Geomatica.

1. UÂ vod

VyuzÏitõÂ dat daÂlkoveÂho pruÊzkumu ZemeÏ (DPZ) je v soucÏasneÂ dobeÏ staÂle cÏasteÏjsÏõÂ a velmi rozsaÂhleÂ. Vzhledem k nejruÊzneÏjsÏõÂm aplikacõÂm vyuzÏõÂvanyÂm naprÏõÂklad pro zemeÏdeÏlskou evidenci puÊdnõÂho fondu, mapovaÂnõÂ vyuzÏitõÂ uÂzemõÂ, zjisÏt’ovaÂnõÂ zamokrÏenõÂ, lesnõÂ hospodaÂrÏstvõÂ cÏi pro analyÂzy zÏivotnõÂho prostrÏedõÂ, se objevuje i mnoho rozlicÏnyÂch metod zpracovaÂnõÂ teÏchto dat. JelikozÏ prÏesnost a spraÂvnost vyhodnocenõÂ snõÂmkuÊ zaÂvisõÂ takeÂ na spraÂvneÏ zvoleneÂ metodeÏ klasiőkace, nenõÂ divu, zÏe se objevujõÂ staÂle noveÂ prÏõÂstupy. Mezi nejnoveÏjsÏõÂ metody klasiőkace obrazu patrÏõÂ klasiőkace pomocõÂ umeÏleÂ neuronoveÂ sõÂteÏ (Artiőcial Neural Network Classiőcation).

SoucÏasneÏ s naÂruÊstem rozsahu dostupnyÂch dat DPZ prÏibyÂvajõÂ i mozÏnosti pouzÏitõÂ neuronovyÂch sõÂtõÂ, ktereÂ se tak zacÏaly pouzÏõÂvat i pro klasiőkaci multispektraÂlnõÂch snõÂmkuÊ. V poslednõÂch letech bylo zverÏejneÏno neÏkolik aplikacõÂ klasiőkacÏnõÂch prÏõÂstupuÊ zalozÏenyÂch na neuronovyÂch sõÂtõÂch, ktereÂ ukaÂzaly vyÂhody umeÏlyÂch neuronovyÂch sõÂtõÂ oproti obvykle pouzÏõÂvanyÂm statistickyÂm klasiőkaÂtoruÊm. PrÏõÂstupy neuronovyÂch sõÂtõÂ jsou totizÏ nezaÂvisleÂ na statistickeÂm rozlozÏenõÂ dat a dokaÂzÏõÂ odhadnout nelineaÂrnõÂ vztah mezi vstupnõÂmi a pozÏadovanyÂmi vyÂstupnõÂmi daty. NejcÏasteÏji se v teÂto problematice vyuzÏõÂvaÂ metoda rÏõÂzeneÂ klasiőkace obrazu neuronovou sõÂtõÂ Multi-Layer Perceptron feed-forward back-propagation, neboli võÂcevrstvou sõÂtõÂ se zpeÏtnyÂm sÏõÂrÏenõÂm prÏi ucÏenõÂ. VyÂzkum klasiőkacÏnõÂch metod s neuronovyÂmi sõÂteÏmi je vsÏak staÂle ve vyÂvoji, ktereÂmu by meÏla pomoci i tato praÂce.

PhD Conference ’03 144 ICS Prague

Mgr. Inka VyoraÂlkovaÂ Klasiőkace satelitnõÂch snõÂmkuÊ neuronovyÂmi sõÂteÏmi

2. Postup klasiőkace

Ke zpracovaÂnõÂ zvoleneÂho teÂmatu byl pouzÏit vyÂrÏez z multispektraÂlnõÂho satelitnõÂho snõÂmku ze skeneru ETM+ druzÏice Landsat 7 z roku 2000 s rozlisÏenõÂm 1 pixelu 30 m. ZvoleneÂ uÂzemõÂ v oblasti PolabõÂ, prÏiblizÏneÏ mezi LitomeÏrÏicemi a MeÏlnõÂkem, splnÏuje prÏedpoklad ruÊznorodosti krajiny potrÏebnyÂ pro klasiőkaci vyuzÏitõÂ uÂzemõÂ.

Pro mozÏnost dobreÂho porovnaÂnõÂ vyÂsledkuÊ klasiőkacõÂ byla zvolena rÏõÂzenaÂ klasiőkace. RÏ õÂzeneÂ klasiőkace pouzÏõÂvajõÂ soubor dat se znaÂmyÂmi vyÂstupy (tzv. treÂnovacõÂ data), na nichzÏ se klasiőkaÂtor naucÏõÂ rozpoznat jednotliveÂ prÏõÂpady. Bylo tedy nejprve nutneÂ co nejleÂpe vybrat klasiőkacÏnõÂtrÏõÂdy a treÂnovacõÂsoubor s referencÏnõÂmi daty.

K deőnici klasiőkacÏnõÂch trÏõÂd byly nakonec vybraÂny dva treÂnovacõÂ soubory - pro klasiőkaci do 11 a 7 trÏõÂd, jejichzÏ vyÂcÏet vidõÂte v obr. 1. PrvnõÂ klasiőkace do 11 trÏõÂd prÏedpoklaÂdaÂ velkou uÂspeÏsÏnost, protozÏe jsou trÏõÂdy a treÂnovacõÂ data dobrÏe vybranaÂ. PrÏi druheÂ klasiőkaci do 7 trÏõÂd jizÏ nejsou treÂnovacõÂ data tak kvalitnõÂ a tak by meÏly byÂt patrneÂ rozdõÂly mezi jednotlivyÂmi klasiőkaÂtory.

ObraÂzek 1: KlasiőkacÏnõÂ trÏõÂdy.

Po vytvorÏenõÂ treÂnovacõÂho souboru bylo mozÏneÂ snõÂmek klasiőkovat do zvolenyÂch trÏõÂd. ZaÂkladem byla samozrÏejmeÏ klasiőkace neuronovyÂmi sõÂteÏmi v programu Statistica Neural Networks (SNN), kde jsem vyzkousÏela ruÊzneÂ typy a architektury neuronovyÂch sõÂtõÂ. NeÏktereÂ takto vytvorÏeneÂ klasiőkace jsem pak porovnala se stejnyÂmi, vytvorÏenyÂmi v programu Geomatica, tedy v programu pro zpracovaÂnõÂ dat DPZ s noveÏ zabudovanyÂm modulem pro klasiőkaci neuronovyÂmi sõÂteÏmi.

Zda jsou klasiőkaÂtory neuronovyÂch sõÂtõÂ skutecÏneÏ lepsÏõÂ nezÏ beÏzÏneÏ pouzÏõÂvaneÂ klasiőkace bylo mozÏneÂ posoudit azÏ po vytvorÏenõÂ klasiőkacõÂ maximum likelihood. Tyto klasiőkaÂtory zalozÏeneÂ na pravidle nejveÏtsÏõÂ pravdeÏpodobnosti podaÂvajõÂ ze statistickyÂch klasiőkaÂtoruÊ veÏtsÏinou nejlepsÏõÂ vyÂsledky. SrovnaÂvacõÂ klasiőkace maximum likelihood byla vytvorÏena v programech Idrisi a Geomatica.

3. Klasiőkace neuronovyÂmi sõÂteÏmi

Ke zkoumaÂnõÂ mozÏnostõÂ klasiőkace snõÂmkuÊ neuronovyÂmi sõÂteÏmi musel byÂt navrzÏen takovyÂ postup, kteryÂ bude vyuzÏõÂvat profesionaÂlnõÂ program urcÏenyÂ k rÏesÏenõÂ uÂloh pomocõÂ neuronovyÂch sõÂtõÂ. Tomuto uÂcÏelu plneÏ vyhovoval program Statistica Neural Networks. K prÏevodu snõÂmkuÊ do tohoto programu byl pouzÏit program Idrisi, protozÏe SNN umozÏnÏuje praÂci pouze s tabulkovyÂmi daty. Vhodnost zvoleneÂho postupu byla posouzena srovnaÂnõÂm s klasiőkacemi v programu Geomatica.

V programu SNN byly vyzkousÏeny s ruÊznyÂm nastavenõÂm cÏtyrÏi zaÂladnõÂ typy neuronovyÂch sõÂtõÂ- Multilayer Perceptron, Radial Basis Function, LineaÂrnõÂ a PravdeÏpodobnostnõÂ neuronoveÂ sõÂteÏ. NejlepsÏõÂ vyÂsledky daÂvala

PhD Conference ’03 145 ICS Prague

Mgr. Inka VyoraÂlkovaÂ Klasiőkace satelitnõÂch snõÂmkuÊ neuronovyÂmi sõÂteÏmi

klasiőkace neuronovou sõÂtõÂ Multilayer Perceptron s treÂnovaÂnõÂm backpropagation, proto bude blõÂzÏe vysveÏtlen prÏedevsÏõÂm princip teÂto klasiőkace. Vstupem do klasiőkace jsou radiometrickeÂ hodnoty z jednotlivyÂch kanaÂluÊ Landsatu 7, ktereÂ odpovõÂdajõÂ odrazivosti objektuÊ v jednotlivyÂch spektraÂlnõÂch paÂsmech a urcÏujõÂ velikost vstupnõÂho signaÂlu. VnitrÏnõÂ parametry sõÂteÏ pak musõÂ byÂt nastaveny tak, aby nejveÏtsÏõÂ vyÂstupnõÂ signaÂl byl u neuronu odpovõÂdajõÂcõÂho pozÏadovaneÂ trÏõÂdeÏ. Toto nastavenõÂ se upravuje beÏhem treÂnovaÂnõÂ neuronoveÂ sõÂteÏ a zaÂlezÏõÂ na neÏm konecÏnaÂ prÏesnost klasiőkace.

PrÏõÂklad zpracovaÂnõÂ snõÂmku je znaÂzorneÏn na obraÂzku 2 s vyznacÏenyÂmi aktivacemi neuronuÊ pro pixel z meÏstskeÂ zaÂstavby, kteryÂ maÂ teÂmeÏrÏ ve vsÏech kanaÂlech vysokou odrazivost. NastavenaÂ vaÂhovaÂ propojenõÂ pak tyto vstupnõÂ signaÂly zmeÏnõÂ tak, zÏe nejvysÏsÏõÂ vyÂstupnõÂ signaÂl vyjde praÂveÏ u 4. vyÂstupnõÂho neuronu. Ke vsÏem ostatnõÂm vyÂstupnõÂm neuronuÊm vaÂhy tento signaÂl utlumõÂ, kdezÏto smeÏrem k pozÏadovaneÂmu uzlu ho zvyÂsÏõÂ. Takto se pak prÏi klasiőkaci zpracuje pixel po pixelu celyÂ obraz.

ObraÂzek 2: PrÏõÂklad trÏõÂvrstveÂ perceptronoveÂ sõÂteÏ se 6 vstupnõÂmi, 8 skrytyÂmi a 11 vyÂstupnõÂmi uzly (MLP 6-8-11) s prÏõÂkladem vstupu a vyÂstupu prÏi klasiőkaci satelitnõÂch snõÂmkuÊ (s vyznacÏenyÂmi aktivacemi pro meÏsto).

Neurony v sõÂti jsou propojeny tzv. vaÂhovyÂmi propojenõÂmi, ktereÂ zesilujõÂ nebo zeslabujõÂ signaÂl prÏichaÂzejõÂcõÂ z prÏedchozõÂch neuronuÊ. Suma teÏchto vaÂzÏenyÂch signaÂluÊ urcÏuje aktivaci neuronu, kteraÂ ovlivnÏuje dalsÏõÂ vyÂstup z neuronu (viz (1). VyÂstup z neuronu je pak funkcõÂ praÂveÏ teÂto aktivace, jak je mozÏneÂ videÏt na obr. 3. a ve vzorci (2), kde je vyÂstup vypocÏten na zaÂkladeÏ nejcÏasteÏjsÏõÂ logistickeÂ aktivacÏnõÂ funkce.

aktivace neuronu a = n∑ i=1 w_ix_i − h (1)

PhD Conference ’03 146 ICS Prague

Mgr. Inka VyoraÂlkovaÂ Klasiőkace satelitnõÂch snõÂmkuÊ neuronovyÂmi sõÂteÏmi

ObraÂzek 3: MatematickyÂ model neuronu.

vyÂstup y:

y = f(a) = 1 1 + e^{−a} (2)

NastavenõÂ vah tedy hraje ve fungovaÂnõÂ neuronoveÂ sõÂteÏ duÊlezÏitou roli. Ke spraÂvneÂmu nastavenõÂ dojde prÏi uÂspeÏsÏneÂm treÂnovaÂnõÂ neuronoveÂ sõÂteÏ, k cÏemuzÏ pouzÏijeme treÂnovacõÂ soubor, ve ktereÂm znaÂme spraÂvneÂ zarÏazenõÂ pixeluÊ do jednotlivyÂch klasiőkacÏnõÂch trÏõÂd. PrÏi treÂnovaÂnõÂ neuronoveÂ sõÂteÏ se ğ signaÂly nejprve vysÏlou smeÏrem doprÏedu, u vyÂstupnõÂch neuronuÊ se porovnajõÂ vyÂstupy s pozÏadovanyÂmi a zjisÏteÏneÂ chyby se pouzÏijõÂ ke zmeÏneÏ nastavenõÂ vah v sõÂti. HledaÂnõÂ vhodnyÂch parametruÊ sõÂteÏ se opakuje dokud nejsou chyby mezi pozÏadovanyÂm a aktuaÂlnõÂm vyÂstupem minimaÂlnõÂ. TõÂmto zpuÊsobem je neuronovaÂ sõÂt’schopna rozpoznat i statisticky podobnaÂ data a proto je uÂspeÏsÏnost jejõÂ klasiőkace velmi vysokaÂ.

4. VyuzÏitõÂ programu Statistica Neural Neworks

Statistica Neural Networks (SNN) je produktem americkeÂ őrmy StatSoft, Inc., Tulsa (http://www.statsoft.com). Tento profesionaÂlnõÂ program napsanyÂ v jazyce C/C++ je samostatneÏ fungujõÂcõÂ cÏaÂstõÂ softwaru Statistica urcÏenou k rÏesÏenõÂ uÂloh pomocõÂ neuronovyÂch sõÂtõÂ. V praÂci byla pouzÏita dostupnaÂ verze programu SNN 4.0 E z roku 2000. Program pracuje s daty v tabulkoveÂ podobeÏ a umozÏnÏuje snadnyÂ prÏevod do jinyÂch aplikacõÂ.

SNN podporuje praÂci s sÏesti zaÂkladnõÂmi typy neuronovyÂch sõÂtõÂ - Multilayer Perceptrons, Radial Basis Functions, Kohonen, Probabilistic, Generalized Regression a Principal Components. V tomto programu tedy muÊzÏeme vytvaÂrÏet ruÊzneÂ typy a architektury neuronovyÂch sõÂtõÂ, ktereÂ muÊzÏeme ucÏit ruÊznyÂmi treÂnovacõÂmi algoritmy na vzorovyÂch datech. NatreÂnovaneÂ neuronoveÂ sõÂteÏ pak mohou byÂt uzÏity k rÏesÏenõÂ regresnõÂch cÏi klasiőkacÏnõÂch uÂloh, jejichzÏ rÏesÏenõÂ jinyÂmi metodami selhaÂvaÂ.

ZaÂkladnõÂ vyÂhodou programu SNN je mozÏnost automatickeÂho hledaÂnõÂ nejvhodneÏjsÏõÂ neuronoveÂ sõÂteÏ. Toto hledaÂnõÂ muÊzÏe trvat azÏ 3 dny (na pocÏõÂtacÏi s procesorem 500 MHz), ale vyzkousÏõÂ vsÏechny prÏijatelneÂ neuronoveÂ sõÂteÏ a urcÏõÂ jejich prÏesnosti na zadanyÂch datech. V tomto programu takeÂ muÊzÏeme sledovat proces treÂnovaÂnõÂ neuronoveÂ sõÂteÏ na grafu, kteryÂ ukazuje snizÏovaÂnõÂ chyby na treÂnovacõÂch a oveÏrÏovacõÂch datech. ZacÏnou-li se tyto krÏivky oddalovat, je vhodneÂ proces treÂnovaÂnõÂ ukoncÏit. UvedeneÂ mozÏnosti vsÏak naprÏõÂklad v programu Geomatica, kteryÂ umozÏnÏuje prÏi klasiőkaci neuronovyÂmi sõÂteÏmi pracovat prÏõÂmo s obrazovyÂmi daty, chybõÂ. VyÂhody mozÏnosti ovlivnÏovaÂnõÂ treÂnovacõÂho algoritmu lze sledovat na obr. 4. Na tomto prÏõÂkladu je videÏt, zÏe prÏi vcÏasneÂm zastavenõÂ treÂnovaÂnõÂ bude neuronovaÂ sõÂt’schopna dobrÏe rozpoznat i neznaÂmaÂ data.

PhD Conference ’03 147 ICS Prague

Mgr. Inka VyoraÂlkovaÂ Klasiőkace satelitnõÂch snõÂmkuÊ neuronovyÂmi sõÂteÏmi

ObraÂzek 4: Vliv pocÏtu epoch na uÂspeÏsÏnost treÂnovaÂnõÂ. ((T/V/Te)Perf=prÏesnost klasiőkace pro treÂnovacõÂ/oveÏrÏovacõÂ/testovacõÂ data, BP250=treÂnovaÂnõÂ back-propagation se 250 epochami).

5. HodnocenõÂ vyÂsledkuÊ klasiőkace

VyhodnocenõÂ uÂspeÏsÏnosti klasiőkace je kontrolou prÏesnosti celeÂho klasiőkacÏnõÂho procesu. PrÏesnost klasiőkace maÂ urcÏit nakolik odpovõÂdaÂ vytvorÏenaÂ teÂmatickaÂ mapa skutecÏnosti, k cÏemuzÏ se pouzÏõÂvajõÂ tzv. testovacõÂ uÂzemõÂ, u nichzÏ znaÂme spraÂvneÂ zarÏazenõÂ, ale kteraÂ nejsou shodnaÂ s treÂnovacõÂmi daty. V naÂsledujõÂcõÂch tabulkaÂch a grafu (obr. 5 - 7) je mozÏneÂ videÏt, jak se prÏesnosti jednotlivyÂch klasiőkacõÂ od sebe lisÏily.

PrÏi klasiőkaci do 11 trÏõÂd se jednotliveÂ klasiőkaÂtory skutecÏneÏ prÏõÂlisÏ nelisÏily. NejlepsÏõÂ trÏõÂvrstvaÂ neuronovaÂ sõÂt’ v programu SNN klasiőkovala teÂmeÏrÏ neuveÏrÏitelneÏ na 99,19 % spraÂvneÏ. StejnaÂ sõÂt’ v programu Geomatica vsÏak klasiőkovala o 1 % huÊrÏe a klasiőkaÂtory nejveÏtsÏõÂ pravdeÏpodobnosti jen s nepatrneÏ horsÏõÂmi vyÂsledky. PrÏesnosti klasiőkacõÂ do 7 trÏõÂd se jizÏ lisÏõÂ võÂce. Klasiőkace v programu SNN byly prÏiblizÏneÏ o 10 % lepsÏõÂ nezÏ vsÏechny ostatnõÂ.

PorovnaÂnõÂ vyÂsledkuÊ klasiőkacõÂ lze shrnout do naÂsledujõÂcõÂch boduÊ:

• NeuronoveÂ sõÂteÏ klasiőkujõÂ prÏesneÏji nezÏ maximum likelihood, cozÏ byl prÏedpoklaÂdanyÂ vyÂsledek, ale bylo nutneÂ ho dokaÂzat.

• NavrzÏenyÂ postup klasiőkace v programu Statistica Neural Networks daÂvaÂ lepsÏõÂ vyÂsledky nezÏ stejneÂ klasiőkace v programu Geomatica. Tato skutecÏnost muÊzÏe byÂt zpuÊsobena nevhodnyÂm treÂnovacõÂm algoritmem nebo chybeÏjõÂcõÂ mozÏnostõÂ hledaÂnõÂ nejvhodneÏjsÏõÂ neuronoveÂ sõÂteÏ v programu Geomatica.

• DalsÏõÂm vpodstateÏ ocÏekaÂvanyÂm zjisÏteÏnõÂm bylo to, zÏe nejlepsÏõÂmi neuronovyÂmi sõÂteÏmi ke klasiőkaci dat DPZ jsou võÂcevrstveÂ perceptronoveÂ sõÂteÏ, i kdyzÏ sõÂteÏ typu RBF nebo pravdeÏpodobnostnõÂ sõÂteÏ daÂvajõÂ prÏijateneÂ vyÂsledky. LineaÂrnõÂ neuronoveÂ sõÂteÏ jsou k tomuto uÂcÏelu nevhodneÂ.

• VyÂsledky klasiőkace jsou pak samozrÏejmeÏ vzÏdy lepsÏõÂ prÏi leÂpe vybraneÂm treÂnovacõÂm souboru, ale tento rozdõÂl je znatelnyÂ prÏedevsÏõÂm u statistickeÂho klasiőkaÂtoru. NeuronoveÂ sõÂteÏ totizÏ nejsou zaÂvisleÂ na statistickeÂm rozlozÏenõÂ dat.

PhD Conference ’03 148 ICS Prague

Mgr. Inka VyoraÂlkovaÂ Klasiőkace satelitnõÂch snõÂmkuÊ neuronovyÂmi sõÂteÏmi

ObraÂzek 5: SrovnaÂnõÂ vyÂsledkuÊ klasiőkacõÂ.

6. VyÂstupy z klasiőkace

DeőnitivnõÂ vyÂstupy v podobeÏ digitaÂlnõÂch rastrovyÂch map land use/land cover jsou vytvorÏeny z nejlepsÏõÂch klasiőkacõÂ neuronovyÂmi sõÂteÏmi po vyhlazenõÂobrazu a prÏipojenõÂna sourÏadnice S-42, prÏõÂklad je uveden na obr. 8. Tyto vyÂstupy mohou slouzÏit pro urcÏenõÂ vyuzÏitõÂ konkreÂtnõÂho uÂzemõÂ podle sourÏadnic, nebo mohou byÂt vstupem do geograőckyÂch informacÏnõÂch systeÂmuÊ (GIS) v rastroveÂ, prÏõÂpadneÏ i vektoroveÂ podobeÏ (po vytvorÏenõÂ vrstev pro jednotliveÂ kategorie).

7. ZaÂveÏr

NavrzÏenyÂ postup klasiőkace snõÂmkuÊ v programu Statistica Neural Networks podaÂvaÂ lepsÏõÂ vyÂsledky nezÏ beÏzÏneÏ pouzÏõÂvaneÂ klasiőkace a tudõÂzÏ muÊzÏe byÂt doporucÏen dalsÏõÂm uzÏivateluÊm. TõÂm se rozsÏirÏujõÂ mozÏnosti vyuzÏitõÂ tohoto modernõÂho klasiőkaÂtoru, protozÏe v dosavadnõÂch studiõÂch si autorÏi veÏtsÏinou vytvaÂrÏeli vlastnõÂ programy, ktereÂ jsou nedostupneÂ. AzÏ v poslednõÂch letech se zacÏaly objevovat noveÂ moduly s tõÂmto klasiőkaÂtorem v programech specializovanyÂch na zpracovaÂnõÂ dat DPZ, ty jsou vsÏak obvykle velmi draheÂ.

KromeÏ mozÏnosti dalsÏõÂho vyuzÏitõÂ vyÂsledkuÊ klasiőkace prÏinaÂsÏõÂ napsanaÂ praÂce takeÂ mnoho naÂmeÏtuÊ na dalsÏõÂ rozsÏirÏovaÂnõÂ zpracovaneÂho teÂmatu. ZajõÂmaveÂ by bylo naprÏõÂklad vyzkousÏet klasiőkace neuronovyÂmi sõÂteÏmi s plynulyÂmi prÏechody mezi trÏõÂdami, zahrnout do klasiőkace dalsÏõÂ vstupnõÂ data (naprÏõÂklad vyÂsÏky) nebo zohlednit informace o okolõÂ pixelu. DaÂle by takeÂ bylo mozÏneÂ zabyÂvat se prÏõÂcÏinami nespolehlivosti klasiőkacõÂ neuronovyÂmi sõÂteÏmi v programu Geomatica. BudoucõÂ praÂce bude tedy zameÏrÏena prÏedevsÏõÂm na zahrnutõÂ okolõÂ pixelu a dalsÏõÂch vstupnõÂch dat do podrobneÏjsÏõÂch klasiőkacõÂ.

PhD Conference ’03 149 ICS Prague

Mgr. Inka VyoraÂlkovaÂ Klasiőkace satelitnõÂch snõÂmkuÊ neuronovyÂmi sõÂteÏmi

ObraÂzek 6: PrÏehled celkovyÂch prÏesnostõÂ jednotlivyÂch klasiőkacõÂ do 7 trÏõÂd.

PhD Conference ’03 150 ICS Prague

Mgr. Inka VyoraÂlkovaÂ Klasiőkace satelitnõÂch snõÂmkuÊ neuronovyÂmi sõÂteÏmi

ObraÂzek 7: PrÏehled celkovyÂch prÏesnostõÂjednotlivyÂch klasiőkacõÂ do 11 trÏõÂd.

PhD Conference ’03 151 ICS Prague

Mgr. Inka VyoraÂlkovaÂ Klasiőkace satelitnõÂch snõÂmkuÊ neuronovyÂmi sõÂteÏmi

ObraÂzek 8: VyÂstup z nejlepsÏõÂ klasiőkace do 11 kategoriõÂ.

PhD Conference ’03 152 ICS Prague

Mgr. Inka VyoraÂlkovaÂ Klasiőkace satelitnõÂch snõÂmkuÊ neuronovyÂmi sõÂteÏmi

References

[1] Atkinson, P. M. - Tatnall, R. L. Neural networks in remote sensing. International Journal of Remote Sensing, 1997, rocÏ. 18, cÏ. 4, s. 699-709.

[2] Bhattacharya, U. - Parui, S. K. An improved backpropagation neural network for detection of roadlike features in satellite imagery. International Journal of Remote Sensing, 1997, rocÏ. 18, cÏ. 16, s. 3337-3394.

[3] Bischof, H. - Schneider, W. - Pinz, A. J. Multispectral Classiőcation of Landsat-Images Using Neural Networks. IEEE Transactions On Geoscience And Remote Sensing, 1992, rocÏ. 30, cÏ. 3, s. 482-490.

[4] Carpenter, G. A. a kol. ART Neural Networks for Remote Sensing: Vegetation Classiőcation from Landsat TM and Terrain Data. IEEE Transactions On Geoscience And Remote Sensing, 1997, rocÏ. 35, cÏ. 2, s. 308-325.

[5] Doubrava, P. Application of Likelihood Classiőcation for Comparative Data Testing From Scanners MSU-E and Thematic Mapper. Kartograőe a geoinformatika, 2000, rocÏ. 2, cÏ. 1, s. 25-43.

[6] Doubrava, P. Klasiőkace dat daÂlkoveÂho pruÊzkumu pro NaÂrodnõÂ atlas CÏR. Kartograőe a geoinformatika, 1999, rocÏ. 1, cÏ. 1, s. 7-28.

[7] Fanta, JirÏõÂ. NeuronoveÂ sõÂteÏ ve spolecÏenskyÂch veÏdaÂch. Praha: NakladatelstvõÂ 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 classiőcation by an artiőcial neural network. International Journal of Remote Sensing, 1997, rocÏ. 18, cÏ. 4, s. 799-810.

[9] Foody, G. M. - McCulloch, M. B. - Yates, W. B. Classiőcation of Remotely Sensed Data by an Artiőcial Neural Network: Issues Related to Training Data Characteristics. Photogrammetric Engineering & Remote Sensing, 1995, rocÏ. 61, cÏ. 4, s. 391-401.

[10] Frizzelle, Brian G. - Moody, Aaron. Mapping Continuous Distributions of Land Cover: A Comparison of Maximum-Likelihood Estimation and Artiőcial Neural Networks. Photogrammetric Engineering & Remote Sensing, 2001, rocÏ. 67, cÏ. 6, s. 693-705.

[11] Hakl, F. - HolenÏa, M. uÂvod do teorie neuronovyÂch sõÂtõÂ. 1. vyd. Praha: VydavatelstvõÂ CÏVUT, 1998. 210 s. ISBN 80-01-01716-8.

[12] Heermann, P. D. - Khazenie, N. Classiőcation of Multispectral Remote Sensing Data Using a Back- Propagation Neural Network. IEEE Transactions On Geoscience And Remote Sensing, 1992, rocÏ. 30, cÏ. 1, s. 81-88.

[13] Hojovec, V. a kol. Kartograőe. 1. vyd. Praha: GeodeickyÂ a kartograőckyÂ podnik v Praze, n. p., 1987.

660 s.

[14] Kanelopulos, I. - Wilkinson, G. G. Strategies and best practice for neural network image classiőcation.

International Journal of Remote Sensing, 1997, rocÏ. 18, cÏ. 4, s. 711-725.

[15] Lillesand, Thomas M. - Kiefer, Ralph W. Remote sensing and image interpretation. 3. vyd. New York:

John Wiley & Sons, Inc., 1994. 750 s. ISBN 0-471-57783-9.

[16] NovaÂk, Mirko a kol. UmeÏleÂ neuronoveÂ sõÂteÏ: teorie a aplikace. 1. vyd. Praha: C. H. Beck, 1998. 382 s.

ISBN 80-7179-132-6.

[17] Statistica Neural Networks. StatSoft, 1998. 318 s. ISBN 1-884233-42-2.

[18] sÏõÂma, J. - Neruda, R. TeoretickeÂ otaÂzky neuronovyÂch sõÂtõÂ. 1. vyd. Praha: Matfyzpress, 1996. 390 s.

ISBN 80-85863-18-9.

[19] Tomoji Yoshida - Sigeru Omatu. Neural Network Approach to Land Cover Mapping. IEEE Transactions On Geoscience And Remote Sensing, 1994, rocÏ. 32, cÏ. 5, s. 1103-1109.

PhD Conference ’03 153 ICS Prague

Ing. Petr Zavadil Aplikace analyÂzy biosignaÂlÊu srdce

Aplikace analyÂzy biosignaÂlÊu srdce

doktorand:

ING. PETR ZAVADIL

sÏkolitel:

DOC. ING. VLADIMI^ÂR ECK, CSC.

EuroMISE UÂ stav informatiky AV CÏ R Pod VodaÂrenskou veÏzÏõÂ 2 Praha 8

Katedra kybernetiky FEL CÏ VUT v Praze TechnickaÂ 2 Praha 6

zavadil@euromise.cz eck@lab.felk.cvut.cz

obor studia:

UmeÏlaÂ inteligence a biokybernetika

Abstrakt

CÏlaÂnek je zameÏrÏen na vybraneÂ metody zpracovaÂnõÂ biosignaÂlÊu a jejich aplikaci na signaÂly srdce, a to prÏedevsÏõÂm v oblasti elektrokardiogramÊu (EKG). AnalyÂza biosignaÂlÊu je ilustrovaÂna na diagnostickyÂch metodaÂch kardiograőe. DoplneÏny jsou ukaÂzky vyuzÏitõÂ zaÂznamu a zpracovaÂnõÂ EKG z leÂkarÏskeÂ praxe.

1. UÂ vod

ZpracovaÂnõÂ biosignaÂlÊu prÏedstavuje propojenõÂ technickeÂho prÏõÂstupu zpracovaÂnõÂ signaÂlÊu a diagnostickyÂch potrÏeb vyplyÂvajõÂcõÂch z leÂkarÏskeÂ praxe. NaÂsledujõÂcõÂ metodologie je vybraÂna z hlediska dvou pozÏadovanyÂch cõÂlÊu:

• nejleÂpe zobrazit pozÏadovanyÂ signaÂl,

• naleÂzt a zobrazit diagnosticky vyÂznamneÂ parametry signaÂlÊu.

KonkreÂtnõÂ pouzÏitõÂ je zameÏrÏeno na biosignaÂly srdce, prÏedevsÏõÂm na elektrokardiogram (EKG). Problematika EKG uÂzce souvisõÂ se zameÏrÏenõÂm dvou leÂkarÏskyÂch pracovisÏt’, pro neÏzÏ je tato analyÂza biosignaÂlÊu primaÂrneÏ urcÏena v raÂmci podpory cÏi spolupraÂce:

• kardiologickaÂ ambulance EuroMISE centra - Kardio,

• II. internõÂ klinika kardiologie a angiologie VsÏeobecneÂ fakultnõÂ nemocnice v Praze a 1. leÂkarÏskeÂ fakulty Univerzity Karlovy

PhD Conference ’03 154 ICS Prague

Ing. Petr Zavadil Aplikace analyÂzy biosignaÂlÊu srdce

2. AnalyÂza biosignaÂlÊu PrÏed vlastnõÂ analyÂzou je veÏtsÏinou potrÏeba s biosignaÂlem proveÂst rÏadu uÂkonÊu a operacõÂ, ktereÂ mÊuzÏeme shrnout do prÏedzpracovaÂnõÂ [1, 2]. Tato faÂze se mÊuzÏe s analyÂzou prÏekryÂvat a zarÏazujeme sem naprÏ. :

• segmentaci - odeÏlenõÂ informacÏnõÂch uÂsekÊu z dlouhodobeÂho signaÂlu, • prÊumeÏrovaÂnõÂ - prÏispõÂvaÂ k potlacÏenõÂ sÏumu v signaÂlu, • őltraci - cÏasovaÂ, kmitocÏtovaÂ, korelacÏnõÂ, ... , • interpolaci - proklaÂdaÂnõÂ funkce meÏrÏenyÂmi hodnotami signaÂlu, • aproximaci - hledaÂnõÂ aproximacÏnõÂ funkce prÏi splneÏnõÂ zadanyÂch kriteÂriõÂ, nejcÏasteÏji minimalizace kvadratickeÂ odchylky.

V prÏõÂpadeÏ digitaÂlnõÂho zaÂznamu do prÏedzpracovaÂnõÂ zahrnujeme takeÂ:

• vzorkovaÂnõÂ, • kvantovaÂnõÂ.

VeÏtsÏina teÏchto operacõÂ byÂvaÂ v praxi zabezpecÏena őremnõÂm softwarem, cÏi hardwarem s pomeÏrneÏ omezenou mozÏnostõÂ modiőkace vstupnõÂch parametrÊu. ZaÂznam signaÂlu je v lepsÏõÂm prÏõÂpadeÏ ulozÏen v databaÂzi a naÂslednaÂ soőstikovaneÏjsÏõÂ analyÂza mimo őremnõÂ systeÂm je umozÏneÏna exportem dat. 2.1. AnalyÂza v cÏasoveÂ oblasti ZaÂkladem analyÂzy biosignaÂlÊu v cÏasoveÂ oblasti je znalost jejich vyÂznamnyÂch grafoelementÊu [3]. U signaÂlÊu s repeticÏnõÂm cÏi periodickyÂm charakterem byÂvaÂ cÏasto vyhodnocovaÂn prÊumeÏr signaÂlu za neÏkolik period. UkaÂzka hodnocenõÂ krÏivky EKG, u ktereÂ hraje dÊulezÏitou roli amplituda, tvar a cÏasovaÂ poloha vln, je v tabulce 1. Tabulka 1: UkaÂzka grafoelementÊu pro hodnocenõÂ krÏivky EKG (charakter S-T segmentu a tvar vlny T )

PhD Conference ’03 155 ICS Prague

Ing. Petr Zavadil Aplikace analyÂzy biosignaÂlÊu srdce

2.2. AnalyÂza v kmitocÏtoveÂ oblasti Pro kvalitneÏjsÏõÂ vyhodnocenõÂ biosignaÂlÊu a prÏõÂpadnou detekci a odstraneÏnõÂ sÏumu se pouzÏõÂvaÂ rÏada transformacõÂ [4], zaÂkladnõÂ transformace pro posouzenõÂ signaÂlu v kmitocÏtoveÂ oblasti je Fourierova nebo kosinovaÂ transformace (se zaÂrovenÏ nejlepsÏõÂ fyzikaÂlnõÂ interpretacõÂ).

F (ω) = ∫_{+∞} −∞ f(t)e^{−jωt}dt (1)

Vzhledem k digitalizovaneÂ podobeÏ biosignaÂlÊu prÏechaÂzõÂme od spojiteÂ Fourierovy transformace (1) k FourieroveÏ transformaci diskreÂtnõÂ (2).

F (k) = N−1∑ n=0 f(n)e^{−j 2πN nk}, k = 0, 1, 2, ..., N − 1 (2)

V praxi se nejcÏasteÏji pouzÏõÂvaÂ rychlaÂ Fourierova transformace (3) a (4), kteraÂ naprÏõÂklad umozÏnÏuje őltraci biosignaÂlÊu v reaÂlneÂm cÏase.

W_N = e^{−j 2πN} , (3)

F (k) = N−1∑ n=0 f(n)W^{nk}_N , k = 0, 1, 2, ..., N − 1 (4) RychlaÂ Fourierova transformace vychaÂzõÂ z prÏedpokladu deÂlky transformace: N = 2^m, vyuzÏõÂvaÂ vlastnosti otaÂcÏecõÂho cÏinitele W_N , redukuje pocÏet operacõÂ pro N bodÊu na^N_2 log_2N =^{Nm}_2 .

2.3. KombinovanaÂ analyÂza v kmitocÏtoveÂ i cÏasoveÂ oblasti PrÏi zpracovaÂnõÂ biosignaÂlÊu narazÏõÂme na potrÏebu podrobneÏji sledovat frekvencÏnõÂ charakteristiku v cÏase: prÏi őltraci sÏumu v prÏõÂpadeÏ, kdy se spektra signaÂlu a sÏumu prÏekryÂvajõÂ, nebo prÏi sledovaÂnõÂ frekvencÏnõÂ charakteristiky jen vybraneÂ cÏaÂsti signaÂlu [4, 3].

CÏasoveÏ-frekvencÏnõÂ analyÂza vychaÂzõÂ ze dvou hlavnõÂch skupin transformacõÂ:

• lineaÂrnõÂ a • kvadratickeÂ.

UkazÏme si dveÏ nejrozsÏõÂrÏeneÏjsÏõÂ lineaÂrnõÂ transformace.

KraÂtkodobaÂ Fourierova transformace je Fourierova transformace aplikovanaÂ na kraÂtkyÂ uÂsek signaÂlu. V rovnici (5) je uvedena pro spojityÂ signaÂl. ST F T (τ, ω) = ∫_{+∞} −∞ f(t)g(t − τ)e^{−jωt}dt, (5) kde f(t) je zpracovaÂvanyÂ signaÂl a g(t) cÏasoveÂ okeÂnko urcÏujõÂcõÂ interval pro analyÂzu. DiskreÂtnõÂ kraÂtkodobaÂ Fourierova transformace je uvedena v rovnici (6). F (m, ω) = +∞∑ k=−∞ f(k)g(m − k)e^{−jωk} dt, (6) kde g(m) jsou cÏasoveÂ vzorky vybraneÂho okeÂnka.

Velkou kmitocÏtovou rozlisÏovacõÂ schopnost maÂ VlnkovaÂ transformace (Wavwlet transform) (7). CW T_x(τ, a) = 1 √ a ∫ f(t)g^∗ [ t − τ a ] dt, (7) kde g(t) je baÂzovaÂ vlnka s uÂzkyÂm kmitocÏtovyÂm paÂsmem, g^∗ je komplexneÏ sdruzÏenaÂ funkce s funkcõÂ g(t) a a je rozlisÏovacõÂ konstanta.

PhD Conference ’03 156 ICS Prague

Ing. Petr Zavadil Aplikace analyÂzy biosignaÂlÊu srdce

3. ZpracovaÂnõÂ EKG

Elektrokardiograőe podrobneÏ mapuje signaÂly EKG, jejich podrobnou genezi, fyziologickou souvislost a maÂ rÏadu metod pro jejich vyhodnocenõÂ [5]. ZaÂkladnõÂ charakteristika typickeÂho (idealizovaneÂho) signaÂlu EKG je na obr. 1.

ObraÂzek 1: AnalyÂza EKG v cÏasoveÂ oblasti

Ve vybraneÂm segmentu EKG se jeho elementy rozdeÏlujõÂ na:

• elementy naÂlezÏejõÂcõÂ izolinii a

• elementy vln, komplexÊu a dalsÏõÂch grafoelementÊu.

VypocÏõÂtaÂvajõÂ se krÏivosti obloukÊu, trvaÂnõÂ vln a komplexÊu, velikost amplitud apod. Na zaÂkladeÏ vhodneÏ zvolenyÂch prÏõÂznakÊu se naÂsledneÏ provede trÏõÂdeÏnõÂ do urcÏityÂch diagnostickyÂch trÏõÂd.

Do oblasti cÏasoveÏ-frekvencÏnõÂ analyÂzy EKG spadaÂ naprÏ.: studium pozdnõÂch komorovyÂch potenciaÂlÊu naÂsledujõÂcõÂch za komplexem QRS, ktereÂ majõÂ malou amplitudu a jejich slozÏky kraÂtkeÂ trvaÂnõÂ.

4. VyuzÏitõÂ zaÂznamu a analyÂzy EKG v leÂkarÏskeÂ praxi

Metodika analyÂzy biosignaÂlÊu je urcÏena pro zpracovaÂnõÂ EKG vyplyÂvajõÂcõÂ z potrÏeb podporovanyÂch a spolupracujõÂcõÂch leÂkarÏskyÂch pracovisÏt’v oblastech:

• analyÂzy zaÂteÏzÏoveÂho a klidoveÂho EKG (ordinace preventivnõÂ kardiologie)

• podpory diagnostickyÂch metod analyÂzy a vizualizace multikanaÂloveÂho EKG - izopotenciaÂloveÂ mapy (II. internõÂ klinika kardiologie a angiologie)

• zpracovaÂnõÂ Holterva monitorovaÂnõÂ EKG a zaÂznamÊu EKG z implantabilnõÂch kardiostimulaÂtorÊu (II.

internõÂ klinika kardiologie a angiologie)

PhD Conference ’03 157 ICS Prague

Ing. Petr Zavadil Aplikace analyÂzy biosignaÂlÊu srdce

V jednotlivyÂch oblastech je daÂle prÏiblõÂzÏen soucÏasnyÂ stav vyuzÏitõÂ EKG a naÂvazneÏ navrzÏena dalsÏõÂ mozÏnaÂ aplikace analyÂzy biosignaÂlÊu nebo smeÏr podpory zpracovaÂnõÂ EKG s praktickyÂm efektem v leÂkarÏskeÂ praxi.

4.1. EKG v oblasti preventivnõÂ kardiologie

Na pracovisÏti kardiologickaÂ ambulance EuroMISE centra - Kardio je snõÂmaÂno a pocÏõÂtacÏoveÏ uklaÂdaÂno standardnõÂ 12-ti svodoveÂ EKG - klidoveÂ nebo zaÂteÏzÏoveÂ v kombinaci s ergometrem, u ktereÂho lze volit programy zaÂteÏzÏe. KomercÏneÏ dodaÂvanyÂ software nabõÂzõÂ zaÂkladnõÂ vyhodnocenõÂ prÊumeÏrÊu, prÊubeÏhÊu srdecÏnõÂ frekvence a navrzÏenõÂ jednoducheÂ klasiőkace typÊu krÏivek EKG. SysteÂm podporuje databaÂzoveÂ uklaÂdaÂnõÂ zaÂznamÊu, export dat nenõÂ jednodusÏe podporovaÂn.

U jednotlivyÂch zaÂznamÊu nenõÂ dorÏesÏena őltrace rusÏivyÂch vlivÊu okolõÂ, cÏi svalovyÂch potenciaÂlÊu - izolinie je namodulovaÂna na nõÂzkofrekvencÏnõÂm signaÂlu. V prÏõÂpadeÏ mozÏnosti exportu celeÂho navzorkovaneÂho EKG lze rusÏiveÂ vlivy odstranit pomocõÂ őltrÊu ve frekvencÏnõÂ nebo cÏasoveÏ-frekvencÏnõÂ oblasti.

HlavnõÂ vyuzÏitõÂ dalsÏõÂho zpracovaÂnõÂ EKG je v oblasti hromadneÂho vyhodnocenõÂ celeÂ databaÂze zaÂznamÊu.

4.2. MultikanaÂloveÂ EKG a izopotenciaÂloveÂ mapy

Na II. internõÂ klinice kardiologie a angiologie VsÏeobecneÂ fakultnõÂ nemocnice v Praze jsou diagnosticky vyuzÏõÂvaÂny izopotenciaÂloveÂ mapy [6]. MapovaÂnõÂ srdecÏnõÂch potenciaÂlÊu vychaÂzõÂ z multikanaÂloveÂho snõÂmaÂnõÂ EKG (prÏõÂklad rozmõÂsteÏnõÂ elektrod 120-ti svodoveÂho EKG je na obr. 2)

ObraÂzek 2: RozlozÏenõÂ elektrod pro meÏrÏenõÂ 120-ti kanaÂloveÂho EKG

Na zaÂkladeÏ takto senõÂmanyÂch signaÂlÊu EKG lze vytvorÏit izopotenciaÂly, spojnice se stejnou uÂrovnõÂ elektropotenciaÂlu. Z teÏchto izopotenciaÂl pak vytvaÂrÏet mapy (ukaÂzka izopotenciaÂlovyÂch map je na obr. 3).

V teÂto oblasti je podpora smeÏrÏovaÂna do uniőkace dat snõÂmanyÂch multikanaÂlovyÂm EKG s rÊuznyÂm pocÏtem svodÊu. VyÂsledkem by meÏl byÂt vstup do systeÂmu zobrazujõÂcõÂho izopotenciaÂloveÂ mapy, kteryÂ je nezaÂvislyÂ na pocÏtu svodÊu. IzopotenciaÂloveÂ mapy lze zõÂskat jizÏ z 12-ti svodoveÂho EKG, vyÂsledeky zobrazenõÂ z mensÏõÂho pocÏetu svodÊu jsou vsÏak znacÏneÏ neprÏesneÂ. V teÂto oblasti lze pouzÏõÂt metody aproximace a interpolace.

4.3. ZaÂznam a analyÂza EKG u implantabilnõÂch kardiostimulaÂtorÊu

Na II. internõÂ klinice kardiologie a angiologie se zaÂrovenÏ vyuzÏõÂvaÂ dlouhodobeÂ Holtrovo monitorovaÂnõÂ EKG a takeÂ monitorovaÂnõÂ EKG v implantabilnõÂch kardiostimulaÂtorech [7, 8].

U ambulantnõÂho (Holtrova) monitorovaÂnõÂ EKG se aktivita srdce zaznamenaÂvaÂ 24 hodin a posleÂze nahraÂvaÂ z prÏenosneÂho prÏõÂstroje a pocÏõÂtacÏoveÏ zpracovaÂvaÂ. NenõÂ zaznamenaÂvaÂn celyÂ signaÂl, ale jen jeho vyÂznamneÂ

PhD Conference ’03 158 ICS Prague

Ing. Petr Zavadil Aplikace analyÂzy biosignaÂlÊu srdce

ObraÂzek 3: UkaÂzka izopotenciaÂlovyÂch map

parametry, signaÂl se vsÏak mÊuzÏe nahraÂt pokud prÏõÂstroj detekuje anomaÂlii nebo po manuaÂlnõÂm upozorneÏnõÂ. VyhodnocovaÂny jsou prÏedevsÏõÂm rÊuzneÂ amplitudoveÂ histogramy v jednotlivyÂch dennõÂch uÂsecõÂch a frekvencÏnõÂ charakteristika celeÂho prÊubeÏh srdecÏnõÂ frekvence.

VyuzÏõÂvaneÂ kardiostimulaÂtory majõÂ dveÂ bipolaÂrnõÂ elektrody, ktereÂ slouzÏõÂ zaÂrovenÏ k stimulaci komory a sõÂneÏ a zaÂrovenÏ k intrakardiaÂlnõÂmu snõÂmaÂnõÂ EKG. SchematickeÂ znaÂzorneÏnõÂ pouzÏõÂvaneÂho dvoudutinoveÂho kardiostimulaÂtoru je na obr. 4.

ObraÂzek 4: DvoudutinovyÂ kardiostimulaÂtor

Tyto prÏõÂstroje podporujõÂ oboustrannyÂ telemetrickyÂ prÏenos, kteryÂ umozÏnÏuje nastavit a korigovat funkce kardiostimulaÂtoru a zpracovaÂvat zaÂznamy EKG. I zde se zaznamenaÂvajõÂ pouze parametry signaÂlÊu. OkamzÏiteÏ meÏrÏeneÂ hodnoty EKG z elektrod se vsÏak nevyuzÏijõÂ pouze v zaÂznamech, ale prÏedevsÏõÂm jako kontrolnõÂ a rÏõÂdõÂcõÂ vstup systeÂmu ovlaÂdajõÂcõÂho stimulacÏnõÂ pulsy.

U softwaru dodaÂvaneÂho k HoltrovskeÂmu monitorovaÂnõÂ EKG i ve vyhodnocovacõÂ cÏaÂsti programu urcÏeneÂmu pro implantabilnõÂ kardiostimulaÂtory nenõÂ podporovaÂna analyÂza v cÏasoveÏ-frekvencÏnõÂ oblasti. Tato analyÂza aplikovanaÂ na cÏaÂsti EKG i na prÊubeÏh srdecÏnõÂ frekvence by meÏla zlepsÏit diagnostickeÂ vlastnosti zaÂznamÊu.

5. ZaÂveÏr

Z rÏady mozÏnostõÂ analyÂzy biosignaÂlÊu zde byly prÏiblõÂzÏeny metody frekvencÏnõÂ a prÏedevsÏõÂm cÏasoveÏ-frekvencÏnõÂ analyÂzy. DruhaÂ metoda je vhodnaÂ pro rÊuznaÂ vyhodnocenõÂ biosignaÂlÊu srdce a zaÂrovenÏ nenõÂ prÏõÂlisÏ rozsÏõÂrÏena

PhD Conference ’03 159 ICS Prague

Ing. Petr Zavadil Aplikace analyÂzy biosignaÂlÊu srdce

v leÂkarÏskeÂ praxi. MozÏnosti pouzÏitõÂ a aplikace byly ilustrovaÂny na prÏõÂpadech spolupracujõÂcõÂch leÂkarÏskyÂch pracovisÏt’.

PodeÏkovaÂnõÂ

PraÂce vznikla za podpory grantu MSÏMT CÏR LN00B107.

Literatura

[1] SvatosÏ, J.: BiosignaÂly z inzÏenyÂrskeÂho pohledu (II. cÏaÂst); LeÂkarÏ a technika, Praha: 1997: Vol: 28 No:

4 p. 80-87.

[2] SvatosÏ, J.: BiologickeÂ signaÂly I; VydavatelstvõÂ CÏVUT, Praha, 1998.

[3] SvatosÏ, J.: BiosignaÂly z inzÏenyÂrskeÂho pohledu (III. cÏaÂst); LeÂkarÏ a technika, Praha: 1997: Vol: 28 No: 6 p. 133-139.

[4] HlavaÂcÏ, V.; SedlaÂcÏek, M.: ZpracovaÂnõÂ signaÂlÊu a obrazÊu; VydavatelstvõÂ CÏVUT, Praha, 2001. [5] JonaÂsÏ, V.: KlinickaÂ kardiologie; Zdrav. naklad. SpolecÏnosti cÏs. leÂkarÏÊu, Praha, 1950, p. 558-686. [6] SÏt’ovõÂcÏek, P. at al.: QT Dispersion in 120 Electrocardiographic Leads in Patients with Structural Heart Disease; Journal Paper, Pacing and clinical electrophysiology, 2002: Vol: 25 No: 1 p. 20-31.

[7] NeÏmec, J. at al.: Increase in heart rate precedes episodes of ventricular tachycardia and ventricular őbrillation in patients with implantable cardioverter deőbrillators: analysis of spontaneous ventricular tachycardia database; Journal Paper, Pacing and clinical electrophysiology, 1999: Vol: 22 No: 12 p. 1729-38.

[8] NovaÂk, M.: HolterovskeÂ funkce modernõÂch implantabilnõÂch kardiostimulaÂtorÊu; LeÂkarÏ a technika, Praha: 1998: Vol: 29 No: 2 p. 34-41.

PhD Conference ’03 160 ICS Prague