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Preface

These are the working notes of the workshop on Bayesian Models in Medicine, which

was held during the European Conference on Arti�cial Intelligence in Medicine, AIME'01,

on 1st July, 2001, in Cascais, Portugal. The workshop brought together various theoretical

and practical approaches to using Bayesian models in tackling biomedical and health-care

problems.

Bayesian networks with their associated methods have now been around in medicine for

more than a decade. They have become increasingly popular for representing and handling

uncertain knowledge in medicine, for example to assist in the diagnosis of disorders, or to

predict the natural course of a disorder or the most likely outcome after treatment. Almost

simultaneously, the use of Bayesian statistics has increased in popularity in medicine, for

example to study spatial distributions of disease. The advantage of Bayesian methods o�ered
here is that knowledge of a background population can be taken as a starting point of a study.

Currently, interest is also emerging within the �eld of bioinformatics to use Bayesian methods

for building models of various kinds, for example based on the analysis of gene and protein

data. With the increase in research activities in Bayesian models, it was considered timely

to organise a workshop to enable researchers in the �eld to assess the current state of the

art, to identify obstacles to progress and to determine future research directions. Of course,

the opportunity to actually meet each other to exchange views and to explore possibilities for

collaboration was also considered most valuable.

The contributions included in these workshop notes cover a wide range of topics, from

learning to modelling, and from theory to the use of software tools to develop biomedical

applications. We hope that the reader will be left with the feeling that developing Bayesian
models in medicine as a research subject is very much alive and thriving.

We are grateful to our colleagues who served on the programme committee of the workshop

on Bayesian Models in Medicine (A. Abu-Hanna (co-chair) K.-P. Adlassnig, R. Bellazzi,

C. Berzuini, G.F. Cooper, R.G. Cowell, F.J. D��ez, M.J. Druzdzel, L.C. van der Gaag (co-

chair), P. Haddawy, D. Hand, I.S. Kohane, P. Larra~naga, A. Lawson, L. Leibovici, T.Y. Leong,

P.J.F. Lucas (co-chair), S. Monti, L. Ohno-Machado, K.G. Olesen, M. Paul, M. Ramoni, A.

Riva, P. Sebastiani, G. Tusch, J. Wyatt, B. Zupan ). They carefully read and reviewed each

submission. Each paper was reviewed by at least two members, and in most cases by three

members. Thanks are further due to Andrew Lawson, Marco Ramoni, and Paola Sebastiani

for accepting our invitation to give an invited talk at the workshop. Last but not least, the

participants of the workshop made the e�ort we put into organising the workshop worthwhile.
To them also we would like to express our gratitude.
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Abstract
Bioinformatics, the computational challenger of
the genome, offers unparalleled opportunities
to machine learning research in general and to
Bayesian learning methods in particular. In this
talk, we outline some of the opportunities and
the challenges and we describe where the effort
of “cracking the code of life” can most benefit of
a Bayesian approach.

1 Introduction
The recent completion of a first draft of the human genome
has brought several surprises to many and changed our
views about many aspects of the genetic code. What has
not been shattered is the humongous size of the task of de-
coding the genome by find a meaning, i.e. a function, for
each part of it. Since the beginning of the Human Genome
Project, the international effort to characterize the genomes
of human and selected model organisms through complete
mapping and sequencing of their DNA, it was clear that the
management and analysis of the vast amount of informa-
tion gathered insofar would have been impossible without
the massive use and development of appropriate computa-
tional and analytical techniques. The reward of these ef-
forts is even greater than the task itself: a new understand-
ing of the basis of life and a new array of medicines and
cures to make it healthier and longer.

The convergence of computational and biomedical sci-
ences is leading to a radical change on both sides.
Computer science is importing in biological sciences a
new quantitative awareness, while post-genomic data are
prompting the development of novel computational meth-
ods able to handle their peculiar characters. This talk will
describe how Bayesian methods can offer interesting and
unique solutions to some of the critical problems involved
in the decoding of the semantics of the genome.

2 Functional Genomics
The aim of functional genomics is to understand the func-
tion of genes as parts of the entire human genome. Current
research is mainly focused on the understanding of gene
expression mechanisms, i.e. the processes inducing a par-
ticular gene to be transcribed and ultimately to code for a

protein. The identification of the genes expressed, say, in
a cancer cell line or in a dystrophic muscle, can cast a new
light on the genetic basis of a disease and lead to poten-
tial remedies. The long term promise is to “reverse engi-
neer” the regulatory mechanisms underlying the genomic
controls of an organism and their interaction with external
conditions, pathogenic agents, and pharmaceutical prod-
ucts.

2.1 Differential Expression Analysis
Current technology allows for the simultaneous expression
analysis of thousands of genes using devices known as
microarrays. These massively parallel methods to study
the simultaneous expression of large number of genes are
based on hybridization either to cDNA [16] or to synthetic
oligonucleotides [11]. Despite some substantial technical
differences, both approaches rely on high-resolution arrays
measuring the expression level of each gene as a function
of the gene transcript abundance [12]. This abundance
is in turn measured by the emission intensity of the re-
gion where the gene transcript is located in the scanned
image of the microarray, and the signal is filtered to re-
move noise generated by the microarray background and
non-specific expression. Figure 1 shows the picture of an
oligonucleotide microarray.

The simplest functional genomic study we can conduct
is based on test vs. control experiments identifying which
genes are up- or down-regulated by a particular agent or
condition. For instance, we can compare the gene expres-
sion levels of a cancer cell line line against a healthy cell
line and identify which genes are differentially expressed
in the two cell lines. Early analyses of these array data
identify differentially expressed genes by taking the ratio
of the intensities and choosing an arbitrary cut-off factor
above (below) which the genes will be taken to be differ-
entially expressed [16; 6]. More sophisticated statistical
techniques take into account the distribution of the inten-
sities in the whole microarray. In the first statistical anal-
ysis of these data, Chen et al. [5] propose a method to
identify statistically significant changes between the two
samples, under several distributional assumptions, includ-
ing normality, null intercept, and constant variation coef-
ficient. Bayesian approaches to this problem have been
emerging in the past few months. Newton et al [13] offer



Figure 1: An oligonucleotide microarray.
.

a Bayesian approach to the problem using a hierarchical
model and identify differentially expressed genes on the
basis of the posterior odds of change. A similar approach
has been proposed by Baldi and Long [2] by modeling ex-
pression values as independent log-normal distributions,
parameterized by corresponding means and variances with
hierarchical prior distributions. Probably because of their
recent appearance, these approaches have not been used
yet in main-stream biomedical research and they remain in
the realm of the interesting computational techniques.

2.2 Functional Clustering
A more ambitious approach to functional genomics tack-
les to challenge of portraying a functional picture of the
genome of an entire organism. The chief tool of this
quest has been correlation-based hierarchical clustering [7;
17]. Given a set of expression values measured for a set
of genes under different experimental conditions, this ap-
proach recursively clusters pairs of genes according to the
correlation of their measurements under the same experi-
mental conditions. The intuition behind this approach is
that correlated genes are acting together since they belong
to the same functional categories.

The critical point of this approach is that it always ends
up generating generates a single tree and leaves the bur-
den of identifying the actual functional clusters by relying
on the available domain knowledge. We have developed a
Bayesian clustering method able to identify the set of most
probable processes responsible for sequences of observa-
tions [15]. The idea underpinning this Bayesian approach
is that the observed data are generated by processes. The
aim of the algorithm is to find the set of processes most
likely, a posteriori, to have generated the sequences of ob- Figure 2: Bayesian clustering of gene expression data.

.



servations in the database.
We have applied this method to cluster observations on

517 genes in a study of the response of human fibroblasts to
serum. The data were collected using competitive cDNA
microarrays. These microarrays measure the expression
level of a gene simultaneously in a basal or control condi-
tion and in an experimental condition. The overall expres-
sion induced by the experimental condition is measured as
the ratio of the two intensity levels, and these are the data
used as input by clustering algorithms. Figure 2 shows the
clustering obtained on these data by our Bayesian cluster-
ing method. The tree on the left represents the steps of the
clustering algorithm and reports the four clusters identified
by the algorithm. The squares in the center of the picture
represents the gene expression measurements. Each row
displays the expression levels of a gene in each experimen-
tal condition, represented by the columns. Green cells and
red cells represents higher than one and lower than one
expression levels, respectively. The intensity of the color
represents the distance between the measurement and one.

2.3 The Circuitry of the Cell
BBNs are not new to genetic research. As a matter of facts,
networks based on directed acyclic graphs actually orig-
inated from the genetics studies by Sewall Wright [18],
who developed a method called Path Analysis [19; 20],
a recognized ancestor of BBNs. The application of BBNs
to functional genomics is, on the other hand, very recent.
BBNs hold the promise of answering very interesting ques-
tions in functional genomics and, in principle, they seem
to be the right technology to take advantage of the mas-
sively parallel analysis of whole-genome data to discover
how interact, control each other, and align themselves in
pathways of activation. BBNs offer an alternative view to
the more popular clustering algorithms currently used for
the analysis of massively parallel gene expression data [7;
17]. While these algorithms attempt to locate groups of
genes that have similar expression patterns over a set of
experiments to discover genes that are co-regulated, BBNs
dive into the regulatory circuitry of genetic expression to
discover the web of dependencies among genes.

The promise of BBNs in functional genomics goes even
further, as intensive research efforts have been addressed,
during the past decade, to define conditions under which
BBNs actually uncover the causal model underlying the
data [14; 10]. The most ambitious question is therefore:
given a set of microarrays data, can we discover a causal
model of interaction among different genes? The chal-
lenge is the common problem of sound statistical methods
when faced with microarray data: a large number of vari-
ables with a small number of measurements. In the context
of BBNs, this situation results in the inability to discrimi-
nate among the set of possible models as the small amount
of data is not sufficient to identify a single most probable
model.

Friedman et al. [8] address these problems using partial
models of BBNs and a measure of confidence in a learned
model. The strategy they follow is to search a space of
under-specified models, each comprising a set of BBNs,

and select a class of models rather than a single one. They
also adopt a measure of confidence based on bootstrapping
to evaluate the reliability of each discovered dependency
in the database in order to avoid the risk of ascribing a
causal role to a gene when no enough information is actu-
ally available to support the claim. Hartemink et al. [9]
tackle the under-determination problem by turning the un-
supervised search of the most probable network structure.
They leverage on established biological knowledge to se-
lect a small number of networks and then limit their com-
parisons to these networks only.

We have taken a slightly different approach, adopting
the strategy used in differential gene expression analysis
and converting the ratio measures generated by cDNA mi-
croarrays into discrete variables by thresholding the mea-
sures at 2 folds up and 2 folds down, the same used by
the authors of the original paper. Figure Figure 3 shows
a BBN generated by Bayesware Discoverer1 from the fi-
broblasts response to serum dataset used for the functional
clustering displayed in Figure 2.

Although the use of BBNs in functional genomics is still
in its infancy, the simple comparison of the network in Fig-
ure 3 with the clusters in Figure 2 displays the potential of
BBNs to improve the results already obtained by clustering
methods by to dissecting the inner structure of the regula-
tory circuitry of life.

Figure 3: A Bayesian network for functional genomics.

1Information about Bayesware Discoverer is available from
http://bayesware.com.



3 The New Population Genetics
A further side effect of the completion of a first draft of the
human genome has been to infuse new life and provide new
perspectives to the more traditional fields of population ge-
netics. One of the surprising statistics emerged from this
first draft may hold the key to unlock the code: on average,
the genomes of any two human individuals are identical at
99.9% of all nucleotides. While this high degree of iden-
tity is striking, the enormous size of the genome (over 3
x 109 base pairs) means that a 0.1% rate of divergence is
still equivalent to over 3 million differences between any
two people, which translates, on the average, into one dif-
ference every 1000 bases. These subtle variations, called
polymorphisms, have been proven to be invaluable tools to
relate genetic code to phenotypes. Albeit small, these vari-
ations of the genome have a major impact on how humans
respond to disease; environmental insults such as bacteria,
viruses, toxins, and chemicals; and drugs and other ther-
apies. But most of all, they have the potential to reveal,
in various ways, how the genetic code relates to genetic
expression and ultimately to phenotype [3]. Compared to
functional genomics, population genetics offers a way to
related higher level characters, such as genetic diseases and
observable individual features, to their genetic basis.

The most frequent type of polymorphism are Single
nucleotide polymorphisms (SNPs). SNPs (pronounced
“snips” or “S N Ps”) are DNA sequence variations that oc-
cur when a single nucleotide (A, T, C, or G) in the genome
sequence is altered [3]. For example a SNP might change
the DNA sequence AAGGCTAA to ATGGCTAA. Two of
every three SNPs involve the replacement of cytosine (C)
with thymine (T). Technically, SNPs are single base pair
positions in genomic DNA at which different sequence al-
ternatives (alleles) exist in normal individuals in some pop-
ulation(s). The most precious property of SNPs is to be
markers on the genetic code [4]. A second desirable prop-
erty of SNPs is that their frequencies are also evolutionary
stable — not changing much from generation to generation
— making them easier to follow in population studies.

Original studies on identification of the genetic basis of
phenotypes relied on so-called association studies. This
kind of studies, typically performed in case-control set-
tings, use measures of correlation between genetic regions
and phenotype of interest in order to identify which region
is linked to the phenotype. These studies have been shown
to be prone to false positives because of spurious associ-
ations arising from stratification in the studied population
(population admixture). To avoid this situation, pedigree
studies based on family members of affected individuals
have been introduced and appropriate tests for this setting
have been developed, most notably the Transmission Dis-
equilibrium Test (TDT) and its extensions. These tests
control for the stratification problem, but they can best be
used to test for the transmission of a single genetic region
at a time. Therefore, their application to the analysis of
complex traits maybe problematic, as this analysis requires
the simultaneous test of the transmission of multiple (co-
occurring) genetic variations, or for the interacting effect
of genetic variations and environmental conditions on phe-
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Figure 4: A Bayesian network for SNPs analysis.

notypes. Furthermore, as family members are sometime
not available for study, pedigree studies are not always an
option and case-control association studies must be un-
dertaken. Finally, as both study types are based on tra-
ditional frequentist approaches to hypothesis testing, they
suffer from the well-known problem of multiple compar-
isons, whereby the same data are used to test multiple hy-
potheses, thus confusing the statistical significance of the
correlations measured.

BBNs are an ideal tool to tackle the analysis of these
data. BBNs are not restricted to pair-wise models of in-
teractions, but they can describe, and therefore help as-
sessing, models where more than one variable is respon-
sible for changes in others. SNPs, environmental condi-
tions and observable characters are represented as stochas-
tic variables, thus allowing for the seamless integration of
the relevant information. Patterns of inheritance and inter-
actions among traits, SNPs and environmental conditions,
are modeled by means of probabilistic functions, thus ac-
counting for the non-deterministic (stochastic) nature of
these interactions. Furthermore, the Bayesian metric used
to learn BNs from data avoids the multiple comparisons
problem by selecting the dependencies on the basis of their
probability rather than the probability of error. The metric
used to assess the existence of a dependency between a set
of SNPs and phenotypes of interest is based on a compet-
itive measure of probability, which scores multiple mod-
els at once and allows for the simultaneous evaluation of
multiple correlations among SNPs and phenotypes. In so
doing, this technology holds the promise to be a viable ex-
ploratory tool to mine the databases produced by the geno-
typing of the participants to large-scale epidemiological
studies collecting dozens of clinical phenotypes. The avail-
ability of unsupervised methods like the one proposed here
will enable the fast exploration of the potential dependen-
cies between SNPs and phenotypes. Finally, BNs provide
a global model of the dependencies among all the genetic
regions under consideration, a global picture of transmis-
sions and dependencies that can be used to assess endemic
correlations and help to identify potential stratifications.

Figure 4 shows the network generated from a single-
sided pedigree study to identify the genetic region respon-



sible for Insulin Dependent Diabetes Mellitus (IDDM)[1].
The study collects data on the 13 SNPs identified so far in
literature as associated with IDDM. Our preliminary anal-
ysis shows that the pathological status (State) is directly
affected by three different SNPs. The high connectivity of
the network also helps explain why other SNPs were found
to be related to IDDM when measured by conventional
tests of pair-wise correlations: if one variable/SNP is re-
moved from the network, a weaker, yet non-negligible, de-
pendency might be manifested between the phenotype and
a more remotely linked SNP (for example, the SNP Kcnj11
renders State conditionally independent of the SNPs Fabp2
and Pon2. Removing Kcnj11 would result in State to be-
come dependent on the two ancestors SNPs Fabp2 and
Pon2). The model shown was assessed as 54 times more
likely than the next best competing model by our Bayesian
metric. In other words, the observed data were 54 times
more likely to have been generated by this model than by
the next best one, and the phenotype of interest was found
to be several thousands times more likely to have been gen-
erated by the interaction of thse genes than from any single
gene alone

4 Conclusions
Since its origins, Artificial Intelligence has always had
a special relationship with biomedical sciences: the first
Bayes classifier, the first expert system, the first efforts to
develop Bayesian networks — just to mention only a few
— all emerged from medical applications. The opportu-
nity today is to turn Artificial Intelligence into an integral
part of the new biomedical sciences and to join in a sin-
gle venture two of the major endeavors of the century: the
reproduction of intelligence and the understanding of life.
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5%²´ÌbÖZ¼Çµ & �#ñH¯¤µ�Ö»Â�¶«Ã�¸�¶�Â�µ�·Ù¶b¼�àHß�âÔâ�±Z±Z¼Ç¶bºb¸BÍ_Ò

³ÇÍZµN¶«±Z³¤²�Æ6º«½/±»º«¼Çº«Æ�µ�³¤µ:¼Ç¯W²�­gf$µ:­Zµ�³Ç²�¸mâ�½�Ì«¶«¼Ç²´³¤ÍZÆÁ¯�º+­�Â
³ÇÍZµ�²�Æ�±z¶b¯Ç¯¤²´ÄZ²�½�²Î³ÐÅÝ³¤¶ò±Z¼Çµ:Â�²À¸�³N³ÇÍZµ�Æ6¶ÉÈ«µ�Æ6µ:­b³B¯f¶+·W³¤ÍZµ
±z¶«±»ÖZ½�º+³¤²�¶«­»¯e²�­W³¤ÍZµ/¯¤µ:º«¼Ç¸BÍW¯O±�º«¸�µ�8 & & < Ò
â�½´³¤Í»¶«ÖZÌbÍ�³¤ÍZµ:Å3º+¼Çµ/Ä»ºb¯OµqÂ�¶«­�±z¶«±ZÖ»½�º+³¤²�¶«­»¯:Êz³¤ÍZµ:¼¤µ�º+¼Çµ

­»µ�²´³¤ÍZµ:¼�¸�¼Ç¶b¯Ç¯O¶ÉÈbµ�¼�­Z¶«¼ÁÆ�Ö�³Çº+³¤²�¶«­»¯Õ¶«±zµ�¼BºÉ³¤¶b¼Ç¯�²�­�àHß�âR¯�Ò
¬®­�¯Ð³Çµ:º«Â_Êg³¤ÍZµ¹­Zµ:Ë�±�¶b±ZÖZ½ÀºÉ³Ç²´¶b­@¶«·8²´­�Â�²´Èg²ÀÂ�Ö»º«½�¯e²À¯e¯¤º«Æ�±»½´µqÂ
·Ù¼Ç¶«ÆÜº�±Z¼Ç¶«Ä»º«ÄZ²�½´²´³ÐÅÁÂ�²�¯O³¤¼Ç²�ÄZÖ�³¤²�¶«­8Ê�Ë�ÍZ²�¸BÍ@²�¯	½�µ:º«¼¤­ZµqÂ6·Ù¼Ç¶«Æ
¯¤¶«Æ6µ0¯¤µ�½�µ:¸�³Çµ:Â@²´­�Â�²´Èg²ÀÂ�Ö»º«½�¯�º+³�µ:º«¸BÍWÌ«µ:­Zµ�¼BºÉ³Ç²´¶b­_Ò
5%²´ÌbÖZ¼Çµ & ¯OÍ»¶ÉË�¯�³ÇÍZµ.Ä»º«¯¤²�¸ ¯Ç¸BÍZµ�Æ6µ.¶+·¿³ÇÍZµáàHß�â

±�º+¼Bº«Â�²�Ì«Æ!Ò ¬®­ ³ÇÍZµ ¾�¼Ç¯O³L¯O³¤µ�±ih ²´­»ÂZ²´Èg²ÀÂ�Ö»º+½À¯ º+¼Çµ
Ìbµ�­Zµ:¼Çº+³¤µqÂ�ºÉ³�¼Bº+­»Â�¶bÆ!Ê�·Ù¶«¼!µ�Þ�º«Æ6±Z½´µbÊ�·Ù¼Ç¶«Æ;º�ÖZ­Z²´·Ù¶«¼ÇÆ
ÂZ²�¯O³¤¼Ç²´Ä»Ö�³¤²�¶«­�·Ù¶«¼6µ:ºb¸BÍmÈÉº+¼Ç²Àº+ÄZ½�µ«Ò°þeÍZµ:¯¤µjh ²´­�Â�²´Èg²ÀÂ�Ö»º«½�¯
¸�¶«­»¯O³¤²´³¤ÖZ³¤µF³¤Í»µ�²´­»²Î³Ç²�º«½Õ±�¶b±ZÖZ½ÀºÉ³Ç²´¶b­_ÊTkml«ÊWº+­»Â µ:ºb¸BÍL¶«·
³ÇÍZµ�Æ ²�¯6µ:È}º«½´Ö�ºÉ³¤µqÂdÒ¿¬®­Fº+­�²Î³Çµ�¼BºÉ³¤²�È«µW±Z¼Ç¶�¸�µ:¯Ç¯�ÖZ­J³¤²�½e³¤ÍZµ
¯O³¤¶b±Z±Z²�­ZÌá¸�¼Ç²Î³Çµ�¼Ç²´¶b­ ²À¯FÆ6µ�³�Ë	µ×¼Çµ�±zµ:º+³F³¤ÍZµò·Ù¶b½´½�¶ÉË�²´­»Ì
¯O³¤µ:±»¯���¾�¼Ç¯O³:Ê0º�­JÖ»Æ,Äzµ�¼jn �
n oph �@¶+·�²´­�Â�²´Èg²ÀÂ�Ö»º«½�¯
º«¼¤µ�¯¤µ�½�µ:¸�³¤µqÂ.Ö»¯OÖ�º+½�½´ÅL³¤ÍZ¶J¯OµÚË�²Î³ÇÍá³¤ÍZµ�Ä�µq¯Ð³°¶«Ä 0 µq¸�³Ç²´Èbµ
·ÙÖ»­»¸�³Ç²´¶b­yÈÉº+½�ÖZµq¯�Ò�ó�µ:¸�¶b­»ÂdÊ_º ,SÃ�ÂZ²´Æ6µ�­�¯O²�¶«­»º«½1±»¼¤¶bÄ»º+ÄZ²�½�²Î³ÐÅ
ÂZ²�¯O³¤¼Ç²´Ä»Ö�³¤²�¶«­¿²À¯�½´µqº+¼Ç­Zµ:Â�·Ù¼Ç¶«ÆÓ³¤ÍZµW¯Oµ:½´µq¸�³Çµ:ÂN²�­»Â�²�Èg²�Â�Ö�º+½À¯�Ò
5%²�­»º+½�½�Å«Êqh�­Zµ�ËÝ²´­»ÂZ²´Èg²ÀÂ�Ö»º+½À¯ �é³¤Í»µ�­»µ�ËÔ±z¶«±ZÖZ½ÀºÉ³Ç²´¶b­ �Rº+¼Çµ
¶bÄ�³Çº«²´­»µ:Â�·Ù¼¤¶bÆ ¯Çº+Æ6±Z½�²�­ZÌf³¤ÍZµ�±Z¼¤¶bÄ»º+Ä»²´½�²Î³ÐÅ°Â�²À¯Ð³Ç¼¤²�ÄZÖ�³Ç²´¶b­
½�µ:º«¼¤­»µ:Â@²´­W³¤Í»µ0±Z¼¤µ:Èg²´¶bÖ»¯e¯Ð³Çµ�±_Ò
þeÍZµ¹µ:¯O³¤²�ÆÁºÉ³Ç²´¶b­@¶«·8³¤Í»µ 0 ¶b²´­J³�±Z¼Ç¶«Ä»º«ÄZ²�½´²´³ÐÅÕÂ�²À¯Ð³Ç¼¤²�ÄZÖ�³Ç²´¶b­

ºb¯¤¯¤¶�¸�²ÀºÉ³Çµ:ÂF³Ç¶m³ÇÍZµN¯Oµ:½´µq¸�³¤µqÂ�²�­»Â�²�Èg²�Â�Ö�º+½À¯!²�¯@³¤Í»µ�Äz¶+³¤³¤½�µ�Ã
­»µ:¸BÏ�¶+·�àHß�â�¯:Ò�ß�²´ýSµ�¼Çµ�­J³�Ëeº}Å�¯¹³¤¶yµ:¯O³¤²�ÆÁºÉ³¤µ�³¤ÍZ²À¯ 0 ¶«²�­b³
±»¼¤¶bÄ»º+ÄZ²�½�²Î³ÐÅ�µ�Þ�²�¯O³:Ê�Ë�²Î³ÇÍ�Â�²ÎýSµ�¼Çµ�­J³!º«¯Ç¯OÖZÆ6±�³Ç²´¶b­»¯Õ¶b­F³¤ÍZµ
²�­J³¤µ:¼¤¼Çµ�½ÀºÉ³Ç²´¶b­»¯	Ä�µ�³ÐË¦µ:µ�­@³¤ÍZµ0ÈÉº+¼Ç²Àº+ÄZ½�µ:¯:Ò
þeÍZµ�Æ6¶b¯O³H¯¤²´Æ6±Z½�µ�º«¯Ç¯¤ÖZÆ6±�³¤²�¶«­�³¤Í�ºÉ³H¸�º«­6Ä�µ�ÆÁºbÂ�µ�¶ÉÈ«µ:¼

³ÇÍZµÁÈÉº+¼Ç²�º«ÄZ½�µ:¯¹²À¯¹³¤ÍZµ:²´¼,²´­»ÂZµ�±zµ�­»Â�µ:­»¸�µbÒ�¬®­�³¤Í»²�¯0Ëeº}Å«Ê8³¤ÍZµ
­»µ�Ë ²�­»Â�²�Èg²�ÂZÖ»º+½À¯Á¸�º«­mÄzµ�Ì«µ�­»µ�¼BºÉ³¤µqÂNÄgÅm¯Çº+Æ6±Z½�²´­ZÌy·Ù¼Ç¶«Æ
³ÇÍZµ�ÖZ­Z²�È}º«¼¤²ÀºÉ³Çµy±»¼¤¶bÄ»º+ÄZ²�½�²Î³ÐÅ�Â�²À¯Ð³Ç¼¤²�ÄZÖ�³Ç²´¶b­Ú¶«·�µ:ºb¸BÍ�ÈÉº+¼Ç²ÎÃ
º«ÄZ½�µ«Ò þeÍ»µ W�­Z²´ÈÉº«¼¤²ÀºÉ³Çµ���º+¼ÇÌ«²�­»º+½6ß�²À¯O³¤¼Ç²´ÄZÖZ³¤²�¶«­.â�½�Ì«¶+Ã
¼Ç²´³¤ÍZÆ �cW��3ß�â � 8 & M < Ë	¶«¼ÇÏ�¯/²�­¿³ÇÍZ²�¯�Ëeº}Å«Òy¬�³�µq¯Ð³Ç²´ÆÁºÉ³Çµ:¯
³ÇÍZµ 0 ¶b²´­J³�±Z¼Ç¶«Ä�º+ÄZ²�½´²´³ÐÅ@ÂZ²�¯O³¤¼Ç²´Ä»Ö�³¤²�¶«­3¶«·�³¤ÍZµ,¯¤µ�½�µ:¸�³¤µqÂ!²´­»ÂZ²ÎÃ
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5%²´ÌbÖZ¼Çµ (7�/5�ó»ó�ÄgÅ�³¤ÍZµ/à¦ß�â �AW���ß�â>��â�±Z±Z¼Ç¶bºb¸BÍ_Ò

Ë�Í»µ�¼Çµ
{ z � � # 	 � # �sk t[ur�v � � 	µ´ 7¶� 16� ����(��[·>¸¹��(�B����!�@"�1 ��E+GHJILK�º» _ 5½¼ _¾¿"���(��
��dL� �!��À

þeÍ»º+³�²�¯:Ê¹³¤Í»µ 0 ¶«²�­J³�±Z¼Ç¶«Ä»º«ÄZ²´½�²´³ÐÅÚÂ�²À¯Ð³Ç¼¤²�ÄZÖ�³Ç²´¶b­Ô¶+·6³¤ÍZµ
¯¤µ�½�µ:¸�³¤µqÂ�²�­»Â�²�Èg²�Â�Ö�º+½À¯ÑºÉ³Ôµ:ºb¸BÍÓÌbµ�­Zµ:¼Çº+³¤²�¶«­_Ê � r �cX���Ê°²�¯·ÿºb¸�³Ç¶«¼Ç²JA:µ:Â ºb¯FºL±»¼¤¶�Â�Ö»¸�³�¶+·y²�­»Â�µ:±�µ:­»Â�µ:­b³�Ö»­Z²´ÈÉº«¼¤²ÀºÉ³Çµ
ÆÁº«¼¤Ìb²´­»º«½�Â�²À¯Ð³Ç¼¤²�ÄZÖ�³Ç²´¶b­»¯:Ò à¦º«¸BÍÛÖZ­Z²�ÈÉº+¼Ç²�º+³¤µÑÆÁº+¼ÇÌ«²�­»º«½
ÂZ²�¯O³¤¼Ç²´Ä»Ö�³¤²�¶«­!²À¯eµ:¯O³¤²�Æ6º+³¤µqÂ�·Ù¼Ç¶«Æ Æ6º«¼¤Ìb²´­�º+½z·Ù¼¤µqØJÖZµ�­»¸�²´µq¯�Ò
ßRÖZµ ³¤¶ ³¤ÍZµ'ÍgÖZÌbµ Â�²�Æ6µ�­»¯¤²�¶«­�¶+·ï¶bÖZ¼>Ì«µ:­Z¶«Æ6²À¸

Â»ºÉ³Çº«Ä»º«¯¤µ:¯:Êz³¤ÍZµ6Ö»¯¤µ�¶+·	º«­yà¦ß�â.º+±Z±Z¼Ç¶bºb¸BÍ3¸�¶ÉÈbµ�¼Ç²´­ZÌ�³¤ÍZµ
²�­J³¤µ:¼¤¼Çµ�½ÀºÉ³Ç²´¶b­»¯N¶+·3¶b¼ÇÂZµ�¼¿³ÐË	¶Ñ¶b¼�¯¤ÖZ±�µ:¼¤²�¶«¼°º+Æ6¶«­»ÌÔ³¤ÍZµ
ÈÉº«¼¤²Àº+ÄZ½�µ:¯R¶+·#³ÇÍZµ6±Z¼Ç¶«ÄZ½�µ�ÆÛ²À¯$ÂZ²�¯Ç¸�º«¼ÇÂ�µqÂ 8 & & < Ò{��¶«¼Çµ�¶ÉÈbµ�¼qÊ
³ÇÍZµf­gÖZÆ,Äzµ�¼�¶«·�±»º«¼Çº«Æ�µ�³¤µ:¼Ç¯@³¤¶Fµq¯Ð³Ç²´ÆÁºÉ³Çµ�³¤ÍZµq¯OµfÆ,Ö»½Î³Ç²ÎÃ
ÈÉº«¼¤²ÀºÉ³Çµ$¼Çµ�½ÀºÉ³Ç²´¶b­»¯	Æ6²´ÌbÍb³�Äzµ/º+½À¯¤¶�ÍgÖZÌbµ«Ò
5%²´ÌbÖZ¼Çµ (,¶ÉÈ«µ:¼¤Èg²�µ�Ë�¯H³¤ÍZµ¹±Z¼Ç¶«±z¶b¯¤µ:Â@º+±Z±Z¼Ç¶bºb¸BÍÁ³¤¶6¯¤µ�½�µ:¸�³

·ÙµqºÉ³ÇÖZ¼¤µq¯eÄgÅÕÆ6µ:º+­�¯e¶+·%³¤ÍZµ/à¦ß�â �AW��3ß�â>��º+½�Ì«¶«¼Ç²´³¤ÍZÆ!Ò
Á U�D�÷NU¿÷Fh ��ø ¨ UyU�DF÷ ¨ ú�Â
þ%º+Ïg²�­ZÌ>²´­J³Ç¶>ºb¸�¸�¶«ÖZ­J³ ³¤ÍZµ ÍgÖZÌbµÛÂZ²´Æ6µ�­�¯O²�¶«­ ¶+·×³¤ÍZµ
±»¼¤¶bÄZ½´µ:Æ!Ê�º+­×º+±Z±Z¼Ç¶«±»¼¤²ÀºÉ³Çµ3²´­»²Î³Ç²�º«½´²BA:º+³¤²�¶«­�¶«·/³¤ÍZµf¯¤µ:º+¼B¸BÍ
¸:º+­F¯¤º}Èbµ@Æ�Ö»¸BÍ�¸�¶bÆ�±»Ö�³Çº+³¤²�¶«­�³¤²�Æ�µ 8 & < Ò�¬®­°³¤ÍZ²À¯6Ë	¶«¼ÇÏzÊ
³ÇÍZµ¿¯¤µ:º+¼B¸BÍ×²´­Z²´³¤²Àº+½�²BA:ºÉ³Ç²´¶b­ò²�¯�Ä�º«¯¤µ:Â�¶«­×³¤ÍZµ�¯O²�Æ,ÖZ½ÀºÉ³Ç²´¶b­
¶«·�º�±Z¼¤¶bÄ»º+Ä»²´½�²Î³ÐÅ�Â�²À¯O³¤¼Ç²´ÄZÖZ³¤²�¶«­�·Ù¶«¼Wµ:º«¸BÍ�ÈÉº+¼Ç²�º«ÄZ½´µbÒ �yµ
¸�¶«Æ6±»º«¼¤µ!·Ù¶bÖZ¼@Â�²´ýSµ�¼Çµ�­J³�²�­Z²Î³Ç²�º«½´²BA:º+³¤²�¶«­»¯:Ê	³¤ÍZ¼Çµ�µ�¶+·0³¤Í»µ�Æ



Ä�º«¯¤µ:Â�²´­�³¤ÍZµ�¼Çµ:¯¤ÖZ½´³Ç¯�¶+·¹º 5�ó»ómÌb¼¤µ:µ:Â�Å¿º«½´Ìb¶«¼Ç²Î³ÇÍZÆ�º+­�Â
³ÇÍZµÁäzå�æçéè}ê�ë�ì åÉí ê�î Ò

f$¼Çµ�µ:ÂZÅ*º«½´Ìb¶«¼Ç²Î³ÇÍZÆÁ¯Úº+¼ÇµÝÂ�µ�³¤µ:¼¤Æ6²�­Z²�¯O³¤²À¸Ýº«½´Ìb¶«¼Ç²Î³ÇÍZÆÁ¯�Ê
³ÇÍ»ºÉ³�²�¯:Ê�¶ÉÈbµ�¼�º ¾ZÞ�µ:ÂÛÂZº+³Çºb¯Oµ�³Úº+­»Â*Ë�²´³¤ÍÛ³¤Í»µÝ¯¤º«Æ6µ
²�­Z²´³¤²Àº+½�¸�¶b­»Â�²´³¤²�¶«­»¯�³¤ÍZµ:Å�º+½�Ë	º}Å�¯�Ìb²´Èbµ0³¤ÍZµ�¯¤º«Æ6µ,¯O¶b½´ÖZ³¤²�¶«­_Ò
ó�µ:ØJÖZµ�­J³Ç²�º«½ 5»¶«¼ÇË	º«¼ÇÂÑógµ:½´µq¸�³Ç²´¶b­ ��ó*5#ó7� 8 � < ²�¯�ºÚ¸�½�ºb¯¤¯¤²À¸
Ìb¼¤µ:µ:Â�Å3¯¤µ:º«¼Ç¸BÍ�º+½�Ì«¶b¼¤²´³¤ÍZÆ Ë�Í»²�¸BÍN¯O³Çº+¼¤³Ç¯$·Ù¼Ç¶«ÆÓº+­�µ�Æ6±�³ÐÅ
¯¤ÖZÄ»¯¤µ�³N¶«·�·Ùµ:º+³¤ÖZ¼Çµ:¯fº«­»ÂL¯¤µ:ØJÖZµ:­J³¤²Àº+½�½´ÅÑ¯¤µ�½�µ:¸�³Ç¯�·Ùµ:º+³¤ÖZ¼Çµ:¯
Ö»­b³Ç²´½0­»¶�²�Æ6±Z¼¤¶ÉÈbµ�Æ6µ�­J³!²�¯!ºb¸BÍZ²´µ:È«µqÂ�²�­Ú³ÇÍZµfµ�ÈÉº+½�Ö»ºÉ³Ç²´¶b­
·ÙÖ»­»¸�³Ç²´¶b­WÈÉº«½´ÖZµbÒ
�eº«¯¤µ:Â6¶b­Á³¤ÍZµ�·Ùµ:º+³¤ÖZ¼ÇµR¯¤ÖZÄ»¯¤µ�³	¶«Ä�³Bº+²�­Zµ:ÂÁÄgÅÕó*5#óSÊb³¤ÍZ¼Çµ�µ

²�­Z²´³¤²Àº+½�²JAqºÉ³Ç²´¶b­»¯/·Ù¶b¼�à¦ß�â�¯�º+¼ÇµÕ±Z¼Ç¶«±z¶b¯¤µ:Â_Ò 5%²�¼Ç¯O³:Ê#²�­Z²´³OÃ®â/Ê
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ËBÌEÆ�ðBÊ¨ðBÙÔÉÔÙÔÛ�Ý�Æ^Ð�È�Ê�Î ÏcÚÍÛEÆPÎ ÏBÊ¨ÚÍÛEÙÔÎ�Ç^Ê¨ÌÍÙÞÊ�ðBÉÔÈ6Ö�ÙÔÇ¨È�ÅcÊ�ÚEÈ.Û%Æ^Ð
Æ¨ðBÚÍÈ�ÌEÇ^Ê�ÛEÙÔÆ¨ÅBÚ.à ñ È.Ç¨È�ÌÍÛEÏBÈ�ÉÔÈ�ÚÍÚ�âBÒPÅBÆ^Ó	ÉÔÈ�ÕBÖ�È-Ê¨Î.×�Ø`ÙÞÚÍÙÔÛEÙÔÆ¨Å(Ê¨Å`Õ
Ö¨È�ÅBÈ.ÌEÊ¨ÛÍÙÔÆ¨Å
Æ^Ð(ÛEÏBÈ�ÅBÈ�Û�ÓXÆ¨ÌÍÒrÊ�ÌEÈ�ÚEÛÍÙÞÉÔÉ	ÕBÈ.ß�Ê¨Å`ÕBÙÔÅBÖÁÛEÊ�ÚEÒPÚ
Ó	ÏBÈ�Å�ÉÔÊ¨ÌEÖ�È�ß�È�ÕBÙÔÎ�Ê¨ÉLÕ`Æ¨ß�Ê�ÙÔÅBÚ-ÏBÊ^Ç�È�ÛEÆ%ð9È�ß�Æ�Õ`È�ÉÔÉÞÈ.ÕLà
" È.ÌEÈ^â(ÊrÅBÆ^Ç�È�É�Ê�ËBËBÌÍÆ¨Ê¨Î Ï
ÐmÆ¨Ì%ÒPÅBÆ^Ó	ÉÔÈ�ÕBÖ�ÈÁÊ¨Î�×PØBÙÔÚÍÙÞÛÍÙÔÆ¨Å

Ê¨ÅBÕÁÖ�È�ÅBÈ�ÌÍÊ¨ÛÍÙÞÆ�ÅVÆ¦Ð¹ÛÍÏBÈ�ÅBÈ�Û�ÓXÆ¨ÌEÒ�ÙÔÚ�ËBÌÍÈ�ÚEÈ.Å�ÛÍÈ�ÕLà�ý	ÏBÈ�Ê¨ËPã
ËBÌEÆ�Ê¨Î Ï¶ÓXÊ¨Ú�ÕBÈ�Ç�È�ÉÔÆ¨Ë9È�Õ�Ê¨Ú�ËBÊ¨ÌÍÛcÆ^Ð«ÛÍÏBÈpþ{æ\ÿ�ó ����å6ÿ�é ��
ËBÌEÆ�# È�Î�Û 
 $  Nà�á{ÙÔÌÍÚEÛ�âLÛÍÏBÈ6ÒPÅBÆ^Ó	ÉÔÈ�Õ`Ö¨È�ÙÔÚ�Î.Æ¨ÉÔÉÔÈ�Î�ÛEÈ.ÕVÊ�ÅBÕÁËBØBÛ
ÙÞÅPÛÍÆ6Ê�ÚEÛÍÌEØBÎ�ÛÍØBÌEÈ.ÕcÌEÈ�ËBÌÍÈ�ÚEÈ.Å�ÛÍÊ¨ÛÍÙÞÆ�ÅÁØBÚÍÙÞÅ`Ö%Ê%ÚEÆ^ÐmÛ�Ó�Ê�ÌEÈ(ÛEÆPÆ¨É
% å�æ.çIèòéaê^ë'&�ÛÍÊ¨ÙÔÉÔÆ¨ÌÍÈ�Õ
ÐNÆ�Ì�ÛEÏ`Ècß�È�ÕBÙÔÎ�Ê�É�ÕBÆ�ß�Ê�ÙÞÅ�àwå�æ�ç�(
è-é\ê^ëpÊ¨ÉÔÉÔÆ^Ó	Ú�ÛEÏ`È�È�ìPË9È�ÌEÛ�ÛEÆÁÚÍËIÈ.Î�ÙïÐNÝcÕBÙÔÚEÈ�Ê�ÚEÈ�Ú�Ê¨Å`Õ�îIÅBÕPã
ÙÞÅ`Ö¨Ú�â�ÛEÏBÈ�ÙÔÌ-ÙÔÅPÛEÈ.ÌEÎ�Æ�ÅBÅBÈ�Î�ÛÍÙÔÆ¨ÅBÚ.âBÊ¨ÅBÕ�ÚEË9È�Î�ÙïîIÎ�ß�Ê¨ÌÍÖ¨ÙÔÅBÊ�É¨Ê¨Å`Õ
Î�Æ¨ÅBÕ`ÙÞÛÍÙÔÆ¨ÅBÊ�É{ËBÌÍÆ¨ðBÊ�ðBÙÔÉÞÙÔÛÍÙÞÈ.Ú�à ñ È�ìPÛ�âkÊ¨ÅBÆ�ÛEÏBÈ�Ì(ÛÍÆ�Æ�É % èòéaê^ë	ó (



æ.ç¨ô¨æ¦õªê`ö6÷^øïó æ^ù &�Ö¨È�ÅBÈ.ÌEÊ¨ÛÍÈ�Ú�ÛEÏBÈ�ÜXÊ^Ý¨È�ÚÍÙÔÊ¨Å
ÅBÈ�Û�ÓXÆ¨ÌÍÒrØBÚÍÙÞÅ`Ö
ÛÍÏBÈ�ÚÍÛEÌEØ`Î�ÛEØBÌÍÈ�Õ�Ò�Å`Æ^Ó	ÉÞÈ.ÕBÖ¨È^àXý	ÏBÈ(ÌEÈ�ÚÍØBÉÔÛEÙÔÅBÖ�ÅBÈ�Û�ÓXÆ¨ÌEÒ�Î�Ê¨Å
ð9È�Ø`ÚEÈ�Õäð�Ý�ÛEÏ`ÈÁþ{æaÿ�ó ���På6ÿ�é �� � ÙÞÊ�ÉÔÆ¨Ö¨Ø`È6Ê�ÅBÕcÄ�ÕBÇPÙÔÚEÆ�ÌEÝ
�£Ý�ÚÍÛEÈ�ßÑà

Ä�Å�Æ^Ç¨È.ÌEÇPÙÔÈ�Ó¥Æ¦Ð!ÛÍÏBÈ%þ{æaÿ�ó ���På6ÿ�é �� � ÙÔÊ�ÉÞÆ�Ö¨ØBÈ	Ê�ÅBÕ�Ä�ÕPã
ÇPÙÔÚEÆ�ÌEÝ �PÝPÚÍÛEÈ�ß'ÙÔÚ%Ö¨ÙÔÇ�È�ÅrÙÔÅrÚÍÈ�Î�ÛÍÙÞÆ�Å $ à � ÅBÆ^Ó	ÉÔÈ�ÕBÖ�È«Ê�Î ã
×PØBÙÔÚÍÙÞÛÍÙÔÆ¨Å2ØBÚEÙÔÅBÖ�å�æ�ç9è-é\ê^ë*ÙÔÚ�ÕBÙÔÚEÎ�ØBÚÍÚEÈ�Õ�ÙÔÅpÚEÈ.Î�ÛEÙÔÆ¨Å �Pà
Ä�ØBÛEÆ�ß�Ê�ÛEÈ�Õ�Ö¨È.ÅBÈ�ÌEÊ�ÛEÙÔÆ¨Å Æ^Ð�Ü�Ê^Ý�È�ÚEÙÔÊ¨Å ÅBÈ�Û�ÓXÆ¨ÌEÒPÚ
ØBÚÍÙÞÅ`Ö
èòéaê^ë5ó æ�ç¨ô�æ^õLêBö�÷uøïó æ^ù{ÙÔÚ	ËBÌÍÈ�ÚEÈ.Å�ÛÍÈ�Õ�ÙÞÅ�ÚEÈ�Î.ÛEÙÔÆ¨Å �`à
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ákÙÔÖ¨Ø`ÌEÈ����tþkæaÿ�ó ���På6ÿ�é ���� ÙÞÊ�ÉÔÆ¨Ö¨Ø`È{Ê¨Å`ÕüÄ�ÕBÇPÙÔÚEÆ¨ÌÍÝ �PÝPÚEÛEÈ.ß

�PÙÔÈ�ß�È.ÅBÚ���È�ÕBÙÔÎ�Ê�É'�PÆ¨ÉÔØBÛÍÙÔÆ¨ÅBÚ�ÏBÊ¨Ú�ÚÍÛEÊ�ÌEÛEÈ.ÕcÊ«ß�Ê�# Æ�Ì	È Ð ã
ÐmÆ¨ÌEÛ%ÛÍÆcÙÔÅ�ÛÍÌEÆPÕBØBÎ.ÈÁÙÔÅ�ÛÍÈ�ÉÔÉÔÙÞÖ�È�ÅPÛ6Î.Æ¨ß�ß%Ø`ÅBÙÔÎ�Ê¨ÛÍÙÞÆ�ÅVÙÔÅ
ß�È.ÕPã
ÙÔÎ�Ê�É(Î�Ê¨ÌÍÈcð�Ý�ØBÚEÙÔÅBÖ
ß�ÆPÕBÈ.ÌEÅ2ÙÞÅ£ÐNÆ¨ÌÍß�Ê¨ÛÍÙÔÆ¨ÅrÛÍÈ�Î ÏBÅBÆ�ÉÞÆ�Ö¨ÙÔÈ�Ú
Ó	ÙÔÛÍÏ%ÛEÏBÈ	Ö�Æ¨Ê¨É`Æ^ÐLÊ¨Î ÏBÙÔÈ�ÇPÙÔÅBÖ(Ê�ß�Æ�ÌEÈXÈ! �Î�ÙÔÈ�ÅPÛ�â�ÐNÊ¨ÚÍÛEÈ�Ì.âBðIÈ.Û�ã
ÛÍÈ�Ì�Ê�ÅBÕrß�Æ¨ÌÍÈ�Ê#"LÆ¨ÌÍÕBÊ¨ð`ÉÞÈ�ËBÊ�ÛEÙÔÈ�ÅPÛ%ÏBÈ�Ê�ÉÔÛEÏrÎ.Ê¨ÌEÈÑÚEÝPÚEÛÍÈ�ßÁà
$ Û%ÙÔÚ%ÓXÈ�ÉÔÉ	ÒPÅBÆ^Ó	Å
ÛEÏBÊ�Û%ÛEÏBÈÁß�Æ¨ÚÍÛ�ÙÔß�Ë9Æ¨ÌEÛÍÊ¨ÅPÛ�ÚEÆ¨Ø`ÌEÎ�ÈÁÆ¦Ð
ÙÔÅPÐmÆ¨ÌEß�Ê¨ÛÍÙÞÆ�ÅÁÐmÆ¨Ì%Ê�ËBÏPÝ�ÚÍÙÔÎ�ÙÔÊ¨Å
ÙÔÚ%ÏBÙÔÚ6ÕBÙÔÊ�ÉÞÆ�Ö¨ØBÈ�Ó	ÙÔÛEÏ
ÛEÏBÈ
Ë`Ê¨ÛEÙÔÈ�ÅPÛ;ã�ÕBÈ�ÚEË`ÙÞÛÍÈÁÊ¨ÉÔÉXÊ¨ÕBÇ^Ê�ÅBÎ�È�Õäß�È�Ê�ÚEØBÌÍÈ�ß�È.Å�Û�ÕBÈ�ÇPÙÔÎ�È�Ú.à
ý	Ï`È�ÌEÈ ÐmÆ¨ÌEÈ¦â¹ÛÍÏBÈ�Ò¨È�ÝcÎ.Æ¨ß�Ë9Æ¨Å`È�ÅPÛ6Æ¦ÐüÚEØ`Î Ï
Ê�ÅrÙÔÅPÛEÈ�ÉÔÉÔÙÔÖ¨È�ÅPÛ
Î.Æ¨ß�ß%Ø`ÅBÙÔÎ�Ê¨ÛÍÙÞÆ^ÅcÓ	ÙÔÉÔÉ�ð9ÈÁÊäÖ¨È�ÅBÈ.ÌEÊ¨ÉÔÉÔÝrÊ�ËBËBÉÔÙÔÎ�Ê¨ð`ÉÞÈ�ß�È�ÕBÙïã
Î.Ê¨É-ÕBÙÔÊ�ÉÞÆ�Ö¨ØBÈ�Ê¨Å`ÕcÊ¨ÕBÇPÙÔÚEÆ�ÌEÝÁÚÍÝ�ÚÍÛEÈ�ß ãüÛEÏ`ÈÁþ{æaÿ�ó ���På6ÿ�é ��� ÙÔÊ¨ÉÔÆ�Ö¨ØBÈ(Ê¨Å`ÕÁÄ�ÕBÇPÙÔÚEÆ�ÌEÝ �PÝPÚEÛÍÈ�ßÁà�ý!Æ%Ö�ÙÔÇ¨È�Ê"ÐNÈ�ÓpÈ�ìPÊ¨ß"ã
Ë`ÉÞÈ.Ú�â-þ{æ\ÿ�ó ����å6ÿ�é �� Ó	ÙÔÉÞÉLË`ÌEÆ^ÇPÙÔÕBÈ(ÚEÈ�ÉïÐ�ÕBÙÔÊ�Ö¨ÅBÆ�ÚEÙÔÚ�Î.Ê¨ËBÊ�ðBÙÔÉíã
ÙÔÛÍÙÞÈ.Ú�ÚÍÈ�ÌEÇPÙÔÎ�ÙÔÅBÖ%ÛEÏ`Èüß�Æ¨ÚÍÛ�Î�Æ�ß�ß�Æ¨Å�ÏBÈ.Ê¨ÉÔÛEÏ�Î ÏBÊ¨ÉÔÉÔÈ�ÅBÖ�È�ÚXÐNÆ�Ì
ÛÍÏBÈ%ÐmÊ¨ß�ÙÔÉÔÝ�âªÙÔÛ�Ó	ÙÔÉÔÉ-ð9È�ÛEÏBÈ�ÏBÈ�Ê¨ÉÔÛÍÏrÊ¨Õ`Ç�ÙÔÚÍÆ¨Ì(ÐNÆ�Ì�ËBÊ�ÛEÙÔÈ�ÅPÛEÚ
Ó	ÙÔÛÍÏ%Î Ï`ÌEÆ¨Å`ÙÞÎ�ÏBÈ�Ê�ÉÞÛÍÏ%ËBÌEÆ�ðBÉÔÈ�ß�ÚòÚEØBËBË9Æ¨ÌÍÛEÙÔÅBÖ�ÛEÏBÈ.ÙÞÌòÕBÙÔÚEÈ�Ê�ÚEÈ
ß�Ê¨ÅBÊ�Ö¨È�ß�È�ÅPÛ(ËBÌEÆPÎ�È�ÚÍÚ�â�Æ�Ì6ÙÔÛ�Ó	ÙÔÉÞÉXÊ¨ÉÔÉÔÆ^Ó�ÊVË`Ï�ÝPÚÍÙÞÎ.ÙÞÊ�ÅrÛÍÆ
ÐmÆ�Î.ØBÚ(Æ¨ÅÁÛÍÏBÈ6ÌÍÈ�Ê¨É�ÙÔÚEÚÍØBÈ�Ú(ðPÝ�Ê¨ØBÛÍÆ¨ß�Ê�ÛEÙÔÅBÖ�ÅBÈ�Î�È.ÚEÚEÊ�ÌEÝ�ðBØBÛ
ÛÍÈ�ÕBÙÔÆ¨Ø`Ú	ÌEÆ¨Ø`ÛEÙÔÅBÈ(×PØBÈ�ÚEÛÍÙÔÆ¨ÅBÅBÊ�ÙÔÌEÈ�Ú.à

þ{æ\ÿ�ó ����å6ÿ�é �� È.ß%ØBÉÔÊ¨ÛEÈ.Ú-ÛEÏBÈ(Ê�ÅBÊ¨ß�ÅBÈ�ÚEÈ	Ë`ÌEÆPÎ�È�ÚÍÚ�Æ^Ð�ÛEÏBÈ
Ë`Ï�ÝPÚÍÙÞÎ.ÙÞÊ�ÅLâBÙmà È^à!Ê�Å�ÙÞÅPÛÍÈ�ÌEÊ�Î�ÛEÙÔÇ¨È(ËBÌÍÆPÎ�È�ÚEÚ�Ó	ÏBÙÔÎ Ï«ÙÔÚXÕBÝPÅBÊ¨ß"ã
ÙÔÎ�Ê�ÉÔÉÞÝ�ÕBÌÍÙÔÇ¨È�Å�ðPÝÁß�È�Õ`ÙÞÎ.Ê¨É{ÒPÅBÆ^Ó	ÉÔÈ�Õ`Ö¨È�Ê¨ÅBÊ�ÉÞÝ�%�ÙÔÅBÖ�ÛEÏBÈ%ÙÔÅPã
ÐmÆ¨ÌEß�Ê¨ÛÍÙÞÆ�Å�Ê¨ÉÔÌÍÈ�Ê¨ÕBÝ�Ê¨ÛòÏBÊ¨ÅBÕ % ÏBÙÔÚEÛÍÆ¨ÌEÝ%Æ¦ÐªÛÍÏBÈ�Õ`ÙÞÊ�ÉÔÆ¨ÖBâ�ÕBÊ¨ÛÍÊ
ÐmÌEÆ¨ß�ÛEÏBÈ�ÙÔÅ�ÛÍÈ�Ö¨ÌÍÊ¨ÛÍÈ�Õ%ËIÈ.ÌEÚEÆ�ÅBÊ¨ÉLÏ`È�Ê¨ÉÔÛEÏ%ÌÍÈ�Î�Æ�ÌEÕ�& à�ÜXÊ^Ý¨È�ÚÍÙÞÊ�Å
Å`È�Û�Ó�Æ�ÌEÒPÚXÊ¨ÌEÈ(Ê�Å%Ê¨ËBËBÌÍÆ¨ËBÌÍÙÔÊ¨ÛEÈ�ÛEÈ�Î ÏBÅ`Æ¨ÉÔÆ¨Ö�Ý¨âPðIÈ.Î�Ê¨ØBÚÍÈ�ÛEÏ`È�Ý
Ê�ÉÔÉÞÆ^Ó�Ò�Å`Æ^Ó	ÉÞÈ.ÕBÖ¨È(Ê¨Î.×�Ø`ÙÞÚÍÙÔÛEÙÔÆ¨Å�ÙÞÅ�ÛÍÏBÈ�ß�È.ÕBÙÔÎ�Ê¨ÉÔÉÔÝ6ÌÍÈ�ÉÔÈ�Ç^Ê¨ÅPÛ
Õ`ÙÞÌÍÈ�Î�ÛÍÙÞÆ�Å6Ùmà È^àkÐNÌEÆ�ßpÕBÙÔÚEÈ�Ê�ÚEÈ�ÚòÛEÆ(ÚEÝPß�Ë`ÛEÆ¨ß�ÚLðPÝ�ðIÈ.ÙÞÅ`ÖüÊ�ðBÉÔÈ

ÛEÆ	ÛEÊ�Ò¨È�ÙÔÅPÛEÆ	Ê¨Î.Î�Æ¨ØBÅPÛkËBÌEÙÔÆ¨ÌLÕ`ÙÞÚÍËIÆ�ÚEÙÔÛEÙÔÆ�Å�ÐmÆ¨ÌLÕBÙÔÚEÈ.Ê¨ÚEÈ.Ú�à�á`ØBÌ�ã
ÛEÏBÈ�ÌÍß�Æ�ÌEÈ^â{ÜXÊ^Ý¨È.ÚEÙÔÊ¨Å�ÅBÈ�Û�ÓXÆ¨ÌÍÒ�Ú;ËBÌEÆ^ÇPÙÔÕBÈ�Ê�ÐmÆ¨ÌEß�Ê¨ÉÔÉÔÝ�Î�Æ�Ì�ã
ÌEÈ�Î�ÛòÎ�Ê¨ÉÔÎ�ØBÉÔØBÚtÐNÆ¨Ì�ÛEÏ`È�ÙÔÅBÏBÈ�ÌÍÈ�ÅPÛ-ØBÅBÎ.È�ÌEÛÍÊ¨ÙÔÅPÛ�Ý¨à�ý	ÏBÈ�þ�&�')(+*
Ü�Ê^Ý�È�ÚEÙÔÊ¨Å�ÅBÈ�Û�ÓXÆ¨ÌÍÒ�ÉÔÙÔðBÌEÊ�ÌEÝ�ÙÔÚXØBÚEÈ.Õ�ÐNÆ¨Ì	ÙÔÅPÐmÈ�ÌEÈ�Å`Î�È^à

Ä�ÚXÊ¨Å�È�ìPË9È�ÌEÙÔß�È.Å�ÛÍÊ¨É9ÕBÆ¨ß�Ê¨ÙÔÅLâ\ÛEÏBÈ�ÚEÎ�È�Å`Ê¨ÌEÙÔÆ-,ïÙÔÅBÙÔÛEÙÔÊ�É�Ê�Ú�ã
ÚEÈ�ÚÍÚEß�È.Å�Û�Æ¦ÐªÛÍÏBÈ	ÚEÈ�Ç�È�ÌEÙÔÛ�Ý�Æ^ÐIÎ.Æ¨ß�ß�Æ¨Å�Î Ï`ÙÞÉÔÕ�ÕBÙÔÚEÈ�Ê�ÚEÈ�Ú/.�ÓXÊ¨Ú
Î Ï`Æ¨ÚEÈ.ÅLà $ Å�Î�Æ¨ÉÔÉÔÊ¨ð9Æ¨ÌÍÊ¨ÛEÙÔÆ�ÅrÓ	ÙÔÛEÏlÚÍÈ�Ç¨È.ÌEÊ¨É(Ë9È�ÕBÙÔÊ¨ÛÍÌEÙÔÎ�ÙÔÊ¨Å`Ú�â
ÅBÈ�Û�ÓXÆ¨ÌEÒPÚ5ÐNÆ¨Ì	ÚÍÈ�Ç¨È�ÌÍÊ¨É-ÚÍØBð9ÕBÆ¨ß�Ê¨ÙÔÅBÚ % È^à ÖBà�ÙÞÅ£ÐNÈ�Î�ÛÍÙÞÆ�ÅBÚ�â9ÌEÈ�Úûã
ËBÙÔÌEÊ¨ÛÍÆ¨ÌÍÝ«ÚÍÝPÚEÛEÈ.ßÁâ{ÚÍÒ�ÙÔÅLâkÊ¨ð9ÕBÆ¨ß�È�ÅLâLÈ�Ý¨È.Ú�â-È�Ê�ÌEÚ &+Ó�È�ÌÍÈ%ÕBÈ ã
Ç¨È�ÉÔÆ¨Ë9È�ÕLàXý	ÏBÈ�ÚÍÝ�ÚÍÛEÈ�ß�ÓXÊ¨Ú�ÛEÈ�ÚÍÛEÈ�Õ�ðPÝ�Ê%ËBÌÍÆ^ÐNÈ.ÚEÚEÙÔÆ�ÅBÊ¨ÉkØBÚ�ã
Ê¨ðBÙÔÉÔÙÔÛ�Ý	ÉÞÊ�ð�Ê¨Å`Õ6ÓXÊ¨ÚkÖ¨È�ÅBÈ.ÌEÊ¨ÉÔÉÔÝ(Ó�È.ÉÞÉPÌÍÈ�Î�È�ÙÔÇ¨È.Õ%ð�Ý(ÛÍÏBÈ�Ø`ÚEÈ�ÌÍÚ
% ß�Æ�ÛEÏBÈ.ÌEÚ(Æ^Ð	Ý¨Æ�ØBÅBÖ�Î ÏBÙÔÉÞÕ`ÌEÈ�Å�&+Ê¨Ú�ÓXÈ�ÉÔÉ-Ê¨Ú;ð�ÝÑÛEÏBÈ%ËBÏPÝPÚEÙïã
Î�ÙÔÊ¨ÅBÚ.à
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ý	ÏBÈ�ÌEÈ�Ó�È.ÌEÈ�Û�Ó�ÆÑß�Ê¨ÙÔÅ�Ö¨Æ�Ê¨ÉÔÚ�ÙÔÅcÕBÈ�Ç�È�ÉÔÆ¨ËBÙÔÅBÖrå;æ�çIèòéaê^ë7�
á{ÙÔÌÍÚEÛ�â�å;æ�çIèòéaê^ë�Ê�ÉÞÉÔÆ^Ó	Ú(ß�È.ÕBÙÔÎ�Ê¨É�È�ìPË9È�ÌEÛÍÚ�ÛEÆ�ÐNÆ¨ÌÍß%ØBÉÔÊ¨ÛEÈ
ÛEÏBÈ�ÙÔÌ�ß�È�Õ`ÙÞÎ.Ê¨ÉXÒ�Å`Æ^Ó	ÉÞÈ.ÕBÖ¨È^â-Ó	ÙÔÛÍÏBÆ¨ØBÛ�ÌEÈ.×�Ø`ÙÞÌÍÙÔÅBÖVÙÔÅPÛEÙÔß�Ê¨ÛEÈ
Ò�Å`Æ^Ó	ÉÞÈ.ÕBÖ¨È�Æ^Ð�Ü�Ê^Ý�È�ÚEÙÔÊ¨Å�ÅBÈ�Û�ÓXÆ¨ÌEÒPÚ�Æ¨Ì�ËBÌEÆ�ðBÊ¨ð`ÙÞÉÔÙÔÛ�ÝrÛÍÏBÈ ã
Æ¨ÌEÝ�à �PÈ�Î�Æ�ÅBÕLâ�å;æ�çIèòéaê^ëpß�Ê¨Ò¨È.Ú	ÚEØBÌÍÈ%ÛEÏBÊ�Û�ÛEÏ`È%Ê¨Î�×PØBÙÔÌEÈ.Õ
Ò�Å`Æ^Ó	ÉÞÈ.ÕBÖ¨È-ÙÔÚ�Î�Æ�ß�ËBÉÔÈ�ÛÍÈ-ÚEØBÎ Ï�ÛEÏBÊ�Û�ÛEÏBÈXÜ�Ê^Ý�È�ÚEÙÔÊ�Å6ÅBÈ.Û�Ó�Æ�ÌEÒ
Î�Ê¨Å�ð9ÈüÖ�È�ÅBÈ�ÌÍÊ¨ÛÍÈ�ÕÁÊ¨Ø`ÛEÆ¨ß�Ê¨ÛÍÙÞÎ.Ê¨ÉÔÉÔÝ¨à

å�æ.çIèòéaê^ë ØBÚÍÈ�Ú�Û�Ó�Æ�Î�ÉÔÊ¨ÚÍÚEÈ�Ú�Æ¦ÐüÚEÛÍÆPÎ Ï`Ê¨ÚEÛÍÙÔÎÁÇ^Ê¨ÌÍÙÞÊ�ðBÉÔÈ�Ú8�
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Abstract 

Modeling explicitly the links between cognitive 
functions and networks of cerebral areas is 
necessitated both by the understanding of the 
clinical outcomes of brain lesions and by the 
interpretation of activation data provided by 
functional neuroimaging techniques. At this global 
level of representation, the human brain can be best 
modeled by a probabili stic functional causal 
network. Our modeling approach is based on the 
anatomical connection pattern, the information 
processing within cerebral areas and the causal 
influences that connected regions exert on each 
other. The information processing within a region 
is implemented by a causal network of functional 
primitives that are the interpretation of integrated 
biological properties. This explicit modeling 
approach allows the formulation and the simulation 
of functional and physiological assumptions. 

1 Introduction 
In Neurology and Neuropsychology, the understanding and 
the prediction of the clinical outcomes of focal or 
degenerative cerebral lesions, as well as the assessment of 
rehabilitation procedures, necessitate knowing the cerebral 
substratum of cognitive or sensorimotor functions. Human 
brain mapping is performed through activation studies, 
where subjects are asked to perform a specific task while 
data of their brain functioning are obtained through 
functional neuroimaging techniques. Such studies, as well 
as animal experiments, have shown that sensorimotor or 
cognitive functions are the offspring of the activity of large-
scale networks of anatomically connected cerebral regions 
[Bressler, 1995]. However, a one to one correspondence 
between activated networks and functions cannot be found 
in all cases [Démonet et al., 1994]. Understanding such 
incongruent results is crucial for the care of cerebral lesions. 

Neuroimaging techniques and their traditional 
interpretation methods only address the following topics: 
(1) Visualization of activated areas (tomographic 

techniques) and times of specific cerebral events 
(surface electromagnetic techniques); 

(2) What areas could participate in the same function 
(“ functional connectivity” [Herbster et al., 1996]) and 
what is the role of anatomical li nks on the activation 
(“effective connectivity” [Büchel and Friston, 1997]). 
Clearly, if the “where” and “when” (1), and the “what” 

and “how” (2) are answered, the “why”, i.e. how the 
activation of large-scale networks derives from cerebral 
information processing mechanisms, is missing. Our goal is 
the understanding of that “why” , which only can explain 
apparently conflicting activation data. Our research is 
twofold: providing plausible models, at the level of large-
scale networks, of cerebral information processing 
mechanisms in humans and building a flexible simulator, 
allowing a quick implementation of the models, for a better 
interpretation of cerebral functional images. 

Connectionist methods are the dominant approach in 
the modeling of the cerebral functional structure. However, 
they focus on functions emerging from a networked 
architecture of populations of undifferentiated neuronal 
cells [Grossberg et al., 1997]. Modeling explicitly the role 
of networks of regions on information processing requires 
departing from this dominant viewpoint for at least two 
reasons. On one hand, we aim at modeling the function that 
emerges from the activity of networks of differentiated 
cerebral areas. On the other hand, the information 
processed by a cerebral area can be considered as the 
abstraction of the global signal emitted by the region’s 
neurons, representing both the pattern of firing neurons as 
well as their average firing rate, and can therefore hardly be 
modeled by a single numerical value. Moreover, since the 
cerebral response to a given stimulus may vary, the brain 
can be considered as a probabilistic information processor. 
In the next paragraphs, we wil l demonstrate that these 
constraints are in favor of a Bayesian approach, and more 
especially of causal functional networks. 



 

2 Biological constraints 
Modeling is constrained both by the necessity of a certain 
biological plausibility and by the purpose of the model 
building, that is allowing neurologists to express explicitly, 
as cause-effect relationships, their knowledge and 
hypotheses about the human brain. 

A networked architecture 
The nodes of a large-scale cerebral network are functionally 
homogeneous, anatomically well-defined, cerebral regions, 
connected by oriented anatomical links (axon bundles), 
which are the network’s edges [Pastor et al., 2000]. Each 
region can itself be considered as a functional network of 
processors, such as information processors that are specific 
neuronal populations (e.g. GABA neurons) implementing 
functional primitives (e.g. inhibition). 

Causality and temporality 
Every function (primitive or cognitive/sensorimotor 
function) is, in the brain, the outcome of the activation of an 
oriented network (called hereafter cerebral network), whose 
nodes are neurons or neuronal populations, and oriented 
links are axons or axon bundles. Information propagation 
results from a cascade of causal events, since the signal or 
information emitted by the firing of a node provokes the 
activation of its downstream nodes. The brain can therefore 
be considered as a causal network. According to Hume, A is 
the cause of B if they are contiguous, if A precedes B and if 
the relationship is regular. Our definition of causality, which 
extends Hume’s one, is based on contiguity, probabil istic 
regularity and temporal consistency (ie. the beginning of A 
must precede the beginning of B). 

Since anatomical links, which convey information with 
very short transmission delays, connect physically nodes in 
a cerebral network, the nodes are spatially and temporally 
adjacent and the condition of contiguity is strictly met. 

Either at a large or small scale level, the response of a 
neuronal population to a given stimulus or information is 
not deterministic. The relationship between two nodes in a 
cerebral network has therefore a probabilistic regularity.  

Physiologically, the temporal consistency is met, that is 
there is an order of activation for the cerebral areas. But the 
interpretation of activation data requires representing 
explicitly time in the models, and this representation has to 
be consistent with both the sampling time of neuroimaging 
techniques and the cerebral processing time. Depending on 
the temporal granularity chosen in the model, a cause-node 
and an effect-node could fire within the same time unit. This 
could lead to cycles in the network and hence to a loss of the 
causality. Imposing the model’s network not to be cyclic 
wil l be necessary to keep the model causal. 

A two-dimensioned representation of information  
Cerebral information can be considered as the abstraction, at 
the level of a neuronal population, of the integrated activity 
of the individual cells. Any piece of information is defined 
as a couple of an energy and a category, where category 

stands for which neurons react to a specific stimulus, and 
energy determines how they respond [Pastor et al., 2000]. 

The cerebral energy reflects roughly the number of 
firing neurons and their firing rates. The energy of a 
stimulus can be extracted from its physical parameters (e.g. 
the intensity for a sound). It has a numerical representation. 

The category of a stimulus summarizes the minimal set 
of physical properties that characterizes the information 
(e.g. the frequency for a tone). This “external” category is 
consistent with the "internal" category, that corresponds to 
the general pattern of neurons excited by the information. 
Information categorization is reflected in the “ topic” 
organization of primary cortices and other areas [Alexander 
et al., 1992]. For example, the auditory cortex can be 
decomposed in subareas reacting to precise frequency 
intervals. The category has a symbolic representation. 

The pattern and the number of activated fibers of an 
axon bundle [Leiner and Leiner, 1997], which correspond to 
the pattern and the number of activated neurons in the 
emitting cerebral node, represent the category and the 
energy that is transmitted between two nodes. 

Uncertainty and imprecision 
Uncertainty arises from the probabil istic regularity of 
cerebral events. 

Furthermore, in humans, the only external evidences of 
energy values are provided by neuroimaging techniques and 
are therefore very imprecise. For example, the metabolic 
activity (tomographic signal) is an indirect measure of the 
neuronal activity. 

Conditions and non-linearity 
The relationships between cerebral nodes (neurons or areas) 
are intrinsically non-linear. Moreover, the presence of 
conditions on information propagation increases the non-
linearity of the brain processing. These conditions may go 
from very simple (firing thresholds) to very complex (role 
of special areas on the propagation between other regions). 

Habituation and learning 
Both are related to the brain’s adaptabili ty. Habituation is a 
transient decrease of the activation that occurs when a 
neuronal population receives consecutively, several times, 
the same stimulus and that disappears when a new stimulus 
is presented. This kind of “energy saving” phenomenon may 
happen as soon as the second presentation of a stimulus 
[Miller et al., 1991]. 

Learning is a permanent change of the brain state that 
occurs when a neuronal population receives regularly the 
same information pattern. The population’s response 
becomes more efficient, that is fewer neurons fire and they 
become specialized in the processing of that information. 
The population is supposed to create a new information 
category, which represents the information pattern. 

3 A new formalism for cerebral modeling 
So-called “causal networks” should meet the two first 



 

constraints of §2. However, all do not cope with the other 
requirements and all do not deserve to be called “causal”. 
The pros and cons of different causal formalisms are 
described hereafter, and our arguments in favor of 
probabilistic functional causal networks are given. 

3.1 Causal Qualitative Networks 
Causal Qualitative Networks (CQNs) have initially been 
designed to model physical devices and they are largely 
inspired by process control. CQNs are oriented graphs, 
whose nodes are qualitative variables, generally state 
variables, and edges are cause-effect relationships, generally 
influences between the state variables. 

Causali ty is based here on three requirements [de Kleer, 
1979]: locality (the cause acts only on its direct neighbors), 
precedence and regularity. Locality is weaker than 
contiguity, the neighborhood being not precisely defined. 
Precedence and regularity are stronger constraints than 
temporal consistency and probabil istic regularity. Therefore, 
CQNs do not meet our definition of causality 

Qualitative algebras are at the core of CQNs. They take 
imprecision into account implicitly, by representing 
numerical values by some qualitative properties: signs, 
orders of magnitude or real intervals centered on the values. 
CQNs do not support uncertainty and, since imprecision is 
implicitly represented, it is not measurable or controllable. 

An interval-based CQN, with an explicit discrete time 
representation, has been used in a previous tentative 
modeling of large-scale networks [Lafon et al., 1999; Pastor 
et al., 2000]. In order to meet biological constraints, the 
basic formalism was augmented by a limited non-linearity 
(piecewise linearity) and uncertainty (multivalued logic). 
However, it suffers drawbacks: a classical flaw of interval 
calculus [Struss, 1990] makes the range of intervals increase 
dramatically at each simulation step and uncertainty and 
imprecision are defined by different formalisms. Moreover, 
all the causes to a node are processed independently and 
then combined. This is the opposite of what happens in 
formal neural networks when the node processes the 
weighted sum of inputs. Whether the combination precedes 
the processing or not is still an open question in 
neuroscience. Those drawbacks restrict considerably the 
applicabil ity of the system to cerebral modeling and has 
moved the research effort to Bayesian approaches. 

3.2 Dynamic bayesian networks 
Among the different dynamic Bayesian networks [Dean 

and Kanawaza, 1989], State Space Models (SSMs) 
[Ghahramani, 1998], an extension of Hidden Markov 
Models (HMMs), seem to be the most interesting formalism 
for our cerebral modeling approach. Relationships are 
defined by the probabil ities of the current response variables 
conditionally to the current hidden state variables, and the 
expression of every current hidden state variable as a linear 
function of the past values of the hidden state variables, plus 
a random variable. 

SSMs meet our definition of causality. The respect of 
temporal consistency, contiguity and probabilistic regularity 
is derived from the definition of the oriented, autonomous 
and stable relationships [Pearl 2000]. Other constraints are 
respected: the explicit and discrete representation of time, 
the possible handling of the numerical (energy) and 
symbolic (category) parts of cerebral information, the 
expression of conditions in the relationships’ deterministic 
part, a straightforward measure of uncertainty and learning 
mechanisms implemented by probability revisions. 

However, two major requirements are not satisfied: 
non-linearity cannot be represented in the deterministic part 
of hidden state variables and no instantaneous relationship 
can be defined. 

3.3 Causal functional networks 
Causal Functional Networks (CFNs) [Pearl, 2000] are based 
on structural equations. Basic structural equations are 
asymmetric linear relationships, that is the equality symbol 
in each equation should be replaced by an affectation 
symbol (:= or <=) [Druzdzel and Simon 93]. Therefore, they 
are causal relationships. 

However, in most applications of Structural Equation 
Modeling (SEM), relationships are symmetric and the 
equations system is identified globally, by fitting the 
theoretical covariance matrix to the observed one. This non-
causal version is used in the “effective connectivity” image 
interpretation approach [Büchel and Friston, 1997]. 

CFNs [Pearl 2000] extend causal SEM in different 
aspects: variables can be numerical or symbolic, non-linear 
functions are used to model relationships and time can have 
an explicit, discrete representation. In fact, like SSMs, CFNs 
respect, temporality, uncertainty, conditioning, learning and 
cerebral information representation constraints and, in 
addition, they allow non-linearity and instantaneous 
relationships. 

Their main drawback concerns the representation of 
imprecision: probabili ty theory can directly measure only 
uncertainty, while imprecision can be only estimated by an 
average value and a dispersion value. A direct measure of 
both imprecision and uncertainty could be obtained by the 
use of the possibility theory [Dubois and Prades, 1994]. 
However, three points are in favor of the probabili ty 
calculus: it has a well developed mathematical theory, 
neuroimaging data are statistical summaries, and overall, 
brain processing is mostly probabil istic. 

CFNs seem to be the best paradigm for cerebral 
modeling. Moreover, like all causal Bayesian models, they 
can answer clinical questions such as: “What happens in 
area A when area B is activated?” (observation) and “What 
happens when area A is damaged?” (intervention). In 
addition, they have the specific abil ity of answering “What 
would happen if area A was activated, knowing that it is not 
activated in reali ty ?” (counterfactual). 

4 A Tentative Model of a Cerebral Area 



 

Network 
CFNs seem to be the most adapted formalism to model 
cerebral mechanisms. The adaptation, in terms of a CFN, of 
the model described by Pastor et al. [2000], is given. This 
model aimed at explaining results from Fox and Raichle’s 
experiment [1984] that study focused on the modulation of 
the activation of the striate cortex by the presentation rate of 
visual stimuli. 

4.1 The causal network 
The hypothesis is that the experimental results can be 
explained by the interactions between the striate cortex and 
the thalamus [Pastor et al., 2000]. The “large-scale” network 
is a simple anatomical loop, the cortex and the thalamus 
being connected by opposite oriented axon bundles. The 
global functional network is the connection of the two 
functional networks representing the striate cortex and the 
thalamus (Figure 1), plus an additional node standing for 
the stimulus. Since delays are associated to the links in the 
network, at a given time, the network is an acyclic oriented 
graph. 

4.2 Modeling Approach 
The cerebral information, or part of it, is processed at each 
node. It is therefore a flowing entity, while nodes are 
processing entities and links are propagating entities. 

Information Representation 
The flowing entity is characterized by the values of its 
Magnitude (the representation of the information energy) 
and its Type (the representation of the category). Its state is, 
functionally (at each node of the causal network, after it has 
been processed by the corresponding information processor) 
and temporally (at each discretized instant t), represented by 
a two-dimension random variable X(t)=(XM(t), XT(t)), 
attached to the node. XM, the magnitude, is a real variable. 
XT, the type, takes a multiple symbolic value {s1, …, sn}. and 
a probability P(si|X) is associated to each symbol si. A 
symbol si represents a pure type (something theoretical), and 
the associated probabili ty stands for the proportion of 
energy (i.e. XM) emitted by the si-typed neuronal population 
of the X node. At the metabolic processor nodes, the 
information representation is limited to its magnitude part. 

Propagation and Processing 
A relationship is a couple of two functions dedicated, 
respectively to the magnitude and the type. X(t) is updated at 
each instant t of the simulation, according to the values of 
its causes, previously computed.  

XC(t) = fX
C
(PAX(t) , UX

C
), XM(t) = fXM

(PAX (t), UXM
) 

In the equations, PAX(t) stands for the parents of X(t), and 
includes generally X(t-1). The UX• are error variables that do 
not depend on time. 

For each region R, a Type Preference Table (TPT) 
contains the region’s sensitivity to pure types. It is 
represented by the set of P(A|R, si), where A stands for 
“Activation” and P(A|R, si) represents the chance for R to be 
activated, given that the received stimulus’ category is of 
the si type. 

The conditions are expressed by logical expressions 
that are included in the functions. These conditions take 
probabilistic values. Currently, to simpli fy the computation, 
we only calculate an expression according to the most 
probable value (true or false) of the corresponding condition 
(i.e. we do not care about the other case). 

4.3 An example 
Two processors exist both in the cortex and the 

thalamus. The Input Gating Node (IGN) expresses the area’s 
neuronal reactivity to the stimulus. It may be considered as 
the abstraction, in terms of pattern and average firing rate, 
of the activation of the area’s pyramidal cells’ somas. 
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The Output Gating Node (OGN) sends information to the 
downstream areas. It represents, more or less, the integrated 
activity at the junction between the cells’ somas and axons. 
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Three other processors are specific to the cortex. The 
Activation Node (AN) reflects the level of the cortex’s 
metabolic activity, linked to the neuronal energy demand. 
The inhibitory node (IN) represents the integrated behavior 
of the GABA-neurons. The dynamic Firing Threshold Node 
(FTN) is modulated by the thalamus that can lower it.  

( ) ( )( ) ( )( ){ FTNMMM utOGNtatFTNcbctFTN   1  1      +−×+−−×−=  

In the visual cortex, as soon as the energy, at IGN, is greater 
than FTN, OGN transmits information to the thalamus. The 
two points are illustrated by the definition of the cortical 
input node IGNc (Figure 1). 

Simulation results 
In the reference experiment [Fox and Raichle, 1984], the 

stimuli are orange square-waves pulses of constant intensity 
and duration (5ms) that are presented during 40s scans 
(PET) at rates of 1, 3.9, 7.8, 15.5, 33.1 and 61 Hz. For the 
simulation, we suppose that the stimulus is deterministic 
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Figure 1. The structural and functional network 
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Figure 2. Results of the simulations (mean values) 

with a magnitude of 1 and the type “orange”. The results are 
measures of the metabolic activation, i.e. measures, for each 
40s-scan, of the regional cerebral blood flow variations 
(∆rCBF%) in the visual cortex measure. 

In the model, the time unit is 1ms. The summation over 
40s of all the AN values is a measure of ∆rCBF%, once the 
brain’s average activation level is set in the model, at its 
experimental value. Figure 2 shows slightly better results 
for our model than for the CQN model [Pastor et al., 2000], 
the main advantage being a better control of the divergence.  

5 Conclusion 
Modeling large-scale cerebral networks, so that new 
evidences can be incorporated in the model and hypotheses 
can be assessed, is stil l a challenge. In the paper, we went 
through two major steps. The most important result is that 
causal functional networks are the best approach to cerebral 
modeling, since they fulfill theoretically all the 
requirements. Moreover, in the brief description of our 
modeling approach, we showed the flexibility and the 
adaptabili ty of the formalism. Then, we proved that this 
formalism is really applicable, describing an example of 
cerebral model. With this model, we managed to approach 
experimental data, and furthermore we obtained (slightly) 
better results than with our previous CQN formalism. 

The next steps wil l be on one hand to deepen the 
theoretical aspects of our modeling approach, and on 
another hand to assess the model by comparing simulation 
results to new experiments, involving more complex large-
scale networks and a better temporal definition. 
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Abstract

In this paper we discuss some ongoing work on the
development of a Bayesian Belief Network to classify
patients into one of three categories associated with lower
back pain. A BBN with only thirteen nodes has been
found to give classification accuracies in the region of
76% for new cases. This is comparable to the performance
obtained by a neural network on the same data. However,
the BBN requires less detailed information to be entered
for each patient, a consideration if such a system is to be
of use to GPs. The network was developed based on an
analysis of 100 cases, and by utilising expert knowledge
provided by two consultant orthopaedic surgeons. The
network was then tested on a holdout sample.

1  Introduction

Low back pain (LBP) is a common ailment, estimated to
affect in the region of 70% of the population at some stage
of their lives. Most recover in a matter of weeks, with only
around 10% requiring investigation [Clinical Standards
Advisory Group, 1994; Waddell, 1992]. This 10%,
however, constitute a significant cost to health services in
terms of resources, to industry in terms of lost
productivity, and to society in terms of social security
benefits. There is also the cost to the individuals
themselves, of course, in terms of suffering and impaired
quality of life. UK government statistics have estimated
the number of working days lost as a result of LBP
problems to be in the region of 100 million [Clinical
Standards Advisory Group, 1994]. The financial costs run
into billions of pounds.
     There is little doubt about the magnitude of the LBP
problem. Yet successful diagnosis remains difficult, as
pointed out by several authors [Nachemson, 1992; Bigos
et al, 1994]. This was the backdrop to the application of
artificial neural networks for LBP diagnosis. Bounds et al
[1988, 1990] developed a neural network for LBP with a

higher  diagnostic accuracy than that achieved by
clinicians.
     Later, Vaughn et al [1999] also developed a multi-
layer perceptron neural network for this purpose,
collecting a dedicated data set for the study. It is that data
set which is described and employed in this paper.
      Vaughn et al [1999] were not only concerned with
diagnostic accuracy, but with explanation of the neural
network’s outputs. However, rather than attempting to
induce general rules from the neural network, as described
by Fu [1994], for example, their approach is concerned
with explaining the neural network’s outputs on a case by
case basis. Recent work is described in Vaughn et al
[2000, 2001]. While such work is valuable, it is to be
expected that concerns will remain in some quarters about
utilising output from neural networks in clinical settings.
That clinicians may be reluctant to employ methods they
do not fully understand or which do not leave a clear audit
trail is quite understandable and has been alluded to
elsewhere [de Dombal et al, 1997]. The impact of the
trend towards increasing litigation in health services also
remains to be seen.  The more methods which are
available to doctors, however, the greater is the chance
that they will find one which they feel comfortable with.
The purpose of this study is therefore to investigate the
potential effectiveness of BBNs in this domain, since their
explanations are arguably more transparent, and their
reasoning is based on classical probability theory which
some clinicians may be familiar with. Jensen [1996]
provides a good introduction.

2  Classification of LBP Patients

Although there are many more possible clinical
classifications of LBP patients, the study by Vaughn et al
[1999] employed three mutually exclusive classes: Simple
Lower Back Pain (SLBP), Root Pain (ROOTP) and
Abnormal Illness Behaviour (AIB). Since this study is



using the same data set, the same classes of patient are
used here.
     SLBP refers to mechanical lower back pain, minor
scoliosis and old spinal fractures. ROOTP involves nerve
root compression due to either disc, bony entrapment or
adhesions. AIB also features mechanical low back pain,
degenerative disc or bony changes, with symptoms
magnified, possibly as a result of distress in response to
chronic pain. AIB has rather more psychological
symptoms associated with it than the other two classes.

3  The Data

Most of the data were collected by a research
physiotherapist, with the remaining attributes being
provided by the patient’s orthopaedic consultant,
including the patient’s classification as SLBP, ROOTP or
AIB. The attributes collected from the patients by the
physiotherapist included the following: Age, Gender,
Duration of Pain (acute, recurring or chronic), Pain Began
(suddenly or gradually), Any Leg Pain?, Which Pain is
Worse? (back, leg or equal), What is the Pain Aggravated
by?(e.g. coughing, standing, sitting, bending), Is the Pain
Worse in the Morning?, Is there Night Pain?, Any Weight
Loss?, Any Previous Spinal Operations?, Use of Walking
Aids?, Does the Case Involve Litigation?, Smoker?,
Unemployed for more than two years?, Claiming
Invalidity Benefit?
     The attributes collected by the orthopaedic consultant
included: Lumbar Flexion (<30deg, 30-45deg, >45deg),
Lumbar Extension (<5deg, 5-15deg , >15deg ), Catch on
Extension, Straight Leg Raise (<45deg, 45-70deg ,
>70deg) for each leg, Raise Limited by (back pain, leg
pain, hamstrings, not limited) for each leg, Any Cross-
Leg Pain?, Any Neurological Signs? (Motor Loss, Sensory
Loss, Loss of Reflexes), Any Nerve Involvement? (1 or 2
nerve roots, multiple nerve roots, none), Neurone Pattern
(typical UMN, typical LMN, not typical), Inappropriate
Signs, ODI, MSPQ, Zung and DRAM.
     Some of the latter attributes are derived from
questionnaires completed by the patient, e.g. the
ODI(Oswestry Disability Index) and the Zung score. It
was noticed that the Zung and DRAM scores were in one-
to-one correspondence, and so the DRAM attribute was
considered redundant. These attributes are related to the
patient’s psychological state. Inappropriate Signs refers to
observations made by the consultant about the patient’s
condition. If the patient answers certain questions or
responds to certain prompts in a contradictory way, often
exaggerating their condition, then they are said to exhibit
inappropriate signs. The number of these is recorded by
the consultant.
     All of the attributes are represented by discrete
variables, and many of these are binary. For example,
‘Age’  is split into ‘Over 55’  and ‘Under 55’ . This follows

the format of the data employed in the neural network
study by Vaughn et al [1999].

4  Development of the BBN

The BBN was developed by examining the data for
attributes which appeared to discriminate between the
different possible classes of patient, and then arranging
these in a logical structure, consistent with the perceived
characteristics of LBP. Potentially discriminating
variables were identified by a simple inspection of their
conditional distributions. It was not felt necessary to apply
formal statistical tests for association since the final list of
variables and their relationships would be subject to the
domain experts’  validation in any case, and indeed some
variables were rejected by the consultants as they did not
believe them to be generally useful indicators. Some
attributes were discarded for having insufficient cases
associated with them. Some others, e.g. ‘Unemployed for
more than two years?’  , ‘Does the Case Involve
Litigation?’  and ‘Claiming Invalidity Benefit?’  were
considered to be not only potentially offensive to new
patients, but questionable as predictive attributes for LBP
which might be included in a medical decision support
tool. While there is certainly evidence from the data set
that social factors such as these are more associated with
some conditions than others, we were not comfortable
with them being used to aid a medical diagnosis, even if
their inclusion might have raised the classification
accuracy achieved. Should a doctor conducting a
diagnosis believe that some social aspects of a particular
patient’s background might be relevant to their condition,
they could, of course, take due account of that information
separately.
     The structure of the LBP BBN is close to that of a
naive Bayesian classifier [Friedman et al, 1997; Domingos
and Pazzani, 1997]. The hypothesis node ‘Category’
consists of the three states SLBP, ROOTP and AIB, and
most of the other nodes depend only on it. However, ‘Use
of Walking Aids?’  depends on both the LBP classification
and ‘Age’ . It was initially thought likely that some of the
variables would remain dependent even when conditioned
on the hypothesis node, e.g. some of the variables linked
to the patient’s psychological state. Interestingly,
however, this was not the case and even these variables
were conditionally independent given the LBP
classification, i.e. the joint distribution of the two
variables conditioned on LBP classification is virtually
identical to the product of the two individually
conditioned distributions.
     The ‘Straight Leg Raise’  node is a deterministic node,
representing the maximum raise over the right and left
legs, which are dependent. The conditional probability
tables and the prior distribution for the hypothesis node
were obtained from the training set of 100 cases, and



verified as reasonable by the orthopaedic consultants. In
most cases, we have simply used the relative frequencies
in the training sample as estimates of the required
probabilities. The only exceptions have been to avoid
values of zero which are inevitable with small samples. In
such cases, we have substituted an appropriately small
value such as 0.05, and adjusted the other probabilities in
the table accordingly.

After the construction of several candidate networks, the
one that was found to give the highest classification

Figure 1. A BBN for Lower Back Pain Classification.

accuracy with the training set is shown in Figure 1. Some
of the other networks considered were only one or two
percent poorer at classifying the training set. Variables
used in these networks but not in the one above, included
MSPQ and Nerve Involvement. Adding these variables to
the final network did not improve the classification
accuracy, however, and so they were omitted.

5  Results

     The above BBN correctly classified 75 new cases out of
99 in the test set. This is similar to the classification rate
achieved in the training set. The confusion matrix is
shown in Table 1.

                           Predicted Class
SLBP ROOTP AIB

SLBP 29 4 0
ROOTP 8 30 6True

Class AIB 3 3 16

Table 1. Confusion matrix for the current BBN.

     As the confusion matrix shows, the performance is not
too uneven even over the three classes, with the network
correctly classifying 88% of SLBP cases, 68% of ROOTP

cases and 73% of AIB cases. The quadratic loss score is
0.3814. Furthermore, the probability estimates of the
network are well calibrated, i.e. the model’s output
probabilities are consistent with observation. This lends
credibility to its outputs and should give confidence to it’s
users that the probabilities generated are meaningful. It is
also an indication that important dependencies have not
been omitted. As Nikovski [2000] has pointed out, failing
to represent explicit dependencies between variables is
likely to result in over-confident model outputs. Poor
calibration between predicted and realised probabilities
would then follow.
     The BBN in Figure 1 requires discrete inputs for each
of the following  variables for each case: Age, Straight
Leg Raise (Right), Straight Leg Raise (Left), Which Pain
is Worse?, Pain Duration, Lumbar Flexion, Uses Walking
Aid?, ODI Score, Inappropriate Signs, Zung Score and
Neurological Signs (Motor Loss).  Age, ODI Score, Uses
Walking Aid?, Inappropriate Signs and Motor Loss are all
represented as binary variables. Straight Leg Raise
(Right), Straight Leg Raise (Left), Lumbar Flexion, Pain
Duration, Which Pain is Worse? and Zung Score are all
represented as ternary variables. Pain Duration has the
three states – ‘Acute’ , ‘Recurring’  and ‘Chronic’ , while
Which Pain is Worse? has the states ‘Back’ , ‘Leg’  and
‘Equal’ .

6  Conclusion

The ‘ true classifications’  are themselves not clear cut.
Indeed, some of the original cases were reclassified in the
light of the results from the neural network study. Most of
the reclassifications are now considered AIB cases, a
category  noted as difficult to diagnose by other studies
[Waddell et al, 1984]. This highlights the difficulty of
accurate diagnosis in this area, and strongly supports the
claims of AI and related approaches to be able to provide
a useful second opinion to consultants at low cost. This is
one very useful role which such systems can provide.
Another is as a ‘ first opinion’  at health centres or General
Practitioners’  surgeries, where expert  human diagnosis is
unlikely to be available. A diagnostic tool such as this
could act as a filter, separating the more clear cut cases
from the more difficult, thus helping to ensure that each
patient is referred to the  correct or most appropriate
specialist for their likely condition. Any mis-diagnosis
should obviously be picked up by the specialists at this
point. However, such an initial screening should help to
speed up the whole process of referring patients to the
appropriate consultants, providing benefits both to
patients and to hard-pressed health service resources since
there should be less ‘passing on’  of patients between
consultants.
     The simple BBN developed in this study has
demonstrated a relatively high classification accuracy for
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this domain. Although around 5% poorer than an MLP
neural network developed on the same data, less
information is required by the BBN. In particular, no
intrusive questions about the patients’  social backgrounds
have to be posed. Furthermore, the output probabilities
from a BBN are more naturally interpretable than the
output activations usually are from a neural network.
Another advantage of the BBN representation is that it is
easily incorporated within an influence diagram [Oliver
and Smith, 1990] to permit decision analytic modelling.
This facilitates an expected utility approach, within which
misclassification costs and risk can be incorporated. In
turn, this provides the doctor and patient with a more
sophisticated support tool to help in determining the most
appropriate treatment regime for a patient. Such
modelling is becoming increasingly popular in the
medical domain.
     This work is very much in its infancy, and we hope in
time to explore the available data further, and find ways of
improving the model. We also hope that more data will be
collected in order to allow further development and
testing. We have not yet attempted to create a model
directly from the data, as described by Heckerman [1997],
for example, but that may provide an interesting
comparison with the current model and generate further
ideas for improvement.
     We have also yet to conduct a sensitivity analysis of
the network. Furthermore, while we have noted that the
neural network developed from the same data uses more
information in the course of achieving a slightly higher
classification accuracy, we do not yet know how well a
neural network might perform with the same subset of
data employed in the BBN, or with another subset of a
similar size. There remains much scope for comparison
between the two approaches and possibly for the
development of a hybrid classifier.
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